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Driving a high-resolution dynamic ice-sheet model with
GCM climate: ice-sheet initiation at 116 000 sp
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ABSTRACT. Most dynamic ice-sheet studies currently use either empirically based
parameterizations or simple energy-balance climate models for the surface mass-balance
forcing. If three-dimensional global climate maodels (GCMs) could be used instead, they
would greatly improve the potential realism of coupled climate ice-sheet simulations.
However, there are two serious problems in simulating realistic mass balances on ice
sheets from GCM simulations: (i) dynamic ice-sheet models and the underlying bedrock
topography need horizontal resolution of 50100 km or less, but the finest practical reso-
lution ol atmospheric GCMs is currently ~250 km, and (ii) GCM surface physics usually
neglects the local refreezing of meltwater on ice sheets.

Two techniques arc described that address these problems: an elevation correction
applied to the atmospheric GCM fields interpolated to the ice-sheet grid, and a refreezing
correction involving the annual totals of snowfall, rainfall and local melt at each grid-
point. As an example of their use, we have used the GENESIS version 2 GCM at
375 % 375" resolution to simulate the climate at the end of the last interglaciation at
~116 000 years ago. The atmospheric climate is then used to drive a standard two-dimen-
sional dynamic ice-sheet mnde& for 10 000 years ona 0.5" x 0.5 grid spanning northern
North America. The model successfully predicts ice-sheet initiation over the BafTin Island
highlands and the Canadian Archipelago, but at a slower rate than observed. A large ice
sheet nucleates and grows rapidly over the northwestern Rockies, in conflict with geologic
evidence. Possible reasons for these discrepancies are discussed.

INTRODUCTION (2) The snow and ice physics in most GCMs does not in-

clude important ice-sheet-specific processes such as the
refreezing of meltwater, which does not contribute to
the overall mass balance.

To date, the surface mass balance used to drive most dyna-
mic ice-sheet models has been obtained from present-day
observations, empirically based parameterizations, or sim-
ple energy-balance climate models (e.g. Huybrechts and (3) Most experiments involving ice-sheet evolution require
Oerlemans, 1990; Peliier and Marshall, 1995). Three- that the dynamic ice-sheet model be integrated for
dimensional (3-D) global climate models (GCMs) are an- several thousand years at least, whereas the longest fea-
other possible source of this forcing information, and the sible integration of a GCM for a particular experiment is
only one with the potential to predict past or future changes generally a few decades.

due to variations in storm tracks, surface wind speeds, clou- In this paper we describe techniques that address these

diness and other variables that depend on 3-D atmospheric
dynamics.

However there are two serious problems in attempting
to predict mass balances on ice-sheet surfaces from GCM
simulations, and one issue of a more pragmatic nature:

(1) Dynamic ice-sheet models require horizontal resolutions
of < 50 100 km properly 1o resolve steep slopes near the
ice-sheet edge, and small-scale topographic features
such as highlands important for ice-sheet initiation. In
contrast, the finest horizontal resolution of atmospheric
GCMs that is currently feasible for multi-decadal simu-

lations is ~250 km. Moreover, the spectral truncation of

topography in  medium-resolution spectral GCMs
causes a spurious lowering of relatively small-scale fea-
tures such as the Greenland plateau by about 500 m. As
a result the simulated mass balance over Greenland and
paleo-ice sheets has often been much too negative (Rind,
1987; Broceoli and Manabe, 1993).

problems, and illustrate their use in a coupled GCM ice-
sheet simulation of Laurentide ice sheet initiation at the
end of the last interglaciation at ~116 000 years ago (hence-
forth 116 ka B ). The GCM used is a new medium-resolution
version of the GENESIS (Global ENvironmental and Eco-
logical Simulation of Interactive Systems) global climate
model, which incorporates the techniques described below
and yields realistic mass balance over present-day Green-
land and Antarctica (Thompson and Pollard, 1997a). The
application to ice-sheet initiation is a good testbed for the
scaling technique, since the Laurentide is thought to have
originated on high, but relatively small, platcaus on Balfin
Island, Labrador and Keewatin, which are not resolved at
all by the GCM topography.

Verbitsky and Oglesby (1992, 1995), Schlesinger and
Verbitsky (1996) and Verbitsky and Saltzman (1995) have
broken new ground in coupling GCMs with a dynamic ice-
sheet model. In the first three papers, the GCM and ice-
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sheet models both used coarse  horizontal  resolutions
5 x 75 or4 x 3 InVerbitsky and Saltzman (1995
high-resolution (10 km) ice-sheet model was used; however,
the surface mass-balance foreing signal due to increased
CO. scaled drastically to compensate for the GOM
several-fold overprediction of present-day Antarctic precipi-
tation, and computed on the coarse GOM grid and used
without accounting for the scale or relreezing problems men-
tioned above. In a sense our work complements these papers
by suggesting techniques to improve the coupling between
GUMs and ice sheets.

