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Abstract

A new technique for generating ice sheet preindustrial 1850 initial conditions for cou-
pled ice-sheet/climate models is developed and demonstrated over the Greenland Ice
Sheet using the Community Earth System Model (CESM). Paleoclimate end-member
simulations and ice core data are used to derive continuous surface mass balance5

fields which are used to force a long transient ice sheet model simulation. The proce-
dure accounts for the evolution of climate through the last glacial period and converges
to a simulated preindustrial 1850 ice sheet that is geometrically and thermodynamically
consistent with the 1850 preindustrial simulated CESM state, yet contains a transient
memory of past climate that compares well to observations and independent model10

studies. This allows future coupled ice-sheet/climate projections of climate change that
include ice sheets to integrate the effect of past climate conditions on the state of the
Greenland Ice Sheet, while maintaining system-wide continuity between past and fu-
ture climate simulations.

1 Introduction15

Ice sheets play an important role in regulating critical aspects of the climate system
such as sea level rise (Foster and Rohling, 2013), atmospheric circulation (Ridley et al.,
2005) and ocean circulation (Weaver et al., 2003). Ice sheets can be considered cou-
pled components of the climate system for several reasons. Ice sheet geometry is
closely related to climate via the surface mass balance (SMB) and surface tempera-20

ture. SMB determines where ice accumulates or melts and thus helps set the ice sheet
geometry. The surface temperature of the ice sheet is also set by the climate; this signal
advects and diffuses into the ice sheet where it interacts with frictional and geothermal
heat signals to set the internal ice temperature distribution. The internal temperature
plays an important role in long-term ice dynamics by affecting ice rheology and limiting25

of basal sliding to regions of the bed where temperatures at the pressure-dependent
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melting point (Cuffey and Patterson, 2010). Conversely, ice sheets influence regional-
to-hemispheric circulation patterns, oceanic freshwater fluxes and regional tempera-
tures.

Coupled ice-sheet/climate models are powerful tools for constraining the behavior of
ice sheets because they capture important feedbacks between ice sheets and climate5

and calculate the SMB using in-line energy balance calculations. Thus, an increasing
number of fully coupled ice-sheet/climate models are in active development and have
recently been used to perform a wide range of experiments (Vizcaı́no et al., 2010;
Fyke et al., 2011; Lipscomb et al., 2013; Gregory et al., 2012). An important aspect of
coupled ice-sheet/climate simulations is generation of consistent initial coupled climate10

and ice sheet conditions. In coupled climate models, full system consistency between
all components of the climate model is required before prognostic experiments can
proceed. In traditional non-ice-sheet-enabled models consistency is gained via spin-up
from some initial condition, often observations, and integrated forward with coupling
between components enabled. Ice sheets excluded, the bottleneck to full climate sys-15

tem equilibration is typically the deep ocean which equilibrates on the order of ∼ 103 yr.
Given the first-order stability of the late Holocene, equilibrium initial conditions for future
climate change simulations are typically generated by spin-ups under constant prein-
dustrial 1850 external forcing such that at year 1850 all the components of the climate
are in equilibrium with each other and with the constant external forcing.20

Inclusion of ice sheets in coupled models renders this traditional “equilibrium” spin-up
approach problematic. Ice sheets reach quasi-equilibrium on the order of average deep
ice residence and lithospheric relaxation timescales, ∼ 104 −105 yr. The present-day
Greenland and Antarctic ice sheets (GIS/AIS) thus contain a thermal memory of past
glacial periods that influences present-day and future ice sheet dynamics. In addition to25

the thermal signature, Antarctica may still be responding directly to residual geometric
imbalances from the last deglaciation (Huybrechts and LeMeur, 1999).

Because future ice sheet response depends on the internal ice temperature and the
state of present-day dynamic equilibrium, conventional practice with standalone ice
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models has been to use computationally inexpensive climate drivers to spin-up through
at least one previous glacial-interglacial cycle prior to future projections. This generates
ice sheet states with reasonable preindustrial 1850 internal temperature fields and a
potential non-equilibrium dynamic drift. The climate forcing is typically obtained through
the use of paleoclimate time series (often oxygen isotope records) as drivers of cali-5

brated, spatially-distributed, time-varying mass balance and temperature fields (e.g.
Cuffey and Marshall, 2000; Applegate et al., 2012). These techniques have the ad-
vantage of being computationally cheap. Also, users are relatively free to adjust the
climate forcing such that the resulting calibrated ice sheet reasonably approximates
present-day.10

