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Input parameters
•  Bed topography
•  Forcings
•  Initial conditions
•  …

Model output
•  Ice temperature
•  Mass balance
•  Surface velocities
•  …

Energy balance
•  Heat transfer

Stress balance
•  Incompressible Stokes flow

∇ · σ′ −∇P + ρg = 0

Mass balance
•  Incompressibility

∂H

∂t
= −∇ ·Hv̄ + Ṁs − Ṁb

∂T

∂t
= −v ·∇T +

kth
ρc

∆T +
Φ

ρc

Parameterization of 
Physical processes

•  Basal friction
•  Iceberg Calving
•  …
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v = F(α)

Direct problem

α = F−1(v)

Inverse problem?
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Minimize the cost function: 

With the constraint: 
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Lagrangian: 

Model state,     , defined by: 
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(a) Initial basal friction  (b) Modeled velocity 
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(b) Modeled velocity (a)  Inferred basal 
friction 

Iteration = 10  
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Observations Parameter inferred 

Surface velocity Basal friction 

Surface velocity Ice shelf rheology 

Surface velocity Ice shelf damage 

Borehole temperature History of surface temperature 

Internal layers Accumulation rates 

Firn temperature Firn thermal conductivity 
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Observations Parameter inferred 

Surface velocity Basal friction 

Surface velocity Ice shelf rheology 

Surface velocity Ice shelf damage 

Borehole temperature History of surface temperature 

Internal layers Accumulation rates 

Firn temperature Firn thermal conductivity 

1940 C. P. Borstad et al.: Creep of damaged ice shelves
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Fig. 4. (a) Damage from Eq. (17). White box indicates area of Fig. 7; (b) damage calculation using the same inverted ice rigidity (Bi� ) but
for a depth-integrated ice temperature assumed uniformly warmer by 3 �C (B(T + 3) in Eq. (17) and (c) colder by 3 �C. All panels plotted
over 2009 MOA image.

a b
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Fig. 5. (a) Backstress �b from Eq. (16); (b) buttressing parameter f from Eq. (18). Red spots and contours indicate patches of grounded ice.
Both panels plotted over 2009 MOA image.

within a 60 km radius of the ice rise. The same was done
within a 70 km radius of the Gipps ice rise. These radii were
chosen based on visual inspection of the inferred rigidity
pattern. Elsewhere the original (unmasked) inverted rigidity
Bi was used. The diagnostic equations for ice shelf creep
were then solved using the common SSA approximation
(MacAyeal, 1989) to determine the instantaneous speedup of
ice flow if contact with these ice rises was abruptly lost.
Figure 6a and c shows the impact on the flow of Larsen C

if contact with the Bawden ice rise is lost. The flow velocity
near the ice rise would increase up to 200myr�1, a 50%
increase, with an area nearly the size of the Larsen B ice
shelf experiencing a speedup in excess of 100myr�1, a 25%

increase. A similar order of magnitude change, over a similar
but more disjointed area, would occur if the ice shelf lost
contact with the Bawden and Gipps ice rises simultaneously
(Fig. 6b and d). Only velocity changes 20myr�1 greater than
observed are plotted in Fig. 6 to clearly isolate the speedup
signal above the “noise” associated with the misfit between
modeled and observed velocity in the inversion solution for
the ice rigidity. Nearly all of the nodes in the model (95%)
had a misfit of 20myr�1 or less, so we only focus on velocity
change greater than this in Fig. 6.

The Cryosphere, 7, 1931–1947, 2013 www.the-cryosphere.net/7/1931/2013/

Inferred damage of Larsen C ice shelf 

Borstad et al., 2015 
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Improvement of ice sheet state estimation and transient sensitivity assessments 

•  Most ice sheet models use time-independent inversions 
•  Gradients and adjoints manually computed 
•  Based on a single observational input 
•  Initial states with artificial drift 

•  Time-dependent inversions starting to emerge  
•  Based on a combination of inputs 
•  Time dependent problem 
•  Need highly efficient model 
•  Gradient computation: source to source transformation, object overloading, … 
•  Similar to “state and parameter estimation” in oceanography 

 

time 

variable 
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Figure 1. (a) Ice speed in the Pope/Smith/Kohler and Crosson/Dotson system. The white contour is the grounding line as given by
BEDMAP2, and the magenta contour represents the limits of the transient surface elevation data set. The rectangular box shows the subdo-
main used for our state estimate simulations – boundary stresses are imposed along the black contour and boundary fluxes are imposed along
the light blue boundaries. (b) Norm of velocity change between 2006 and 2010 within the model domain, excluding the areas of no coverage
in either 2006 or 2010. (c) Cumulative surface thinning, 2001–2011 in the surface elevation data set. The shaded region shows where data
are available. (d, e, f) Hövmoller plots of cumulative thinning along transects in (c) in descending order.

other fields are interpolated to this grid. This allows for reso-
lution of the relatively narrow ice streams. However, the do-
main does not include ice shelf seaward of the 1996 ground-
ing line, as we explain below. We do not account for the ef-
fects of firn on ice dynamics.
The observations used in our transient calibration are those

described in Sect. 3. The initial ice thickness in each model
run is from the 2001 DEM. Subsequent DEMs are applied to
the cost function Jtrans at the end of each model year, as are
velocity constraints in the years and locations available. For
the snapshot calibration we use ice geometry from the 2002
DEM; as we do not have 2002 velocities, MEaSUREs veloc-
ities are used as constraints. As discussed below, in transient
calibrations the domain excludes ice shelves. We carry out
snapshot calibrations in the same domain to enable compar-
ison, and the resulting parameters become initial guesses in
our transient calibration. Similar to other ice model calibra-
tions, the basal sliding parameter �2 is a control parameter.
Our other control parameters, less common in glaciological
inversions, arise from the nature of the transient calibration
and the data sets used, as explained below.

Our results in Sect. 5 are generated assuming time-
invariant control parameters. In Sect. 6.2 we allow for time-
dependent parameters, and consider the implications of the
results.

4.1 Boundary stresses as control parameters

Our transient surface observations only give values inland
of the 1996 grounding line. Time-resolved annual veloc-
ity observations are provided for the ice shelves, but only
from 2007 to 2010. Including ice shelves in our domain,
then, would require estimation of transient ice-shelf thick-
ness from 2001–2011. Such an estimate would be very
poorly constrained (see Sect. 7 for a discussion on this topic).
We overcome this problem by formulating an open bound-
ary estimation problem (see, e.g., Gebbie et al. (2006) for
an oceanographic analogue), with the 1996 grounding line
as the downstream boundary of the domain (see Fig. 1).
Stresses at the grounding line, which would otherwise be
part of the stress balance solution, must now be imposed
along this boundary. The action of the membrane stress ten-
sor (Hindmarsh, 2006) along a horizontal boundary has two