In the following scetion we deseribe briefly the GCM,
the techniques that address the problems listed above, and
the dynamic ice-sheet model itself) Then the results of the
initiation experiment at 6 ka sp are presented. As shown
below. the model predicts rapid growth of a large ice sheet
over the northern Rockies in Alaska and western Canacda,
and much slower growth over Ballin Island and the Canadian
Archipelago, in contradiction with the geologic evidence of
rapid growth over the latter and no initial growth over Alaska
or western Canada. In the last section we discuss por
reasons for the discrepancy, including an extension of the
coupling technique to account for sub-grid topographic reliel.

a

DESCRIPTION OF MODELS AND COUPLING
STRATEGY

GCM

The GCM used here is version 20a of GENESIS [ hereafier
abbreviated o version 25, [t has been developed at NCAR
with emphasis on tervestrial, bioph I and cryospheric
processes, for the purpose of performing greenhouse and
paleoclimatic experiments. An carlier version 11.02) of the
model with coarser atmospheric resolution has been des-
cribed in Thompson and Pollard (1995a, b1 and Pollard
and Thompson (1994, 1995, Present-day results with version
2 are signilicantly improved over version 102, and the new
physics in version 2 and its present-day climate including
Greenland and Antarctic mass balance is deseribed in
Thompson and Pollard (1997a). For brevity, only a few basic
features of the model are mentioned here; more complete
descriptions are given in the above references, and a short
outline is included in Thompson and Pollard (1997h).

The standard version-2 maodel consists of an atmo-
spheric GCM (AGCM) coupled 1o muli-laver models of
vegetation. soil or land ice. and snow. Sea-surface temper-
atures (SST5) and sca ice are computed using a 50 m slab
oceanic layer, and a dynamic sca-ice model. 'I'he AGCM
grid is independent of the surlace grids the nominal AGCM
resolution is spectral T31 ~375 x 373 1 with 18 vertical
levels, and the surface model’s grid is 2 x 2, with an over-

all GEM time-step of 0.5 hours. These resolutions were used
for the GCM experiments described below. For the land-
surface model, present-day vegetation attributes such as
leal-

ea indices, [ractional cover, lealalbedos, ete., are pre-
scribed from off=line results of a predictive natural-vegeta-
tdon model (the EVE model: personal communication
from . Bergengren, 1996). The EVE model can also be run
interactively, with the global vegetation distributions re-
computed onee each year using the previous year’s GOM
climate (experiment minus control. This capability has
been used for the 16 ka Be experiment described below 1o

allow climate-vegetation interactions thought to be impor-
tant at that time (Gallimore and Kutzhach, 1996),

Correction for ice-sheet elevation

In arder 10 drive an ice-sheet model. the annual mass
balance simulated at each ice gridpoint by the GCM should
be realistic. This is hampered by the coarse horizontal reso-
lution of most AGCMs 1y pically a few hundred kilometers)
and the consequent inability of the AGCGM to resolve fine-
scale vertical relief. For instance, in medium-resolution
speetral GCMs, such as ours, the high plateaus on Baffin Is-
land are completely absent. and the central Greenland pla-
teau is truncated by more than 500m Fig L. which
translate into surface-air temperature errors that over-
whelm predicted rates of summer ice melt. This problem is
addressed in version 2 by adjusting the AGCM metcorolo-
gical fields passed to the surface physics module at cach
time-step to accouttt for the known topographic error. First,
the AGOM lowest-level fields (air temperature, wind speed,
specific humidirty, incident radiation and precipitation ) are
horizontally interpolated 1o the liner surface-model grid.
Secondly, the temperature, humidity and incoming infrared
radiation are corrected for the error between the AGCN
spectrally truncated wpography and the true topography
on the surface grid. using simple adjustments based on a
constant lapse rate of - 70 Ckm ' The adjusted atmospheric
valu re used to foree the snow and i
physics on existing or potential ice-sheet surfaces. This pro-
cedure is described in detail in Thompson and Pollard (1997,
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Fig. 1. Cross section of present-dqy elevations above mean sea
level, running linearly ( roughly east-navtheast ) from Hudsan
Bay (63 N.90 1) to the north Greenland Sea (78 N,
101V, passing elose to the highest region on Baffin Istand
( Penny Highland ) and the Greenland summit. This transect
is shown as a straight line in Figure 2a. Solid line: vealistic
10 min topography ( Cuming and Hawkins, 1981 Kineman,
1983) averaged to aur 0.5 x 0.5 resolution. Dashed line:
spectrally truncated 131 topography used by our AGCAL.

