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Abstract

We present a new data assimilation method within the [SSM framework that is capable of as-
similating surface altimetry data from missions such as [CESat into meconstrsctions of trans ient
ice flow. The new method relies on algorithmic differentiztion to compute gradients of objective
functions with respect to model forcings. [t is applied to the Morth East Greenland [ee Stream
wher surface mass balance and hasal friction forcings are temporally inverted, resulting in ad-

Justed miodeled surface heights that best-fit existing altimetry. This new approach allows for a

better quanti fication of basal and surface processes, and a better understanding of the physical
processes currently missing in transient ice flow models to better capture the important intra
and inter-anmual variahility in surface altimetry. It also demonstrmtes that large spatial and tem-
paral var ahility is reguired in mode] forcings such as surface mass halance and hasal friction,
variability that can only be explained by including mone complex processes such s snowpack
compaction at the surface and basal hydmology at the bottom of the ice sheet. This approach
is indeed a first step towards assimilating the wealth of high spatial esolution altimetry data
available from EnviSat, [CESat, Operation [eeBridee and CryoSat-2, and that will be availahle
in the near future with the launch of [CESat-2.

1  Intmduction

Gilohal mean sea level (GMSL) rise observations show an overall budget in which fresh-water
contribution from the polar ice sheets represents a significant portion {Church and White, 2006,
200 1; Stocker et al., 2003), which is actually increasing { Velicogna, 20080 ; Rignot, 2008) rela-
tive to thermo-steric expansion and comribution from terrestrial glaciers {Gardmer et al., 20130
In order to quantify the contribution of polar ice sheets to GMSL in the near future, accumte
mass balance projections must therefore be carmied out, which can either be hased on extrapo-
lation of current trends (Velicogna and Wahr, 2006; Velicogna, 2009; Shepherd and Wing ham,
2007 Rignot et al., 20111, ar supported by transient ice flow models that are physically vali-
dated against data. Such models, however, a5 demonstrated inthe ScaRISE | Sea-level Response
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to lee Sheet Evolution) and ice2sea inter-comparison projects, are not fully capable of captur-
ing the present-day trends { Bindschadler et al., 2003 ; Mowicki et al., 200 3a,b), which hinders
our ahility to project them into the future with a high degree of confidence. Indeed, ane of the
critical difficultics faced by ice-shest modelers is the spin-up of ice-flow dynamics in 4 way
that matches present-day observations, At the root of the problem is a complicated intermction
between: 1) paleo-reconstructions that can match the evolution of the ice volume for the Green-
land [ce Sheet (GIS) or Antarctic [ce Sheet (AIS) {Pollard and DeConto, 30089; Huybrechts
et al., 200 1; Rite et al., 1997; Greve, 19974), but which fail at capturing present-day ice-flow
dynamics and 2) what is now referred to as "instantancous spin-ups™ that rely on inversion of
hasal friction at the ice/hed interface from satellite-derived surface velocities (MacAyeal, 1993,
Morlighem et al., J000; Seroussi et al., 2003; Price et al, 2011; Arthern and Gudmundsson,
20, which are more efficient at capturing present-day ice-How dynamics, but lack the long-
term trends in the stress and thermal regime of both ice sheets,

In order to bridee the gap between both approaches, so that paleo reconstructions of ice
sheets and present-day dynamic conditions can be captured in one continwous mun of an ice
sheet model, there needs to be ashift in the way we approach integrating data into transient ice
flow models. Indeed, there is a wealth of data available to ice sheet modelers that is not yet
fully leveraged to constrain tmnsient ice How models of the GIS and AIS. These data include
among athers: 1) [oe coring that provide temperature profiles for calibration of thermal models
(Cimeve, 1997h, 2005); 2) Radar stratigraphy that provide layering and age structure { Fahnestock
et al., 2000 1 3) Sediment coring in pro-glacial lakes amound the GIS (Briner ot al., 2000, 201 1)
that provide vital information abowt margin positions throughowt the Holocene; 4) High spa-
tial resolution surface altimetry from small footprint satellite laser altimeters onboard missions
auch as EmviSat (2002-2012%, [(CESat ([ee Clowd and land Elevation Satellite, 20003 X008 and
CryoSat-2 (20 10-present) as well as ESA and MASA airborne laser altimetry campaigns flown
as part of PARCA {1993-2008) {Thomas and Investigators, 2001 ; Thomas ot al., 2004 and
Openmtion [eeBrdge (2009-present) that provide an almost contineows surface height record
for the past 20 years {Csatho et al., 2013); and 5) SAR (Synthetic Aperture Radar) data from
missions such as ERS-1 2 (European Remote Sensing Satellites) , RADARSAT-1,2, ALOS
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Advanced Land Observing Satellite) PALSAR | Phased Amay type L-band Synthetic Apertum
Radar), TerraSAR-X among others, that provide a sufface velocity record (albeit relatvely dis-
continuos compared to the altimetry record) for the last 20 years {Joughin et al., 2004, 2010,
Mouginot et al., 2004 ). All these datasets are yetto be systematical Iy assimilated into ice sheot
models, to provide better constraints for trans ient models,

Ome of the main difficulties in eeconstructing past and present ice-sheet flow that is com-
patihle with ohservations and ice-fow dymamics is the lack of tempomlly vanable assimilation
methods, Most attemipts at assimilating surface altimetry so far have relied on indirct ap-
praches. The first one is ensemble methods, wher sub-zets of model mins that are compatible
with present-day conditions of the ice sheet are down-selected {Applegate ot al., 20125 This
type of method does improve spin-ups and inform abowt the level of uncertainty inherent in the
model nuns, but does pot yield information on the undedy ing boundary conditions, and potential
comections that have to be applied (within specific measumement ermor margins) for the model
o comverge o present-day conditions. For example, one such boundary condition that is in-
herently difficult to reproduce from the previows inter-glacial omwands is surface mass halance
(SMB} {Ritz et al., 1997, which is a cntical component of the GIS and AIS mass tmnsport.
The second method is the so called Aux-cormection methods { Aschwanden et al., 2013; Price
et al., J11 ) where boundary conditions at the ice front are comected for in onder to match time
series of observed luxes. This is a direct tuning approoch which however can be incompatihle
with realistic boundary conditions at the ice front. The thind and final method is a guasi-static
approach, in which suface velocities is wsed at different smapshots in time to invert for param-
cters such as hasal yield stress. This approach is wsad in particular in Habermanm et al. {2013
to understand the dynamics of Jakobshavn [sbme in the past two decades. Such methods ar
indeed precursors to more sophisticated methods which can tighlty couple mass transport and
stress balanee in time-dependent assimilations.

For example, new approaches are emerging, hased on time-dependent adjoint modeling { He-
imbach, 2008; Goldberg and Heimbach, 200 3), which show great promise in potentially en-
abling sophisticated data assimilation of disparate datasets into ice sheet models. Hem, we
propose one such appmoach, based on algonthmic differentiation of the [ee Sheat System Model
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(I55M), to improve assimilation of surface altimetry data{over the entire [CESat time period)
into a transient recons tmuiction of the ice-flow dynamics of the Morth-East Greenland [ee Stream
({MEGIS). The poal here is to imvert for temporal forcings, namely SMB and hasal friction at
the ice/bed interface, such that best-fit to surface altimetry data is achieved, while respecting
the constraints inherent in the physics of an ice-sheet flow model. On MEGIS, altimetry data
provided by ICESat displays high levels of spatial and temporal variability, which presents a
pood case scenario for investigating how model forcings need to be comectad for in order to
replicate such variability in sufface height, and what are potentially missing components in the
way we model surface and basal processes that should be improved accordingly. [n addition,
recent studics sugeest that NEGIS is undergoing dynamic thinming linked to regional warming
{Khan et al., 2014, which will exhibit characterdstic surface altimetry signntunes that should be
investigated, especially for a basin that previowsly was considered stable.

This study is structured as follows: in the next section we describe our forward transicnt
model, the aquations, the ohjective function we are interestad im, and the algorithmic differ
entiation approach to computing pradients of such objective function along with the temporal
inversion algonthm necessary to infer temporally vanable model forcings that best-fit obser-
vations. In section three, we describe the altimetry time-serics wsed on MEGIS, our spin-up
methodology and all model inputs to our muns. Sections four and five present owr results and
discussion respectively, and the final section concludes on the implications of our new approach
towards assimilating altimetry data into projections of ice-sheet mass balance.

2 Modd

Underlying our assimilation of surface altimetry is a transient ice-flow model, which can simu-
late the temporal evolution of an ice stream . We refer to this model as our forwand model. This
model is implemented within the [oe Sheet System Model (Lamowr et al., 200 2c; Marlighem
et al., 2001, Here, we are interested in the best-fit between model ad surface heights and avail-
able altimetry observations. The gradient of this diagnostic value with respect to tmnsient fore-
ings {hasal friction at the ice/bedrock interface and SMB) can then be wsed within an inverse
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method to invert for such forcings, while simultaneously improving our best-fit to observations,
[n this section, we desoribe our forward model, the computation of the objective cost function
and the methodology behind the computation of the gradient as well as the inverse method itself,

2.1  Forward model

The Aow of MEGIS is characterized by low basal shear stress across the entire hasin {Joughin
et al, H¥; Schlegel et al., 2013), resulting in high velocities (Fahnestock et al., 2001) deep
inland towands the ice divide {cf. Fig 1). Such flow exhibits low vertical shear stress, and can
thermetare be realistically describod wsing the Shelfy-Stream Approsimation { 5540 { Mac Ayeal,
19849). This formulation is a simplification of the full-Stokes squations describing the stress
balamce of an ice sheet. The simplifications involved include: 1) neglecting the ice-flow ac-
celeration {Reist, 2005); 21 neglecting horizontal gradients of vertical velocities compared to
vertical gradients of horizontal velocities {Blatter, 1995; Pattyn, 2003); 3) neglecting bridging
effects (van der Veen and Whillans, 1989) and 4) neglecting vertical shear altogether (which
encompasses assumption 2 also) (Macfgyeal, 1989),

Usimg 1) ta 4), the stress balance equilibrium can be reduced to the following two equations
expressed interms of the depth-avempged horizontal velocity (o,

i i o i ohi o sz
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where ¢ is the depth-averaged ice viscosity, @ the ice density, g the acceleration due to gray-

ity, fi the local ice thickness, s the upper surface elevation and (7,7, ) the %,y components of

the hasal shear stress at the icedbedmck interface. In this formulation, horizontal velocity is con-

sidered independent of z, and vertical velocity can be recovensd through the incompressibil ity
i
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condition. [n the case of MEGIS, the simplifying assumptions 1) to 4) are valid for the entirety
of the hasin, excluding some very specific arcas wherne some departure to the 554 formulation
ooours. For mone details on these aneas, we refer to Schlegel et al. {2003,

The basal shear Ty, ), expressed in terms of horizontal components of the basal shear {7y, 7,
in eguations | 1) and {2) isa model forcing which we describe using a viscous linear relationship
(MacAyeal, 1989, 1993):

Thj=—a Negpvy (3

where v is the velocity paralle] to the ice/badrock interface, spproximated here as (a2, o the
friction coefficient and N, ¢ ¢ the effective water pressure taken here egual to the pressure at the
ice hase.

Viscosity im equations { 1) and §2) is described wsing the following Nonon-Hoff Loar {Glen,

1955):

B
p=— (4)

whem B is the ice hardness, n Glen's law exponent and £, the effective strain rate. B is
temperature dependent and follows an Arthenius type law calibrated from Paterson { 1994 ),

The 55 A formulation solves for the stress balance. However, mass conservation also noeds
to be ensuned through the following mass transport cguation:

ﬂ+"?-fﬂ" =M, — M), {5
ot

where h is the ice thickness, v = (u,v] the depth-avemged velocity, M, the suface mass
balance {m.a~! of ice eguivalent ) positive for accummu lation, negative for ablation and 1, the
basal melting mte (ma™ " in ice equivalent), positive for melting, negative for freezing.

The thermal regime of the ice is pot captured in our transient ice Aow model . [t is initialized
using a thermal steady-state model described in Larour et al. {200 2b), which is then assumed
constant through time. We beliove this approximation to be realistic, assuming there ac no
short-term thermal transients that develop between 2003 and 2008, the length of our data record
{Serowss et al., 200 3.
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In terms of boundary conditions, (1) and {2) are solved using observed Dinchlet surface
velocity constraints at the boundaries inland, stress-free suface, friction at the ice/bedrock in-
terface {describad by 3) and water pressure at the ice front, which when depth-averaged, results
in the following condition:

1 1
o= (Ep_qﬂi—Epu.muin[&:t]ji)n (0}

wher o is the stress tensor, nthe unit outward-pointing normal vector at the ice fromt, g,
the water density, and & the elevation of the ice lower surface. At the ice front, the boundary
condition for mass transport {3) is specified as a free-Awx boundary condition, whene the calving
rate is taken agual to the normal velocity at the ice front.

Equations {1}, {21, {4) and (5) along with comesponding boundary conditions, can be dis-
cretized and solved implicitly in time using the Finite Element Method (FEM). We refer to
Lamuwr et al. {200 Z¢) for more details on the FEM discretization as well as numercal schemes
to handle the material non-linearity and the stability of our time-stepping.