Unlike standalone ice sheet models, fully coupled ice-sheet/climate models cannot
currently perform long synchronous spin-ups. The basic obstacle is computational ex-
pense: full climate models (or even climate models of intermediate complexity) cannot
typically run synchronously for 104 to 105 yr, which is the length of time required to in-
still ice sheet components of the model with proper history-dependent internal temper-15

atures. Additionally, the complex interactions between components of a coupled model
and the requirements of global mass and energy conservation in most global mod-
els make it impossible to apply simple calibrations to any in-line SMB model. Existing
attempts to circumvent these basic problems in coupled models that use an energy
balance model for SMB display various shortcomings. For example:20

– A computationally cheaper climate parameterization could be used to force an ice
sheet model through one or more glacial periods (Vizcaı́no et al., 2010). At some
point, the resulting ice sheet could be inserted into the climate model. However,
this approach results in an artificial discontinuity in the ice dynamic response due
to a step-function change in climate forcing that potentially affects future simula-25

tions.

– A PDD-based SMB model could be used for past climates
(Otto-Bliesner et al., 2006), with anomalies to model-simulated preindustrial
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1850 temperature/precipitation conditions calculated using paleoclimate time
series. However, an analogous approach to scaling inputs to the SMB model is
not feasible for full energy balance-based SMB models. Also, if a PDD model is
used during spin-up, a discontinuity will occur when the transition to the energy
balance model occurs.5

– Asynchronous coupling could be used to accelerate the ice sheet and orbital forc-
ings, relative to the rest of the climate. However, abyssal ocean and ice sheet-
related limits to asynchronicity (Calov et al., 2009) still necessitate an extremely
long climate simulation of 10 kyr or more to cover the entirety of the last glacial
cycle.10

– The ice sheet/climate model could be spun up under constant preindustrial 1850
forcing. However, this neglects any effect of climate history on preindustrial 1850
ice sheet conditions.

These issues point to a need for alternate methods for generating spun-up ice sheets
for use in coupled models, that have reasonable internal memories of past climate yet15

are consistent with the simulated preindustrial 1850 climate. Here, we explore one such
method with the Community Earth System Model (CESM).

A summary of this paper is as follows: in Sect. 2 we detail important aspects of the
SMB model, the procedure for generating transient SMB forcing for the last glacial pe-
riod and how this forcing drives an ice sheet model. In Sect. 3 we demonstrate the20

ability of this method to simulate a preindustrial 1850 ice sheet state that is consis-
tent with the simulated preindustrial 1850 and past climate model states. Section 4
describes potential future ice sheet and climate model developments that could im-
prove the spun-up preindustrial 1850 ice sheet state. We also contrast spin-up of ice
sheet models against inversion-based initialization methods in the context of coupled25

ice-sheet/climate modeling.
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2 Methodology

The ice sheet spin-up technique described here can be briefly described as follows: a
climate model is used to simulate Last Glacial Maximum (LGM), mid-Holocene Opti-
mum (MHO) and preindustrial 1850 climate states, from which equilibrium 30-yr SMB
climatology matrices at all (x,y ,z) locations over Greenland are extracted. Composite5

SMBs at times between these climate end-members are then calculated using weight-
ing based on the NGRIP ice core δO18 record (Wolff et al., 2010).

2.1 End-member SMB generation

Previously, Brady et al. (2013) generated fully-coupled equilibrium climate states for
the LGM and MHO using the Community Climate System Model 4. The same model10

was also spun up under 1850 conditions (Landrum et al., 2012). Included in the output
of each of these simulations were the necessary fields required to drive standalone
Community Land Model (CLM) simulations. The final 30 yr of data from each of these
simulations were used to drive three standalone CLM V4.0 (Oleson et al., 2010) “IG”
simulations, which included calculations for generating in-line SMB values for multiple15

elevation classes over the Greenland landmass. The final 30 yr of SMB for each CLM
simulation were then downscaled (Lipscomb et al., 2013) and used as end-member
forcings for a 122 kyr standalone 5 km resolution, shallow-ice-approximation Commu-
nity Ice Sheet Model (CISM1) simulation. 30-yr SMB climatologies (as opposed to a
simple mean SMB climatology) were used to ensure any non-zero effects on SMB due20