Correction for refreezing of meltwater

In most GCMs any snowmelt or icemelt on ice sheets is im-
mediately removed Irom cach gridbox and considered “run-
ofl™y (same GCGMs then veturn it w the oceans via a river-
routing scheme . However, it has long been recognized that
local snowmelt and icemelt does not immediately leave an
ice sheet. In order to do so, the local melt would [irst have
to (11 percolate through underlying snow, (2) join a surlace
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stream and flow 10s ta 100s of km to the ice-sheet edge, or (3)
flow down a moulin into the englacial drainage system and
then to the edge, Instead, much of the surface melt refreezes,
especially in step (1), and so does not constitute a loss to the
current year’s net mass budget. Relatively little is known
about the extent of refreezing in steps (2) and (3). but consid-
crable data and modeling work are available concerning (1),
To first order (Pleffer and others, 1991), the snowmelt in the
ablation zone in early summer is not mobile, and refreczes
locally in the previous winter’s snowpack above the imperme-
able ice horizon left from the previous fall. This starts o
warm and saturate the snowpack. Only after the snowpack
has been warmed to melting point, and is nearly 100% satu-
rated, is most of it mobile enough to join a surface stream and/
or sub-surface drainage system and travel long distances.

We have adopted the simple parameterization of Plefler
and others (1991), which expresses the amount of local re-
freezing in terms of local annual winter snowfall and 1ol
summer surface melt. The annual mass balance B at cach
gridpoint is given by:

B=S+R-wM-F (1)

where S is the annual snowfall, R is the annual rainfall, Eis
the annual evaporation, and M is the annual snowmelt plus
icemelt plas rainfall on bare ice. (In our GCM, rain [alling
on snow immediately freezes into the snowpack, and rain
falling on bare ice becomes local runoff). In Equation (1), »
is the fraction of the snowmelt/icemelt/rain that escapes the
ice sheet without refreczing, given by

v = max [Il: min[1: (M/S— (J.T)/().;i]] (2)

where max [£; y] (or minfz; y]) means the greater (or lesser)
of wand y. This basically follows equation (A2) of Plefler and
others (1991, with the non-dimensional ratio 0.7 representing
their typical values for snow density and winter temperature
(the latter is not important since the saturation requirement
cominates that of warming the snow ). I the denaminator 0.3
in Equation (2) is reduced towards zero, the equation
becomes exactly the condition for runoff described by Plet-
fer and others (1991); however by using the value 0.3 we have
smoothed the transition to allow for horizontal heterogene-
ity within a gridbox, grading from 0% high in the accumu-
lation zone where no melt becomes mobile (above the
“runofl’limit” of Plelfer and others (1991)), to 100% lower in
the ablation zone, where all snowmelt and icemelt even-
tually becomes mobile, The quantities S, R, M and E are
stored for each surface model gridpoint on the GCM history
files produced for each year’s simulation, and the correction
for refrecezing is applicd a posteriori alter the GCM run is
completed. It would, of course, be preferable to apply a

model of the refreezing process at each GCM time-step as
part of the on-line model physics; logically, this would
require the inclusion of moisture percolation and snow
compactness in our GCM snow model. a process that is
planned for future research.

Dynamic ice-sheet model

To simulate ice-sheet evolution over thousands of years, we
employ a standard two-dimensional 2-ID) maodel of ice
dynamics and bedrock response with a horizontal resolu-
tion of 0.5 x 0.5". The coupling to the GCM is described
in the next subsection. The dynamic ice equation is derived
[rom the vertically integrated continuity equation for ice

mass, assuming the ice sheet deforms mainly by shear at or
near the base under its own weight, and neglecting temper-
ature effects and basal surging (c.g. Paterson, 1981; Pelticr
and Marshall, 1995).

oh -
= Vu[ADU Va4 ) [+ )| + B
[¢
(3)
where h(.r. gy, 1) is the ice thickness, by, (r, y. t) is the bedrock
clevation above sea level, m =3, A=20m %a ' and

B(r. y.t) is the surface mass balance in ma 'caleulated by
the GCM. Ice shelves are neglected in the current model,
and /i is set 10 zero over all occan points.

The depression or uplift of the underlying bedrock is
simply a local relaxation to isostatic equilibrium, lagged by
3000 years (e.g. Peltier and Marshall, 1993

Ohy, 1 [

o T
where 1" is the ice-free equilibrinm bedrock clevation
asl, 7=3000a, p, =920kgm *is the ice density. and
pe = 3300 kgm "is the hedrock density.

Due to the highly non-linear terms in Equation (3, time-
implicit numerical methods are required for stability as the
cquation is marched forward. We use an alternating direc-
tion implicit (ADI) scheme (MahalTy, 1976), and for cach
horizontal dimension in turn we use a tridiagonal Newton
Raphson scheme with implicit contributions from every

By, =y, —ﬂh] (H

I

term involving h. Equations (3) and (4) are solved on a reg-
ular 0.5 x 0.5 latitude-longitude grid, with a time-step ol'5
years.