2.2 Cost function

Dur forward model computes, from model inputs o (friction coefficient) and A, (surface
mass balance), time serics of surface heights 2(t] and depth-averaged horzontal velocitics
(ultlha(th. The disgnostic quantity considerad here for our foraward model is however not
the surface height 51| mor horzontal velocities (af £],2 (] ), but mther the cost function J which
describes the time and space-averaged squaned difference between the modeled surface heights
#(1] and the observed surface clevations from ICESat altimetry, If we name s(1]., the time
evolving altimetry obseryations, we can define our cost function as:

i=T
[&lt]—alt
q ff s ““"Jdﬂdt !
if i

whiere 11 is the spatial domain {here the entine NEGIS hasin), S5 its surface extent, and [0, T
the time domain over which ICESat ohsenvations are available. This cost-tunction describes the
&

tarfe g o=y

tarle g nror=s



time-averaged and space-avernged misfit to altimetry observations. It can be decomposed also
into a spatial avermge of a local time-averaged misfit Jp( ), as follows:

1
Jd= T Jdrle iy di (8]

S da
where J7 is defined as;

1T (st} —althe
[ | &IL) —81 T Labs ) d (0
i

JTl )=
fr(z. ) T 3

i

[n the mmander of our study, we assimilate temporally variable frictions @t} and surface
mass balance M, (1] in order to minimize the cost-function J = J{Flat] M, (1] ]] where F is
the foraard model described in equations (1), (2), (4) and (5). This means that we temporally
invert forthe foction and SMB that hest-fit our ohservations. Our initial valees for both forcings
come from 1) the time variable SMB from Box (201 3) and 2) a time-constant friction which is
variable in space, inferred using an ad joint-based inversion of existing present-day surface ve-
locities { Morlighem et al., 2000; Rignot and Mouginot, 20102). The main results of our temporal
inversion are temparal cormections to these forcings, and an improved hest-fit{or minimized 0
to ohservations.

2.3 Alporithmic Differentistion of the pradient of J

The basis for inverting forcings o and A is the determination of time and space dependent
gradients of our cost function J, namely S0/ Oalz, g.t) and ST OM(25.1]. A common ap-
proach in the Cryosphere community to obtain gradients of forwand models has been to rely
on the adjoint method (MacAyeal, 1993, Rommelaere and MacAyeal, 1997 ; Vieli and Payne,
2003 Joughin etal., 2004b; Larour etal., 2005 ; Vieli etal., 2006 Khazendar etal., 2007, 2009,
Morlighem et al., 2000; Arthem and Gudmundsson, 2000). The approach consists in amalyti-
cally deriving the adjoint state of the forward model, which allows for an casy computation of
the gmdient of the cost function. This approsch works particularly well for self-adjoint models,
which is the case for the stress balance eguations of ice flow when the rheology is considered
l,'l
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linear viscous, When non-lincaritics are present in the model, as is the case when relying on a
matenial laow such as (4) with w1, the adjoint-approach can still be viable if the problem is
linearzed { Mor ighem et al., 200 3b) or it an exact adjoint can be analytically derived.

For more complex ice-flow models however, the adjoint state is usnally not casily dervahle,
and other methods have to be considered to compute cost-function gradients. The first one
is to rely on approximation by forward-differencing, as in Lamowr et al. {2002h,a); Schlegel
et al. {3H113). This method is Aexible (it can be applied to mny type of foreand model) bt it is
computationally expensive. Indeed, for a given cost function and a model input of size m (m
being the number of degrees of freedom, such as the mesh size for an FEM discretization, or the
grid size for a Finite Mfference discretization), this method requines at least w4+ 1 computations
of the forwanrd model. For tmnsient ice How models which are computationally expensive, this
is therefore impractical. Furthermore, for highly nonlinear models the choice of perturbation
greatly affects the quality of the approximation.

The second method relics an algorithmic differentiation {AD) of the foreand model, whens
the derivative computation is enabled by semantically augmenting the computer program that
implements F {Griewank and Walther, 2008). The AD approach has been implemented for
common programming languages in a variety of tools. Such tools include soume-to-soume
trarsformiation frameworks {TAF, Gienng et al. (2005); OpenAD, Utke ot al. (2008) and Tape-

nade, Hascodt (2004 1) and for overloaded opemtor frameworks {ADOL-C, Griewank etal. { 1996 );

Walter et al. {2012)). AD tools can automatically generate denvatives {first-order pradients,
Taylor type developments, Hessians) of the forward model at machine precision and at a com-
putational cost that, unlike the cost of forward-differencing methods, is a small fixed factor in-
dependent of wi. Typically, soumeto-soume tmnsformation tools can compute 4 gradient of the
forward model in4-10times the cost of the foraard run itself. This can be somewhat higher (but
still fized) for ovedoaded-opermtor approaches, which are not computationally as efficient. AD
tools have been leveraged extensively in the oocanic context for state-of-the ant ocean models
(Marotzke ot al., 1999 Heimbach et al., 2002; Heimbach, 2008 ), and mone ecently to ice-sheet
models (Heimbach and Bugnion, 2009; Goldberg and Heimbach, 201 3).

[n this paper we work with [S5M, which is wntten in C4++ and wses a vanety of object-
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onented features . Because of the complexity of the C4+4 syntax and semantics, there curmently
are no AR tool for the comprehensive soume code trinsformation of C4++ models. Thus the
operator-overdoading approsch becomes the method of choice. In this type of approach, the
floating-point operations on gquantities which are part of the computation to be differentiated
are meonrded into a fape during the forward run. This fape can then be interpreted in a reverse
sweep to compute the gradient of the cost-function with respect to model inputs, wing the chain
rule in reverse order. Here, the underlying library wsed to implement the overdoading of our
floating-point operations in [S5M is Adol-C {Walter et al ., 2012). Testing and validation of the
modifications were carried out against the forwand difference approach implemented in Lamour
et al. {312h). Benchmarks for computation times were also carried owt, showing a computation
time for the gadient of the cost function with respect to either & or A4, on the order of 4 times
the computation time for the forward model. This is for models on the onder of 20 degrees
of freedom, which represents a very efficient ratio of performance. Indeed, this ratio is much
lower than the currently accepted ratio of 10 expectad of operator-overloading approaches . This
is explaimad by the low scalability of the direct solver used in our computations { Lamour et al.,
21 Ze) which accounts for 9% and more of the computation time in forward and AD mode,
making the mtio appear much lower than for fully scalable solutions.

2.4  Inverse method

If we mestrict ourselves to the case of temporally inverting basal friction (the same logic applics
to surface mass halance), we can compute J0 e 2, 9.1, the gadient of our cost function J
with respect to basal friction af 2.5, 1]. The cost function is computed using the foraard model
J=JFlalz, 111 @ is variable both in space and time, as well as the gradient itself. Using
a classic steepest descent along the vectonal direction set by O/ (2, 5. 1], we can infer an up-
date Ase to the initial oy, such that o = ag + Ao leads to a sioul ated surface height evolution
that minimizes the cost function”. Once a minimum JJ is reached, we have effectively deter-
mined a new Vinverted™ @, for which the modeled ice-sheet height best-fits suface altimetry.
The difference between this algorithm and the classic approach presemted ininversion studics
such as MacAyeal { 1993); Marlighem et al. (20107; Arthem and Gudmundsson (2010 is the
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fact that we do pot need to hand-derive the adjoint-state of the model, as it is automatically
computed by the AD gradient operator, and that the inversion is temporal in nature.

This imversion is also a data assimilation in that we compute comections that have to be
applicd to an existing time serics of forcings (here hasal frction or surface mass balanee) in
order for a certain objective function of our model to match observations. Here, we do not invert
for both forcings o and M, at the same time. Rather, we invert o given observed surface mass
balance A, mnd vice-versa. This appmoach allows us to hetter understand which pammieter
results in the best assimilation of existing altimetry observations, and what type of physical
processes are involved in best-fitting the model results to observed data.

3 Data and Model Setup

31 Alimetry

Elevation changes during the 2003-2008 period wer meonstructed from KCESat laser al timetry
ohservations wsing the Surface Elevation Reconstruction And Change detection (SERAC) ap-
proach {Schenk and Csatho, 200 2). This comprebensive method was developed to determine
surface changes by a meonstruction of the suface topography. Although general in the design,
SERALC was specifical ly developed for detecting changes in ice sheet elevation from KCESat
crossover arcas. [taddresses the problem of computing a surface and surface elevation changes
from discrete, imegularly distributed samples of the changing surface. In every sampling pe-
riod, the distribution and density of the acquired laser points is different. The method is based
on fitting an analytical function to the laser points of a surface patch, for example a crossover
area, size 1 km = 1 kmi, or within repeat tmcks, for estimating the ice sheet surface topography.
The assumption that 8 suface patch can be well approgimated by analytical functions, eg. low
order polynomials, is supported by various moughness studies of ice sheets {van der Veen et al,
2009, Considenng physical propetties of solid sufaces and the mther small size of surface
patches sug gests that the surface patches are only suhject to elevation changes but no significant
deformations. That is, the shapesof the | by | km surface patches centered at the cmossovers re-
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main constant and only the vertical position changes as it is confirmed by the low surface fitting
ermors obtained by SERAC (Schenk and Csatho, 2002). It is important to realize that SERAC
determines elevation changes as the difference between surfaces, unlike other methods that take
the difference between identical points of tao surfaces.

Laser points of all time epochs of a surface patch contribute to the shape parameters while
the laser points of each time period determine the absolute elevation of the suface patch of that
perod. Simce there are many more laser points than unknowns, surface elevation and shape
pammeters are recoverad by o least squans adjustment whose tarpet function minimizes the
square sum of residuals between the fitted surface and the data points. The large redundancy
makes the surface recovery and elevation change detection very accurate and robust. Morcover,
the confidence of the results is quantified by rigorows error propag ati on.

With SER AC we reconstructed time-series of elevation chang e histories at £37 [CESat ground-
track crossover locations within the MEGIS dminage basin (Fig. 2). Assuming that the laser
paints entering the adjustment model are uncorrelated and have all the same weight, the mndom
ermors of elevation as a function of time is determined from the varimee-covariance matrx of
the nomal equation. Elevation changes wer comected to mmove the effect of vertical crustal
motion due to Glacial Bostatic Adjustment (GLA) and vanations of firn compaction rates in
2003-30F . Indeed, [S5M is a mode] that relies on the assumption of incompressible ice fow,
and the surface elevation must therefore be converted formm a snowdice equivalent { whene density
throughout the fim layer isvariable) to an ice equivalent (whene we assume a through-thickness
density pmofile that is constant and equal to 917 kg,/m” ). GLA related vertical crustal motion es-
timates are from ALG. and Fhong (200 3), based on [CE-50 ioe history, a VM2 viscosity profile
and a 1 by | degree mesh, Estimates mnge from -2.7 mm'yr to 4.6 mm'yr, with emors that amr
negligible companed with elevation changes due to other factors. Vanations of firn compaction
rates above the equilibrium line altitude (ELA) are from a 5 km by 5 km gridded model forced
by the cutput from the HIR HAMS Regional Climate Model (Sarensen et al., 301 1; Lucas-Picher
etal., 2002) and mnge from 0006 mtyr to 00146 mdyr. Finally the comected elevation changes
were comverted into ice equivalent elevation changes using a constant ice density of 917 kg/m”
in the ablation and supernmposed ice zones and a simple firn-densification model from {Rech
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et al., 2005; Rech, 2008 in the accumulation zone, This model assumes that all retained melt
water (Superimposed [oe Remaining at the end of the melt season (SIR =melt - mnoff) efreezes
at the same anmual layer at the end of each balance year (August 31), piving

I

_alkey
1 -lﬂn_rl F.H‘I

= {10)

where gy is the density of the annual fim layer on the surface, ST is the amount of efrozen
ice, estimated as the difference between the annual melt and runoff, A is the annual net surface
mass halanee (all from BACMOZNGR, (Ettema et al., Z009; van Angelen et al., 200120, fie =
0.01Tky /m”, and g, is the temperature-dependent density of new firn before the formation of
ice lenses, The density of the new fim is calculated from the following empirical elationship:
o =024 18T +E].‘£“.L'”_'f and Ty =TMA+ 26,651 R, where T is the firn tempemture at
10 m depth and TMA is the mean ammual temperature {Bech et al., 2005

Typical elevation emors for crossover ameas higher up on the ice sheet, imvalving some one
hundred observations, are about L0002 m {Schenk and Csatho, 200 2). This compares well with
the individual ermor of a laser point under ideal conditions. At lower elevations, emors incrase
and reach valwes of £ 1.0 m or even larger, because of incressed slope and moughness (due
for example to crevasses) and temporal chanpes inthe suface shape during the observationl
perod. The ermor of the firn densification rate is L0 m'yr near the ice divide, increasing to
003 m/yr at the ELA (Semrensen et al., 2001, resulting in a 0002500075 m total additional
elevation error during the [CESat mission.