The Cryosphere, 9, 2429–2446, 2015 www.the-cryosphere.net/9/2429/2015/
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control problem. In this technique, an optimal set of param-
eters relating to sliding stress (and possibly ice-shelf viscos-
ity) is found through a least-squares fit of the ice model’s
nonlinear momentum balance to a given velocity field. Time
dependence is not considered, since the momentum balance
(or rather stress balance) is non-inertial. We choose the term
“snapshot” because it applies to ice velocity and geometry at
a single instant, assumed to be the same for both data sets.
A number of studies have employed snapshot calibrations

to make near-future projections of the behavior of Pine Is-
land and Thwaites Glaciers in response to varying forcing
scenarios (Payne et al., 2004; Joughin et al., 2010; Favier
et al., 2014; Joughin et al., 2014; Seroussi et al., 2014). These
studies have deepened our understanding of the behavior of
these ice streams. However, the use of snapshot calibrations
in ice sheet projections is potentially problematic: any tem-
poral inconsistencies among data sets can lead to nonphys-
ical transients which persist for decades, which is not ideal
if the goal is projection on a similar timescale. Inconsistency
between the data and model discretization can have a similar
effect. For instance, co-located gridded velocity and thick-
ness data require interpolation for application to a model
whose discretization staggers these fields, potentially lead-
ing to transient nonphysical artifacts (Seroussi et al., 2011).
An oft-used approach is to allow the model to adjust to these
inconsistencies before conducting experiments. The model
may then have drifted to a state far from contemporaneous
observations, with potentially different sensitivities.
As the observational record grows, so does the availability

of data for the same geographic areas at multiple points in
time. It is sensible, then, to make use of this temporal reso-
lution for the purpose of constraining the time-evolving state
of an ice stream, with the significant benefit of producing ini-
tial conditions for forecasting from a realistic past trajectory.
Such an approach, which we term “transient calibration”, is
well developed in other areas of geophysics, e.g., in oceanog-
raphy where it is known as “state and parameter estimation”
(Wunsch and Heimbach, 2007), or reservoir modeling where
it is known as “history matching” (Oliver et al., 2008). Here
we present the results of such a calibration, applied to Pope,
Smith and Kohler Glaciers. Calibrated model parameters are
the result of an inversion in which a time-evolving model
produces an optimal fit to a 10-year time series of surface el-
evation and velocity observations. The model is then run for
an additional 30 years. In the transiently calibrated run, rapid
grounding-line retreat continues for another decade, but then
slows, while loss of grounded ice remains near constant at
⇠ 21 km3 a�1 (or ⇠ 0.06mma�1 sea level contribution). We
show that the predicted high levels of ice loss are relatively
insensitive to any future changes in forcing, and to any sys-
tematic errors in our calibration.
Transient calibration of a model of an Antarctic ice stream

with temporally resolved plan-view data has not previously
been carried out, though we point out that Larour et al. (2014)
used methods similar to those used in this study to infer sur-

face mass balance over the Northeast Greenland Ice Stream
over a 6-year period from laser altimetry. No future projec-
tions were made in their study.
We proceed with detailing what we mean by “snapshot”

vs. “transient” calibration of an ice flow model, and show
how ice sheet observations are used in this process (Sect. 2).
We then describe the observational data (Sect. 3), as well as
the model and the details of the calibration used in this study
(Sect. 4). Results of the calibration and projection are pre-
sented in Sect. 5, followed by an investigation of the sensitiv-
ity of these results to plausible uncertainties in the parameter
estimates (Sect. 6).

2 Model calibration

2.1 Snapshot calibration

A widely used approach for single-time observations is to
invert for uncertain control variables, using a stress bal-
ance model, via the adjoint or Lagrange multiplier method.
MacAyeal (1992) applied such an optimal control method,
in which the misfit between model velocity, u, and observed
velocity, u⇤, is minimized with respect to unknown (or un-
certain) variables � (often referred to as a control variables),
subject to the constraint that the velocity satisfies the nonlin-
ear stress balance, written in the generic form L(u, �) = 0.
The misfit (or cost) function is expressed as

Jsnap =
NX

i=1

|ui � u

⇤
i |2

⌘(ui )
2 , (1)

where ui and u

⇤
i are at location i (grid cell or node), and

⌘(ui )
2 the uncertainty of the observation. The constrained

optimization problem may be turned into an unconstrained
one by introducing Lagrange multipliers µi :

J 0 = Jsnap�
NX

i=1
µiLi, (2)

where Li(u, �)= 0 is the discretized form of the stress bal-
ance at node i. By finding a saddle point of J 0 with respect to
the parameters and Lagrange multipliers, an extremal point
of Jsnap is found in parameter space with the stress balance
enforced exactly. The coefficient � of the linear sliding law

⌧ b = �2u (3)

is often used as the control variable �. Jsnap is sometimes
extended with an additional “smoothing” term that penal-
izes small-scale variations in the control parameters (e.g.,
Morlighem et al., 2010). The ice geometry (i.e., surface and
bed elevation) is assumed to be known exactly.
In MacAyeal (1992), the model considered is the shallow

shelf approximation (SSA) (Morland and Shoemaker, 1982;

The Cryosphere, 9, 2429–2446, 2015 www.the-cryosphere.net/9/2429/2015/
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MacAyeal, 1989) and the control variable is � as above. De-
velopment of sophisticated glacial flow codes and the con-
sideration of ice-shelf physics have led to the use of alterna-
tive or augmented control spaces (e.g., Larour et al., 2004;
Joughin et al., 2010; Lee et al., 2015) and the use of higher-
order stress balances (e.g., Morlighem et al., 2010; Goldberg
and Sergienko, 2011; Petra et al., 2012).
The Lagrange multipliers µi are then used to calculate

the gradient of Jsnap with respect to the control variables �,
which can in turn be used to carry out the minimization
of Jsnap via gradient descent or quasi-Newton optimization
methods. The µi are found by solving the adjoint of L0, the
linearization of the operator L. The adjoint method is pop-
ular for snapshot calibrations in glaciology due to the fact
that L0 is self-adjoint, i.e., the adjoint operator, can be solved
by the same code used to solve L if the dependence of ice
viscosity on strain rates is ignored.

2.2 Transient calibration

When observations distributed in time are available together
with a time-evolving model, the “snapshot” calibration can
be extended to what we term “transient” calibration, which
consists of optimizing agreement of the model with obser-
vational data at multiple time levels, with both the nonlinear
stress balance and ice thickness evolution enforced as model
equations. This is equivalent to the following constrained
cost function, which should be compared against Jsnap:

Jtrans = !u

TX

k=1

NX

i=1
�

(u)
ki

|u(k)
i � u

(k)⇤
i |2

⌘
⇣
u

(k)
i

⌘2

+ !s

TX

k=1

NX
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where s is ice surface elevation, the superscript k is the time
index, and the asterisk indicates observational values. �

(u)
ki

and �
(s)
ki are equal to 1 if there is an observation at cell i and

time step k, 0 otherwise. !u and !s are weights to impose
relative importance of observations. The Lagrangian J 0 now
extends to one with time-evolving Lagrange multipliers, i.e.,

J 0 = Jtrans� 2
TX

k=1

NX

i=1
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(k)
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⇣
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(k)
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where the model equations are written in generic form
x

(k+1) = F(x(k)), and x represents the model state, i.e., the
minimal set of variables needed to step forward the model
and to evaluate Jtrans.
Minimization of Jtrans can be carried out in a similar man-

ner, by use of its gradient with respect to the control vec-
tor. However, gradient calculation is more complicated, now
requiring a time-dependent adjoint model, which can be de-
rived via the continuous-form adjoint of the model equations,

as has been done for simplified ocean models (Tziperman
and Thacker, 1989), or by means of algorithmic differenti-
ation (AD; Griewank and Walther, 2008). Used extensively
in ocean modeling (e.g., Heimbach et al., 2005; Wunsch and
Heimbach, 2013), the use of AD tools in land ice modeling
is becoming increasingly common (Heimbach and Bugnion,
2009; Goldberg and Heimbach, 2013; Larour et al., 2014).
In this framework, the control parameters may now be cho-

sen to be time-dependent. However, doing so is meaning-
ful only if physically justified and if sufficient information
is available to constrain the larger control space. In the fol-
lowing, unless stated otherwise, time-independent parame-
ters are used.