Asynchronous coupling

To estimate the total mass balance on prescribed major ice
sheets, the GCM's surface-model 27 x 2 grid is adequate
(Thompson and Pollard, 1997a. ). However, as mentioned
resolution there 0.5 x 0.5 ) is needed
adequately to represent ice dynamics and fine-scale topo-
graphy such as the Baflin Island highlands. It is not yet com-
putationally feasible to reduce our GCM surface-model grid
that much, so we must first run the GOM while storing the
required AGCM meteorological fields at ‘T'31 resolution,
and then separately run a snow- and ice-surface model and
the dynamic ice-sheet model, interpolating the AGCM T3l
fields to the 3" x 0.5 grid and applying the elevation and
refreezing corrections.

In principle. it would be possible 1o save the required
AGOCM fields every few hours through an entire GCM inte-
gration of ~ 10 equilibrated years, which would preserve diur-
nal cycles and intra- and inter-annual variability, However,
that would use very large amounts of disk space, and, for the
application described below, we stored only the ensemble
monthly means over a 10 year GCM integration, and added
a synthetic diurnal eycle to drive the snow/ice-surface model.
The steps of the whole procedure are as follows:

above, a liner surfac

1) Run the GCM for at least ~10 equilibrated years at T31
(375 x 375 ) AGCM and 2 x 2 surface resolutions,
with ice sheets and hedrock preseribed at their current
elevations. Store monthly means of the lowest-level
(~30m) AGCM ficlds needed for snow/ice-surlace ply-
sics (air temperature, specific humidity, wind speed,
cloudiness. rainfall, snowfall, downward incident solar
and infrared radiation. surface pressure and T3l-trun-
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cated surface elevatian, averaged over the last 10 vears
ol the mregration.

Ly the stored monthly mean AGCM fields. run a mul-
t-laver snow/ice-sheet surface-column muodel ar cach
point an the 05 < 05 dynmamic ice-sheet grid, throngh
several here bovears umtila repeated annual eyele of sur-

actly the same stow fice-sutface
in the GOM with the same 0.5 hour

face melt is reached,
mnodel coede is used ¢
time-step. and the same constant-{lux boundary-layer for-

mulatinm is used to prediet sensible and latent heat fluxes
ar the surfaces A vach 03 hooe gme=step, 0 merpolae
the mothly mean T30 AGCA fivlds Bvarky wmovime
beaveen the two surrounding mid=month ponns, (0 m-
terpotate these T3E felds  In-linearly
05 x 04 . perform the clevation correction des-
cribed above o aceount for the dillerenee beoween the rea-
listic 0.3 x 05 elevation, and  the 1731
interpolited (o (15 % (L
divrnul eveles o air temperature and incoming solar rad-
iation, For the Tast ol the | vears, accumulate the annual

space 1o

clevation
and ivioadd simiple svachetic

mean snowlall, rainfall, local melt and evaporation, and
apply the refreczing correction | Equations (1 and (20 1o
ohtain the annual mass balance at cach 05 = 05 grid-
point. T'his is done hoth lor existing ice points and for ~“po-
tential” iee points that may hecome iee covered instep (31
due vither o positive local accamulation or e ice flow
trom nearby ice-sheet points (see below |

w

Using the predicied annnal surface mass-halance Gield.
run the dynanne jee sheets and bedrock | FEguanons (3)
and (b through several hundred (heee 5000 vears. Adier
thai e, changes in air temperature due 1o changing
ice-shieet surface elevations can he significant. so repeat
step (20 including the 4 year spin-up of the snow/ice-sur-
Lace madel with updated surface elevations (h+ ) o
compute a new mass-halanee ficld

Repeat the evele ol steps (20 and (30 many here 200
times o integrate the dynamic ice sheets and bedrock
through several thousand here 10007 years with invar-
iant GCM climate

In a long-term asynchronous simulation of ¢limate and
ieesshert evolution over 100107 o, the changing ice-sheel
size and the Earthis orbital pavameters themselves would

significantly alier the climate. Thus step 1 would be re-
peated at intervals of several thousand years with the
GUMs preseribed ice-sheer mask and surface topogra-
phy updated 1o reflect the current state of the dynanne
ice sheets and bedrock  Pollard and others, 19900 Flow-
ever in the application below we have essentially per-

tormed ouly the first step o such an integration, and

have stopped the simulation alter 10000 years withow

re-running the GCNL

Apart from the GOM integration, step (20 uses by Lar the
most computer time. Consequently, for the application des-
cribed helow, we did nat run the snow/icessurface model on
a global 05 % 05 grid, but only over the domain of
interest  North America above 500 N - And, within that do-

main, we perform step 20 only for those 095 > L4 points

where an updated mass balance is absoluely necessary (i
all points for the first iteration, and subsequently only those
points where elevations have changed by mare than 1hm

sinee the previous ieration, or which are within 200 km of

anexisting ice-sheet point and so might beeame ice coverid
during step (31 due w ice-sheet How 1.

