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Abstract

Recent observations of the Greenland ice sheet indicate rapid mass loss at an accel-
erating rate with an increasing contribution to global mean sea level. Ice sheet models
are used for projections of such future contributions of ice sheets to sea level, but the
quality of projections is difficult to measure directly. Realistic initial states are crucial for
accurate simulations. To test initial states we use hindcasting, i.e. forcing a model with
known or closely-estimated inputs for past events to see how well the output matches
observations. By simulating the recent past of Greenland, and comparing to observa-
tions of ice thickness, ice discharge, surface speeds, mass loss and surface elevation
changes for validation, we find that the short term model response is strongly influ-
enced by the initial state. We show that the dynamical state can be mis-represented
despite a good agreement with some observations, stressing the importance of us-
ing multiple observations. Some initial states generate good agreement with measured
mass time series in the hindcast period, and good agreement with present-day kine-
matic fields. We suggest hindcasting as a methodology for careful validation of initial
states that can be done before making projections on decadal to century time-scales.

1 Introduction

Realistic projections of ice sheet response to a changing climate should be based on
a physical understanding of the processes involved, rather than trend extrapolation
of historical observations (Arthern and Hindmarsh, 2006). Ice sheet models integrate
such physical process understanding. Similar to short-term weather forecasts, a real-
istic initial state is essential for accurate simulations of the future evolution of an ice
sheet (Arthern and Gudmundsson, 2010). Previous studies have often used ice vol-
ume (Stone et al., 2010; Applegate et al., 2012; Rogozhina et al., 2011) for validation
of the initial state. Spatially-rich observations, and their rates of change are, however,
better metrics to evaluate the quality of initial states (Vaughan and Arthern, 2007).
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To test initial states we use hindcasting, i.e. forcing a model with known or closely-
estimated inputs for past events to see how well the output matches observations. Here
we evaluate three initial states for the Greenland ice sheet produced with the Parallel
Ice Sheet Model (PISM) (Khroulev and the PISM Authors, 2012) by their response
to climate forcing from the high-resolution regional climate model HIRHAM5 (Chris-
tensen et al., 2006) for the period 1989-2011. We validate these initial states using
observations of ice thickness, ice discharge, surface elevation changes, surface speed
observations, and time-series of mass changes.

The Fourth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) predicted Greenland ice sheet contribution of 1-12 cm to global mean sea-level
rise due to climatic mass balance (sum of the surface and internal mass balances,
Cogley et al., 2011) by 2100. Potential changes in ice discharge were not incorporated
into these projections due to the limited ability of ice sheet models to simulate recent
changes in the margin geometry and surface speeds (IPCC, 2007). Predicting the fu-
ture of ice sheets remains a challenge (Vaughan and Arthern, 2007; Alley and Joughin,
2012). The ice sheet modeling community is addressing this challenge by improving on
model physics (e.g. Bueler and Brown, 2009; Larour et al., 2012a; Seddik et al., 2012),
implementing physically-based calving parametrizations (Levermann et al., 2012), and
by applying inverse methods to recover difficult to observe ice sheet bed properties
(e.g. Morlighem et al., 2010; Larour et al., 2012a), to name a few efforts. Thanks to
advanced meshing techniques and high-resolution through parallelization, models can
now better resolve margin geometry and narrow outlet glaciers, which is crucial to ac-
curately model ice discharge (Durand et al., 2011).

However, available observations are insufficient to provide an initial state (Arthern
and Gudmundsson, 2010). For example, while the ice viscosity is strongly temperature-
dependent, the ice temperature field itself is poorly constrained by observations.
As a consequence, initialization techniques must combine available observations of
present and past conditions with physical models to produce a complete initial state of
an ice sheet model.

5071

Jaded uoissnosig

Jadedq uoissnosiq | Jadeq uoissnosiqg | Jaded uoissnosi(

TCD
6, 5069-5094, 2012

Hindcasting

A. Aschwanden et al.

: “II ““I


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/5069/2012/tcd-6-5069-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/5069/2012/tcd-6-5069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The paper is structured as follows: Sect. 2 describes data sets, initialization proce-
dures, and hindcasting. Results are presented in Sect. 3 and discussed in Sect. 4.
Conclusions are drawn in Sect. 5. The regional climate model HIRHAMS5 and the ice
sheet model PISM are described in the Supplement.

