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Abstract. We have coupled the FAMOUS global AOGCM cal climate.
to the Glimmer thermomechanical ice-sheet model in order
to study the development of ice-sheets in north-east Araeric
(Laurentia) and north-west Europe (Fennoscandia) follow-
ing glacial inception. This first use of a coupled AOGCM- 1 Introduction

ice-sheet model for a study of change on long paleeoclimate

timescales is made possible by the low computational costThe repeated formation, advance, retreat and disappearanc
of FAMOUS, despite its inclusion of physical parameterisa- of extensive Northern Hemisphere (NH) ice-sheets is the
tions of a similar complexity to those of higher-resolution defining characteristic of the glacial cycles of the Pleis-
AOGCMs. With the orbital forcing of 115 ka BP, FAMOUS; tocene. Ice-sheets are very sensitive to climate change
Glimmer produces ice-caps on the Canadian Arctic islandsthrough its effect on their surface mass balance (SMBac-

on the north-west coast of Hudson Bay, and in southern Scaneumulation (mostly snowfall) minus surface ablation (nhost
dinavia, which over 50 ka grow to occupy the Keewatin melting followed by runoffy—Fhey-; they feed back on
region of the Canadian mainland and all of Fennoscandiaregional and global climate change through their effects
Their growth is eventually halted by increasing coastal.iceon albedeandsurfaceenergybatancetopographysurface
discharge. The expansion of the ice-sheets influences theharacteristiceand altitude, and freshwater runoff into the
regional climate, which becomes cooler, reducing the ablaocean. Understanding in detail the enormous and complex
tion, while-precipitationinereasesiee-andice accumulates  changes in climate and ice-sheets which take place during
in places that initially do not have positive surface mads ba glacial cycles is an important challenge of Earth system sci
ance. The results suggest the possibility thatitherentides, ence, and a crucial source of information about how ice-
glaeiatienrglaciationof north-eastAmericacould have be-  sheets may respond to anthropogenic climate change.

gun on the Canadian Arctic islands, producing a regional |t g generally accepted thite timing-of glacialeyelesis
climate change that caused or enhanced the growth of ic@akedtoglacialcyclesarisefrom variations in insolation that

on the mainland. The increase in albedo due to snow angesylt from changes in the orientation of the Earth’s axis of
ice cover is the dominant feedback on the area of the icerqtation and in its orbit around the sun (referred to as ‘taibi
sheets, and acts rapidly, whereas the feedback of topograptharameters”). However, the magnitude of the resulting cli-
on SMB doeS not become Signiﬁcant fOI‘ SeVeral CenturieSmate Change iS greaﬂy magnified by feedback from Changes
but eventually has a large effect on the thickening of the ice jp jce-sheets and the concentration of greenhouse gases in
sheets. These two positive feedbacks are mutually reinforcipe atmosphere(gHewitt and Mitchell 7). Various au-
ing. In addition the change in topography perturbs the trQpo thors have studied the conditions necessary for glacial in-
spheric circulation, producing some reduction of cloud andcept|on—| e. the start of ice-sheet growtin the Northern
mitigating the local cooling along the margin of the Lauren- HemispherdDong and Valdé$, 195 Yoshimori ef L., 2002;
tide ice-sheet. Our experiments demonstrate the imp@tandknodri et al. | 2003; Vettoretti and Pellier, 2003; Caloviét a
and complexity of the interactions between ice-sheets@nd | 200%:[ Otieno and Bromwikh, 2009; Born el ., 2010). The
s focus of the present work is on the effect of ice-sheet—déma
Correspondence tal. M. Gregory interactions on the growth of the ice-sheets followihg
(j.m.gregory@reading.ac.uk) glacialinception.
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2 J. M. Gregory et al.: Modelling large-scale ice-sheetrate interactions following glacial inception

This study requires a coupled ice-sheet—climate modelfocus, althoughour modelintegrationsare manythousands
The type of climate model containing the most com- of yeardong,wefix theboundaryconditiongorbitalforcing,
plete and detailed representation of the physical pro-atmosphericcomposition,sea-level,coastlineand bedrock
cesses relevant to ice-sheet—climate interactions idwee+t  altitude), as describedn following sections. Thus, we do
dimensional coupled atmosphere—ocean general circalationotattemptto producea comprehensiveimulationof actual
model (AOGCM). Owing to their computational expense, the evolutionof theice-sheetsluringthe lastglacialcycle, That
state-of-the-art AOGCMs used for climate change predictio purposewould require model developmentsvhich are not
simulate only a few years per day when using hundreds ofyet available.
CPU cores. Consequently studies of tlaéure-evolution The focus of this work requiresthe capacityto simulate
of ice-sheets using AOGCMs coupled to ice-sheet modelghe various effects of ice-sheetson their regionalclimate.
have been limited to considering a few millennia at mostThe high surfacealbedoof ice and snow tendsto reduce
(Ridley et al.| 200¢; Vizcaino ethil.. 2008, 2D1Bperefere  the absorbedsolar radiation. Thickening of the ice-sheet