APPLICATION AT 116 ka sp
Background

At the end of the last interglaciution  about 120115 ka se

the global e volume deduced from 8™0 deep-sea core and
sei-level records suddenly hegan w increase. The rate ol ice
arowth over the nest 10000 vears was very rapid, corres-
ponding 1 global seadevel drap ol about 3 m eg Shacks
leton, 1987 During that ume the Earths orbit was
particularly conducive (o cold Northern Hemispherie sum-
mers and ce growth, with a minimum in summer half=year
insolation al northern mid-latitudes ar 116 ka s lervestrial
geologic evidenee points to initial growth in the first ~3001
vears of small ice caps on (he highlands of Baffin Island.
Labrador, Keewatin and Victoria Island  see ligure 4 in
Vincemt and Prest, 1987 Clark and others, 1993 which
merged to form an carly Laurentde ice sheet covering

northeastern Canada alter about 10000 years. For conveni-
ence the locations of these sites and others mentioned helow,
anel the present-day wopography, are shown in Fig

Early GCM meodeling attempts (o simulate this initia-
Rind and others, 1989, The lirst
GOM experiment o produce positive net annual snow ac-

e 2

tion were unsnecessful (¢

e

cumulation in high northern lavtudes at around 115 ka s
was performed by Sykius and others (1994, followed by
Dong and Valdes (1995, Schlesinger and Verbitsky (1996
and Gallimore and Kutzbach (1996). However these were
all coarse- or medinm-resolution GCMs with no elevation
or refreezing covrections, and witli litde ability 1o resolve
relatively smull highlands in BalTin Island and other initia-
tion sites. The elevation of Baltin Ishand in Dong and Val-
dess T2 GONM with envelope orography is 330w, still
considerably less than the righer ~500 100 ki seale plaeans
see Fig, 1 and Fig 2h1) Consequently, those studies pro-

l'l”l‘l’d SNOwW -ll'(’lln]ll]i‘lillll e \‘\i(l['ﬁ')”'l"
ol 63 N i northern Canada, Al ndimavia, Russia
and/or Siberia, depending on the particalar ran. Other ivpes
ol modehng stuches hove long cmphastzed the uaportance ot
smiall-scale highlands (or ice-sheer initaton,  including
cnergy=halance models ol snow-line altnades  Willians,
1979 one-dimensional ice-sheet models of glacial cveles

as poleward

Birehlield and others, 19829 and 2-D ice-sheer models of
ice-sheet inidation  Andrews and Mahafty, 1976, The late
studies suggest that small-scale highlunds are necessary fin
ice=sheet initiation, since the snow line never descends w the
widespread Tow-lying elevations in northern Canada - Fig.
20 Instead, small dee caps are nieleated an the highlands,
and then quickly grow vertically and spread horzomally o
maintain net positve balance (Abe-Ouehi and Blaew, (9494

Experimental setup

We have vun the version 2 GOM for present-day and for

16 ka ne, with computed slal §
and stored monthly mean AGOM data averaged over th

s and dynamic sea ice,

last 10 vears ol fully equilibrated rons witl ol lengths of
Haned 20 years, respectively, and with the last B years hiw-
ing no detectahle trends in global mean temperatures, sea-
e amounis, etes The only preseribed differences hetween
the present-clay and Hoka sp GON simulations were the
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Fig. 2. {a) Approximate focations of place names mentioned in the texi, A, Axel Heiberg Island; Ba, Barnes fee Cap ( Baffin
Istund ); Bp, Penny Hiphtand and Ice Cap 1 Baffin Istand ): By, Bylat Isfand; BE, Banks Iiand; BR, Brooks Range; D), Devan
Istand; B, Eitesmere Island: K, Keewatin; L, Lubrador: 8. Saint Elias Range: V. Victoria Istand. The straight line shows the
transect platted in Figure 1. { b ) Preseni-day elsvations above mean sea level, in meters, averaged 0 0.5 * % 0.5 resolution. Green-
tund is masked out in these and subsequent figures for reasons given in the lexi.

Earth's orhit and the amounts of greenhuuse gases. Then the
dynamic ice model has been drivan as described ahave for
10000 years using the two sets of AGCM fields. For 116ka
Br, the orbital clements used (Berger, 1978) were: eccentri-
city = 0041410, obliquity = 22488 , and precession =
94.28° prograde [rom the Northern Hemisphere antumnal
equinox to perihelion.