[ addition to the GLA, vertical bedmock motion includes the elastic crustal response to con-
temporary ice sheet mass changes (e.g., Khan et al. {20100, Sgrensen et al. (2001)). Uplift rates
measured by the Greenland GPS Network { GMET) significantly exceed the predicted GIA mtes,
indicating that the present-day vertical crustal deformation is dominated by this clastic msponse
{Bevizs etal., 2012). Although the magni tude of the elastic maponse can reach a few cmdyr in the
coastal regions, we have not attempted to remove it, because of the low temporl moonstruction
of cument best reconstructions {3-year averages, personal communication, Abhas Khan, 201 4)
and the lack of error estimates.
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3.2 Spin-up and medel inputs

Since our assimilation method does not adjust initial conditions of the model, we have to rely on
a spun-up model state which more or less closely matches surface altimetry observations for the
time period considered. Indead, the success of inverse methods applied to nonlinear problems
often relics, in practice, on initial guesses of the independent vanables that yield states that ar
not too far from observations. However, as demonstrated by the wide mnge of model outcomes
in the ScaRISE experiments { Mowicki et al., 201 3a,b), spin-ups are very ditficult to cali brate.
Ome approach is to min long-term paleo-reconstructions of the GIS in ways that try to match
present-day observations (Huybmechts and Oerlemans, 1988 Ritz et al., 1997; Pollard et al,
2005 Pollard and DeConto, 2008 Greve, 1997a). This approach is usually biased towands
conservation of mass, where the diagnostics of choice is the ice thickness. [t also wsually relies
on lower-onder ice flow models, such as the Shallow-lee Approximation {Hutter, 1982), which
are computationally efficient, but tend to lead to large misfits to observed surface velocities,

Another appraach is to rely on what has sometimes been desaribed as " instantaneous spin-
ups”, in which imversion methods are used to try to capture the dynamics of ice flow at present
time. This involves infeming basal friction at the ice/bed interface in onder to match present-
day observed surface velocities (Macfyeal, 1993; Modighem et al., 2000; Adhem and Gud-
mundsson, 2000; Joughin et al., 2000; Petra et al., 2012). However, this approach relies on a
steady-state thermal and mechanical regime for the ice sheet, which is not realistic, and wswal ly
leads to lumping any mismatch between model and observations into the inversion itself. In
addition, as demonstrated on Mioghalvfjerdsfjorden Glacier {hereafter referred to as 79 Month),
artifacts in the interpolation of bedrock data can lead to ice-flux divergence anomalies, which
are mot physical (Rasmssen, 1988, Serowssi et al, 2011 over time scales of 10 to 50 years.
This can be mitigated wsing 8 mass-conserving (MC) interpolation approsch (Modighem ot al,
201 2a), allowing for transients that spin-up in ways that match present-day ice velocities and
ice-flux divergence. Here however, we are interested in variations in surface heights that amr
smiall and could easily be confused for residual ice-fAux diverzence anomalies that remain even
after implementation of the MC approach.
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We therefore opt for the different approach of combining both spin-up methods, We carry
out an adjoint-based inversion of the hasal friction coefficient {we refer the eader to Morlighem
et al. {30107, Larour et al. (201 2c) for details on the implementation of this inversion within
[55M) wsing 4 MC bedrock of the area {Morlighem et al., 200 3a), followed by a relaxation of
the ice sheatfice shelf over a period of 50,000 years (in which forcings are kept constant), until
the MEGIS ice volume stabilizes. The climate forcing is represented by a constant 5 MB taken
equal to the average value betaeen 1971 and 1988, when the GIS was considersd more or less
in steady-state halance (Rignot ot al., 2008). This is then followed by a forcing of the ice sheot
evolution starting from the Little [ee Ape (LIA) in 1840 to the stant of our assimilation, in 2003,
using the SMB time series from Box (20131, This ensures that our spin-up does not exhibit
ice-flux diverpence anomalies, matches closely the present-day observed surface velocities (2
LX) mufyr over the whole basin, £ 300 m/yr at the grounding line), and responds to variations in
climate forcing over the last 173 years,

The ice boundares for the NEGIS domain are determined by the position of the ice divide (as
determined from the gradient direction of ice sheet surface topography, Thomas et al. {2001 ),
see Fig 3) and iocfocean as well as ice/rock boundarnes from the GIMP project {Howat et al,
2014). We also make sure, given the bedrock is computed using the MC approach (Fig 3b) that
the domain covers the extent of the 2008 InS AR surface velocities, as shown in Fig. 3, including
T9 Naorth and Zachariz [sstrgm’s ice shelves, The initial surface elevation for the domain {prior
to elaxation) comes from the Howat etal. (2004) DEM, which covers the 2003 to 200 period
{Fig 3a). The resulting ice thickness is shown in Fig 3¢, from subtracting the MC bedrock to the
surface height. SMB for the 197 1- 1988 period comes from the Box (2013) time seres (Fig.2d).
vk, the bazal dmg cocfficient used for the entine length of the relaxation perod, s well as the
2003 to 2009 run, is inverted from the 2008 [InSAR suface velocities (Fig. 32). The underlying
mesh for the FEM model (Fig. 3f) comprises 1409 clements, for a resolution ranging from 70
km near the ice divide to 30 km at the ELA and 5 km on the ™ Nonh and Zachariae [sstram ice
shelves, The altimetry data is interpolated onto the mesh vertices wing a linear interpolation
algorithm, between February 2003 and September 2008 when continuous data is available.

Starting 2003, the model is run at a two-week time step, inorder to coincide with the time-
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sampling of the suface altimetry observations, and the cost-function J is computed for the
entire 2003-2009 time period. The inversion is camied out twice, once for Me | and once for o
A simultaneous imversion for both parameters would be more efficient and realistic, however,
the [S5M frmework doos not yet posess the capability to do so, but this type of inversion will
definitely be the subject of future studics. Becawse the mode] spin-up does not mach a configu-
ration that matches the altimetry time series within a 1o standand deviation, a spatially variable
time-mean hiss is removed from the altimetry observations, cormesponding to the difference
between the 2006 DEM and the spun-up surface height (Fig4). This implics that we are hemr
interested in what cormetions have to be applied to M¢ and o to match shon-term transicnt
variations insurface height. As to longer term trends, we cannot match them, a5 they depend on
assimilating data over much longer time spans, which is not feasible as comprehens ive al timetry
data coverage on MEGIS prior to 2003 is not available.

4 Rusults

Gradients computed for the temporl inversion of o and A, exhibit high variability both in
space and time (Fig 5). This is expected given the gquadmtic nature of the cost function relied

upon for the temporal inversion. mdeed, for owr cost function {71, the gradient to for example
o will be of the form:

J.F
‘ ff H_Iffrf'lf_l—ﬁ'ff_l,_.l__ld?d‘f (1
qﬂ LT

showing that the gradient is driven by the mishit s(t] — s, (1], which is itself time-space
variable.

Peaks in the magnitede of both grmdients are highly localized, with for example 907 Ja
exhibiting clear peaks between 2003 and 2009 over Storstremmen, which is a surge-mecovering
glacier (Rechetal., 1994 wher we indeed expect large variations insurface beight. Such peaks
Can reverss sign in time, as is the case for 0 /00 90 km upstream from £achariz Estmm's ice
fromt, which is positive in September 2003 and then turns negative starting June 2006, This is
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in contrast with vast expanses of the MEGIS domain where gradients can be largely constant in
space and time. For example, 90/ o and S0/ 90, are almost mil 100 km upstream of 79 Morth
and Lacharia [sstram. For 0.0 /de, this is probably related to the fact that the initial misfit to
observations is smaller inland (Fig 8)d), which scconding to {Eq.11) implics that the pradient in
the same arca will be relatively small. For 20 /00, the lack of vanation inland suggests that
the overall trend in the foreard model captures the inland surface height van ations realistical Ly,
meaning that cormections to the Box (2013) time series will ot be i pnificant, and o oby ious
bias iz exhibited by our forsard model. Over the mountain mnges between Storstramimen and
Zachariz [sstram, variations in 2790, are high both temporally and spatially, suggesting that
the time series of SMB has a complex signatune that may not be fully captured by the SMB
forcing. Im particular, .0/ 344, is positive in September 203, sugpgesting that improvements
in our best-fit to obsercations will be achieved by decreasing SMB over the mountain range.
The situation reverses, with 27 /00, turning negative in June 2006, pointing to the nead for
increasing SMB over this time period. In December 2009, the situation reverses again.

Orverall, the variability in both gradients closely follow the variability in the [CESat surface
height time series (Fig.2). This clearly implics that our model lacks the intrinsic variabil ity
required to match observations, In addition, there is a clear demarcation line in the gradient,
which runs perpendicular to Aow, that coincides with an abrpt transition in ice thickness (sce
Fig.3c, 100 m contour in hlack) across the entire NEGIS domain. Upstream of this transition
line, gradients become much more uniform and diffuse in space, though short vanations in
time remain significant. Downstream of this line, spatial variations become much sharper, with
features developing on the order of 10-3) km, which could again be related to the fact that
pradients above this line are smaller due to an imitial low local misfit,

Fig.6 shows the evolution of .J during both inversi ons, over 35 iterations, after which conver-
gence of the optimization is stopped, for considerations that are computational in nature. Both
curves clearly demonstrate that cormections in the SMB time series (computed by the temporal
imversion) ane much more efficient in terms of reducing the overll misfit to obsereations, than
comections in the basal fiction coefficient. This is expected, as SMB is a direct forcing to the
mass transport equation {Eg.5), with a clear equivalence betacen SMB and surface thickening
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rate, while basal friction is a direct forcing to the stess-balance equations {Eqg. 1) and (Eqg.2),
which have no direct bearing on the surface thickening rate. (therwise stated, it is much cas-
ier for the imversion algonthm to match surface heights by adding or subtmcting mass directly
from the ice column thickness (which is what SMB captures) than by modifying the state of
stmess at the ice/bed interface. The difference in convergence between varying alpha or M is
significant, with the SMB inversion reducing misfit J by 68%, and the basal frction inversion
reducing misht by 14%.

Thiz is in line with how observed surface heights are matched by the model at locations [ and
[I{zee Fig. 1) The first location correspond to the trunk of 7 Morth, while the second location
comesponds to Zachariz [sstram, near the grounding line, Both locations are in arcas of en-
hanced ice flow. At location [, the inversion increases basal friction over the entire [CESat time
perod, and the modeled surface height increases by approximately 20 cm starting 20007 {see
Fig.7a and b). The resulting improvement over the initial modeled surface height is not obyious
however, and points rather to an increase inthe mistit. This increase is localizod | and points
to an intrinsic inability of the model to match surface heights at this location through variations
in hasal friciton. For location [I however, basal friction is decreased by the inversion bebtween
2004 and 2008, and msults in a much better fit to local surface heights. At this location, the
model is therefore capable of comecting the hasal forcing appropriately to match observations.
The local mature of the improvements is confirmed in Fig. 8, which shows that location [ is in an
area of increase of the misfit to observations, while location [1 is in the area that sees the most
T Py erment.

Forthe SMB inversion at location [ (Fig T and d), animcreases in SMB slightly prior to 2006,
and a =sipnificant decrease by almost 30 cm'yr after 2007 is modeled. The max imum decmrase
ocours around summer 2008, The rsulting modeled surface height matches observat ions well,
with a decrease in the modeled height eaching up to 60 cm in year 2008, The situation is
very similar for location [1, with however one difference, the magnitnde of the 5 MB correction,
which is very large at location [, with significantly more melting modelad by the invemsion.
Owverall, the SMB inversion improves the best-fit to observations much better than the basal
drag inversion, as confirmed by Fig 8. An interesting point is that the structure of the cormection
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tightly matches the structure of the underly ing SMB time serics itself. Indeed, SMB is comected
mainly between peak summer rates, with the peaks themselves being preserved.  Almost no
comection to the summer values is detected, which is interesting given that the time step wsed for
the transient runs is 2 weeks, which is short enough to allow the inversion to capture and cornect
peak summer rates. This suggests that modification in the summer peak magnitude docs not
profoundly impact the best-fit to observed altimetry time-senes, and that the avermge summer-
to-summier vilue is what critically controls the inter-annual varishility in suface heights, [t must
be noted however that the inversion also predicts negative values for the melt-rmte througout
years 2005-2008, which is highly unmealistic. This is certainly due to the fact that our SMB
inversion docs not constrain the variations of A within a certain ermor mnge, as should be the
case. This is centainly an aspect of our method that will be improved in further studies, in order
to account for realistic varigtions in the model inputs.

Chverall, the best-fit to observations is improved by the inversion. However, locally, the im-
provement can be widely different. Fig.8 shows how J7(z, 4] cf. Eg.9) is spatially distributed
across the entine hasin after imversion and what the resulting improvement A Jpi(z o) is. As
expectad, Jp is much lower after inversion of SMB as opposed to basal friction {Fig. 8bvs e
respectively ). In terms of local improvement, & J7 is largest near the coastline, while it is momr
diffuse across the entire hasin, For SMB, a greater decrease ocours near the main tunks of 79
Morth and Facharie Estram, but the initial valuee of the mistit being also much higher, this still
results in large misfit values near the coastline. For basal friction, the descent is much momr
difficult for the trunks of the two glaciers, with clear decreases of the misfit near the grounding
line, but small increases dircctly upstream of the grounding line. Indeed, as demonstrated by
Fig.7 and confirmed on Fig &, for location [ the local misfit does increase for the basal drag
inversion. This is compensated by large decreases near the grounding line and ice shel ves of 79
Morth and Zachana Estm, Overall, a significant amount of mistit still mmains at the coast-
line, where both inversions seem to be unable to further accommodate for short-temm variations
in surface height. Mear the ice divide, the SMB inversion improves the best-fit most, which
can be explained by the uniformity of the 0/ J0, pmdient in this arca, allowing for a fast de-
scent of the inversion algorithm. OF course, the best-fit to observation depends on whether the
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convergence has been mached, and further improvements might be expected if the number of
iterations is increased. This is especially true for the SMB inversion, which exhibits variations
in J of 06% for each ibemation, after 35 itemtions, as opposed to 0. 15% for the basal friction
imversion. However, these values are significantly below the 1% threshold, and we therefore do
not expect large differences compared to a fully converged inversion.

5  IDhscussion

Dwur temporal inversion allows for the determination of forcings that best-fit observations and
that satisfy the physics descrbed in the forasand model. This is to our knowledge the first
time this approach has been successfully camied owt using an 55A hased transient ice-flow
miodel, without relying on arbitmary tuning of suface and basal forcings, Our results clearly
demonstrate that high variability in the model forcings is necessary to reproduce NEGIS surface
altimetry from 2003 to 2009, Such vanability is both exhibited in the inversion of A, and
in the imversion of «, which suggests that our foreard model lacks imernal representation of
such variability, and that enhancing our representation of boundary conditions 4, and o in the
forward model is therefore necessary .