3 Observations

The time-dependent observations of velocity and surface ele-
vation in Eq. (4) come from two recently generated data sets.
One contains InSAR-derived surface velocities of the Smith
Glacier region, binned annually to a 500m grid for the years
2006–2010 (Joughin et al., 2009; Medley et al., 2014). Ve-
locities are available for floating and grounded ice. Coverage
is not spatially uniform, but greater in later years.
The other data set is a series of annual surface digital el-

evation maps (DEMs) from 2001 to 2011 on a 1 km grid.
Coverage is consistent between years, but data are not avail-
able seaward of the 1996 grounding line (Rignot et al., 2014),
or on slow inter-stream ridges. Figure 1 shows the geo-
graphic region of study along with the acceleration and thin-
ning recorded by the transient data sets. The 2001 surface is
not from 2001 measurements, but is simply an extrapolation
backward in time from later years. Further details of this data
set are given in Appendix A.
In addition to these time-dependent data sets, we use the

BEDMAP2 bed topography (Fretwell et al., 2013) and the
MEaSUREs (Making Earth System Data Records for Use in
Research Environments) (450m grid) data set (Rignot et al.,
2011). We also use the Arthern et al. (2006) accumulation
data set to estimate ice temperatures in the region, as ex-
plained in Appendix B1.

4 Model and calibration setup

The land ice model used in this study is that described in
Goldberg and Heimbach (2013). The model’s stress balance
is depth-integrated, similarly to the shallow shelf equations,
but the effects of vertical shearing are represented (Goldberg,
2011). Grounding-line migration is implemented through a
hydrostatic floatation condition. As described in Goldberg
and Heimbach (2013), the model has been successfully dif-
ferentiated using the AD software tool Transformations of
Algorithms in Fortran (TAF; Giering and Kaminski, 1998).
We solve the land ice equations in the domain shown in Fig. 1
on the 500m grid of the time-dependent velocity set, and all
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Figure 1. (a) Ice speed in the Pope/Smith/Kohler and Crosson/Dotson system. The white contour is the grounding line as given by
BEDMAP2, and the magenta contour represents the limits of the transient surface elevation data set. The rectangular box shows the subdo-
main used for our state estimate simulations – boundary stresses are imposed along the black contour and boundary fluxes are imposed along
the light blue boundaries. (b) Norm of velocity change between 2006 and 2010 within the model domain, excluding the areas of no coverage
in either 2006 or 2010. (c) Cumulative surface thinning, 2001–2011 in the surface elevation data set. The shaded region shows where data
are available. (d, e, f) Hövmoller plots of cumulative thinning along transects in (c) in descending order.

other fields are interpolated to this grid. This allows for reso-
lution of the relatively narrow ice streams. However, the do-
main does not include ice shelf seaward of the 1996 ground-
ing line, as we explain below. We do not account for the ef-
fects of firn on ice dynamics.
The observations used in our transient calibration are those

described in Sect. 3. The initial ice thickness in each model
run is from the 2001 DEM. Subsequent DEMs are applied to
the cost function Jtrans at the end of each model year, as are
velocity constraints in the years and locations available. For
the snapshot calibration we use ice geometry from the 2002
DEM; as we do not have 2002 velocities, MEaSUREs veloc-
ities are used as constraints. As discussed below, in transient
calibrations the domain excludes ice shelves. We carry out
snapshot calibrations in the same domain to enable compar-
ison, and the resulting parameters become initial guesses in
our transient calibration. Similar to other ice model calibra-
tions, the basal sliding parameter �2 is a control parameter.
Our other control parameters, less common in glaciological
inversions, arise from the nature of the transient calibration
and the data sets used, as explained below.

Our results in Sect. 5 are generated assuming time-
invariant control parameters. In Sect. 6.2 we allow for time-
dependent parameters, and consider the implications of the
results.

4.1 Boundary stresses as control parameters

Our transient surface observations only give values inland
of the 1996 grounding line. Time-resolved annual veloc-
ity observations are provided for the ice shelves, but only
from 2007 to 2010. Including ice shelves in our domain,
then, would require estimation of transient ice-shelf thick-
ness from 2001–2011. Such an estimate would be very
poorly constrained (see Sect. 7 for a discussion on this topic).
We overcome this problem by formulating an open bound-
ary estimation problem (see, e.g., Gebbie et al. (2006) for
an oceanographic analogue), with the 1996 grounding line
as the downstream boundary of the domain (see Fig. 1).
Stresses at the grounding line, which would otherwise be
part of the stress balance solution, must now be imposed
along this boundary. The action of the membrane stress ten-
sor (Hindmarsh, 2006) along a horizontal boundary has two
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control problem. In this technique, an optimal set of param-
eters relating to sliding stress (and possibly ice-shelf viscos-
ity) is found through a least-squares fit of the ice model’s
nonlinear momentum balance to a given velocity field. Time
dependence is not considered, since the momentum balance
(or rather stress balance) is non-inertial. We choose the term
“snapshot” because it applies to ice velocity and geometry at
a single instant, assumed to be the same for both data sets.
A number of studies have employed snapshot calibrations

to make near-future projections of the behavior of Pine Is-
land and Thwaites Glaciers in response to varying forcing
scenarios (Payne et al., 2004; Joughin et al., 2010; Favier
et al., 2014; Joughin et al., 2014; Seroussi et al., 2014). These
studies have deepened our understanding of the behavior of
these ice streams. However, the use of snapshot calibrations
in ice sheet projections is potentially problematic: any tem-
poral inconsistencies among data sets can lead to nonphys-
ical transients which persist for decades, which is not ideal
if the goal is projection on a similar timescale. Inconsistency
between the data and model discretization can have a similar
effect. For instance, co-located gridded velocity and thick-
ness data require interpolation for application to a model
whose discretization staggers these fields, potentially lead-
ing to transient nonphysical artifacts (Seroussi et al., 2011).
An oft-used approach is to allow the model to adjust to these
inconsistencies before conducting experiments. The model
may then have drifted to a state far from contemporaneous
observations, with potentially different sensitivities.
As the observational record grows, so does the availability

of data for the same geographic areas at multiple points in
time. It is sensible, then, to make use of this temporal reso-
lution for the purpose of constraining the time-evolving state
of an ice stream, with the significant benefit of producing ini-
tial conditions for forecasting from a realistic past trajectory.
Such an approach, which we term “transient calibration”, is
well developed in other areas of geophysics, e.g., in oceanog-
raphy where it is known as “state and parameter estimation”
(Wunsch and Heimbach, 2007), or reservoir modeling where
it is known as “history matching” (Oliver et al., 2008). Here
we present the results of such a calibration, applied to Pope,
Smith and Kohler Glaciers. Calibrated model parameters are
the result of an inversion in which a time-evolving model
produces an optimal fit to a 10-year time series of surface el-
evation and velocity observations. The model is then run for
an additional 30 years. In the transiently calibrated run, rapid
grounding-line retreat continues for another decade, but then
slows, while loss of grounded ice remains near constant at
⇠ 21 km3 a�1 (or ⇠ 0.06mma�1 sea level contribution). We
show that the predicted high levels of ice loss are relatively
insensitive to any future changes in forcing, and to any sys-
tematic errors in our calibration.
Transient calibration of a model of an Antarctic ice stream

with temporally resolved plan-view data has not previously
been carried out, though we point out that Larour et al. (2014)
used methods similar to those used in this study to infer sur-

face mass balance over the Northeast Greenland Ice Stream
over a 6-year period from laser altimetry. No future projec-
tions were made in their study.
We proceed with detailing what we mean by “snapshot”

vs. “transient” calibration of an ice flow model, and show
how ice sheet observations are used in this process (Sect. 2).
We then describe the observational data (Sect. 3), as well as
the model and the details of the calibration used in this study
(Sect. 4). Results of the calibration and projection are pre-
sented in Sect. 5, followed by an investigation of the sensitiv-
ity of these results to plausible uncertainties in the parameter
estimates (Sect. 6).