2 Methods

We obtain three initial states by using distinct approaches to modeling the 1989 state
of the Greenland ice sheet, in each case based on forward modeling and assumptions
about past climate. Below we describe how we obtain the three initial states.

We obtain the first initial state, “constant-climate”, by running the model for 125 ka
using mean values for 1989-2011 of 2-m air temperature and climatic mass balance
from HIRHAMS5. The 2-m air temperature serves as the boundary condition for the con-
servation of energy equation, and a lapse rate of 7.1°C km™" (Steffen and Box, 2001)
is used to correct for differences between the fixed surface elevation that HIRHAMS
uses and the time evolving modeled elevation. No lapse rate correction is applied to
the climatic mass balance. “Constant-climate” is in equilibrium with the present-day
climate.

The second initial state, “paleo-climate”, closely follows the SeaRISE initialization
procedures (Bindschadler et al., 2012). To obtain this initial state we make the following
modeling choices. First, we use a positive degree-day scheme to compute the climatic
mass balance from surface temperature (Fausto et al., 2009) and precipitation (Ettema
et al., 2009). The degree-day factors are the same as in Huybrechts (1998). Second,
we account for paleo-climatic variations by applying a scalar anomaly term derived from
the GRIP ice core oxygen isotope record (Dansgaard et al., 1993) to the temperature
field (Huybrechts, 2002). Then we adjust mean annual precipitation in proportion to
the mean annual air temperature change (Huybrechts, 2002). Finally, sea level forcing,
which determines the land area available for glaciation, is derived from the SPECMAP
marine 680 record (Imbrie et al., 1984).
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The third initial state, “flux-corrected”, is similar to “paleo-climate”, but the climatic
mass balance has been modified during the last part of the simulation to obtain
a present-day geometry in close agreement with observations (Supplement). This ini-
tial state is not in equilibrium with the applied forcing fields, and to prevent subsequent
model drift a flux-correction is applied (Price et al., 2011). Such flux-correction meth-
ods have been applied in coupled ocean-atmosphere general circulation models (e.g.
Sausen et al., 1988).

Our modeling goals are to produce physically-consistent initial states of the Green-
land ice sheet in 1989 that mimic the overall dynamic state of the whole ice sheet. One
cannot achieve agreement with all available observations except through introduction
of many tunable parameters, which we do not do.

Also not all observed processes can be adequately represented in the model. For
example increased ice discharge since the late 1990s has been observed (Joughin
et al., 2004; Howat et al., 2007), and attributed to an increase in ocean temperatures
(Holland et al., 2008; Murray et al., 2010). Unfortunately, theoretical models to predict
such behavior are currently not available (Holland et al., 2008). Thus we reduce model
complexity by excluding forcing at the ocean boundary.

Properties at the ice sheet bed cannot be directly observed. Ice sheet models may
achieve a close fit to observed surface speeds by using data assimilation techniques
that invert for a field of basal parameters, for example adjusting the value of the basal
traction at each grid location (Morlighem et al., 2010; Price et al., 2011). The resulting
parameter fields may not be applicable for prognostic simulations, however, as these
parameters evolve with time. Moreover, validation cannot rely on the observations used
in the data assimilation process (van der Veen, 1999).

In this work we adjust only three spatially-uniform scalar parameters (Supplement),
controlling ice dynamics and basal processes, to achieve a good match with observed
surface speeds. Thus observed surface speeds are not a part of the initialization pro-
cedure and can be used to validate the model.