Threesimplified approaches hatiereforebeen followedss  increasesits surfacealtitude. At higher altitude, surface

in previous work on ice-sheet evolution on multi-millerinia air temperatureis usually lower, and this will tend to

timescales during glacial cycles.
Oneapproachlheseapproachesre discussedn greater
detail in_the informative review by )

reducesurfacaneltingby sensibléeneatingandnetdownward
longwave radiation. Cloudinessand precipitation also
dependon altitude, but the relationshipsare geographicall

One approach(Marshall et al. [ 2002|_Charbit etlal., 2002; dependenandmay haveeithersign. An ice-sheemay cool
iZweck and Huybrechts| _2005; _Tarasov and Peéltler, [2006the air blowing over it and thus cool surroundingice-free

|lAbe-Ouchi et al.,| 2007) is to use an ice-sheet mode
alone, forced by a prescribed time-dependent climate th
is estimated by interpolating between short steady-stat

atmospherésCM simulations for differenprescribedice-is

sheet sizes and other forcing factors. This method lim-
its the number of degrees of freedom that can be rep

lareas. The emergencef new topographyas the ice-sheet

rowsmayinfluencethelarge-scal@tmosphericirculation,

qvith consequenliocal andregionaleffectson manyaspects

of climate. All of thesemechanismsrerepresenteth our
model, to the extent permitted by the approximationsof

spatialresolutionandphysicalschemes.

resented in ice-sheet—climate interaction. Another ap-

proach (Wang and Mysak, 2002; Kagevama et @al., 2004;
Calov et al. [ 2035 Charhit etlal., 2605; Calov ét AL, 2009;2 Simulation of recent and incipient glacial climates
Bonelli et al., 9;|_Ganopolski etlall, 2010; Fyke étal.,

2011) is to use an ice-sheet model interactively coupleoWe employ the FAMOUS AOGCM (version name AD-
to a climate model of reduced complexity. Such med- TAN, www.famous.ac. uk._Jones ef 05), which is a low-
els simplify the representation of atmospheric dynamicsresolution version of the extensively used HadCM3 AOGCM
and thermodynamics in a variety of ways which may af- (Gordon et dl., 2000). The HadCM3 simulation of present-
fect the simulation of relevant feedbacks, for example con-day climate is of comparable realism to many more recently
cerning moisture transport, cloudiness and precipitationdeveloped AOGCMs_(Reichler and Kim, 2008). FAMOUS

Fhescapproachesre-diseussedin—greaterdetail-in—theiss
informativereviewby—A third approactfRidley et al.[ 2010;
Herrington and Poulskh, 201B)to run theice-sheemodel
continuouslycoupledto an atmospher&CM or AOGCM,
which is run for short periods separatedy hundredsor
thousandf years. Becausehe ice-sheemodel SMB and:eo
the climate model topographyand surfaceconditionsare
updatedatherinfrequently,the evolution may showabrupt
changesn somequantities.

has a grid-spacing of 3.75< 2.5° and 20 levels in the ocean,
and 7.5 x 5° x 11 levels in the atmosphere. The atmo-
sphere timestep is 1 hour and the ocean timestep 12 hours.
FAMOUS is structurally almost identical to HadCM3, and
produces climate and climate-change simulations which are
reasonably similar to HadCM3, but runs about ten times
faster. It is therefore a suitable model for climate experi-
ments involving long or many integrations and it is contin-

' iti uing to be improved.lﬁmﬂh_audﬁ%%) have re-
In the present work, which extends thaf of Brolwne (2009), cently used a later version of FAMOU al.. 2008)

we follow athird-approackan approactbetweernthe secondss
andthethird: we couple an ice-sheet modeteractivelyand

Mo a low-resolution AOGCM, which runs quickly
enough that multi-millennial simulations are feasible,leh

to carry out transient simulations of the whole of the last
glacial cycle but with time-dependent ice-sheets presdrib
as a boundary condition, rather than interactively smumlat

They evaluatedthe simulationsby comparisonwith

retaining the range of interactive processes includedpn ty evidence,found that FAMOUS performswell on several

ical AOGCMs used for climate projectiorBecausehis is 1o
a newmodel,we havechosera limited focusin the present

work, namelyon theinteraction following glacialinception,
of the ice-sheetglevelopingin particularregionswith the
lobal atmosphereand surfaceclimate. Becauseof this

measures.