2 Model calibration

2.1 Snapshot calibration

A widely used approach for single-time observations is to
invert for uncertain control variables, using a stress bal-
ance model, via the adjoint or Lagrange multiplier method.
MacAyeal (1992) applied such an optimal control method,
in which the misfit between model velocity, u, and observed
velocity, u⇤, is minimized with respect to unknown (or un-
certain) variables � (often referred to as a control variables),
subject to the constraint that the velocity satisfies the nonlin-
ear stress balance, written in the generic form L(u, �) = 0.
The misfit (or cost) function is expressed as

Jsnap =
NX

i=1

|ui � u

⇤
i |2

⌘(ui )
2 , (1)

where ui and u

⇤
i are at location i (grid cell or node), and

⌘(ui )
2 the uncertainty of the observation. The constrained

optimization problem may be turned into an unconstrained
one by introducing Lagrange multipliers µi :

J 0 = Jsnap�
NX

i=1
µiLi, (2)

where Li(u, �)= 0 is the discretized form of the stress bal-
ance at node i. By finding a saddle point of J 0 with respect to
the parameters and Lagrange multipliers, an extremal point
of Jsnap is found in parameter space with the stress balance
enforced exactly. The coefficient � of the linear sliding law

⌧ b = �2u (3)

is often used as the control variable �. Jsnap is sometimes
extended with an additional “smoothing” term that penal-
izes small-scale variations in the control parameters (e.g.,
Morlighem et al., 2010). The ice geometry (i.e., surface and
bed elevation) is assumed to be known exactly.
In MacAyeal (1992), the model considered is the shallow

shelf approximation (SSA) (Morland and Shoemaker, 1982;
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MacAyeal, 1989) and the control variable is � as above. De-
velopment of sophisticated glacial flow codes and the con-
sideration of ice-shelf physics have led to the use of alterna-
tive or augmented control spaces (e.g., Larour et al., 2004;
Joughin et al., 2010; Lee et al., 2015) and the use of higher-
order stress balances (e.g., Morlighem et al., 2010; Goldberg
and Sergienko, 2011; Petra et al., 2012).
The Lagrange multipliers µi are then used to calculate

the gradient of Jsnap with respect to the control variables �,
which can in turn be used to carry out the minimization
of Jsnap via gradient descent or quasi-Newton optimization
methods. The µi are found by solving the adjoint of L0, the
linearization of the operator L. The adjoint method is pop-
ular for snapshot calibrations in glaciology due to the fact
that L0 is self-adjoint, i.e., the adjoint operator, can be solved
by the same code used to solve L if the dependence of ice
viscosity on strain rates is ignored.

2.2 Transient calibration

When observations distributed in time are available together
with a time-evolving model, the “snapshot” calibration can
be extended to what we term “transient” calibration, which
consists of optimizing agreement of the model with obser-
vational data at multiple time levels, with both the nonlinear
stress balance and ice thickness evolution enforced as model
equations. This is equivalent to the following constrained
cost function, which should be compared against Jsnap:
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where s is ice surface elevation, the superscript k is the time
index, and the asterisk indicates observational values. �

(u)
ki

and �
(s)
ki are equal to 1 if there is an observation at cell i and

time step k, 0 otherwise. !u and !s are weights to impose
relative importance of observations. The Lagrangian J 0 now
extends to one with time-evolving Lagrange multipliers, i.e.,

J 0 = Jtrans� 2
TX

k=1

NX

i=1
µ

(k)
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(k)
i � Fi(x

(k�1))
⌘
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where the model equations are written in generic form
x

(k+1) = F(x(k)), and x represents the model state, i.e., the
minimal set of variables needed to step forward the model
and to evaluate Jtrans.
Minimization of Jtrans can be carried out in a similar man-

ner, by use of its gradient with respect to the control vec-
tor. However, gradient calculation is more complicated, now
requiring a time-dependent adjoint model, which can be de-
rived via the continuous-form adjoint of the model equations,

as has been done for simplified ocean models (Tziperman
and Thacker, 1989), or by means of algorithmic differenti-
ation (AD; Griewank and Walther, 2008). Used extensively
in ocean modeling (e.g., Heimbach et al., 2005; Wunsch and
Heimbach, 2013), the use of AD tools in land ice modeling
is becoming increasingly common (Heimbach and Bugnion,
2009; Goldberg and Heimbach, 2013; Larour et al., 2014).
In this framework, the control parameters may now be cho-

sen to be time-dependent. However, doing so is meaning-
ful only if physically justified and if sufficient information
is available to constrain the larger control space. In the fol-
lowing, unless stated otherwise, time-independent parame-
ters are used.

3 Observations

The time-dependent observations of velocity and surface ele-
vation in Eq. (4) come from two recently generated data sets.
One contains InSAR-derived surface velocities of the Smith
Glacier region, binned annually to a 500m grid for the years
2006–2010 (Joughin et al., 2009; Medley et al., 2014). Ve-
locities are available for floating and grounded ice. Coverage
is not spatially uniform, but greater in later years.
The other data set is a series of annual surface digital el-

evation maps (DEMs) from 2001 to 2011 on a 1 km grid.
Coverage is consistent between years, but data are not avail-
able seaward of the 1996 grounding line (Rignot et al., 2014),
or on slow inter-stream ridges. Figure 1 shows the geo-
graphic region of study along with the acceleration and thin-
ning recorded by the transient data sets. The 2001 surface is
not from 2001 measurements, but is simply an extrapolation
backward in time from later years. Further details of this data
set are given in Appendix A.
In addition to these time-dependent data sets, we use the

BEDMAP2 bed topography (Fretwell et al., 2013) and the
MEaSUREs (Making Earth System Data Records for Use in
Research Environments) (450m grid) data set (Rignot et al.,
2011). We also use the Arthern et al. (2006) accumulation
data set to estimate ice temperatures in the region, as ex-
plained in Appendix B1.