to inter annual variability (Pritchard et al., 2008) were properly captured.
An advantage of the CLM SMB calculations is the use of sub-grid “virtual” elevation

classes, where SMB calculations are carried out even if no ice exists at a given ele-
vation at run-time (the area of these virtual land areas is set to zero during run-time,
but SMB values are still saved to file). This feature allows for calculation of physically25

realistic SMB values at all (x,y ,z) locations and times over the GIS domain and is valu-
able in the context of the ice sheet spin-up because as the GIS ice surface evolves in
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(x,y ,z) space, it is always in contact with SMB values. This avoids complexities related
to generating SMB lapse rates (Helsen et al., 2012) and allows climate model-derived
SMB values to be used directly during the ice sheet model simulation.

2.2 Continuous paleo-SMB forcing generation

Standalone ice sheet spin-up procedures aimed at generating a reasonable preindus-5

trial 1850 GIS are typically initialized at the Last Interglacial (LIG) or earlier and run
forward for full length of the last glacial cycle to ensure a proper imprint of past cli-
mate on preindustrial 1850 ice sheet conditions. Given the basic lack of an appropriate
CESM coupled LIG simulation, we assumed the MHO to be the best approximation
for the LIG and copied this forcing for use as idealized initial end-member LIG SMB10

forcing. The bias in ice sheet evolution resulting from MHO forcing in place of LIG
forcing has little effect on the final preindustrial 1850 ice sheet state (which is the pri-
mary target of the simulation) since the memory of this forcing is largely swept from
the system during the ∼50 kyr cold glacial period (Sect. 3). To recreate the transient
climate signal seen over the GIS during the last glacial epoch, a technique from stan-15

dalone ice sheet model spin-ups was adopted and modified. First, representative LGM,
MHO and preindustrial 1850 δO18 values were determined by averaging 600 yr of nor-
malized NGRIP values bounding each time period (for the preindustrial 1850, NGRIP
values corresponding to the interval 1250–1850 were used) from the NGRIP δO18

record (Wolff et al., 2010). A 600-yr average value was used to avoid aliasing of end20

member NGRIP values due to high-frequency variability in the NGRIP record. The
NGRIP time series was then thresholded slightly to account for the fact that time peri-
ods represented by the climate model end member simulations did not fall exactly on
maximum/minimum MHO/LGM NGRIP values. This avoided extrapolation of SMB val-
ues beyond the cold/warm LGM/MHO cases, which would have potentially introduced25

non-realistic SMB values such as negative SMB at the summit during the LGM, or too-
high accumulation during the LIG. The primary impact of this thresholding was to set
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SMB values of cold pre-LGM glacial interstadials to LGM values, despite suggestions
from the isotopic record that these periods were potentially more extreme.

The thresholded NGRIP-derived time series was then used as an interpolation
weighting function to calculate SMB for any time and location in Greenland between
the LIG and preindustrial year 1850. Climate was assumed constant over 600-yr in-5

tervals. For each interval, a weight between bracketing end-members was determined
via an average of the NGRIP values contained in the 600-yr period. A looped, 30 yr
climatology was then constructed for this period by a linear combination of SMB values
from the appropriate years of the bounding end-member climates:

←−
wt =

δ18OEM+1
−δ18OCC

δ18OEM+1
−δ18OEM−1

(1)10

−→
wt = 1−←−wt (2)

SMB(x,y ,z)yr=1:30
CC

= [SMB(x,y ,z)yr=1:30
←−−
EM

←−
wt]+ [SMB(x,y ,z)yr=1:30

−−→
EM

−→
wt] (3)

←−−
EM and

−−→
EM represent bounding end member climates for a particular mid-run cli-

mate period CC. For example, for a period CC in midst of the last glacial period,15 ←−−
EM=LIG and

−−→
EM=LGM.

The resulting daisy-chain of looped climatologies provides the time-continuous forc-
ing for the long standalone ice sheet simulation. A main advantage of the procedure is
that it converges towards the simulated preindustrial 1850 climatological SMB forcing
at year 1850. Thus, the ice sheet at 1850 will be in thermodynamic consistency with20

both the simulated preindustrial 1850 climate, and pre-1850 climate evolution.
The ice sheet model had previously undergone a perturbed-physics analysis to de-

termine a set of ice sheet parameters that corresponded to an optimal steady-state
GIS geometry under constant preindustrial 1850 climate (Lipscomb et al., 2013).
We adopted these parameters for the present study. Compared to the simulations25