5073

Jaded uoissnosig

Jadedq uoissnosiq | Jadeq uoissnosiqg | Jaded uoissnosi(

TCD
6, 5069-5094, 2012

Hindcasting

A. Aschwanden et al.

: “II ““I


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/5069/2012/tcd-6-5069-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/5069/2012/tcd-6-5069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

At the hindcast stage, all initial states are integrated forward in time from 1989 to
2011 using monthly fields of climatic mass balance and temperature computed by
HIRHAMS5, which is forced at its lateral boundaries with a reanalysis product for the
period 1989-2011 (ERA-Interim). Note that identical dynamical parameter choices are
used to produce all initial states, as well as in the 1989-2011 integration, allowing the
influence of initialization procedures to be isolated. All hindcasts are carried out on
a grid with horizontal resolution of 2 km.

The hindcasts are then compared to observations listed below.

— Ice thickness and ice volume (Griggs et al., 2012)

— Surface speeds derived from synthetic aperture radar (SAR) data from
RADARSAT representing an average of the velocity maps for the period 2007—
2010. The mean measurement and processing errors are less than 2 ma' in ar-
eas with low surface slope and additional slope-dependent error of 3 % in steeper
areas (Joughin et al., 2010).

— Time-series of mass changes from the Gravity Recovery and Climate Experiment
(GRACE) for the Greenland Ice Sheet, derived from the 10-day 1° x 1° NASA
GSFC mascon solutions for the period January 2004 to December 2010 (Luthcke
et al., 2012). Using a linear least-squares fit a mass loss trend of —223 Gta™" with
an uncertainty of £14.3 Gta™' is obtained.

— Surface elevation changes measurements from NASA’s Ice, Cloud and land
Elevation Satellite (ICESat) for the period October 2003 until November 2009
(Serensen et al., 2011; Sasgen et al., 2012).
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3 Results
3.1 1989 initial state

Figure 1 shows the simulated surface speeds of the three initialized states together with
the SAR-derived speeds. All initial states show well-defined ice divides and fast flowing
outlet glaciers, with largest differences between simulated and observed speeds oc-
curring in outlet glaciers. The root mean square error (RMSE) is 43—-46 ma™’ (Table 1),
having a similar magnitude as obtained in a data assimilation study (38 ma~', Price
et al., 2011).

Compared to observed ice sheet volume (2.93 x 10° km3), numbers for two initial-
ized states are larger, 3.18 x 10%km® (+9 %) and 3.38 x 10%km® (+16 %) for “constant-
climate” and “paleo-climate”, respectively (Table 1). For “flux-corrected”, simulated ice
volume is 2.96 x 10° km?® (+1%). However, observed ice thicknesses are used for ini-
tialization and are not available for validation.

Relative differences in ice thickness and surface speeds are shown in Figs. 2 and 3,
respectively; absolute differences are shown in the Supplement.

Two initializations, constant-climate and paleo-climate, over-estimate ice thickness
near the margin, but under-estimate ice thickness in the interior of the ice sheet and
in North-West Greenland (Fig. 2). The flux-correction method used to obtain the “flux-
corrected” initial state significantly reduces the mismatch between observed and sim-
ulated ice thickness except in coastal areas in South-East Greenland.

All three initializations under-estimate surface speeds in most major outlet glaciers
(Fig. 3).

3.2 Hindcasts

The mass change time-series (Fig. 4) are normalized to the beginning of the GRACE
period (January 2004). The GRACE time-series are compared to modeled ice mass
changes using a correlation and linear regression analysis for the period January 2004
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to December 2011 (Table 1). The correlation coefficient, r, is greater than 0.92 in all ex-
periments, indicating that both the amplitude and the phase of the mass change signal
are well reproduced by the model. The detrended correlation coefficients, 7, are 0.86
(“constant-climate”, “paleo-climate”) and 0.83 (“flux-corrected”); these are a measure
of how well the seasonality is reproduced. Simulated mass loss trends are —139 Gta™
for the hindcast based on the constant-climate initial state (subsequently shortened to
constant-climate hindcast), —299 Gta ' forthe paleo-climate hindcast, and —198 Gta™’
for the flux-corrected hindcast, differing by a factor of more than 2. Mass loss trends are
consistent with respect to the grid resolution (Supplement Table 1) for horizontal grid
spacings < 10km (Supplement Fig. 2). Modeled mean ice discharge is —511, -581,
and —-168Gta™" for the constant-climate, paleo-climate and flux-corrected hindcast,
respectively, over the period 1989-2011. None of the ice discharge time-series shows
a significant trend. The modeled mass loss trend is thus due to the evolving climatic
mass balance (Fig. 5).