At the surface, A accounts for changes in the altimetry in terms of ice-cquivalent mass
{see Eq.5). This is compatible with our ice flow model, which is hased on the assumption of
incompressible ice-flow, in which ice density is constant and equal to 917kg/m". In onder for
the altimetry to be converted from the orginal surface to an icc-equivalent surface, two firn-
densification models were used. In the percolation-wet snow-superimposed ice zones, the firn
densification model from Reeh et al. (2005); Reeh (2008 was wsed, which includes the effect
of ice lensing and is forced by the RACMOZGE data {Etterna et al., 2008 van Angelen et al,
20121, Above the ELA, the firn densification model from Lucas-Picher et al. {20121, forced
by HIRHAMS climatologics was wsed, which accounts for densification through pomr-space
closure. Both models depend on atmosphenc constraints such as acoumulation rate, surface
temperature and surface spow-density. By relying on ice-equivalent thickness, it is therefor
difficult to attribute which component of the variability exhibited in M is due to the vanability
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in the climate forcings used in the fim densification formulation (such as surface snow density,
ice-lens content, accummulation mte, sufface temperature, ete.). Therefore, while our approach
clearly demonstrates that SMB time series for the area need to be comected for, it also shows
that withowt ¢l ear representation of fim-densification processes in the foraard model, we canmot
improve our understanding of which atmospheric and/or surface processes is most responsible
for the surface height signature of MEGIS | It is therefore our intention to refine our approach
in further studies, towards temporally imverting for surface snow density, surface tempemtune
and accumulation rate. The poal is to understand which one of these processes is responsible
for most of the vadability observed on MEGIS. Ultimatel v, the hope is that inclusion of a firn-
densification representation in the foraand model will lead to increasing by smaller comections
required onthe comesponding forcings, thus ensuring that the model itself intmnsically captures
the observed surface height variability,

At the ice/bed interface, the basal dmg cocfficient exhibits high spatial and temporal variahil-
ity which could be due to the underlying hasal hydmlogy, Indeed, though a clear relationship
has to our knowledpe never been demonstmted, calibrated or measurad between hasal stress 7,
{or driving stress 7)) and sub-glacial water pressure w, empirical arguments such as in Alley
{1989) suggest a relationship of the type Nef f = k.2 where k;, is a basin-scale constant pa-
rameter. Because driving stress and hasal stress are closely related through the stress halance
equation, such relationships hint at a direct link between a highly variahle dmg coefficient and
water pressure. [ndeed, assuming this type of elationship holds, our approach can quantify
variations in water pressure under the entire basin that can explain the observed variations in
surface height. By a reasoning similar to our approach for suface mass balance, our results
demonstrate the need for further integrmtion of hydmlogical models in our foraand model so
that we can improve our understanding of how surface height variability can be generated by
the water pressure forcing .

By design, our imversions were carnied out independent of one another, which makes it diffi-
cult to attribute to either hasal frictionor suface mass balance the infemed vanability in surface
height. The fact that convergence is reached much faster, and much more efficiently for SMB
than for basal friction is a strong hint that most of the variability is pobably stmospheric in
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nature; however, we cannot disegard entirely the variability in basal water pressure. Indeed,
recent studics suggest strong links betaeen water pressure and surface melt water draining
through moulins and lakes, which can be seasomally driven {Alley et al., 2005; Luthje ot al,
2006 Box and Ski, 2007; McMillan et al, 2007 van der YVeen, 2007, Tedesco, 2007; Shep-
herd et al ., J20E: Palmer et al., 2011 ; Tedesco et al., 2012). Another issue our inversions raise
is the fact that surface altimetry is strongly biased towards infemring changes in surface mass
balance, which if we are to improve our understanding of variability and trends in basal hy-
dmology, presents a challenpge. Indeed, in order to invent for vanations in basal friction, our
observable should be surface velocity, as it is directly linked to basal stress through Eg.l and
2, and plays asimilar mole to 345 in Eq.5. Several studics have demonstrated the usetfulness of
such an approach for steady-state ice Aow model imversions { Mac Ayeal, 1993 ; Morlighem et al.,
2000, Vielietal., 2006 Arthern and Gudmundsson, 2010, and our results sug gests this extends
to transient ice flow models as well, Here, as previowsly alluded to by Heimbach and Bugnion
{20087 amd explorad in Goldberg and Heimbach (2013), a combined approach be emtertained, in
which bath surface velocity and height be wsed to imvert for the state of the ice at the icedbedmck
interface and at the suface. This puts seriows constraints on the rate at which surface velocities
from SAR platforms should be collected, but the emergence of satellites such as TermSAR-X
or Sentinel, which can provide high-repeat puss observations, in combination with continuouns
coverage from altimetry by CryoSat-2, submeter resolution stereo imaging from Worldview-2
{Shean et al., 2012) and in the coming years [CESat-2 | shows a high-degree of promise.

Some improvements to our methodology, which we are currently working on, should alle-
viate some of the issucs reganding atribution of suface height signatures to surface or hasal
processes, Indead, our inversion is not constrined by ermor margins in both our model forcings
{in particul ar SMB ) or model diagnostics {surface altimetry ). By introducing such margins, we
would ensure that our forcing comections remain within the bounds of what is realistic. Indeed,
it is highly prohable that our cost-function decrease for the SMB inversion is too drastic, and
penerates corractions that ane too large to be acceptable within the uncertainty range of the time
series from Box (201 3). For basal frction, it is very difficult to assess the ermor margin on
the imitial time series. However, provided a basal hydmology model is included in the foraard
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model, a better quantification of the uncentainty in the underdy ing hydrological model should be
possible, which should result in a better guantification of the uncetainty in the computation of

the hasal drag coefficient itself.

Both inversions provide pood results inland, where misfit is lowerd sipnificantly. Mear the
coastline bowever, misfit remains significant {Fig.8). The coastline is a very mountainous arca,
with few outlet glaciers (79 Morth, Zacharie Estrgm, Storstregmmen) that are in contact with
the ocean. For these outlet glaciers, the misfit can prohably be attrituted to a lack of epresenta-
tion of ice/occan interactions. [ndeed, melting rate under the ice shelf is taken constant during
grounding line retreat, which does not take into account variations in sub ice-shelf cavity circu-
lation. For the remainder of the arca howewver, in the mountain mnges near the coast, high mistit
is still observed. Given that ice velocities are negligible thene, the mistit must be atrbuted to
variations in S MB that are pot captured in the initial forcing. This suggests large cormctions
are still required in the SMB local to these high-altitude arcas. This could suggest two things:
I ) that the altitede/lapse mte parametrizations need to be improved ; 21 that our inversion necds
to be locally and temporally refined in these specitic areas. Indeed for the latter, our gradients
computed in Fig.5 provide a basin-scale vectorial direction along which the steepest-descent
algorithm optimizes the cost-function. However, smaller arcas of MEGIS could be considered
for the SMB inversion, for example those arcas which exhibit high hypsometry only.

6 Conclusions

We presented a new data assimilation system within the [S5M framework that is capable of
assimilating surface altimetry data from missions such as ICESat into reconstructions of tran-
sient ice How. This system relies on algorithmic differentistion at its core to compute gradients
of objective functions {such as a cost-function between modeled and observed surface height)
with respect to model forcings. An application to the North Eastern Greenland [ee Stream was
providad, where surface mass balance and hasal friction forcings wene temporally imverted, re-
sulting in significant improvements inthe best-fit to observations. This new approach allows for
a better understanding of which processes can be chamcterized by altimetry, and illustrates the

24

'I'ul TRIE S ]



nead for combining different datasets such as altimetry and satellite-derived suface velocitics
into inversions of basal friction and surface mass halance. [t also enables a better quantification
of the contribution of each forcing to the mode] best-fit to observations, and a better unders tand-
ing of which type of physics are currently missing from transient ice fow models in onrder to
betterchametenize the important intra and inter-anmeal vadability in surface heights, Dur esults
also demonstrate that large spatial and temporal variability is required in model forcings such
a5 surface mass halmee and hasal friction, vanahility that can only be explained by including
more complex processes such as snowpack compaction at the suface and basal hydmolopy at the
bottom of the ice sheet. Our new approach, once combined with esti mates of errors in the model
inputs, should al low for a better identification of which underlying processes are responsible for
specitic signmtures inthe observed surface altimetry. This approach is indeed a first step towands
assimilating the wealth of surface altimetry data that is cumently available from EnviSat, I[CE-
Sat, Opertion [eeBridee and CryoSat-2, and that will be available in the near future with the
launch of [CESm-2.
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Fig. 1. Map of the study arca, North-Eastern lee Stream, Groenland. InSAR suface velecilies from
Fignod and Mougine (20123 are displayed overlayed over the MODIS Mosaic of Greenland { MO
image map (Haran o al, 20030 The data 5 projected using the NSIDC Sea lee Polar Stercographic
North projection (EPSG34 11 with central merndian at -45° and sandad paallel a1 +707 | Locations
miarkad in yellow, | and Il are wed in Fig, {7
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Flg. 2. Annual elevation change rates from [CESat satellie alimetsy between Fall 2003 and Fall 2008,
compuied from a pelynomial approximation of the elevation change history s described in Schenk and
Caathe (2012). Lecations for which SERAC processed altimetry data is available for the entine tinme
sefies afe indicaied by black deis. Elevation changes are computed for the balance years stniing on
Seplember | and ending on Augusi 31 of the ﬁn]]m%ng].rar.
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Flg. 3. ) 20607 susface height From Howat et al (20040 by bedsock elevation imvened using the mass-
conserving approach (Modlighen et al, 200 1, 200 34}, existing bodrock data from Thomaen o al. {1997
Christensen et al. {20000, loeBridge MCoRDS jce thickness data (Allen, 200 1) and InSAR surface we-
I s, P Bignod and Mouginot (2012, ¢ ice thickness inferned from a)-b). In black, LOO0m contour
lewel dy 197 1- 19ER averaged yearly surface mass balance A, (mfyn from Bos (20030 &) dag coef-
ficient a {mfsi ") iveried using 2008 InSAR derived surface velocities from Rignot and Mouginod
{20012 {aee 1L D model mesh, superimpesed on 2008 observed surface velocity (mdyr) derived from
[nSAR (Rignet and Mouginet, 2002 R
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Flg. 4. Diffesence 45 — & (in m) betwoen the spun-wp surface height (s ) and the reference height for
the allimetry data, taken 1o be the Howvat et al. (20040 sur face DEM in 2006 {53 This apatially variable
time-mean biss is removed from the obse rvations 1o reach & better sdequation between the mode] spin-ugp
and the altimetry dataused in the imaersion.



Fig. & a), byandc) gradients &7 /o (m™ .5~ of the cost function J with respect 1o the ice/bad
friction coefficient o in respectively, September 2003, June 2006 and February 2008, d), ) and T
gradients o0 (08 (yr)of the oost function Jf with respect o the surface nmss balance M, in respectively,
September 2003, June 2006 and February 20089 W0
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Black), over 35 Rerstions.
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Fig. 7. Improvement in the besi-fn between modeled surface height and the altimetry record afier
inversicn of basal fFicton o and surface mass balance M, for the two locations indicased in Fig 30
comesponding 1o the center of ™ Nonh (frames 2),b0,c) and dY) and a lecation near the grounding line
of Zachanie Laweam (fmmes (2), 1, g) and b)), Frames a) and @) show the difference Beween the
afiginal time series on of friction {in Black), and the invenad one o (in red). Frames B) and £ show the
improvement in the modeled surface height (in red) besi-fin i observations {in Bue) companed o the
of iginal masdel {in Black). Frames ¢ and g), dyand h) show similar resulis as for &) and @) and B) and £,
with surface mass balance M, being the quantity invened for inslead of o, Emess in observed surface
height time series for locations | and IL which are below the ELA, depend on the SERAC processing
only (ice is smsumed fully dense, with no fim compaction invelved), and are estimated nespectively at 8
cm and 12 m. 12
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Flg. 8 a) and dy localized misfit Jrole,p) as defined in Eq. (99 before inversion of surface mass
balance M. and basal friction o mespectively. b)and ¢) localized misfit Jr(e gy afler inversion. ¢}
and I coresponding decrease in localized misft AJdv(e i) = Jr (e w) — Jrole,y) belone and afier
1N VErSIEH. 13
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Abstract

We present a new data assimilation method within the [SSM framework that is capable of as-
similating surface altimetry data from missions such as HEESat=HICESat into reconstructions
of trmsient ice Aow. The new method relies on algorthmic differentiation to compute gmadients
of diapresticsobjective functions with espect to model forcings. It is applied to the Morth East
Cireenland [ee Stream wher surface mass halance and hasal friction forcing s are temporally in-
verted, resulting in signiticantly-improved-adjusted modeled surface heights that mateh-best-fit
existing altimetry. This new approach allows for a better quantification of hasal and surface
processes, and a better undestanding of the physical processes currently missing in transicnt
ice flow models to better capture the important intra and inter-anneal variability in suface al-
timetry. It also demonstrates that large spatial and temporal vanability is required in model
forcings such as suface mass balance and basal friction, variability that can only be explained
by including more complex processes such as spowpack compaction at the surface and basal
hydmology at the bottom of the ice sheet. This approach is indeed a first step towands assimi lat-
ing the wealth of high spatial resolution altimetry data available from EnviSat, FoESa-HCESat,
Openmtion leeBridge and CryoSat-2, and that will be available in the near future with the launch
of [CESat-2.