2498

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/6/2491/2013/gmdd-6-2491-2013-print.pdf
http://www.geosci-model-dev-discuss.net/6/2491/2013/gmdd-6-2491-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
6, 2491–2516, 2013

Ice sheet spin-up for
coupled models

J. G. Fyke et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

presented in Lipscomb et al. (2013), some additional model changes have been im-
plemented. The number of elevation columns was increased to 36, the maximum snow
depth was increased to 5 m water equivalent and a sub-grid snow-rain partitioning rou-
tine to segregate incoming precipitation based on downscaled surface temperature was
included.5

3 Results

A simulation was performed to evaluate the ability of the procedure to generate a prein-
dustrial 1850 ice sheet state that was consistent with climate model forcing. In the fol-
lowing discussion this simulation is termed the “transient” spin-up. To gauge the impact
of the spin-up technique on the state of the ice sheet at 1850 a parallel simulation (the10

“equilibrium” spin-up) was carried out in which a similarly-configured ice sheet model
was forced with constant preindustrial 1850 conditions.

3.1 Evolution of surface forcing conditions

An important aspect of the procedure is its ability to generate physically reasonable
transient forcing fields for the ice sheet model throughout the course of the simulation.15

Figures 1 and 2 show the evolution of temperature and SMB in the surface layer of
the ice sheet model at the observed summit and a western ablation zone location. A
comparison of these two time series highlights important strengths of the spin-up tech-
nique. Near-surface temperature trends on the margin are similar to interior trends. As
expected, temperatures in both regions decrease during glacial periods. The tempera-20

ture at the summit ranges from −30 ◦C to −40 ◦C: the maximum temperature compares
well with that reconstructed from the GRIP temperature profile (Dahl-Jensen et al.,
1998), but the minimum temperature is significantly warmer, in part due to the thresh-
olding of the NGRIP δO18 record described in Sect. 2. Surface temperatures at the
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marginal location are always warmer than those in the interior, ranging from −7 ◦C to
−21 ◦C.

Conversely, SMB trends in the interior are generally anti-correlated to trends on the
margin. During a glacial state, summit SMB decreases from over 0.2 m yr−1 LWE to
0.11 m yr−1 LWE, in excellent agreement with accumulation rates derived from the5

GRIP ice core (Dahl-Jensen et al., 1993). On the other hand, margin SMB increases
from −2 m yr−1 LWE to 0.05 m yr−1. The opposite response of the two locations results
from a lack of ablation in the interior and decreased atmospheric moisture transport
in glacial climates. At the summit, since no ablation occurs at any time, the simu-
lated decrease in precipitation during glacial periods causes a decrease in SMB. This10

decrease is due to a combination of decreased moisture availability from increased
sea ice cover, decreased marine boundary layer evaporative potential, and decreased
moisture-carrying capacity of cold air. Reproduction of the interior SMB decrease in
glacial climates is thus realistic and serves as a validation of the basic climate model
physics. In contrast, marginal SMB increases strongly during glacial periods. This is15

simply due to a reduction in ablation during glacial periods which overwhelms any rel-
atively small decrease in accumulation.

3.2 Evolution of ice sheet temperature

The ice sheet model was initialized at 122 ka with a present-day geometry based on
a modified version of Bamber et al. (2001) and an internal temperature profile that20

trended linearly from a modeled preindustrial 1850 surface temperature to the location-
specific pressure-dependent melting point, minus 2 ◦C. From this initial condition the
transient temperature and SMB forcings drove a thermal ice sheet response. Figure 3a
plots the evolution of internal temperatures for the ice underlying the observed summit
location. The first ∼20 kyr of simulation are dominated by the slow spin-up of the ice25

temperature, mainly a cooling at mid-depths. This process is accelerated by strong
surface cooling as the climate begins to drop into the glacial. The next ∼60 kyr are
dominated by periodic pulses of cold ice advecting to depth. The next ∼23 kyr are
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characterized by the strong penetration of cold LGM ice into the interior of the ice sheet.
The deglacial transition to the warm early-mid Holocene is well-captured in internal
temperatures. The last ∼10 kyr of the simulation are unique for the strong inversion in
the upper temperature profile as cold glacial ice is buried under significantly warmer
deglacial and Holocene ice; at its strongest, ice near the surface is up to 5 ◦C warmer5

than ice at mid-depths. This inversion decreases with time as the cold glacial signal
advects margin-wards and the transition from the MHO to the preindustrial 1850 cools
the upper ice.