Observed and simulated surface elevation changes between October 2003 and
November 2009 are shown in Fig. 6. The constant-climate hindcast shows a thinning
pattern similar to observations except for the drainage basins of Jakobshavn Isbree,
Helheim, and Kangerdlugssuag. The paleo-climate and flux-corrected hindcasts show
distinctively different patterns. Paleo-climate exhibits areas of both strong marginal thin-
ning and thickening; near-marginal thickening occurs almost everywhere, except near
the north-west coast. The hindcast based on the flux-corrected initialized state reveals
strong marginal thickening and interior thinning.

4 Discussion

Despite having comparable ice volumes, the three initial states respond differently to
the applied climate forcing, and the difference is significant, thus making ice volume
a too weak validation metric.
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The simulations using a constant-climate and a paleo-climate initialization under-
estimate and over-estimate the mass loss trend, respectively, whereas the flux-
corrected initialization shows a very good match with observations. Trend under-
estimation is expected because of the absence of ocean forcing that could lead to
an increase in ice discharge. Consequently, we regard the paleo-climate initial state as
unrealistic despite the seemingly good fit.

Compared to an observed cumulative mass change of —1695 Gt for the 2004-2010
period, simulated values are —1005 Gt (“constant-climate”), —2134 Gt (“paleo-climate”),
and —-1358 Gt (“flux-corrected”). van den Broeke et al. (2009) report an equal split
between surface processes and ice dynamics for 2000—2008 mass loss. By assuming
the same equal split between surface processes and ice dynamics during the 2004—
2010 analysis period, we expect a simulated cumulative mass change of ~ -848 Gt
from changes in climatic mass balance, corresponding to a trend of ~ ~113Gta™". Of
the three hindcasts only “constant-climate” has the right ballpark figure.

For the constant-climate and paleo-climate initialization, the simulated ice discharge
compares well with an estimate of —480 Gta™' (van den Broeke et al., 2009, Fig. S3)
before ice discharge started to increase rapidly. However, the good agreement is a con-
sequence of consistently over-estimating ice thickness (Fig. 2) and under-estimating
surface speeds (Fig. 3). The flux-corrected initialization under-estimates the ice dis-
charge as a result of under-estimating flow speeds in fast-flowing outlet glaciers. We
find that simulated ice discharge is most sensitive to errors in ice thickness, which is in
line with Larour et al. (2012b).

Surface elevation changes at Jakobshavn Isbree, Helheim, and Kangerdlugssuaq are
mostly attributed to changes in marine outlet dynamics (Howat et al., 2011) and are
therefore not reproduced by our model. The constant-climate initialization is in equi-
librium with its climate, and, consequently, surface elevation changes must result from
the climate forcing, either directly through the applied climatic mass balance or, indi-
rectly, through dynamical adjustment due to changes in climatic mass balance. For
constant-climate and paleo-climate initializations, forcing is applied directly, whereas
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anomalies are used for the flux-corrected initialization. For the paleo-climate initializa-
tion this may result in a shock at the beginning of the hindcast. To study this effect we
perform a fourth hindcast where the ERA-interim forcing is applied as anomalies rela-
tive to the climate forcing at the end of the paleo-climate initialization. Results reveal
a mass loss trend of —410Gta™", greater than when the ERA-interim forcing is ap-
plied directly, with a surface elevation change pattern very similar to the flux-corrected
hindcast (not shown).

Generally speaking, a model initialization may generate transients, both wanted (e.g.
ongoing adjustments due to forcing history) and unwanted (e.g. from grid refinement),
leading to a model drift. Even sufficiently long constant-climate initializations are not
expected to be free of transients; for example, basal hydrology may prevent a steady-
state configuration in the mathematical sense (e.g. Kamb et al., 1985). An approach
to mitigate the effect of model drift involves calculating model drift and subtracting it
from the experiment, implicitly assuming that legacy behavior does not feed back on
the experiment (Bindschadler et al., 2012).