1  Intmduction

Curreatsea-levelrse i ER-Global mean sea level (GMSL) rise observations show an overall
budeet in whlch ﬁ'csh-wntcr conin l:rutmn from the pnln.r ice sheets represents a significant por-
tion :

which is nctun]lj-' imCreasing {\tllcngm 2004 E‘.lgmt 008 ) relative to thermo-steric expan-
sion and contribution from terrestrial glaciers (Gardner et al., 2003). Inorder to quantify the
contribution of polar ice sheets to SER-GMSL in the near future, accurate mass bal ance pro-

jections must therefore be camied out, which can cither be based on extrapo lation of current

tresds (Velicogna and Wahe, 2006; Velicopna, 2008 Shepherd and Wingham, 2007, Rignot
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et al., 20013, or supported by transient ice flow models that are physically validated against
data. Such models, however, as demonstrated in the ScaRISE (Sca-level Response to ee Sheet
Evolution) and iceZsen inter-comparison projects, are not fully capable of capturing the present-
day trends (Bindschadler et al., 2003 Mowicki et al., 200 3a,b), which hinders our ability to
project them into the future with a high degree of confidence. Indeed, one of the critical diffi-
culties faced by ice-sheet modelers is the spin-up of ice-flow dynamics ina way that matches
present-day observations. At the root of the problem is o complicated intermction between: 1)
paleo-reonstructions that can match the evolution of the ice volume for the Greenland [ee Sheet
(G5 ) or Antarctic [ee Sheet (ALS) (Pollard and DeConto, 2008 ; Huybrechts et al., 2011 ; Ritz
ot al, 1997, Greve, 1997a), but which fail at capturing present-day ice-fHow dynamics and 2)
what is now refemred to as W instantaneous spin-ups” that rely on inversion of hasal friction at the
ice/bed interface from satellite-derived surface velocities { MacAyeal, 1993; Morlighem et al,
2000; Seroussi et al., 2003 Price o al., 201 1; Arthern and Gudmundsson, 2000, which an
more efficient at capturing present-day ice-fow dymamics, but lack the long-term trends in the
stress amd thermal regime of both ice sheets.

In order to bridge the gap between both approaches, so that paleo recorstructions of ice
sheets and present-day dynamic conditions can be capturd in one continwous run of an ice
sheet model, there noods to be ashiftin the way we approach imtegrating data into transicent ice
flow models. Indeed, there is a wealth of data available to ice sheet modelers that is not yet fully
leveraged to constrain transient ice fow models of the GIS and ALS . These data include among
others: 1) loe coring that provide temperature profiles for cal ibration of thermal models{ Greve,
| 99Th, 20005); 2) Radar stratigraphy that provide layering and age stucture {Falmestock et al,
2001); 3) Sedimient coring in pro-glacial lakes around the GIS (Briner o al ., 2000, 2001) that
provide vital information about margin positions throughout the Holocene; 4) High spatial mes-
olution surface altimetry from small footprint satellite laser altimeters onboard missions such
a5 EnviSat { 20002-201 2), FoESa--ICESat ilee Clowd and land Elevation Satellite, 2003-2009)
and CryoSat-2 {20 0-present) as well as ESA and MASA airbome laser altimetry campaigns
flown as part of PARCA (1993-2008) {Thomas and [nvestigators, 2001 ; Thomas o al., K]
and Operation leeBrdge (2008 -present) that provide an almost continuous surface beight record
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for the past 20 years (Csatho et al., 2013); and 5) SAR (Synthetic Aperture Eadar) data from
missions such as ERS-1 2 (European Remote Sensing Satellites) , RADARSAT-1,2, ALOS
Advanced Land Observing Satellite) PALSAR ( Phased Amay type L-band Synthetic Aperture
Radar), TerraS AR-X among others, that provide a suface velocity recond falbeit relatively dis-
continuous compared to the altimetry record) for the last 20 years (Joughin et al., 20044, 2010;
Mouginot et al., 2004 ). All these datasets are yetto be systematical ly assimilated into ice sheet
models, to provide better constraints for transient models.

Ome of the main difficulties in econstructing past and present ice-sheoet flow that is com-
patible with observations and ice-flow dynmamics is the lack of temporally vanable assimilation
methods. Most attemipts at assimilating surface altimetry so far have relied on appromchessmeh
as-indimect approaches. The fisst one is ensemble methods, where sub-sets of model mns that are

S T TEENIE )

compatible with present-day condi tions of the ice sheet are down-selected Hedhrwardenrotal 2054

This type of method does improve spin-ups and inform about the level of uncenainty in-
herent in the model mns, but docs ot yield information on the undedying boundary con-
ditions, and potential comections that have to be applied {within specific memsurement er-
ror margins) for the model to converge to present-day conditions. For example, one such
boundary condition that is inherently difficult to mproduce from the previows inter-glacial on-
wards is surface muss balmce {SMB) (Ritz et al., 1997), which is a critical component of
the GIS and ALS mass transport. The second method is the so called Hux-cormection methods

(Aschwanden et al., 2013 Price et al., 301 1) where boundary conditions at the ice front are -;:-:JJT-::-:.tcﬂ

for_in arder_to m.utu;.h time series of observed fuxes. This is a direct ning approach which
however can be incompatible with realistic boundary conditions at the ice tront, The third and
final method is a quasi-static approach, in which surface velocities isused at ditferent snapshots
in time to invert for parameters such as basal yield stress. This approach is used in particular
in_Habermmanm et al, {2013 to understand the dynamics of lakobshavn [shme in the past tao
decades. Such methods are indecd precursors to maore sophisticated methods which can tighlty
couple mass tmnspornt and stress balance in time-dependent assimilations.
Mevw—approaches-are-howeverFor example, new approaches are emerging, based on time-
dependent adjoint modeling {Heimbach, 2008; Goldberg and Heimbach, 200 3), which show
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great promise in potentially enabling sophisticated data assimilation of dispamte datasets into
ice sheet models. Here, we propose one such approach, hased on algonthmic di fferentiation of
the [ce Sheet System Model {[S5M ), to improve assimilation of surface altimetry data {over the
entine FEESa—-ICESat time period) into a transient reconstruction of the ice-flow dynamics of
the Month-East Greenland ke Stream { MEGIS). The goal here is to invert for temporal forcings,
namely SMB and hasal friction at the icefbad inteface, such that best-fit to surface al timetry
data is achieved, while respecting the constraints inherent in the physics of an ice-shest flow
model. On NEGIS, altimetry data provided by $EESa—-ICESat displays high levels of spatial
and temporal variability, which presents a good case scenanio for investigating bow model fore-
ings need to be comected for inonder to replicate such variahility in surface beight, and what ae
potential |y missing components in the way we model surface and hasal processes that should he
improved accordingly. In addition, recent studies sugeest that MNEGIS is undergoing dynamic
thinning linked to regional warming (Khan et al., 20043, which will exhibit characteristic sur-
face altimetry signatures that should be investigated, especially for a basin that previously was
considensd stable.

This study is structured as follows: in the firstnext section we describe our foraand transient
maodel, the equations, the diagpasties-oh jective function we are interested in, and the algornithmic
differentiation approach to computing gradients of such disgnesties-objective function along
with the temporal inversion algorithm necessary to infer tempaorally variable model forcings
that best-fit ohservations. In section twothree, we describe the altimetry time-serics used on
MEGIS, our spin-up methodology and all model inputs to our mins. Sections threearmd-—fotr
four and five present our results and discussion respectively, and seetios-fve-the final section
concludes on the implications of our new approach towards sssimilating altimetry data into
projections of ice-sheet mass balance.

2 Modd

Underlying our assimilation of surface altimetry is a transient ice-flow model, which can simu-
late the temporal evolution of an o stream . We refer to this model as our forwand model. This
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model is implemented within the [ee Sheat System Model (Lamowr ot al., 200 2¢; Morlighem
et al., 20000, Here, we are interested in the best-fit between modeled surface beights and avail-
ahle altimetry observations. The pradient of this disgnostic value with respect to tansient fore-
ings {hazal friction at the ice/bedrock interface and SMB) can then be used within an inverse
method to invert for such forcings, while simultaneously improving our best-fit to observations,
In this scction, we describe our forwand model, the computation of the diagrestie-objoctive cost
function and the methodalogy behind the computation of the gradient as well as the inverse
miethod itszlf.

2.1  Forward maodel

feefoworthe—The How of NEGIS is characterized by low basal shear stress across the en-
tire basin {Joughin et al., 2000; Schlegel ot al., 2003), msulting in high velocities {Fahnestock
et al., 2001 deep inland towands the ice divide {cf. Fig 11 Such flow exhibits low vertical
shear stress, and can therefore be realistically described wsing the Shelfy-Stream Approxima-
tion {S5A4) { MacAyeal, 1989). This formulation is a simplification of the full-Stokes equations
describing the stress balance of an ice sheat. The simplifications involved include: 1) neglecting
the ice-fow acceleration (Reist, 2005); 2) neglecting borizontal gradients of vertical velocities
compared to vertical pmdients of honzontal velocities (Blatter, 1995; Pattyn, 20033; 3) ne-
glecting bridging effects {van der Veen and Whillans, 1989) and 4) neglecting vertical shear
altogether fwhich encompasses assumption 2 also) (MacAyeal, 1989).

Using 17 ta 4], the stress balance eguilibrium can be raduced to the folloaing two equations
expressed in terms of the depth-avemped horizontal velocity (o)

i ( y i a3 -e:}f.l) A ( ; o ; f'}.u) B e ,
ar\Haz + l'r:-e:Jﬂ * oy l‘”f’i':.'; * Mz - pﬂﬂﬂ.z' - T
i (” dh 4 -e:.;l‘fl) Bl (j o ; é}n) JI-r'Jﬁr 4
oy m-ﬂﬂ * l‘”f’lr + dax l‘”f’ily + l‘”élz' = M l-r'Jy - Ty 42)
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where ¢ is the depth-averaged ice viscosity, @ the ice density, g the acceleration due to gray-
ity, hi the local ice thickness, s the upper surface elevation and {Ty,,,7,,) the %,y components of
the hasal shear stress at the icedbedmck interface. In this formulation, horizontal velocity is con-
siderad independent of z, and vertical velocity can be recovensd through the incompressibil ity
condition. [n the case of MEGIS, the simplifying assumptions 1) to 4) are valid for the entirety
of the hasin, excluding some very specific arcas wherne some departure to the 554 formulation
ooours. For mone details on these aneas, we refer to Schlegel et al. {2003,

The hasal shear 7, , expressed in terms of horizontal components of the hasal shear {my, 7,0
in eguations | 1) and {2) isa model forcing which we describe using a viscous linear relationship
(Machyecal, 1989 1993):

Thp=—a" Negpv) 3)

whemr v is the velocity parallel to the ice/bedrock interface, approximated here as {ue), o the
friction coefficient and N ry the effective water pressure taken here equal to the pressure at the
ice hase.

Viscosity in equations { 1) and §2) is deseribed wing the following Morton-Hotf Lo {Glen,

1955):

i
f=—"= 4

22,0
wher B is the ice hardness, « Glen's law exponent and £, the effective strain rate. B is
temperature dependent and follows an Arthenius type law calibrated from Paterson { 1994,
The 55 A formulation solves for the stress balanee. However, mass consereation also noeds
to be ensuned through the following mass transport equation:

@+T‘-J’w=.ﬁf,—j‘tﬁ, (51
Rl

where A is the ice thickness, v = (wu.w] the depth-avermged velocity, Ads the sudface mass

balance {m.a~" of ice equivalent) positive for accumm lation, negative for ablation and A, the

1

basal melting mte fma™ " in ice equivalent), positive for melting, negative for freezing.
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The thermal regime of the ice is not captured in our transient ice fow model . It is initialized
using a thermal steady-state model described in Larour et al. (200 2h), which is then assumed
constant through time. We believe this approximation to be realistic, assuming there are no
short-term themmal transients that develop betasen 2003 and 2008, the length of our data record
{Seroussi ot al., 2001 3).

In terms of boundary conditions, (1) and {2) are solved using observed Dinchlet surface
velocity constraints at the boundaries inland, stress-free surface, friction at the icedbedrock in-
terface (describad by 3) and water pressune at the ice front, which when depth-averaged, results
in the following condition:

Feon= (%pﬂﬂ‘—%pu.muin[&:ﬂj‘f)n (6]

wher o is the stress tensor, nthe unit outward-pointing normal vector at the ice fromt, @
the water density, and & the elevation of the ice lower surface. At the ice front, the boundary
condition for mass transpaort {3) is specified as a free-Aux boundary condition, whene the calving
rate is taken equal to the normal velocity at the ice front.

Equations {1}, {21, {4) and (5) along with comesponding boundary conditions, can be dis-
cretizod and solved imiplicitly in time using the Finite Element Method {FEM). We refer to
Lamuwr et al. {201 Z¢) for more details on the FEM discretization as well as numerncal schemes
to handle the material non-lincarity and the stability of our time-stepping.