4 Model and calibration setup

The land ice model used in this study is that described in
Goldberg and Heimbach (2013). The model’s stress balance
is depth-integrated, similarly to the shallow shelf equations,
but the effects of vertical shearing are represented (Goldberg,
2011). Grounding-line migration is implemented through a
hydrostatic floatation condition. As described in Goldberg
and Heimbach (2013), the model has been successfully dif-
ferentiated using the AD software tool Transformations of
Algorithms in Fortran (TAF; Giering and Kaminski, 1998).
We solve the land ice equations in the domain shown in Fig. 1
on the 500m grid of the time-dependent velocity set, and all
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Figure 5. (a) Sea level contribution from the region and (b) total ungrounded area in domain through 2041 based on snapshot and transient
calibrations (solid curves) and inferred from the DEM data, BEDMAP2, and Eq. (6) (red hatches).

or the portion of a grounded column that would be supported
by ocean pressure, and thus is an indicator of sea level contri-
bution. To calculate VAF from the observational data, thick-
ness hobs and height above floatation haf must be inferred
from surface and bed data as follows:

hobs = sobs� bobs (6)

bobs =max
✓

R,
�⇢i

⇢w� ⇢i
sobs

◆

haf = hobs+min
✓

⇢w

⇢i
bobs,0

◆
, (7)

where ⇢i= 918 kgm�3 and ⇢w= 1028 kgm�3 are ice and
ocean densities, respectively, sobs is surface elevation from
the transient DEM set, and R is BEDMAP2 bed elevation.
haf is then integrated for VAF.
Both snapshot and transient calibrations predict contin-

ued contribution to sea level rise. The transiently calibrated
model projects ⇠ 21 km3 a�1 grounded ice volume loss from
2011 to 2041 (⇠ 0.06mm sea level equivalent), while the
snapshot calibrated model suggests⇠ 25% more. Thus there
is a quantitative impact of the initial state, and therefore of the
type of calibration used, on projected sea level contribution
from the region. There is an even more pronounced impact on
projected grounding line retreat: in the snapshot-calibrated
run, almost no ungrounding takes place, while in the tran-
siently calibrated run ungrounding is significant (Fig. 5b).
Given the much closer fit of the transiently calibrated simu-
lation to surface observations in a least-square sense, we ac-
cept this simulation as a better estimate of the dynamic state
of the glaciers in the region.
Spatial patterns of projected grounding-line position for

the transiently calibrated run show significant retreat from
2011–2021 (Fig. 6), followed by a slight slowdown in re-
treat. In contrast, thinning rates remain high throughout the
30-year integration. Grounding-line retreat does not proceed
down the deep troughs incised by Smith and Kohler Glaciers,
suggesting the retreat predicted by Rignot et al. (2014) might
not happen in the near-term. We argue that this is because
the troughs are quite narrow, and lateral stresses from ar-
eas of shallower bed limit grounding-line retreat. However,

other studies suggest grounding line retreat in Amundsen and
Bellingshausen ice streams can be episodic rather than sus-
tained due to details of bed geometry (Joughin et al., 2010;
Jamieson et al., 2012). Furthermore, while melting under
parts of the ice shelf external to the model are implicitly ac-
counted for through boundary stresses and their sensitivities
(Sect. 6.1), we do not apply melt rates to ice that goes afloat
within the domain. Such effects could lead to stronger re-
treat than what is shown. Thus, we cannot discount further
rapid grounding line retreat in the future (i.e., beyond 2041),
particularly since thinning rates remain high throughout our
simulation. Spatial patterns for the snapshot-calibrated sim-
ulation actually show slight thickening in some areas down-
stream of the observed 2011 grounding line, and otherwise
show a more even pattern of thinning (i.e., it is not skewed
downstream).
The imposed mass fluxes at the inland boundary are not

expected to influence the results: the time scale (30 years) is
less than the diffusive time scale for grounding line changes
to propagate across the domain (e.g., Payne et al., 2004),
which we calculate to be ⇠ 150 years based on a nominal
surface slope of 0.01, thickness of 1400m, and velocity scale
in the upstream regions of 100m a�1 (Cuffey and Paterson,
2010).
Finally, it is important to realize that these projections

are unforced: the estimated parameters and boundary condi-
tions �, � and ⌧ (and qx , qy where applicable) are held con-
stant over this time period, and no submarine melt is applied
to any areas which unground. This is the basis for referring
to the projected grounded ice loss as committed (Price et al.,
2011).

6 Uncertainties of estimated parameters

6.1 Uncertainty of sea level contribution projection

The projection of committed grounded volume loss of
21 km3 a�1 over the next 3 decades from 2011 onward is
subject to uncertainty due its implicit dependence on model
parameters. The adjoint capabilities of the model allow us to
estimate reasonable bounds on this uncertainty through cal-
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Jakobshavn Isbrae, West Greenland 
•  Significant front retreat since 1980’s 
•  Dynamics dominated by ice front evolution 
•  Calibrate parameters against observations 
•  Weight simulations  
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GC43J-1677: Control of ocean temperature on Jakobshavn Isbræ’s

present and future mass loss

Johannes H. BONDZIO1, Hélène SEROUSSI2, Mathieu MORLIGHEM1, Michael WOOD1 and Jeremie MOUGINOT1

1Department of Earth System Science - University of California Irvine, Irvine CA, USA 2Jet Propulsion Laboratory - California Institute of Technology, Pasadena CA, USA,

INTRODUCTION

How will Jakobshavn Isbræ evolve in the future?

Problem Description

I Jakobshavn Isbræ, West Greenland, has become a major contributor to global sea level rise since the
disintegration of its floating ice tongue in the early 2000s (Howat et al., 2011).

I Calving controls the evolution of the ice stream (Bondzio et al., 2017), but no robust calving rate
parameterization for large-scale ice sheet models exists to date (Benn et al., 2007).

I Therefore, large uncertainties remain concerning the future evolution of this outlet glacier.
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Figure 1: Observed calving front positions at Jakobshavn Isbræ. Black line is a flow line used to extract the calving front position
in Figs. 2 and 6b. Satellite background image: Landsat 7 (July 1st, 2001) c� Google Earth. Adapted from Bondzio et al. (2017)

PARAMETERIZATIONS OF CALVING AND OCEAN MELT
We use the Ice Sheet System Model’s (ISSM, Larour et al., 2012) Level-Set framework for dynamic calving
front evolution (Bondzio et al., 2016), a von-Mises tensile stress criterion calving (Morlighem et al., 2016),
and a parameterization of frontal melting rate (Xu et al., 2013):

@�

@t

+ (v � (c + mfr) n) ·r� = 0 (1)

where
c = kvk �̃

�max
(2)

mfr =
�
Ahq

↵
sg + B

�
TF

� (3)

msub = �⇢
M

cpM�T

(TF � Tpmp) (4)

I �: level-set function
I

v: ice velocity at the ice front
I

c: calving rate
I

mfr: frontal melting rate (“undercutting”)
I �̃: von-Mises tensile stress
I �max: stress threshold parameter
I

h: ice thickness
I

qsg: subglacial discharge
I

TF: ocean thermal forcing
I

msub: subglacial melt
I

Tpmp: ice pressure melting point
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Figure 2: Evolution of a) the modeled average ocean temperatures (ECCO2, Rignot et al., 2012) from 1990 until 2016 and b) the
observed calving front position,

MODEL CALIBRATION

Ice Flow Model

I Shelfy-Stream Approximation (SSA, MacAyeal, 1989); 400 m - 4 km resolution.
I Surface dem: Korsgaard et al. (2016); bed elevation: BedMachine v3 (Morlighem et al., 2017).
I Basal friction inverted using 1990’s velocities (Morlighem et al., 2013).