We calculate model drift by performing a reference run for each initial state where
the mean climate of the last 10 yr of the initialization is applied. For the GRACE epoch,
cumulative mass changes of —50 Gt (“constant-climate”), —281 Gt (“paleo-climate”),
and —-205 Gt (“flux-corrected”) are attributed to model drift, corresponding to 5 %, 13 %,
and 15 % of the total mass change, respectively. After subtracting model drift, simulated
mass loss trends are —132 Gta™' for the constant-climate hindcast, —258 Gta™' for the
paleo-climate hindcast, and —169 Gta™~' for the flux-corrected hindcast (Table 2).

The constant-climate hindcast exhibits the smallest drift, only minimally affecting the
mass loss trend. In comparison, the drift of the paleo-climate and flux-corrected hind-
casts are ~5.5 x and 4 x higher. Now the mass loss of the flux-corrected is of the right
order of magnitude, while “paleo-climate” is still too high. Ideally the flux-corrected
hindcast should exhibit little to no drift at all, as flux-correction methods are supposed
to compensate for drift. This is, however, not the case in our simulation. Similarly,
Rahmstorf (1995) observes a residual drift in flux-corrected coupled ocean-atmosphere
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general circulation model (AOGCM) simulations. Improved physics, higher resolutions,
and more physically-consistent coupling have rendered flux corrections mostly unnec-
essary in AOGCMs. Thus flux correction methods may be seen as a temporary remedy,
until better coupling to the atmosphere is established.

Surface elevation changes corrected for model drift are shown in Fig. 7. The surface
elevation changes pattern changes little when subtracting model drift, still exhibiting
large transients not present in observations.

5 Conclusions

It has become clear that an initial state achieving a good fit with both spatially-rich
surface speeds and rates of change of total ice mass may still misrepresent important
characteristics (ice discharge and ice thickness are two examples). Additional metrics
for validation are needed. Informally speaking, it is possible to “get the right result for
the wrong reason”.

Our analysis identifies spatially-rich time-series of observations as preferred vali-
dation metrics. Fortunately the number of both remotely-sensed and in situ obser-
vations is constantly growing. For example, spatially-distributed mass loss estimates
from GRACE (e.g. Luthcke et al., 2012) and temporal variation in ice surface velocity
(Joughin et al., 2010; Moon et al., 2012) are already available. Dated isochrones could
be compared to the modeled age field. Future studies should take advantage of these
data sets for validation.

In this study the dynamical state remains misrepresented by the “paleo-climate”
and “flux-corrected” initial states, with potential implications for prognostic simulations.
By using surface elevation changes as validation metric, it becomes evident that the
“constant-climate” initialization performs significantly better than “paleo-climate” and
“flux-corrected”. Removing the model drift in this comparison changes the mass loss
trend, but the spatial patterns are not significantly affected.
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We have demonstrated that ice sheet models are capable of transforming climate
forcing into simulated mass loss from the ice sheet in a realistic way. Our model suc-
cessfully reproduces the seasonal signal and decadal trends in mass loss as well as the
velocity structure using only a few ice-sheet-wide parameters. The comparison of ini-
tialization strategies shows that the model response to climate forcing is sensitive to the
initial state on decadal time scales, emphasizing the importance of well-validated initial
states for reliable projections. We recommend thorough validation of initial states used
for prognostic simulations, and hindcasting offers a viable validation strategy. Hindcast-
ing is not limited to our particular choice of climate forcing and ice sheet model.

Further progress in ice-ocean coupling is necessary to also assess the variability in
ice discharge, and future studies must quantify model sensitivities on longer, century to
millennia, time-scales. The contribution of ice sheets may remain the major uncertainty
in quantifying sea-level rise projections for the upcoming Fifth Assessment Report of
IPCC (Vaughan and Arthern, 2007). The achievable accuracy of the model projections
will depend on incompleteness in model physics, including calving mechanism, on un-
certainties in boundary and initial states, and the quality of data available for validation
(Vaughan and Arthern, 2007; Alley and Joughin, 2012). This work is a step towards
more accurate initial states.