The basal temperature shows a very damped response to surface temperatures
changes. However, the extended cold signal of the LGM is sufficient to penetrate to10

the bottom of the ice sheet in these simulations and is actively depressing the basal
temperatures at 1850. This delayed present-day cooling response to LGM conditions
is occurring at the same time that shallower regions of the central ice sheet display
warming, highlighting the multiple response thermodynamic timescales inherent in the
GIS.15

3.3 Evolution of ice sheet geometry

The geometry of the ice sheet evolves freely in time as the simulation proceeds. The
ice summit elevation and location migrates in response to the interior SMB. During
glacial periods the strong decrease in precipitation in the interior is reflected by a 100–
200 m drop in the summit elevation and an eastward summit migration of ∼75 km. At20

the same time, margins of the ice sheet thicken due to decreased ablation. The net
effect of these two processes is a decrease in ice volume during glacial periods since
the decrease in volume in the interior outweighs the increase in marginal thickening.
This trend towards increasing ice volume during warmer periods is potentially biased
by the general overestimation of margin extent in the model: in many places around the25

margin, the ice is too far advanced during the preindustrial. This results in a too-large
ice volume compared to observations (Lipscomb et al., 2013). Because of this climate-
derived bias towards excess ice growth, there is limited room for marginal ice advance
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and growth during glacial periods, allowing the influence of interior volume changes
to dominate. This effect is due to climate-derived SMB biases (Lipscomb et al., 2013)
and as such we note that future improvements to the SMB fields generated by CESM
could change the characteristics of the evolution of ice sheet volume during the spin-up
procedure.5

3.4 Comparison of transient spin-up to equilibrium spin-up at 1850

A comparison of the transient spin-up to the equilibrium spin-up at the end of the sim-
ulation highlights the impact of integrating a realistic climate history into the ice sheet.
Figure 4a plots the difference in internal temperatures at 1850, across the same cross-
section that contains the summit column plotted previously. The difference in temper-10

atures is small (less than 1 ◦C) in the upper ice column, but increases to almost 5 ◦C
in the deep interior. Figure 4b plots the observed GRIP temperature profile (Green-
land Ice-Core Project (GRIP) Members, 1993) against both the GRIP-site transient and
equilibrium spin-up profiles at 1850. The transient spin-up does a significantly better job
at matching the GRIP temperature profile. The agreement between the observed and15

transient spin-up temperature profiles confirms the spin-up procedure’s first-order abil-
ity to capture past ice history accurately despite being driven solely by climate model
output. The temperature at the base of the GRIP core location is significantly warmer
than observed in both models (though less so in the case of the transient spin-up):
this is due to a too-high prescribed geothermal heat flux in this location in the model20

and/or slight spatial biases within the ice sheet model (a ∼40 km shift in the location of
simulated temperature profile would provide a much better basal comparison).

Differences in basal temperatures between the equilibrium and transient spin-up sim-
ulations are shown in Fig. 5. The transient spin-up displays colder basal temperatures
in the interior, with temperatures up to 5 ◦C colder along the major ice divides. The25

remainder of the ice sheet displays almost-equal basal temperatures. The generally
colder basal temperatures in the transient spin-up case could have a large impact on
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regions of the model which experience basal sliding, compared to the equilibrium spin-
up case.

Differences in surface elevation between the two spin-ups are shown in Fig. 6. The
transient spin-up displays large decreases in ice thickness (up to 500 m) in the northern
ice sheet relative to the equilibrium spin-up. This difference arises from the extended5

simulated warm period of the MHO during which ablation is notably higher around the
ice sheet margin (Fig. 2), resulting in margin retreat relative to the equilibrium spin-up.
The interior of the ice sheet is slightly higher than the equilibrium spin-up case, po-
tentially due to the influence of increased precipitation during the MHO. Both of these
effects move the 1850 preindustrial state closer to the observed ice sheet geometry10

compared to the equilibrium spin-up simulation. Over the final 4200 yr of the simula-
tion, the ice sheet is gaining ice volume at a modest rate of 9 km3 yr−1, in agreement
with the estimate of 20 km3 yr−1 made by Huybrechts (1994). The spatial pattern of
surface elevation change dH/dt also agrees qualitatively with Huybrechts (1994), in
that the recent mass gain is concentrated at the margins of the ice sheet, particularly15

the southwest. These results suggest that it may be necessary to integrate not only
LGM climate but also more recent Holocene climate trends into any ice sheet spin-up
procedure in order to accurately capture the large-scale preindustrial 1850 GIS state.