Experimental ensemble

I Stress threshold parameter: 60 kPa  �max  180 kPa (summer) an 4 MPa (winter),
I Submarine melting rate coefficient: 0 kPa  ↵sub  3 kPa
I Frontal melting rate coefficient: 2 kPa  ↵fr  7 kPa
I Simulation time: 1985 – 2017
I 556 parameter combinations weighted using ice front positions from 1985 to 2017
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Figure 3: Weights obtained as a function of the parameter combination

Figure 4: Modeled (dotted lines) and observed (solid lines) front at the end of each summer for a modeled simulation
that obtained a high weight. Gray lines show front positions for all simulations of the ensemble in summer 2017.
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Figure 5: Comparison of average model results and observations of front positions and mass balance.

PROJECTIONS
We continue to simulate Jakobshavn Isbræ from 2018 until 2100 for all the parameter combinations used for the
1985 – 2017 and weight them using the weight derived from the hindcast periof:
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Figure 6: a) Extended timeline of depth-average ocean temperature used to force the model. b) Timeline of Jakobshavn Isbræ’s calving front
retreat along the flowline shown in Fig. 1. c) Timeline of Jakobshavn Isbræ’s average future contribution to eustatic sea level. The black
lines in b) and c) are the average respective value and the gray shaded area denotes the interval between the first and third quartile. Blue and
red shadings in the background mark periods of cold and warm ocean forcing, respectively.

CONCLUSIONS
We present here a novel method to weigh a large ensemble of simulations with key observations to produce
calibrated means and error estimates of Jakobshavn Isbræ’s future evolution. The weighted ensemble is able to
accurately capture Jakobshavn Isbræ’s observed behavior when driven by oceanic forcing. We project that the
glacier will continue to retreat for another 23.6 km (15.4 – 36.4 km, first to third quartile) until 2100 under
present-day climatic setting, during which it will contribute a total of 5.1 388 mm (4.4 – 6.3 mm, first to third
quartile) to eustatic sea level rise. Alternating periods of cold and warm ocean temperatures will continue to cause
intermittent calving front stabilization and retreat, respectively. The extent and rates of retreat are also impacted by
the glacier geometry. Our results reveal a mechanism that explains why Jakobshavn Isbræ’s calving front
migration, and therefore its dynamics and mass balance, is highly sensitive to ocean temperature. Our study
highlights that correct modeling of the ocean component is key for accurate projections of marine terminating
outlet glaciers. Our approach is applicable to any outlet glacier for which a sufficient observational record exists,
and thus is suitable to produce calibrated projections of an ice sheet’s contribution to eustatic sea level rise.
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INTRODUCTION

How will Jakobshavn Isbræ evolve in the future?

Problem Description

I Jakobshavn Isbræ, West Greenland, has become a major contributor to global sea level rise since the
disintegration of its floating ice tongue in the early 2000s (Howat et al., 2011).

I Calving controls the evolution of the ice stream (Bondzio et al., 2017), but no robust calving rate
parameterization for large-scale ice sheet models exists to date (Benn et al., 2007).

I Therefore, large uncertainties remain concerning the future evolution of this outlet glacier.
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Figure 1: Observed calving front positions at Jakobshavn Isbræ. Black line is a flow line used to extract the calving front position
in Figs. 2 and 6b. Satellite background image: Landsat 7 (July 1st, 2001) c� Google Earth. Adapted from Bondzio et al. (2017)

PARAMETERIZATIONS OF CALVING AND OCEAN MELT
We use the Ice Sheet System Model’s (ISSM, Larour et al., 2012) Level-Set framework for dynamic calving
front evolution (Bondzio et al., 2016), a von-Mises tensile stress criterion calving (Morlighem et al., 2016),
and a parameterization of frontal melting rate (Xu et al., 2013):
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I �: level-set function
I

v: ice velocity at the ice front
I

c: calving rate
I

mfr: frontal melting rate (“undercutting”)
I �̃: von-Mises tensile stress
I �max: stress threshold parameter
I

h: ice thickness
I

qsg: subglacial discharge
I

TF: ocean thermal forcing
I

msub: subglacial melt
I

Tpmp: ice pressure melting point
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Figure 2: Evolution of a) the modeled average ocean temperatures (ECCO2, Rignot et al., 2012) from 1990 until 2016 and b) the
observed calving front position,

MODEL CALIBRATION

Ice Flow Model

I Shelfy-Stream Approximation (SSA, MacAyeal, 1989); 400 m - 4 km resolution.
I Surface dem: Korsgaard et al. (2016); bed elevation: BedMachine v3 (Morlighem et al., 2017).
I Basal friction inverted using 1990’s velocities (Morlighem et al., 2013).

Experimental ensemble

I Stress threshold parameter: 60 kPa  �max  180 kPa (summer) an 4 MPa (winter),
I Submarine melting rate coefficient: 0 kPa  ↵sub  3 kPa
I Frontal melting rate coefficient: 2 kPa  ↵fr  7 kPa
I Simulation time: 1985 – 2017
I 556 parameter combinations weighted using ice front positions from 1985 to 2017
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Figure 3: Weights obtained as a function of the parameter combination

Figure 4: Modeled (dotted lines) and observed (solid lines) front at the end of each summer for a modeled simulation
that obtained a high weight. Gray lines show front positions for all simulations of the ensemble in summer 2017.
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Figure 5: Comparison of average model results and observations of front positions and mass balance.

PROJECTIONS
We continue to simulate Jakobshavn Isbræ from 2018 until 2100 for all the parameter combinations used for the
1985 – 2017 and weight them using the weight derived from the hindcast periof:
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Figure 6: a) Extended timeline of depth-average ocean temperature used to force the model. b) Timeline of Jakobshavn Isbræ’s calving front
retreat along the flowline shown in Fig. 1. c) Timeline of Jakobshavn Isbræ’s average future contribution to eustatic sea level. The black
lines in b) and c) are the average respective value and the gray shaded area denotes the interval between the first and third quartile. Blue and
red shadings in the background mark periods of cold and warm ocean forcing, respectively.

CONCLUSIONS
We present here a novel method to weigh a large ensemble of simulations with key observations to produce
calibrated means and error estimates of Jakobshavn Isbræ’s future evolution. The weighted ensemble is able to
accurately capture Jakobshavn Isbræ’s observed behavior when driven by oceanic forcing. We project that the
glacier will continue to retreat for another 23.6 km (15.4 – 36.4 km, first to third quartile) until 2100 under
present-day climatic setting, during which it will contribute a total of 5.1 388 mm (4.4 – 6.3 mm, first to third
quartile) to eustatic sea level rise. Alternating periods of cold and warm ocean temperatures will continue to cause
intermittent calving front stabilization and retreat, respectively. The extent and rates of retreat are also impacted by
the glacier geometry. Our results reveal a mechanism that explains why Jakobshavn Isbræ’s calving front
migration, and therefore its dynamics and mass balance, is highly sensitive to ocean temperature. Our study
highlights that correct modeling of the ocean component is key for accurate projections of marine terminating
outlet glaciers. Our approach is applicable to any outlet glacier for which a sufficient observational record exists,
and thus is suitable to produce calibrated projections of an ice sheet’s contribution to eustatic sea level rise.
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Jakobshavn Isbrae, West Greenland 
•  Significant front retreat since 1980’s 
•  Dynamics dominated by ice front evolution 
•  Calibrate parameters against observations 
•  Weight simulations  
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INTRODUCTION

How will Jakobshavn Isbræ evolve in the future?