Supplementary material related to this article is available online at:
http://www.the-cryosphere-discuss.net/6/5069/2012/tcd-6-5069-2012-supplement.
pdf.
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Table 1. Initial states and model performance statistics. The root mean square error (RMSE)
is given. Also listed are observed ice volume and GRACE trend (Luthcke et al., 2012), the
correlation coefficient, r, and the detrended correlation coefficient, 7. Ice volume is calculated
by integrating ice thickness in space and multiplying by the density of ice (910kg m‘3).

observed “constant-climate” “paleo-climate” “flux-corrected”

ice volume

initial volume (10°km®)  2.93 3.17 3.38 2.96"
ice thickness

avg difference (m) 99 122 60"
rms difference (m) 199 244 19
surface speed

RMSE (ma™") 43 46 45
mass trend

trend (Gta™") -223 -139 -299 -198
r () 0.92 0.99 0.99
F (=) 0.86 0.86 0.83
RMSE (Gt) 130 104 62

" Ice thickness was used in the initialization, hence this metric is not available for validation, and only shown for
comparison.
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Table 2. Simulated mass loss trends before and after drift removal for the three hindcasts.

before drift correction  after drift correction change
(Gta™) (Gta™) (Gta™) (%)
“constant-climate” -139 -132 +7 +5
“paleo-climate” -299 -258 +40 +13
“flux-corrected” -198 -169 +30 +15
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Fig. 1. Measured and modeled horizontal surface speeds. (a) SAR (Joughin et al., 2010). (b)
Constant-climate hindcast. (¢) Paleo-climate hindcast. (d) Flux-corrected paleo-climate hind-
cast. MODIS mosaic in the background is courtesy of M. Fahnestock. Values are in meters per
year. Surface speeds are masked where observed ice thickness is less than 100 m.
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Fig. 2. Relative difference in ice thickness (model-observation)/observation. (a) Constant-
climate hindcast. (b) Paleo-climate hindcast. (¢) Flux-corrected paleo-climate hindcast (only
shown for comparison, as ice thickness was part of the initialization). Blue and red colors in-
dicate the model under- and over-estimates ice thickness, respectively. Brown color indicates
areas where observed ice thickness is zero but the model simulates an ice thickness in excess

of 100 m.
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Fig. 3. Relative difference in surface speeds (model-observation)/observation. (a) Constant-
climate hindcast. (b) Paleo-climate hindcast. (¢) Flux-corrected hindcast. Blue and red colors
indicate the model under- and over-estimates surface speed, respectively. Areas of observed
surface speeds smaller than 100ma™" (92 % of observed speeds) are masked out because
small absolute speed differences result in large relative speed differences. Also uncertainties
in SAR-derived surface speeds are higher in slow-flowing areas.
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Fig. 4. Observed and modeled cumulative mass changes. 10-day solutions from GRACE ob-
servations (Luthcke et al., 2012) and simulated daily values starting from the three initial states.
The inset figure shows the regression analysis; trends are given in the legend and correlation

coefficients are listed in Table 1.
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mass flux [Gt a-1]

Fig. 5. Simulated mass fluxes from 1990 to 2010. Climatic mass balance (solid line) and ice
discharge (dashed line). For comparison the ice discharge estimate for 1996 (van den Broeke
et al., 2009) is shown (black dotted line). Time-series are smoothed with a 13-month running-
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Fig. 6. Observed and modeled surface elevation change from October 2003 to November 2009.
(a) ICESat (Sgrensen et al., 2011). (b) Constant-climate hindcast. (¢) Paleo-climate hindcast.

(d) Flux-corrected paleo-climate hindcast. Values are in meters.
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Fig. 7. Observed and modeled surface elevation change from October 2003 to November 2009
after subtracting the corresponding reference simulations. (a) ICESat (Segrensen et al., 2011).
(b) Constant-climate hindcast. (¢) Paleo-climate hindcast. (d) Flux-corrected hindcast. MODIS

mosaic in the background is courtesy of M. Fahnestock. Values are in meters.
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