We carry out simulations for two climates: the Holocene
at the start of the industrial revolution (which we will re-
fer to as “recent”), and the climate during which ice-sheets
were first growing (called “incipient glacial” or “IG”). For
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3 tion, which indicates the energy imbalance of the climate sy
8 tem, is within 0.1 W nt?2 of zero in both integrations, which
1 210 is small compared with the global-mean orbital forcing dif-
45N 1 ference, due to reduced orbital eccentricity, of 0.74 Wm
SONF iy between incipient glacial and recent. The rate of change of
1SN T global-mean SAT (surface-air temperature) is fairly canst

or i in each integration, at0.10 and—0.15 K ka~! respectively
oS 1 zs  for recent and incipient glacial. The Antarctic Dome C deu-

Latitude

jzz terium record of EPICA Community MembEts (2004) indi-
. i cates that SAT was-0.9 K lower than present at 120 ka
55| - i BP, _while by 110 ka BP it was-5.5 K lower than present,
sosk |, - A equivalent to a rate of cooling of abodts Kka~! during
Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Decyy the glacial inception. The simulated climate drift is tallely
BT 2 s small compared with this. We thus consider both FAMOUS
-3 -2 -15 -1 -05 05 1 15 2 3

climates to be steady after 300 years.
The climatology of FAMOUS version ADTAN for recent
Fig. 1. Difference between 115 ka BP (incipient glacial) and recent conditions is evaluated Hy Jones €t bl (2005). Its most no-
conditions (IG minus recent) as a function of latitude amdetiof2s table error is a cold bias in annual-mean SAT and associ-
year in climatological surface air temperature in years-33D of ~ ated excessive sea-ice cover in high northern latitudes (Fi
the FAMOUS-only experiments. ure 3 oflJones et hll, 2005); HadCM3 has a qualitatively
similar but smaller bias. Obviously this bias is relevant to
glacial inception at these latitudesf.(\Vettoretti and Peltiér,
the recent climate we use present-day orbital parameters, F[2003), but it is most pronounced in winter, and it is smaller
the incipient glacial climate we useeerbitalparameteref  in summer, the season when SAT will affect ablation. We
fixed orbital parametersipplicableto 115 ka BP, when sum-  discuss the effect of this bias i@ectiorsectionLd. The
mer top-of-atmosphere (TOA) insolation at the latitudes of bias ean-could be counteracted by targeted adjustment of
northern hemisphere ice-sheets was at a minimum; in June ihodel parameters but this could be deleterious to the sim-
was 33 Wn1? less than in the recent climate averaged gverulation of the incipient glacial climaté_(Smith ef &L, 2H08
50-75N. Reduced summer insolation is favourable for ice-|Gregoire et al.| 2011). Similarly, flux adjustment of the
sheet growth, and studies of glacial inception (such asl cite AOGCM or anomaly coupling to the ice-sheet modelg(
above) have likewise chosen 115 or 116 ka BRaeugh  [Lunt et al.,[2004[ Ridley et All b Vizcaino et al., 208
our-modeHntegrationsare-manythousandssf-yearsleng;  could be used to compensate for the bias, but these tech-
we-fix-the-erbital-parameterghroughoutibecauseuraim,,  niques depend on the assumption that climate change is small
is-only-to-studyice-sheet—climatieractionnotteproduce  enough to be considered a linear perturbation, which will no
asimulationof thelastglacialeycle- be true for the large changes in local climate that develop as
Following-this—aim—al-eur—simulatiensalse-All_our a result of growth of ice-sheetSéctiersectior).
simulationshave interglacial atmospheric composition fixed  Global-mean SAT is slightlywarmer in the incipient
as it was early in the industrial revolution, as normally-eep glacial climate than in the recent climate: for years 301-
resented in FAMOUS (C©290 ppm by volume, CIH793 400 it is287.26 £0.03 K and 286.95 £ 0.03 K respectively.
ppb, N;O 285 pph for comparisonthe CO, concentration  This is consistent with the positive global-mean orbitatfo
of 115 ka BPwasabout270 ppm). We also fix the Green- ing in the incipient glacial climate and is a simple demon-
land and Antarctic ice-sheets with their present-day éxtenstration that global-measguantitiesradiativeforcing or SAT
and topography as normally represented in FAMOUS. Thuscannot predict glacial inception. The relevant indicators
the only difference of boundary conditions between the twoare the much larger latitudinally and seasonally dependent
times of interest is the orbital forcing. changes in zonal-mean surface air temperature of either sig
WeForeacthclimate we carried outa FAMOUS-only inte-  (Figure[l), corresponding to the changes in TOA insolation,
gratiorfer-eachelimate, without Glimmer and without Lau- lagged by about a month due to thermal inertia and the per-
rentide and Fennoscandian ice-sheets. (For reference; Taistence of sea-ice. Cooling in 50-°Rbis greatest in July,
ble[ lists all the FAMOUS experiments we analyse in this warming in April, extending over all longitudes but most pro
paper.)FheyThetwo integrationswere initialised from the  nounced over land.
same FAMOUS state anglererun for 700 years. Since this For a further comparison, we have produced a simulation
starting state was obtained from a different version of FA-of the incipient glacial climate using the HadSM3 climate
MOUS, both integrations exhibit fairly rapid initial clines model, which comprises the HadCM3 atmosphere coupled
drift, which diminishes to a small value during the first 300 to a “slab” ocean of 50 m depth with the same grid-spacing
years. During the remaining 400 years, the TOA net radia-as the atmosphere, and heat convergence calibrated for the
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Table 1. List of FAMOUS experiments discussed in this work. The rnotafl:n indicates an asychronous integration witlGlimmer ice-
sheet years for each FAMOUS climate year; in this notatibe,synchronous integrations are 1:1. “Recent” and “IG” ¢ljoient glacial”)
identify the climate conditions, and for each FAMOUS—-Gliemaxperiment the range of Glimmer years is shown. The two AN -only
experiments were 400 years long, preceded by 300 yearsrofippi