Problem Description

I Jakobshavn Isbræ, West Greenland, has become a major contributor to global sea level rise since the
disintegration of its floating ice tongue in the early 2000s (Howat et al., 2011).

I Calving controls the evolution of the ice stream (Bondzio et al., 2017), but no robust calving rate
parameterization for large-scale ice sheet models exists to date (Benn et al., 2007).

I Therefore, large uncertainties remain concerning the future evolution of this outlet glacier.
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Figure 1: Observed calving front positions at Jakobshavn Isbræ. Black line is a flow line used to extract the calving front position
in Figs. 2 and 6b. Satellite background image: Landsat 7 (July 1st, 2001) c� Google Earth. Adapted from Bondzio et al. (2017)

PARAMETERIZATIONS OF CALVING AND OCEAN MELT
We use the Ice Sheet System Model’s (ISSM, Larour et al., 2012) Level-Set framework for dynamic calving
front evolution (Bondzio et al., 2016), a von-Mises tensile stress criterion calving (Morlighem et al., 2016),
and a parameterization of frontal melting rate (Xu et al., 2013):
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I �: level-set function
I

v: ice velocity at the ice front
I

c: calving rate
I

mfr: frontal melting rate (“undercutting”)
I �̃: von-Mises tensile stress
I �max: stress threshold parameter
I

h: ice thickness
I

qsg: subglacial discharge
I

TF: ocean thermal forcing
I

msub: subglacial melt
I

Tpmp: ice pressure melting point
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Figure 2: Evolution of a) the modeled average ocean temperatures (ECCO2, Rignot et al., 2012) from 1990 until 2016 and b) the
observed calving front position,

MODEL CALIBRATION

Ice Flow Model

I Shelfy-Stream Approximation (SSA, MacAyeal, 1989); 400 m - 4 km resolution.
I Surface dem: Korsgaard et al. (2016); bed elevation: BedMachine v3 (Morlighem et al., 2017).
I Basal friction inverted using 1990’s velocities (Morlighem et al., 2013).

Experimental ensemble

I Stress threshold parameter: 60 kPa  �max  180 kPa (summer) an 4 MPa (winter),
I Submarine melting rate coefficient: 0 kPa  ↵sub  3 kPa
I Frontal melting rate coefficient: 2 kPa  ↵fr  7 kPa
I Simulation time: 1985 – 2017
I 556 parameter combinations weighted using ice front positions from 1985 to 2017
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Figure 3: Weights obtained as a function of the parameter combination

Figure 4: Modeled (dotted lines) and observed (solid lines) front at the end of each summer for a modeled simulation
that obtained a high weight. Gray lines show front positions for all simulations of the ensemble in summer 2017.
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Figure 5: Comparison of average model results and observations of front positions and mass balance.

PROJECTIONS
We continue to simulate Jakobshavn Isbræ from 2018 until 2100 for all the parameter combinations used for the
1985 – 2017 and weight them using the weight derived from the hindcast periof:
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Figure 6: a) Extended timeline of depth-average ocean temperature used to force the model. b) Timeline of Jakobshavn Isbræ’s calving front
retreat along the flowline shown in Fig. 1. c) Timeline of Jakobshavn Isbræ’s average future contribution to eustatic sea level. The black
lines in b) and c) are the average respective value and the gray shaded area denotes the interval between the first and third quartile. Blue and
red shadings in the background mark periods of cold and warm ocean forcing, respectively.

CONCLUSIONS
We present here a novel method to weigh a large ensemble of simulations with key observations to produce
calibrated means and error estimates of Jakobshavn Isbræ’s future evolution. The weighted ensemble is able to
accurately capture Jakobshavn Isbræ’s observed behavior when driven by oceanic forcing. We project that the
glacier will continue to retreat for another 23.6 km (15.4 – 36.4 km, first to third quartile) until 2100 under
present-day climatic setting, during which it will contribute a total of 5.1 388 mm (4.4 – 6.3 mm, first to third
quartile) to eustatic sea level rise. Alternating periods of cold and warm ocean temperatures will continue to cause
intermittent calving front stabilization and retreat, respectively. The extent and rates of retreat are also impacted by
the glacier geometry. Our results reveal a mechanism that explains why Jakobshavn Isbræ’s calving front
migration, and therefore its dynamics and mass balance, is highly sensitive to ocean temperature. Our study
highlights that correct modeling of the ocean component is key for accurate projections of marine terminating
outlet glaciers. Our approach is applicable to any outlet glacier for which a sufficient observational record exists,
and thus is suitable to produce calibrated projections of an ice sheet’s contribution to eustatic sea level rise.
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INTRODUCTION

How will Jakobshavn Isbræ evolve in the future?

Problem Description

I Jakobshavn Isbræ, West Greenland, has become a major contributor to global sea level rise since the
disintegration of its floating ice tongue in the early 2000s (Howat et al., 2011).

I Calving controls the evolution of the ice stream (Bondzio et al., 2017), but no robust calving rate
parameterization for large-scale ice sheet models exists to date (Benn et al., 2007).

I Therefore, large uncertainties remain concerning the future evolution of this outlet glacier.
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Figure 1: Observed calving front positions at Jakobshavn Isbræ. Black line is a flow line used to extract the calving front position
in Figs. 2 and 6b. Satellite background image: Landsat 7 (July 1st, 2001) c� Google Earth. Adapted from Bondzio et al. (2017)

PARAMETERIZATIONS OF CALVING AND OCEAN MELT
We use the Ice Sheet System Model’s (ISSM, Larour et al., 2012) Level-Set framework for dynamic calving
front evolution (Bondzio et al., 2016), a von-Mises tensile stress criterion calving (Morlighem et al., 2016),
and a parameterization of frontal melting rate (Xu et al., 2013):
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I �: level-set function
I

v: ice velocity at the ice front
I

c: calving rate
I

mfr: frontal melting rate (“undercutting”)
I �̃: von-Mises tensile stress
I �max: stress threshold parameter
I

h: ice thickness
I

qsg: subglacial discharge
I

TF: ocean thermal forcing
I

msub: subglacial melt
I

Tpmp: ice pressure melting point
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Figure 2: Evolution of a) the modeled average ocean temperatures (ECCO2, Rignot et al., 2012) from 1990 until 2016 and b) the
observed calving front position,

MODEL CALIBRATION

Ice Flow Model

I Shelfy-Stream Approximation (SSA, MacAyeal, 1989); 400 m - 4 km resolution.
I Surface dem: Korsgaard et al. (2016); bed elevation: BedMachine v3 (Morlighem et al., 2017).
I Basal friction inverted using 1990’s velocities (Morlighem et al., 2013).

Experimental ensemble

I Stress threshold parameter: 60 kPa  �max  180 kPa (summer) an 4 MPa (winter),
I Submarine melting rate coefficient: 0 kPa  ↵sub  3 kPa
I Frontal melting rate coefficient: 2 kPa  ↵fr  7 kPa
I Simulation time: 1985 – 2017
I 556 parameter combinations weighted using ice front positions from 1985 to 2017
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Figure 3: Weights obtained as a function of the parameter combination

Figure 4: Modeled (dotted lines) and observed (solid lines) front at the end of each summer for a modeled simulation
that obtained a high weight. Gray lines show front positions for all simulations of the ensemble in summer 2017.
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Figure 5: Comparison of average model results and observations of front positions and mass balance.