2.2 Cost fanction

Dr forward model computes, from model inputs o {friction coefficient) and M (surface
mass halance), time serics of surface heights 5(t) and depth-averaged hornzontal velocities
(ult]o(th. The disgnostic quantity considerad here for our foraward model is however not
the surface height 201 nor bornzontal velocities (uf £] 2 0t] ), but mther the cost function J which
describes the time and space-avemged squarcd difference between the modeled surtace heights
#(1} and the observed surface elevations from MEESa—-ICESat altimetry. If we name st 4,
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the time evolving altimetry observations, we can define our cost function as:

1=T
[a(t]— =it
q ff il ”""‘Jdﬂdﬁ T
i d i

i

where 12 is the spatial domain (here the entie NEGIS hasin), Sg its surface extent, and [0,T]

the time domain over which #EESat=t-ICESat observations are available, This cost-function

deseribes the time-averaged and space-averaged misfit to altimetry observations. It can be de-
composed also into a spatial avernge of a local time-averaged misfit J7(z, ], as follows:

J[.FTF.E 1y 41} (5]
Sqr
where J7 is defined as:
T e A T
Jrlzyl=- f | #(1) Ff Jes ) d (0
I dia 2

[n the mmainder of our study, we assimilate temporally variable frictions «ft} and surface

' BLLEETE S R

miass balanee M (1) in order to minimize the cost-function F—=+Fterft At 0 = JUF (at)] M [ﬂl‘

wher F is the forwand model deseribad in equations {19, 42), {4) and {5). This means that we
temporally invert for the friction and SMB that best-fit our observations. Dur initial values for
hoth forcings come from 1) the time vanable SMB from Box (2013 ) and 2) a time-constant fric-
tion which is variable inspace, inferred wsing an adjoint-based imversion of existing present-day
surface velocities {Morlighem ot al., 2000; Rignot and Mouginot, 2002). The main results of
our temporal inversion ar temporal corrections to these forcings, and an improved best-fit {or
minimized J) to observations.

2.3 Alporithmic Differentiation of the pradient of J

The hasis for imverting forcings o and A4, is the determination of time and space dependent

pradients of our cost function J, namely .0 /o, g.¢) and A7/ M [ xe.t). A common ap-

proach in the Cryospher community to obtain gradients of forwand models has been to rely
l,'l



on the adjoint theory-method (MacAyeal, 1993 Rommelaere and MacAyeal, 1997, Vieli and
Payne, 2003; Joughin o al., 2004b; Larour et al., 2005; Vieli et al, 2006; Kharendar et al,
2007, HiE; Modighem et al., 2000; Arthern and Gudmundsson, 20007, The approach con-
sists im analytically deriving the adjoint state of the foraard model, which allows for an casy
computation of the gradient of the cost function. This apprach works particulady well for
self-adjoint models, which is the case for the stress balance equations of ice flow when the rhe-
olopy is considerad linear viscows. When non-linearities are present in the model, asis the case
when relying on a material law such as (4) with = 2£ 1, the adjoint-approsch can still be viable
if the problem is lincarzed (Morlighem et al., 200 3b) or if an exact adjoint can be analytically
derwed.

For more complex ice-flow models however, the adjoint state is wsually not easily derivable,
and other methods have to be considered to compute cost-function gradients. The first one
is to rely on approximation by forward-differencing, as in Lamowr et al. {2002h,a); Schlegel
et al. {30113). This method is Aexible (it can be applied to any type of foreand model) bt it is
computationally expensive. Indeed, for a given cost function and a model input of size s4w-m
{1t being the number of deprees of freedom, such as the mesh size for an FEM discretization,
or the grid size for a Finite Difference discretization ), this method requires at least s——-mi + 1
computations of the foraard model. Fortmmsient ice flow models which are computationally
expensive, this is therefore impractical. Funthemmore, for highly nonlinear models the choioe of
perturbation greatly affects the quality of the approximation.,

The second method relies on algorithmic differentiation {AD) of the forward model, whene
the derivative computation is enabled by semantically augmenting the computer program that
implements F {Griewank and Walther, 2008). The AD approach has been implemented for
common programming languages in a variety of tools. Such tools include soume-to-soume
trarsformation frameworks ( TAF, Gienng et al. (2005); OpenAD, Utke ot al. (2008) and Tape-

nade, Hascodt (2004 1) andfor overloaded opemtor frameworks {ADOL-C, Griewank etal. { 1996);

Wilter et al. {2012, AD tools can automatically penerate denvatives {first-order pradients,
Taylor type developments, Hessians) of the forward model at machine precision and at a com-
putational cost that, unlike the cost of forward-differencing methods, s a small fixed factor

(4]
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independent of . Typically, source-to-soumce transformation tools can compute a gradient
of the forward model in4- 10 times the cost of the forward run itself. This can be somewhat
higher fbut still fixed) for overdoaded-opemtor approaches, which are ot computationally as
efficient. AD tools have been levemped extensively in the ocemic context for state-of-the art
ocean models {Marotzke et al., 1999 Heimbach et al., 2002; Heimbach, 2008), and more re-
cently to ice-sheet models (Heimbach and Bugnion, 2009; Goldberg and Heimbach, 2010 3).

[n this paper we work with [S5M, which is written in C44 and wses a vanety of object-
onented feptures . Because of the complexity of the C44 syntax and semantics, there curnently
are no AD tool for the comprehensive soume code transformation of C4++ models. Thus the
operator-overdoading approach beoomes the method of choice. In this type of approach, the
floating-point operations on quantities which are part of the computation to be differentiated
are econrded into a fape dunng the forward run. This fape can then be interpreted in a reverse
sweep o compute the gradient of the costfunction with mspeat to model inputs, wsing the
chain rule in reverse order. Here, the underdying library used to implement the overloading of
our Aoating-paint operations in [S5M is Adol-C {Walter et al., 2002). Testing and validation
of the modifications were carried out against the forawand difference approach implemented in
Lamour et al. (2012b). Benchmarks for computation times were also carmied out, showing a
computation time for the gmdient of the cost function with espect to either o or A4, on the
onrder af 4 times the computation time for the forward model. This is for models on the order
of 2000 degrees of freedom, apdwhich mpresents a very efficient ratio of pefformance. Indeed,
this ratio is much lower than the curmently accepted ratio of 10 expected of operator-overoading
approaches, This is explained by the low scalability of the direct solver used in ourcomputations
(Larowr et al,, 200 2e) which accounts for 90% and more of the computation time in foraard and
AD mode, making the ratio appear much lower than for fully scalable solutions.

2.4  Inverse method

If we mstrict ourselves to the case of temporally inverting basal friction {the same logic applics
to surface mass balance ), we can AbB-compute-compute 2.0 (Ol g.1], the gradient of our cost
function J with respect to hasal friction «fx,4.1]. The cost function is computed wsing the
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torwand model Feffatea it 0 = J(Filalz,y.t]] ). o is vardable both in space and time,
a5 well s the pmdient itself. Using a classic steepest descent along the vectoral dirction
set by 7 0oz, y.t), we can infer af= 4 Hhat-an update Ao to the initial oy, sech that
o =0y + Ay leads to a simmlated surtface height evolution that minimizes the cost function™,
Omece a minimum J is reached, we have effectively determined a new “inverted™ o, sdrich
best-his-tor which the modeled ice-sheet height 4a-best-fits surface altimetry. The differcnce
between this algorithm and the classic approach presented in inversion studies suchas Mac Ayeal
(1993); Morlighem et al. {20000, Arthern and Gudmundsson {2010 is the fact that we do not
retyerrneed o hand-derive the adjoint-state ft-ratheromrAE-tocomprte-the errdiento . the
model, as it s mtomatically computed by the AD pradient operator, and that the inversion is
temporal in nature.

This inversion is also a data assimilation in that we compute comections that have to he
applied to an existing time serics of forcings (here basal frction or surface mass halance) in
order for a certain diagrasties-ohjective function of our model to match observations. Here,
we do mot assimilate-invert for both forcings o and A, at the same time. Rather, we imvert
w given observed suface mass balance M, and vice-versa, This approach allows us to better
understand which parameter assimilates—msults in the best assimilation of existing altimetry
ohservationsrrest-efietertty, and what type of physical processes are invaolved in hest-fitting
the model results to observed data.

3 Dhats and Model Setup
31 Alimetry

Elevation chanpes during the 2003-20(8 perod wer meonstructed from MEESa-—ICESat
laser altimetry observations using the Surface Elevation Reconstruction And Change detection
{SERALC) approach {Schenk and Csatha, 301 2). This comprehensive method was developed
to determine surface chanpes by a simslasseus-reconstruction of the surface topography. Al-
though generml in the design, SER AL was specifically developed for detecting changes inice
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sheet elevation from FEESot=HICESat crossover arcas. [t addresses the problem of computing
a suface and surface clevation changes from discrete, irregularly distributed samples of the
changing surface. In every sampling period, the distribution and density of the scquired laser
points is different. The method is based on fitting an anal ytical function to the laser points
of a surface patch, for example a crossover ama, size 1 km = 1 km, or within epeat tracks,
for estimating the ice sheet surface topography. The assumption that a surface patch can be
well approximated by analytical functions, e.g. low order polynomials, is supported by varions
roughness studies of ice sheets (van der Veen o al., 2008, Considering physical propertics of
solid surfaces and the rather small size of surface patches suggests that the surface patches am
only subject to elevation changes but o significant deformations. That is, the shapes of the | by
| km surface patches centered at the crossovers remain constant and only the vertical position
changes as it is confirmed by the low surface fitting emors obtained by SERAC (Schenk and
Caatho, 20120, [tis important to realize that SERAC determines elevation changes as the differ-
ence betwoen surfaces, unlike other methods that take the difference between identical points
of two sufaces.

Laser points of all time epochs of a surface patch contribute to the shape parameters while
the laser points of cach time period determine the absolute elevation of the surface patch of that
perod. Since there are many more laser points than unknowns, surface clevation and shape
pammeters are recoverad by a least squares adjustment whose target function minimizes the
square sum of residuals between the fitted surface and the data points. The large redundancy
makes the surface recovery and elevation change detection very accurate and robust. Moreowver,
the confidence of the results is quantified by rigorows error propag ati on.

With SERAC we meonstructed time-seres of elevation change histories at 837 #5ESat-+
[CESat ground-track crossover locations within the MEGIS drainage basin (Fig. 2). Assum-
ing that the laser points entering the adjustment model are uncorrelated and have all the same
weight, the random emors of elevation as a function of time is determined from the vanance-
covariance matnx of the normal eguation.  Elevation chanpes were corracted to remove the
effect of vertical crustal motion due to Glacial [sostatic Adjustment (GLA) and variations of
firm compaction mtes in 2003-2009. Indeed, [55M is a model that relies on the assumption of
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incompressible ice flow, and the surface elevation must therefore be converted form a smow/ice
cquivalent (where density throughout the firm layer is variable) to an ice equivalent { wher we
assume a through-thickness density profile that is constant and equal to 917 kg /m™). GIA re-
lated vertical crustal motion estimates are from &G, and Zhong (2013, hased on ICE-30 ice
history, a VM2 viscosity profile and a | by | degree mesh. Estimates range from -2.7 mm/yr
to 4.6 mm'yr, with errors that are negligible compared with elevation changes due to ather fac-
tors. Variations of firm compaction rates above the equilibrium line altitude {ELA) are froma 5
kmi by 5 km gridded mode] forced by the owtput from the HIRHAMS Repional Climate Model
{Segrensen of al., 2001 Lucas-Picher et al., 2012) and range from -0L.006 m'yr to (0,146 miyr.
Finally the corrected elevation changes were comverted into ice equivalent elevation changes
using a comstant ice density of 917 kg/m” in the ablation and superimposed ice zones and a
simple firn-densification model from {Rech et al., 2005; Rech, 2008) in the accumulation zone.
This model assumes that all retained melt water (Superimposed [ee Bemaining at the end of the
melt scason (5 [Ri=melt - mmatf) efreezes at the samie anmual layer at the end of each balance
year {(August 31 ), giving

g

_ =Ry
1 _lﬂn_rl J-I.H‘I

(1)

Py =

where g, is the density of the annual fim layer on the surface, ST R is the amount of efrozen
ice, estimated as the difference between the annual melt and runoff, A, isthe anmual net surface
mass halamee (all from BACMOZNGR, (Ettema ot al., 20089 van Angelen et al., 20120, g, =
0.01Tkg fm”, and g is the temperature-dependent density of new firn before the formation of
ice lenses, The density of the new fim is calculated from the following empirical elationship:
o =025+ 1571 +I].'.-3“.].'51_'f and Iy = TMA+2665TER, where 1y 15 the firn temperatune at
10 m depth and TMA is the mean ammual temperature {Bech et al., 2005

Typical elevation emrors for crossover arcas higher up on the ice sheet, involving some one
hundred tser-peimt=ohservations, are abowt L0002 m {Schenk and Csatho, 2012 ). This com-
pares well with the individual error of a laser point under ideal conditions. At lower elevations,
ermors increase and reach values of £ 1 0 mor even larger, becawse of increased slope and rough-
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neas {due for example to crevasses) —Forand temporal changes in the surface shape during the
ohservational period. The emor of the firn densification medel—we-assume-an-ermrol-H.005
:r..Jtr: 15 (LK ml‘}'r rn::fc-.rt-n-nﬂ-ﬂ-x-ﬂ-':-]-l—nc.n' ﬂ'.-:: ice div |-;.’:: |:r.-:.:r::..mng to LLAE mifyr at the ELA

: aH Serensen ot al. 200110,
resulting ina t] QIJ"'":--U t]?":n m t-;:t.ul u:kiltln;m.u] ::Icwtln;m cmor during the #EESat-+-1CESat mis-
slom.