Model configuration Glimmer years
Recent IG
FAMOUS-only none none
FAMOUS-Glimmer synchronous 1-500 1-500
FAMOUS-Glimmer 1:10 1-35000 1-25000
FAMOUS-Glimmer 1:100 — 10000-60000
FAMOUS-Glimmer 1:10 no albedo feedback — 1-10000
FAMOUS-Glimmer 1:10 no topography feedback — 1-12000
1.0F - - - - - ] 3 Coupled ice-sheet—climate model
o5k SRR .

o . 3.1 The ice-sheet model

20 We use the Glimmer ice-sheet model (version 1.0.4), which
was based on the 3D thermomechanical modmayne
), was developed at the Universities of Bristol and Ed-
inburgh [Rutt et 4l 9), and is now an open-source projec
(developer.berlios.de/projects/glimmer-cism). We use t
[ EAMOUS summer 25 Shallow ice approximation for ice-sheet dynamics. This
3 FAMOUS annual 3 is not adequate for simulation of ice-streams but that is

—— HadSM3 summer A A
- - - - HadSM3 annual not a serious concern because we expect the ice-sheets to

-2.0C

1 1 . . -
90S 60S 30S 0 30N 60N 90N be frozen at the bed during the early stages of glaciation.
Latitude ia-the-model—groundedice-cannetadvancebeyondthe
290 j 5 } S

Fig. 2. Zonal-mean surface air temperature difference between the . h delf lati itsthe | heet
annual and summer (JJA) means of the incipient glacial acehte e modeliormualion permising Ice-shee

climates of FAMOUS and HadCM3. to advancento shallowwater,usinga thresholdwvaterdepth
or a flotation criterion to determinethe fimit of grounded
experiments To simulatethisthe advancepf ice beyondthe

recent climate. This model has been used in previous studiegresent-daycoastline the model would need global-mean
of the climate of the Last Glacial Maximurm al., sea-level change as a boundary condimzooz