The atmospheric COj concentration was reduced from
our preseni-day value of 345 ppmv to 314 ppmv for 116 ka rp.
The actual pre-industrial and last interglaciul value wax
more like 280 ppmy, but the value of 314 attempts to account
simply for model biases due o the severaldecade lag
between the climate to which the GCM is tuned and 1he
current GOy level. Following that same logic, the aime-
spheric CH, concentration was reduced from our presem-
day value of 1653 ppmvy w 1088 ppmv Tor 116 ka (not 1o its
pre-industrial value of ~063 ppnv), and the other mode]
trace gas amounts (NyO, CFC,, CFCyy) were unchanged
trom the present-day valucs. even though they were smaller
or non-cxistent at 116 ka se. Preseni and past amounts of
greenhouse gases are reviewed in Houghton and others
11990). All ether prescribed GEM parameters and fields in

the model were unchanged from the present day, including
the land- ocean—ice-sheet map, topography, atmospheric-
ozene distribution, gravity-wave surface roughness, and soil
texturcs.

As mentioned in a previoos section, the vegetation dis-
tribution responds interactively to the GOM climate in our
116 ka 8P runs, so the colder summer temperatures at high
northern Tatitudes have produced considerable southward
expansion [t the order of ~400km) of tundra and polar
deserl into the boreal forests of North America and Russia,
This in turn causes lurther cooling due to reduced snow
masking and higher albedos. In similar, nown-interactive
GCM vegetation experiments, Harrison and others (1995)
have predicted comparable changes in vegetation, and Gal-
limene and Kutzhach (1996) have found that the vegetation-
snow-masking feedback contributes significantly to the oc-
currence of positive net annual snow accumulation

For the ice dynamics and bedrock model (Equations (3)
and (4}), the only prescribed fields are the ice-free equili-
brium bedrock elevations and a land ocean mask on the
0.3% % 0.5° grid. These were obtained from the present-day
10 min U.8. Navy FNOC global elevation dataser {Cuming
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and Hawkins. 198]; Kineman, 1985), aggregated simply to
05° x 0.5 resolution. This neglects small amounts of post-
glacial rebound (<150 m) still to necyr around Hudson Bay
and Scandinavia. Of course the use of present-day topogra-
phy for equilibrium bedrock elevation is not valid over exist-
ing ice sheets such as Greenland and Antarctica, which ix
why Greenland is masked out of the figures presented helow.
We neglect the same type of error caused by small ice caps
cxisting today on Baffin Island, the Canadian Archipclago
and the northern Rockies, which causes Jucal errors on the
arder of a few fundred meters (for instance, Barnes Tee Cap
ani Baffin Island, one of the largest, is <600 m thick at the
center (Mahafly. 1976) ). Although these can act as spurious
sites for ice-sheet nucleation assuming they vanished com-
pletcly during the last interglaciation, we feel the error docs
not affect the results below where our ice-sheet buildup
occurs on comsiderably wider scales. However this errer
should bie cerrected in more detailed studies in the future.

Results

Figure 3a shows ice thicknesses b simulated over North
Amcrica by integrating Equations (3) and (4) for [0 000 years,
forced by the AGCM climate for the present day as outlined
in the scetion dealing with asynchronous coupling After
10000 years these small ice caps have nearly equilibrated

with the present GCM climate and (heir areally integrated
mass balances are close 1w zero, In general the predicted
locations of permatent ice correspand well with present-day
ice caps and glaciers, On Baffin Island. the Penny lee Capin
the south and the Bylot Island ice cap in the north are
simulated, although the central Barnes Tre Cap und others
along the east coasi are missing. Ice caps on eastern Devon
Island and Ellesmere Island arc as ohserved, but the model
produces oo much ice on western Ellesmere and Axel Hei-
herg Islands. The model produces a large ice cap that nucle-
ates on the Saint Elias Range (61° N, 140° W and expands 1o
the north, Extensive mountain glaciers and ice caps exist in
that range today, but they are closer 1o the coast and not as
thick or extensive as that of the model. One reason for this
discrepancy could he the model’s neglect of sub-grid ifiner
than 05% topographic selief in mountainous areas, as dis-
cussed in the next section,

Figure 3h shows the same ice thickness map alier 10000
years, hut forced by the AGCM climate for 1i6ka sp,
Although zome additional ice caps have nucleated or ex-
panded on Baflin, Nevon and Ellesmere Islands, the
amount of growth in northeastern Canada and the Archipe-
lago is nothing like what is observed. The model's western
ice shect has enlarged considerably, compared to the pre-
sent, and is still growing, but this is contrary to uncertain)
geologic evidence of no significant icc-sheet growth in

ke | " )
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Fig. 3, Iee-sheet thicknesses in meters, predicted over North America gftera 10000 year integration of the dyramic ice model forced

by AGCM climate. (a) Present day. (b) 116 ka vp.
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Alaska or western Canada until later in the glaciation
1~80 ka nr; Clark and others, 1993).