4 Discussion

In Sects. 2 and 3 we described and demonstrated a technique for generating ice sheet20

initial conditions for use in future simulations that are thermodynamically consistent
with forcing from 1850 preindustrial and paleoclimate climate model simulations. The
procedure involves generation of end-member SMB and surface temperature matri-
ces from climate model simulations, followed by a standalone ice sheet model simula-
tion through the last glacial period with forcing derived from interpolated end-member25

SMB values. The procedure is similar in principle to relatively established techniques
for spinning up standalone ice sheet models (e.g. Huybrechts, 1994). The significant
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novelty of the present procedure is that it extends these techniques by utilizing energy-
balanced SMB values generated by a climate model, specifically to generate an ice
sheet state that is amenable for use in fully coupled ice-sheet/climate simulations.

A requirement for accurate spin-up of an ice sheet model is consistent SMB and
temperature forcing fields. Temperature distribution in the interior of the ice sheet is5

controlled is large part by ice advection which in turn is a strong function of accumu-
lation rate (e.g. SMB). In turn, ice temperature controls internal deformation rates via
the temperature dependence of ice rheology and also regulates where basal sliding
can occur. The final spun-up ice sheet geometry is therefore a function of both past
temperature and past SMB; this dual dependency is captured by the procedure de-10

scribed here. In contrast, spin-up processes that insert a scaled spun-up temperature
profile from one ice sheet model into another prior to coupled ice-sheet/climate simu-
lations risk non-physical dynamic transients, potentially out to the timescale of thermal
equilibrium of the ice sheet, ∼20 kyr.

Inverse procedures (e.g. Arthern and Gudmundsson, 2010) have been recently used15

to calculate basal drag coefficient fields such that the difference between simulated and
observed velocities is minimized. However, it is not clear that such methods are fea-
sible alternatives to the approach described here, for fully-coupled ice-sheet/climate
models. Since coupled models are in no way constrained by observations, an equi-
librated coupled model representation of the preindustrial 1850 will invariably display20

biases compared to observations (including biases in ice sheet state): this is the trade-
off for full system consistency. Conversely, an ice sheet state that is in force balance
and reproduces observed velocities will display very small biases but will very likely be
inconsistent with any model-derived climate. As a specific example, if an ice sheet ini-
tialized by an observationally-constrained inverse method was inserted into the CESM25

or another climate model, an initialization shock would presumably occur as the ice
sheet velocities, temperature distribution and geometry re-adjusted to the new modeled
surface forcings. It could be possible to derive a cost function that integrates climate
model surface forcings into the inversion procedure such that the optimal inverted basal
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drag coefficient field results in an ice sheet that best respects both observed velocities
and modeled surface conditions (Price et al., 2011). However, additional issues could
arise. For example, any SMB biases would not be removed but simply transferred to
basal traction coefficient field biases of the ice sheet model. Also, any ice sheet model
in a coupled model must be allowed to expand into ice-free regions. For example, cur-5

rent CESM climate forcing simulates perennial snow cover and thus in-situ ice sheet
growth in several initially ice-free marginal GIS regions during the transient spin-up. It
is not clear how inversion techniques could properly account for this climate-dependent
growth of ice, the presence of which is necessary for simulated preindustrial 1850 cli-
mate consistency and certainly for coupled simulations of colder climate periods such10

as the LGM.
Several recent studies have utilized large ensembles of ice sheet simulations to opti-

mize important ice sheet model parameters (Stone et al., 2010; Applegate et al., 2012;
Lipscomb et al., 2013). The impact of a transient spin-up on optimal ice sheet param-
eters could manifest in several ways. A transient spin-up results in colder interior tem-15

peratures in much of the interior of the ice sheet, particularly in deeper regions where
deformational flow is strongest. Thus, the optimal ice sheet parameter set should tend
to have a higher flow enhancement factor compared to an equilibrium spin-up, if this
is one free parameter in the optimization. Lower basal temperatures should shrink the
regions where basal sliding occurs. To compensate, optimal basal sliding coefficients20

should generally be higher in sliding regions for the case where transient spin-ups are
used.