In addition to the LA, wertical bedrock motion includes the elastic cmstal mesponse o
contemporary ice sheet muss changes (eg., Khan et al. (2010 | Serensen et al. (2001) ). Uplift
rates measured by the Greenland GPS Network (GNET) significantly exceed the predicted GILA
rates, indicating that the present-day vertical crustal deformation is dominated by this elastic
response (Bevis et al., 201 2) . Although the magnitude of the clastic response can reach a few
cm/yr in the coastal regions, we have pot attempted to remove it, because of the low temporl
reconstruction of current best reconstructions (3-year averages, personal communication, Abbas
Ehan, 201 4) and the lack of emor estimates,

1.2 Spin-up and model inputs

esimitating it bt ; ! ertioe N bt "

Hince our assimilation method does ot adjust initial conditions of the maodel, we have o nely
on a spun-up model state which mome or less closely matches surface altimetry observations
for the time perod considered. Indeed, the suwecess of inverse methods applicd to nonlinear
problems often relies, inpractice, on initial puesses of the independent variables that yield states
that are not too far from observations, However, as demonstrated by the wide range of model
outcomes in the Scak [SE expenments (Mowicki et al., 200 3a,b), spin-ups are very difficult to
calibmte., Omne approach is to run long-term paleo-reconstructions of the GIS in ways that try
to match present-day observations { Huybrechits and Oerlemans, 1988; Ritz et al., 1997 Pollard
etal., 2005; Pollard and DeConto, 2008 ; Greve, 1997 a), This approach is usually biased towands
conservation of mass, where the diagnostics of choice is the ice thickness. [t also wsually relies
on lower-onder ice flow models, such as the Shallow-lee Approximation { Hutter, 1982), which
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are computationally efficient, but tend to lead to large misfits to observed surface velocities,

Another appraach is to rely on what has sometimes been desaribed as " instantaneous spin-
ups”, in which imversion methods are uwsed to try to capture the dynamics of ice flow at present
time. This involves inferning hasal friction at 'Lh.': u:::.l'hcd interface in order to match pmﬂ:nt—dn}'
ohserved surface velocities -2

S TrorEEn

However, this approach relies on nstcnd:,*—st.utc thermal and m::-;.hunu..u] regime for the ice sh::::t
which is mot realistic, and wsually leads to lumping any mismatch between model and obser-
vations into the inversion itself. In addition, as demonstrted on Mioghalvfjerdsfjorden Glacier
(hercafter mefemed to as 79 Month), artifacts in the interpolation of bedmock data can lead to
ice-flux divergence anomalies, which are mot physical {Easmussen, 1988; Seroussi et al., 201 1)
over time scales af 10 to 50 years. This can be mitigated wsing 8 mass-conserving { MC) inter-
polation approach (Morlighem et al ., 200 3a), allowing for transients that spin-up in ways that
match present-day ice velocities and ice-flux divergence. Here however, we are interested in
variations in surface heights that are small and could easily be confused for msidual ice-flux
diverzence anomalies that remain even after implementation of the MO approach.

We therefore opt for the different approach of combining both spin-up methods. We carry
out an adjoint-based inversion of the basal friction coefficient {(we refer the mader to Morlighem
et al, {30100, Larour et al. (201 2c) for details on the implementation of this inversion within
[55M) using a MU bedrock of the area {Morlighem et al., 201 3a), followed by a relaxation
of the ice sheet/ice shelf over a period of 50,000 years {in which forcings are kept constant),
until the MEGIS ice volume stabilizes. The climate forcing is eorstrrined-by-nrrrepresented by
a constant SMB taken egual to the avermge value between 1971 and 1988, when the GIS was
considensd monre or less in steady-state halance (Rignot ot al., 2008). This is then followed by
a forcing of the ice sheet evolution starting from the Little lee Age (LIA) in 1840 to the start
of our assimilation, in 2003, using the SMB time series from Box (2013). This ensures that
our spin-up docs mot exhibit ice-flux divergence anomalics, matches closely the prescnt-day
observed surface velocitios (£ 100 m'yr over the whole basin, £ 300 m/yr at the grounding
line), and responds to variations in ol imate forcing over the last 173 years.

The ice boundaries for the MEGIS domain are determined by the position of the ice divide (as
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determined from the gradient direction of ice sheet surface topography, Thomas et al. {20 ),
soe Fig 3) and iocfocean as well as icefrock boundanes from the GIMP project (Howat et al.,
20141, We also make sure, given the bedrock is computed using the MC apprmoach (Fig 3b) that
the domain covers the extent of the 2008 InSAR surface velocities, as shown in Fig 3, including
79 North and ErchartreZacharia Estram's ice shelves, The initial surface elevation for the
domain {prior to relaxation) comes from the Howat et al. (2014) DEM, which covers the 2003
to 2008 period { Fig 3a). The resulting ice thickness is shown in Fig. 3¢, from subtracting the MO
bedrock to the surface height. SMB for the 197 1- 1988 period comes from the Box {2013) time
series{Fig 3d). o, the basal drag coefficient used for the entire length of the relaxation period, as
well as the 2000 to 20080 min, is inverted from the 2008 InSAR surface velocities (Fig. 32). The
underdying mesh for the FEM model {Fig. 3f) comprises 1408 elements, for a resolution mnging
from T km near the ice divide to 30 km at the ELA and 5 km on the 70 North and Zaehariae
Zachariz [sstrem ice shelves, The altimetry data is interpolated onto the mesh vertices using
a lincar imterpolation algorthm, between February 2003 and September 2009 when continuous
data is available.

Starting 2003, the model is run at a tao-week time step, in onrder to coincide with the
time-sampling of the surtace altimetry ohservations, and the cost-function J is computed for
the entire 2003- 208 time period. The imversion is camied ouwt twice, once for Adg, and once
for . A simultaneous inversion for both parameters would be more efficient and realistic,
however, the [55M fmmework does not yet posess the capability to do so, but this type of
inversion will definitely be the subject of future studics. Because the model spin-up docs not
reach a configuration that matches the altimetry time serics within a 1o standard deviation, wse

the-moadeled surlace beightin2006—a spatially vanable time-mean bigs is removed from the
altimetry observations, corresponding to the difference between the 2006 DEM and the spun-up
surface height (Fig 4). This implics that we are here interested in what corrections have to be
applied to Me and o to match short-term transient varigtions in suface height. As to longer
term trends, we cannot match them, as they depend on assimilating data over much longer time
spans, which is not feasible as comprebensive altimetry data coverage on MEGES prior to 2003
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i nat availahle,

4 Riusoalts

Giradients computed for the temporal inversion of o and A, exhibit high variability both in
sp.m::: and time {Fig. ‘E] Hh:l“'lﬂL ﬂm! hest-ht o observations can only be dmprovad by varyine

-, This is expectad given the quadratic nature of
the :.-:r:t 1'u:r.-:.tmn :I'C|IEI:] upon for the temporal inversion. Indeed, tor our cost function {7, the
gradient to for example o will be of the form:

-r'.-'..ir
—H [ &t} —alt 0t 11
o ":l-iz I j-;t,[ 0k HEE} = Sl ata JR 5 th

showing that the gradient is driven by the misfit s(t] —s.(t], which iz itself time-space
variahle.

Peaks in the magnitede of both gradients are highly localized, with for example 9.0/ da
exhihiting clear peaks betaeen 2003 and 2009 over Storstrammen, which is a surge-recovering
glacier {Rechetal., 1994 ) wher we indeed expect large variations insurface height. Such peaks
Can reverse sign in time, as is the case for 27 /g 90 km upstream from ZacharaeZacharia
[sstrami's ice front, which is positive in September 2003 and then tums negative starting June
2006, This is in contrast with vast expanses of the MBGIS domain where gradients can be
largely constant in space and time. For example, 20/ 0a and S0 /00, are almost mil 100
km upstream of 79 Morth and Zacharise-Zachan o kstrem. For 000, this can—betarsealy
explaimed-by-is probably related to T.h:: fact ﬂmt ha=al ﬁ'iﬂium i:'i rsch hi_l.zhu' 1h:-.n: thuy mear

sothe initial mishit to observations is *:rn.ullr.:' inland (Fig S ],
which .m;.:.m'dlng o {I:q L1 |m]'.|||r.:1: that the gradient in the same aca will be elatively small,
For a0/ 9Ad,, the lack of variation inland suggests that the overall trend in the forwand model
captures the inland surface height vanations realistically, meaning that cormeetions to the Box
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{23 time series will not be significant, and no obyious bias isexhibited by ourforeand model.
{ver the mountain ranges between Storstrammen and Zachartae—Sacharie [sstmim, variations
in .79 A, are high both temporally and spatially, sugzesting that the time series of SMB has
a complex signature that may not be fully captured by the SMB forcing. In particular, 2.0/ 90,
is positive in September 2003, sug gesting that improvements in our best-fit to observations will
be achieved by decreasing SMB over the mountain range. The situation reverses, with 2.0/ 00,
tuming negative in June 2006, pointing to the need for increasing SMB over this time period.
[n December XA, the situation reverses again.

Chverall, the variahility in both gradients matehesclosely follow the variability in the FOE Sa-1
[CESat surface height time serics (Fig.2). This cleardy implics that owr model lacks the in-
trinsic variahility required to match observations.  [n addition, there is a clear demamation
line in the gradient, which mns perpendicular to How, that coincides with an abrupt transi-
tion in ice thickness {see Fig.3c, 100 m contour in black) across the entire NEGIS domain.
Upstream of this transition line, gradients become much more uniform and diffuse in space,
thoweh short variations in time reman significant, Downstream of this line, spatial variations
become much sharper, with features developing on the onder of 10-20 kme—This-sue pestsa

imypaet-ot-variations-in-toreings-omrthe-overs Hdymmies-ot-the-iee-sheet, which could again he
related to the fact that grdients above this line are smaller due to an initial low local misfit.
Fig.6 shows the evolution of .J during both inversi ons, over 35 iterations, after which conver-
gence of the optimization is stopped, for considerations that are computational in nature. Both
curves clearly demonstrate that cormections in the SMB time series (computed by the temporal
imversion) ane much more efficient in terms of reducing the overll misfit to obsereations, than
comections in the basal fiction coefficient. This is expected, as SMB is a direct forcing to the
mass transport equation {Eg.5), with a clear equivalence betacen SMB and surface thickening
rate, while hasal friction is a direct forcing to the stress-halance equations {Eq. 1) and (Eq.2),
which have no dineet bearing on the suface thickening mte, (Mheraizse stated, it is much casier
for the inversion algorithm to match surface heights by adding or subtracting mass directly from
the ice column thickness {which is what SMB captures) than by modifying the state of stress
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at the ice/bed interface. The difference in convergence between heth-methed=—varying alpha
or M, is significant, with the SMB inversion reducing misfit J by 68%, and the basal friction
inversion reducing mistit by 14%.

Thiz iz in line with how observed surface heights are matched by the model at locations
[ and II fsee Fig.1). The first location correspond to the tunk of 7 Monh, while the second
[ocation cormsponds to ZachariseZacharia Estram, near the grounding line. Both locations amr
in areas of enhaneed ice fow, At location [, the inversion increases basal friction over the entin
HoESa- - ICESat time period, and the modeled surface height increases by approximately 20
cm starting 2007 {see Fig Taand b). The resulting improvement over the initial modeled surface
height is mot obviows however, and points rather to an increase in the mistit. This increase is
localized | and points o an intrinsic imability of the model o match suface heights at this
location through varnations in basal friciton. For location [I bowever, basal friction is decreased
by the inversion betaeen 2004 and 28, mnd results in a much better fit to local surface heights;

itz . . et H At this
location, the model is therefore capahle of comecting the basal forcing appropriately to match
observations. The local nature of the improvements is confirmed in Fig 8, which shows that
location [is iman area of increase of the misfit to observations, while location [ is in the anmca
that sees the most improvement.

For the SMB imversion at location [ {Fig. Te and d), an increases in SMB slightly prior to
2006, and a significant decrease by almost 30 cm'yr after 2007 is modeled. The max imum de-
crease occurs around summer 2008, The esulting modeled surface height matches observations
steptheasthbwell, with a decrease in the modelad height reaching up to 60 cm in year 2009,
The situation is very similar for location [1 with however one difference, the magnitude of the
SMB correction, which is very large at location [, with significantly more melting modeled
by the inversion. Overall, the S MB inversion improves the best-fit to observations much better
than the hasal drag inversion, as confirmad by Fig 8. An interesting point is that the structune
of the correction tightly matches the structure of the underlying SMB timie series itself. Indeed,
SMB is comected mainly between peak summer rates, with the peaks themselves being pre-
served. Almost no correction to the summer values is detected, which is interesting given that
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the time step used for the tmnsient uns is 2 weeks, which is short enough to allow the inversion
to capture and comect peak summer rates. This suggests that modification in the summer peak
magnitede does not profoundly impact the best-fit to ohserved altimetry time-series, and that
the avemge summer-to-summer vilue is what crtically controls the inter-anneal vanability in
surtace heights. [t must be noted howeyer that the inversion also predicts negative values for
the melt-rate througowt years Z0603- 2008, which is highly wnrealistic, This is cemtainly due to
the fact that ouwr SMB inversion does not constrain the variations of A7, within a certain emor
range, a5 should be the case. This is certainly an aspect of our method that will be improved in
further studics, in order to account for malistic variations in the model inputs,

Orverall, the hest-fit to observations is improved by the inversion. However, locally, the im-
provement can be widely different. Fig 8 shows how Jp(z, 4] fcf. Eg.9) is spatially distributed
across the entine hasin after inversion and what the esulting improvement A 07z, y] is. As
expectad, Jr is much lower after inversion of SMB as opposed to hasal friction (Fig. b vs
e maspectively). Interms of local improvement, A7 is larpest near the coastline, while it is
more diffuse acmss the entire basin,. For SMB, a preater decrease oocurs near the main trunks
of 79 Morth and Zacharise Zachariz Estrgm, but the initial value of the misfit being also much
higher, this still results in large misfit values near the coastline. For basal friction, the descent is
much mare difficult for the tunks of the two glaciers, with clear decreases of the mistit near the
prounding line, but small increases directly upstream of the grounding line, Indeed, as demon-
strated by Fig 7 and confirmed on Fig 8, for location [ the local misfit does increase for the
hasal dmg inversion. This is compensated by larpe decreases near the grounding line and ice
shelves of 79 Maorth and Lachasise-Zachanz [sstram. Owerall, a significant amount of misht
still mmains at the constline, when: both invesions scem to be unable to further accommo date
for shor-term vanations in surface height. Mear the ice divide, the SMB inversion improves
the best-fit most, which can be explained by the wniformity of the A7 /90, gadient in this
area, allowing fora fast descent of the imversion algorithm. OF course, the best-fit to observa-
tion depends on whether the convergence has been reached, and further improvements might
be expected if the number of iterations is increased. This is especially true for the SMB inver-
sion, which exhibits varations in J temtior-or-iteration-of 06% for cach itemtion, after 35
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iterations, as opposed to 0,15% for the basal friction inversion. However, these values are sig-
nificantly below the 1% threshold, and we therefore do not expect large differences compared
to a fully converzed inversion.