One possible cause for the model's fallure 1o produce sig-
nificant ice cxpansion in Figure 3bis that the GEM dimate
may be slightly 100 "ablative”, perhaps due to warm biases in
surface-air temperatuce (in fact the GCM's. present-day
cimate is several degrees ton warm over northeastern
Canada). We can atempt to compensate for-such an error
by using vbserved monthly cimatological surfacc-air temp-
erature data instead of the GCM’s values in driving the
snow/ice-surface model in step (2) for the present day. For
116 ka Be we use the change in surface-air temperature [rom
the present predicted by the GCM, added to the present-day
ohserved values. Figure 4 shows the resulting ire-sheet
thicknesses after 10000 years of dynamic jmtegration for
the prescnt day and 116ka 8. The present distribution
[ Fig. 4a) has equilibrated after 10000 years but is now some-
whal overéstimated, with too much ice cover on central and
wesern Ellesmere Island, and a large ~I000m thick
western ice sheet on the Alaska Ganada horder. Yor 16 ka
gp (Fig. 4b) there is much greater expansion than before
(cf, Fig,. 3b); with continuous thick ice over most of Baffin
Island and ice caps on Banks and Victorla Islands to the
west, [T our ice model permitted ice shelving and expansion
acrnss ocean straits, it is possible that the ice caps on Baffin,

Devon and Ellesmere Islands would have coalesced and
grown much higger during chis integeation. However, the
model still produces no nucleation on Keewatin or Labra-
dor. By far the biggesl expansion in terms afice valume in
Figure 4b occurred in Alaska and northwestern Canada,
with a huge ~2000 m western ice sheeq (that is siill growing
rapidly after I0 000 years) and u thinner ice sheet covering
the Brooks Range to the north; but as mentioned above, the

-avaitable geologic data indicate no major ice growth in these

regions until much laser.

DISCUSSION

There are two obvicus problems with aur predicted ice dis-
tributions for 116 ka ¢ in Figures 3b and 4h,

(1) The rate of increase of ice volume over North America is
an order of magnitude less than that implied by 8%0Q
deep-sea core and sea-tevel records following (he end of
the Tast mmrg]mmuun Our values uvrragcrl over the
10000 year mlc%r.mnn are 0.39 x 10°km” for Figures
3b and 0.39 x 10°km® for Figure 45, which correspond

1o sea-level drops of LIm and 31m compared to the
observed drap of about 50 i in 10000 years (c.g Shack-
leton, 1987),
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Fig 4. ta) As Figure 3a except using ob

{ surfiice-air temperattires ( Leemans and Crames, 1991)

instead of AGCM ralues. (0) As Figure 35 except mmg dbserued s surface-air temperaiures plus the difference between AGCM

116 ka BF and present-day values,
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120 The terrestrial geologic evidence shows that most ol the
global ice growth during 115-103 ka Be occurred over
northeastern Canada. and not in western North Ameri-
ca (and probably not dominantly in Europe, Russia or
Antarctica: Dawson, 1992 However, our model predicts
the growth ol a large ice sheet in northwestern Canada
and southern Alaska.
northeastern Canada.

and relatively anemic grow th over

During the 116- 106 ka se interval, the real climate proh-
ably changed significantly due to the varying Earth orbit,
the growing Northern Hemispheric ice sheets, and possibly
other factors. These changes are neglected inour 10 000 year
ice=sheer integration, since {or economy we used the GCM
lorcing for 116 ka ge throughout. However, during that in-
terval, the Earth’s orbit tended towards warmer Northern
Hemispheric summers and presumably greater ice ablation.
which we suspect dominated the albedo feedback effect on
the growing ice sheets. So, had we re-run the GCM at more

frequent intervals (say every 3000 years), this would prob-
ably have produced even less ice growth and made the
simulation in northeastern Canada even more unrealistic.
One possible cause of the first problem may be that our
GCM s not sensitive enough 1o orbital changes. For in-
stance, our summer surface-air temperatures over land
poleward of ~60° N for [16 ka e are generally 2 1 Ceooler
than the present (not shown'. In Dong and Valdes™ (1995
GOM experiment for 115 ka sp, their cooling over northern
Siberia and Keewatin is ~8 C, where there are large snow
accumulations their figures 17a and 191, In Gallimore and
Kutzbachs 1996) GCM with changed vegetation, their
summer cooling over northern North America is even
larger (~23 Q! their table 1, with widespread large snow
accumulations. Schlesinger and Verbitsky 1996/ do not re-

port regional temperature changes, but their coarse-grid
GCMice-sheet model produces North American ice-
growth rates that are considerably greater than ours.
Changes in precipitation in northeastern Canada may also
be important; Andrews (1979), among others, has pointed
out that drastically increased snowfall rates compared to
the present precipitation must have occurred in that region
around 116 ka BP to account for the global rate of'ice growth,
However, neither ours nor any other GCM sindy mentioned
above has reported any drastic increase in 1otal precipita-
tion rates in northeastern Canada.