The ice sheet model currently implemented in CESM is a shallow-ice-approximation
model with relatively simple representations of, for example, geothermal heat flux
and ice deformation and sliding. Improvements to the model that may affect the long25

spin-up simulation could include use of fuller lithospheric heat conduction calculations
(Rogozhina et al., 2011), a spatial distribution of basal coefficients, or use of a higher-
order ice sheet model that better captures outlet glacier dynamics (Price et al., 2011).
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However, we suggest that the response of a model with these improvements would be
qualitatively similar to those presented here.

Improvements to climate model-derived forcing could have an impact on the evolu-
tion of the ice sheet model through the last glacial period. Particularly, CLM4 under
CESM forcing tends to produce too little ablation and/or the growth of in-situ ice around5

the GIS margins, resulting in excessive ice growth. Were this climate bias improved, ice
volume and area evolutions and the final state of the GIS at 1850 could be altered. Im-
proving CESM-derived SMB is an ongoing project and future repeats of this simulation
could show changes to the 1850 ice sheet geometry and temperature distribution that
reflect structural changes to the CESM. However, here we primarily wish to demon-10

strate the feasibility of the approach, using presently available coupled simulations. To
that end, the generation of spatially variable SMB trends of opposite sign, the residual
LGM internal ice temperature signal that matches observations and the accurate mi-
gration of the summit elevation through time, suggest to us that the spin-up technique
is reasonable.15

5 Conclusions

We have described and demonstrated a new procedure for generating 1850 preindus-
trial ice sheet states for use in fully coupled ice-sheet/climate models which results
in a preindustrial 1850 ice sheet model state that is consistent with simulated 1850
preindustrial forcing but which also contains a consistent thermodynamic memory of20

climate-model-simulated paleoclimatic conditions. As a result, the effect of past climate
on future ice sheet evolution is captured while non-physical trends in the ice sheet
component of future ice-sheet/climate simulations are avoided, in fully coupled model
simulations.

The technique was developed within the CESM framework. It uses ice core data25

to guide interpolation of SMB fields generated from CLM simulations (driven by
forcing from previous fully-coupled CESM simulations) in order to generate the
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time-continuous forcing required for long ice sheet spin-up simulations. Unique to
this approach is the use of matrices of energy-balance-derived SMB fields from end-
member climate model simulations instead of simpler positive-degree-day approaches.
Importantly, the procedure results in an ice sheet geometry and temperature distribu-
tion that fully reflects both simulated 1850 preindustrial and earlier paleoclimate climate5

states yet avoids artificial climate forcing discontinuities, which we suggest is a neces-
sary precondition for consistent fully-coupled simulations of future ice sheet changes.

We demonstrated the feasibility of the procedure for the Greenland Ice Sheet. The
simulated ice sheet displayed realistic ice sheet evolution during the course of the spin-
up, including realistic SMB trends, summit migration and internal temperature evolution.10

At year 1850, a realistic residual LGM thermal signature was present in the simulated
ice sheet and important improvements were apparent over a corresponding spin-up
using constant preindustrial 1850 forcing. Internal and basal ice temperatures were up
to 5 ◦C cooler compared to a spin-up forced with constant preindustrial 1850 condi-
tions and ice sheet thicknesses was improved in places by up to 500 m. Biases in ice15

thickness due to climate model forcing biases existed around the margins. However,
these do not preclude the effectiveness of the spin-up procedure. They rather empha-
size that improvement to the climate-side SMB generation are an important component
of generating more realistic spun-up ice sheets. Thus, we are confident that the tech-
nique described here is a feasible approach to for generating consistent ice sheet initial20

conditions within a fully coupled ice-sheet/climate model framework.

Acknowledgements. The authors wish to acknowledge Bette Otto-Bliesner and colleagues for
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Fig. 1. Evolution of representative margin/summit temperatures. Flat sections of the time series
result from thresholding the NGRIP core, as described in Sect. 2.
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Fig. 2. Evolution of representative margin/summit SMB. Note, time series have different vertical
axes scaling, in order to highlight the anti-correlated relationship between the two.
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27Fig. 3. (a) Temperature evolution through time of the simulated ice column at the location of the
observed GIS summit; (b) basal temperature evolution.
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Fig. 5. Difference in basal temperatures between transient and equilibrium spin-up simulations
(blue: transient simulation is colder). Dashed line is the zero-contour.
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Fig. 6. Difference in surface height between transient and equilibrium spin-up simulations (blue:
transient simulation is lower). Dashed line is the zero-contour.
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