5 IMscussion

Our temporal inversion allows for the determination of forcings that best-fit observations and
that zatisfy the physics descrbad in the foraand model. This is to our knowledpge the first
time this appmach has been successfully camied ouwt using an 554 based transient ice-flow
model, without relying on arbitrary tuning of suface and basal forcings. Our results clearly
demonstrate that high variahility in the model forcings is necessary to reproduce NEGIS surface
altimetry from 2003 to 2009, Such wvanability is both exhibited in the inversion of A, and
in the inversion of o, which suggests that our forward model lacks internal mpresentation of
such variability, and that enhancing our representation of boundary conditions A, and o in the
forwand model is therefore necessary .

At the surface, M, accounts for changes in the altimetry in terms of ice-squivalent mass (see
Eq.5). This is compatible with our ice fow model, which is hased on the assumption of in-
compressible ice-flow, in which ice density is constant and equal to kA 01T g /m”. In
onder for the altimetry to be converted from the original surface to an ice-egquivalent surface,
two fim-densification models were thercforeused. In the percolation-wet snow-supenmposed
ice pones, the firn densification model from Reeh et al. (20051, Rech {2008) was used, which
includes the effect of ice lensing and is forced by the RACMOZ/GE data {Etterna et al., 2009,
vian Angelen et al, 20021, Above the ELA, the firn densification model from Lucas-Picher
et al. (2012}, forced by HIRHAMS climatologies was wsed, which accounts for densification
through pore-space closure. Both models depend on atmosphernic constrmints such as acoumula-
tion rate, surface temperature and surface snow-density. By relying on ice-cguivalent thickness,
it is therefore difficult to atribute which component of the varahility exhibited in 34, is due
to the variability in the climate forcings used in the fim densification formulation {such as sur-
face smow density, ice-lens content, accumulation rate, suface tempermture, ac.). Therefore,
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while our approach cleardy demonstrates that SMB time series for the arca need to be comected
for, it also shows that without clear representation of firn-densification processes in the foraard
model, we cannaot improve our understanding of which atmospheric andfor surface processes is
miost eeponsible for the suface height signature of NEGIS | [t is therefore our intenti on to refine
our approach —in further studies, towards temporally inverting for surface spow density, surface
temperature and accumulation rate-wAth-the-geat-of-spderstanding-. The goal is to understand
whichone of these processes is responsible for most of the vadability observed on NEGIS. Ulti-
miately, the hope is that inclusion of 4 firn-densification representation in the foreard model will
lead to incrasingly smaller comections required on the comesponding forcings, thus ensuring
that the model itself intrinsically captures the ohserved surface height variability.

At the ice/bed interface, the basal dmg coefficient exhibits high spatial and tempoml variabil-
ity which could be due to the underlying basal hydmology, Indeed, though a clear relationship
has to our knowledge never been demonstrated, calibrated or measured between hasal stress 7,
{or driving stress ) and sub-glacial water pressure w0, empirical arguments such as in Alley
{1989 sug pest a relationship of the type Nef f = k,,'—::,f where &, is 4 basin-scale constant pa-
rameter. Because driving stress and hasal stress are closely related through the stress balance
cquation, such elationships hint at a direct link between a highly variable dmg coefficient and
water pressure. [ndecd, sssuming this type of relationship holds, owr approach can quantify
variations in water pressure under the entire basin that can explain the observed variations in
surface height. By a reasoning similar to our approach for suface mass balance, our mesults
demonstrate the need for further integration of hydmlogical models in our forsand model so
that we can improve our understanding of bow surface height variability can be gencrated by
the water pressure forcing .

By design, our inversions were carmied out independent of one another, which makes it diffi-
cult to attribute to either hasal frictionor sufface mass balance the infemed vanability in surface
height. The fact that converpence is reachod much faster, and much more efficiently for SMB
than for basal friction is 4 strong hint that most of the variability is probably stmospheric in
nature; however, we cannot disregard entirely the variability in basal water pressure. Indeed,
recent studics suggest strong links betaeen water pressure and surface melt water draining
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through moulins and lakes, which can be seasonally driven (Alley et al., 2005; Luthje ot al.,
2000 Box and Ski, 2007; McMillan et al, 2007; van der Yeen, 2007; Tedesco, 2007; Shep-
hend et al ., 208 Palmer et al., 2011 ; Tedesco et al., 2012). Another issue our inversions raise
is the fact that surface altimetry is strongly bissed towards infemring changes in surface mass
balamce, which if we are to improve our understanding of variability and trends in basal hy-
dmology, presents a challenge. Indeed, in order to invert for vanations in hasal friction, our
ohservable should be surface velocity, as it is directly linked to hasal stress through Eg.l and
2, and plays a similar role to A, in Eg5. Sevenl studies have demonstrated the uwsefulness
of such an approach for steady-state ice flow model inversions (MacAyeal, 1993 Morlighem
et al., J000; Vieli et al., 2006; Arthem and Gudmundsson, 20007, and our results sugeests this
extends to tmnsient ice flow models as well. Here, we-propasethat-as previously alluded to by
Heimbach and Bugnion (2009 and explored in Coldberg and Heimbach (2013 | a combined
approach be entertained, in which both suface velocity and height be used to invert for the state
of the ice at the icefbedrock interface and at the suface. This puts serious constmints on the
rate at which surface velocities from SAR platfforms should be collected, but the emerpence of
satellites such as TeraSAR-X or Sentinel, which can provide high-repeat pass observations, in
combination with continuous coverage from altimetry by CryoSat-2, submeter resolution stereo
imaging from Worldview-2 {Shean et al., 2012) and in the coming years [CESat-2, shows a
high-degrae of promise.

Some improvements to our methodology, which we are currently working on, should alle-
viate some of the issues reganding attribution of suface beight signatures to suface or hasal
processes. Indead, our inversion is not constmined by ermor margins in both owr model forcings
{in particul ar SMB ) or mode] diagrostics {surface altimetry ). By introduci ng such margins, we
would ensure that our forcing comections remain within the bounds of what is realistic. Indeed,
it is highly probable that our cost-function decrease for the SMB inversion is too drastic, and
penerates corrections that are too large to be acceptable within the uncertainty range of the time
series from Box (2001 3). For basal frction, it is very difficult to assess the ermor margin on
the imitial time serics. However, provided a basal hydmology model is included in the foraard
model, a better quantification of the uncentainty in the underdy ing hydrological model should be
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possible, which should result in a better guantification of the uncentainty in the computation of
the basal drag coefficient itself.

Both imemsions provide good results inland, where misfit is lowensd significantly. Near the
codmstline bowever, misfit remains sipnificant (Fig. ). The coastline is a8 very mountainous are,
with few outlet glaciers {79 Morth, Zacbarire Zachana [sstrem, Storstremmen) that are in con-
tact with the ocean. For these owtlet glaciers, the misfit can probably be attributed to a lack of
representation of icefocemn interactions. [ndeed, melting mte under the ice shelf is taken con-
stant during grounding line retreat, which does not take into account vanations in sub ice-shelf
cavity circulation. For the remainder of the ara however, in the mountain ranges near the coast,
high misfit is still observed. Given that ice velocities are negligible there, the misfit must he
attributad to vadations in SMB that are not captured in the initial forcing. This sugeests large
comections are still mguired in the SMB local to these high-altitude arcas. This could suggest
two things: 1) that the altitude/lapse rate pammetrizations need to be improved | 2) that our
inversion neads to be locally and temparally refined in these specific arcas. Indeed for the Lat-
ter, our gradients computed in Fig 5 provide a hasin-scale vectorial direction along which the
stecpest-descent algorithm optimizes the cost-function. However, smaller areas of MEGIS could
be considered for the SMB inversion, for example those arcas which exhibit high hypsometry
only.

6 Conclusions

We presented anew data assimilation system within the [S5M frmmework that i s capable of as-
similating surface altimetry data from missions such s HEESa--ICESat into reconstructions of
transient ice flow. This system relics on algorithmic differentiation at itscor to compute gradi-
ents of disgrestiesobjcctive functions (such as a cost-function between modeled and observed
surface height) with respect to model forcings. An application to the North Esstern Greenland
[ce Stream was provided, whemre surface miass halance and hasal friction forcings wene tem-
porally inverted, esulting in significant improvements in the best-fit to observations. This new
approach allows for a better understanding of which processes can be charactenzed by alt imetry,
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and illustrates the need for combining different datasets such as altimetry and satellite-derived
surface velocities into inversions of basal friction and surface mass balance. [t also enables a
better quantification of the contribution of each forcing to the model best-fit to ohservations,
and a better understanding of which type of physics are cumently missing from tramsient ice
flow models in order to better charactenze the important intra and inter-anoual variability in
surface heights. Owr results also demonstrate that large spatial and temporal variability is re-
gquired in model forcings such as surface mass balance and basal friction, varishility that can
only be explained by including more complex processes such a5 snowpack compaction at the
surface and basal hydrology at the bottom of the ice sheet. Our new approach, once combined
with estimates of emors in the model inputs, should allow for a better identification of which
underdying processes are responsible for specific sipnatures in the observed surface altimetry.
This approach is indeed a first step towards assimilating the wealth of surface altimetry data
that is curmently available from EnviSat, JoESa+-HCESat, Opemtion [ceBridge and CryoSat-2,
and that will be available in the near future with the launch of KCESat-2.
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Fig. 1. Map of the study arca, North-Eastern lee Stream, Groenland. InSAR suface velecilies from
Fignod and Mougine (20123 are displayed overlayed over the MODIS Mosaic of Greenland { MO
image map (Haran o al, 20030 The data 5 projected using the NSIDC Sea lee Polar Stercographic
North projection (EPSG34 11 with central merndian at -45° and sandad paallel a1 +707 | Locations
miarkad in yellow, | and Il are wed in Fig, {7
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Flg. 2. Annual elevation change maies from FEE S HCES @1 satelline altimetry bemween Fall 2000 and
Fall 2008, computed from a polynemial approximation of the elevation change history s described in
Schenk and Csatho (20123 Locations for which SERAC processed altimetsy data is available for the
entire ime series are indicated by black dets. Elevation changes are computed for the balinoe yeas

starting on Seplember | and ending on August 31 nzfﬂlhefn-]]mhgyul.
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Flg. 3. ) 20607 susface height From Howat et al (20040 by bedsock elevation imvened using the mass-
conserving approach (Modlighen et al, 200 1, 200 34}, existing bodrock data from Thomaen o al. {1997
Christensen et al. {20000, loeBridge MCoRDS jce thickness data (Allen, 200 1) and InSAR surface we-

ficient «r {{m/s)—1/2) inveried using 2008 InSAR derived surface velocities from Rignot and Mougined
{2012 {see T D model mesh, superimpesed on 2008 observed surface velocity (mdyr) derived from
[nSAR (Rignet and Mougined, 2002, )
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Flg. 4. Diffesence s — 4 (in m) between the spun-up surface height (ap) and the reference height fos
the allimetny data, taken to be the Howat et al. (X004 surface DEM in 2006 (4,9, This apaiially variable
time-mean bizs is removed o the obse rvations 1o reach & better sde quation between the mode] spin-ugp
and the .I||iIL'IA.'|I_'| dataused in the imersion,
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Fig. & a), byandc) gradients &7 /o (m™ .5~ of the cost function J with respect 1o the ice/bad
friction coefficient o in respectively, September 2003, June 2006 and February 2008, d), ) and T
gradients o0 (08 (yr)of the oost function Jf with respect o the surface nmss balance M, in respectively,
September 2003, June 2006 and February 20089 11
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Flg. 6. Ewvolition of the cod function 1 during the imversion of M, (in sed) and the imesion of o (in
Black), over 35 Rerstions.
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Fig.7. Improvenent in the besi-fin betwee n mode led surface height eemperedseand the altimetry recond
after inversion of basal friction o and surface mass balance M, For the two ecations indicated in Fig 30
comesponding 1o the center of ™ Nonh (frames 2),b0,c) and dY) and a lecation near the grounding line
of Eacharise Zacharie Bawem (frames (e}, 1), g) and hY). Frames a) and ¢) show the difference beiween
the original time series o of friction {in black), and the ivened one o (in sed). Frames B and £ show
the improvement in the nosdeled surface height (inoned) besi- e observations (in blue ) companed o the
ofiginal made] {in black )and-the-fete sl toobse rvat ions{e-dslee). Frames ¢ and g), d) and h) show
similar resulis & for a) and ¢) and b) and £, with surface nass balance M, being the quantity inveried
for instesd of . Ermors in observed surface height time series for kecations | and 1L, which ae below
the ELA, depend on the SERAC proossing only (ice B assumed fully dense, with no firn compaction

invlvied ), and are estimated m:lﬂcmw.
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Flg. 8 a) and dy localized misfit Jrole,p) as defined in Eq. (99 before inversion of surface mass
balance M. and basal friction o mespectively. b)and ¢) localized misfit Jr(e gy afler inversion. ¢}
and I coresponding decrease in localized misft AJdv(e i) = Jr (e w) — Jrole,y) belone and afier
inversion. kTl
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