As mentioned above, our GCM does include the interac-
tive vegetation—climate feedback that may be important at
116 ka Be (Gallimore and Kutzbach, 1996). Our paramet-
erization ol oceanic heat flux in the Norwegian Sea
(Thompson and Pollard, 1997a, b1 that keeps the region
ice-free in winter, may be unrealistic for 116 ka 8P and may
inhibit changes in precipitation in the Arctic region. We have

performed an additional short experiment for 116 ka B with
heat flux turned off, and, although sea ice covers the Nor-
wegian Sea in winter as expected, no great increases in
snowfall or reductions in summer temperatures occurred
over Canada, and there were no significant ditferences in
the ice-sheet results. However. that does not preclude large
changes in oceanic circulation in the North Atlantic or else-

where, the investigation of which will require the use of

coupled occan—atmosphere GCMs. As the quality, scope
and resolution of GCMs improve in the future, hopefully a
better consensus on the sensitivity of the climate in ice-sheet
initiation regions to orbital changes will emerge.

The inaccurate response of the GCAI to orbital changes
on a regional scale might also be responsible for our second
problem excessive ice growth in western Canada and
Alaska . There are no dramatic changes in the GCN
annual precipitation or winter snowfall over northern
North America at 116 ka sp, and the summer temperatures
drop uniformly by 2+ C.  Larger drops of 4-8 C occur
over lowlands in north-central Canada, but do not initiate
ice-sheet growth. Given that forcing, it is not surprising that
the ice-sheet model produces huge growth over the north-
western: Rockies, which are by far the dominant topo-
graphic feature in the domain | Fig
slopes of which receive large amounts ol snowfall in the pre-
sent climate.

There is another possible reason for this model error,
due to the effect of sub-grid topography  personal commu-
nication from R. Anderson: Walland and Simmonds, 1996,
The highland plateaus of Baffin Island and northeastern
Canada are quite smooth at the ~50 km scale, and so are
heet gnd, In
contrast, there is caonsiderable sub-grid relief” in more
rugged mountain ranges like the Rockies tand in particular,
the Saint Elias Range, with standard deviations of peaks
andl valleys ol the order of ~300 1000 m within one grideell
el fig. 3 in Mactarlane, 1987, However our model simulates
only one value of the net annual snow/ice mass balance,
using the mean clevation of the grideell That computed
balance may be positive. But in reality, even though there
is probably greater accumulation on the high peaks. the ice
flows rapidly down the steep sub-grid slopes into the much
lower and warmer valleys where it may all melt in summer
and drain into rivers, producing a stable alpine environment
ol high-mountain glaciers and ice-lree valleys with zero

2 and the western

adequately resolved by our 85 % 13 ic

large-scale ice growth. Inclusion of this effect in our snow

jre model step (2 would inhibit the initiation of gridscale
ice over rugged terrain, and we are currently working along
those lines.

CONCLUSION

In summary, we have deseribed a method (or coupling
solution GCMs with high lution
dynamic ice-sheet models. In this endeavor, care is needed
to compensate for two potentially serious sources of error.
First, the coarse GCM horizontal resolution cannot resolve
relatively small-scale topographic features such as the cast—
west profile of Greenland, steep ice-sheet flanks, and impor-
tant ice-sheet initiation sites such as the Baffin Island high-
lands. These topographical ervors translate 1o ervors in the

e- and mediume-r

GCM's summer surface-air temperatures that can over-
whelm predictions of ice ablation and net annual mass
balance. unless carrected for an the finer ice-sheet grid. See-
ondly, the GCM snow
include ice-sheet-speci
meltwater, that can significantly modify the effective ice-
sheet mass balance.

We believe that the techniques outlined above substan-
tially solve these problems, and the sequence outlined in
the section pertaining to asynchronous coupling provides a
practical means of implementing them in an asynchronous
time-marching scheme. ‘lTogether these methods open the
door to viable simulations of coupled GCM ice-sheet evolu-
tion over tens of thousands of years, that can be used for ap-

fice-surface physics usually does not

c processes such as the refreezing of
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plications such as ice-sheet initiation at the end of the last
interglaciation, the sequence of events through the last de-
glaciarion, and the responses of Greenland and Antarcrica
to anthropogenic climate change in the next several hun-

dred ycars,
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