PROJECTIONS
We continue to simulate Jakobshavn Isbræ from 2018 until 2100 for all the parameter combinations used for the
1985 – 2017 and weight them using the weight derived from the hindcast periof:
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Figure 6: a) Extended timeline of depth-average ocean temperature used to force the model. b) Timeline of Jakobshavn Isbræ’s calving front
retreat along the flowline shown in Fig. 1. c) Timeline of Jakobshavn Isbræ’s average future contribution to eustatic sea level. The black
lines in b) and c) are the average respective value and the gray shaded area denotes the interval between the first and third quartile. Blue and
red shadings in the background mark periods of cold and warm ocean forcing, respectively.

CONCLUSIONS
We present here a novel method to weigh a large ensemble of simulations with key observations to produce
calibrated means and error estimates of Jakobshavn Isbræ’s future evolution. The weighted ensemble is able to
accurately capture Jakobshavn Isbræ’s observed behavior when driven by oceanic forcing. We project that the
glacier will continue to retreat for another 23.6 km (15.4 – 36.4 km, first to third quartile) until 2100 under
present-day climatic setting, during which it will contribute a total of 5.1 388 mm (4.4 – 6.3 mm, first to third
quartile) to eustatic sea level rise. Alternating periods of cold and warm ocean temperatures will continue to cause
intermittent calving front stabilization and retreat, respectively. The extent and rates of retreat are also impacted by
the glacier geometry. Our results reveal a mechanism that explains why Jakobshavn Isbræ’s calving front
migration, and therefore its dynamics and mass balance, is highly sensitive to ocean temperature. Our study
highlights that correct modeling of the ocean component is key for accurate projections of marine terminating
outlet glaciers. Our approach is applicable to any outlet glacier for which a sufficient observational record exists,
and thus is suitable to produce calibrated projections of an ice sheet’s contribution to eustatic sea level rise.
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Figure 2. Comparison of observations and model results. (a) Calving front positions from satellite observations along
the flow line in Figure 1a. (b) Comparison of observed velocities (triangles) and modeled velocities (lines). Colors
correspond to the triangle locations shown in Figure 1a. Lines are discontinuous when the calving front retreats
upstream of the corresponding location. (c) JI’s modeled mass change (red line) relative to 1 January 2000. The black line
with error envelope shows observed mass changes [Howat et al., 2011], and the black dashed line represents volume
preservation. The grey boxes mark the period of ice tongue disintegration.

Figure 3. Comparison of modeled and observed surface ice flow velocities. (a) Ratio of thermomechanically coupled
(vc) and observed ice surface velocities (vo). (b) Ratio of modeled ice surface velocities without (vu) and with (vc)
thermomechanical coupling. The black dashed lines represent exact matching of the considered velocity values. Marker
and line colors correspond to the colors of the triangles in Figure 1a. Lines are discontinuous when the calving front
retreats upstream of the corresponding location. The gray patches mark the time of the ice tongue disintegration.
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•  Rapid shift from almost no observations to observations acquired at 
high temporal resolution 

•  Observations used for: 
•  Data assimilation (unknown parameters, initial conditions) 
•  Calibration of parameters (unknown parameters) 

 
•  So far, time-independent assimilation mostly, but lead to significant 

and prolonged model drifts 

•  New models should be designed around time-dependent data 
assimilation to improve initial conditions and model drifts 



The Future of Earth System Modeling: 
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Ice sheet change from space 

Key properties that can be directly measured from space 

-  Ice Sheet Elevation (since-1992)  

-  Ice Sheet Mass Change (2002) 

-  Surface melting – binary (1979) 

-  Surface velocity (patchy) 

-  Surface reflectance (2000) 

-  Ice sheet extent (patchy) 

-  Grounding lines (patchy) 



Ice sheet change from space 

Challenging to measure 

-  Precipitation (CloudSat?) 

-  Melt magnitude  

-  Sublimation / blowing snow 

-  Runoff 

-  Ice thickness 

-  Basal properties 

-  Ice viscosity 



Ice sheet change from space 

Summary of current state 

-  Numerous measurements but … 

-  Data are generally difficult to work with and require specialized knowledge 
of the measurement and instrument 

-  It’s going to get easier… and soon 



Ice sheet change from space 

What’s coming 

-  We are entering an era where availability of 
observations will not be the limiting factor 

-  Sentinel-1A/B SAR data is pouring in 

-  Landsat 8 and Sentinel-2 A/B data provide 
nearly continuous coverage  

-  GRACE-FO launched in May 

-  ICESat-2 launched in September 

-  NISAR will launch in late-2021/early-2022  

-  New NASA MEaSUREs initiative: ITS_LIVE 



Ice sheet change from space 

ITS_LIVE: Inter-mission Time Series of Land Ice Velocity and Elevation  

-  Global coverage 
-  Standardized nested grid 
-  Open-source code 
-  Synthesized products 
-  Low-latency 
-  HDF5, netCDF-4 compliant 

Surface velocity  
-  image-pair results 

-  monthly/quarterly mosaics 

-  240m resolution 

-  2013-present 

-  Sparse data back to 1985 

Elevation change 
-  Multi-mission synthesis 

-  1992-present 

-  Monthly  

-  960 m resolution 

-  Ice shelf melt rates 



-  Remove mean topography 

-  Cross-calibration 

-  Scattering correction 

-  Sensor synthesis using Kalman-
Smoother algorithm 

Ice sheet change from space 

ITS_LIVE: Example of elevation processing 

Single pixel time series over Thwaites Glacier 
cross-calibrated and integrated to produce a 

continuous record of elevation change.  
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Each monthly spatial field is interpolated to 10 km 

resolution to create 3D data cube for further analysis  

J. Nilsson 



Ice sheet change from space 

ITS_LIVE: 27 year record of grounded ice change 
West 

East (<81.5°) 

Antarctic (<81.5°) 
 

Johan Nilsson, Fernando Paolo, Alex S Gardner 

merged Envisat 

ICESat CryoSat 



Ice sheet change from space 

ITS_LIVE: Ice shelf melt 
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Ice sheet change from space 

ITS_LIVE: 33 year record of Greenland ice discharge 

-  Extracting surface 
velocities from historic 
Landsat data… it’s messy 
but the record of flow is 
there 

-  Requires heavy post 
processing: robust least 
squares and Kalman 
methods 



Ice sheet change from space 

Joint Inversion of Satellite Gravimetry + Altimetry 

-  Data combination at the level of 
the GRACE normal equations 

-  1° by 1° solution (41,164 disks on 
an ellipse) 

-  Corrections 

-  Glacial Isostatic Adjustment 

-  Elastic Loading 

-  Firn Air Content 

David N. Wiese, Alex S. Gardner, Johan Nilsson 



Ice sheet change from space 

Joint Inversion of Satellite Gravimetry + Altimetry 

David N. Wiese, Alex S. Gardner, Johan Nilsson 



Ice sheet change from space 

Summary of future state 

In the near future measurements of ice sheet surface 
properties and their change through time will be bountiful and 
all will be merry  

-  Records of elevation change will be continuous from 1992 

-  Records of ice shelf melt will be continuous from 1992 

-  Records of ice velocity will be opportunistic prior starting in 
1985 and continuous from 2014  

-  Get ready for a flood of observationally driven discoveries  
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