2008) and the Holocené (Brayshaw dt hl.. 2010). HadsM3and a dynamical treatment ife-shelvesandthe grounding
has higher atmosphere resolution than FAMOUS and smallefine.
biases in its simulation of recent climate, on account of the ~ Glimmer can run in several discontiguous domains simul-
slab ocean heat convergence. Nonetheless HadSM3 and FAgneously. Making use of this facility, we define two separat
MOUS are largely similar in the patterns of the simulated Glimmer grids, with square grid-boxes of arzax 20 km?
differences between the incipient glacial and recent #8%13; on Lambert azimuthal equal-area projection planes, torcove
Both show low-latitude warming in the annual mean, andtwo commonly accepted regions of ice-sheet inception in the
pronounced cooling in mid- to high northern latitudes in north-east of Canada and in Scandinavia, which we call the
summer (Figurgl2). “Laurentia” and “Fennoscandia” domains respectively. The
. _ . . former is centred over Baffin Island at ZBBand 71.5N,
Thereis-a-smallincreasein-annual-measnowdepthing, with 150 grid-boxes inv and 160 iny, the latter in Swe-
FAMOUS-atalmestali-ongitudesnorth-o-60N—However,  den at 17.5E and 63.5N, with 130 grid-boxes inz and
%he#e&nepe#en#nalae&mﬂaﬂemi—sn@#a%a#%eeaﬂen 125 iny. We choosethesetwo regionsbhecausehey are
excepicreentandndAntarcticaintheclimate- amongthosein which glacial inceptionis likely (seealso
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sectiort.4),andtheyarethereforesuitableareagor studyin of variability on all subannual timescales. To choose an ap-

ice-sheet—climatiteraction. propriates 4, we use 100 years of SAT from the FAMOUS
We run Glimmer with 11o-levels, using a timestep of 0.5 incipient glacial climate, and evaluafe at each Glimmer
year. In both domains, we initialise Glimmer as ice-free gridpoint both from hourly data and from the annual cycle as
with present-day (bedrock) topography from the ETOPO2parametrised by the annual scheme. We adgpt=2.8 K
dataset (www.ngdc.noaa.gov/mgg/fliers/01mgg04.htni, ed and 3.1 K for Fennoscandia and Laurentia respectivelyesinc
tion of 2001), which is on a’yrid, and isostatic adjustment these values give the smallest differences in the domain av-

is switched off. erages between the two calculationdnfThese are close to
a5 the summer values, because this is when ablation predomi-
3.2 Simulation of surface mass balance nantly occurs, although the variability is more than twise a

large in winter, as expected in mid-latitudes.

We calculate SMB from FAMOUS monthly-mean  The simplifications of the SMB scheme and the choice
SAT and precipitation using an annuadlegree-gay of empirical parameters introduce systematic uncergsnti
positive-degree-day(PDD) scheme, which is a convgs SMB is strongly sensitive to;4, with +100% variation over
nient and well-establishesmpiricalapproach-Thisseheme  the range 3-8 K, and variations of tens of percent result from
doesnet-explicitly—considerenergybataneeor-approach  varying the degree-day factors, refreezing fraction apdda
for studies of past, presentand future ice-sheets(e.g. rate within plausible ranges.
Reeh, | 1969] Huybrechts ef al.. 1991: Braithwalte. 1995; |n the coupled model, FAMOUS and Glimmer have inde-
Herrington and Poulsen, 2012; van den Broeke et al..|2010pendent simulations of surface mass balance and runoff. The
Huybrechts et all 2011)This is anempiricalschemewith  Glimmer simulation, described in this section, is an input t
parametergleterminedfor present-dayclimate, and may  the evolution of the ice-sheets only. The FAMOUS land sur-
thereforebe lessreliable in other climatesthana method  face scheme separately computes the snow cover which is
which explicitly considerednergybalanceandthe separate  an input to the radiation and boundary layer schemes, indi-
influence of variables such as solar radiation and wiiele,, rectly affected by Glimmer through the modification of land
(seealsosectiorf). surface characteristics described in the next section. The

In_the PDD scheme the potential ablation (the melting two simulationsof SMB areinconsistentegardingenergy
which would occur if there were no limit on the amount of and mass, as is the casein_many such coupled models;
snow and ice remaining to be melted) f$), where f is  eliminatingthis inconsistencyis one of the motivationsfor
a degree-day factor (8.0 mntdK~" liquid water equivas; furthermodeldevelopmengsectiorifl),
lent for ice and 3.0 for snow) an® is the time-integral of The FAMOUS ocean receives runoff from the FAMOUS
the excess of” over freezing pointD = [max0,7(t) ~  |and surface scheme, not from Glimmer. In particular, solid
Tireering)dt.  The Glimmer scheme makes a simple al- gischarge from the ice-sheet (calving) is not applied to the
lowance for meltwater refreezing in the snowpack (60% gcean. This excludes an ice-sheet—climate interactiontwhi
of the annual accumulation refreezes before runoff is Qro-could be important, for instance in Heinrich events, altjfou
duced). not in the incipient glacial period.

Because we require sufficient spatial resolution to repre-
sent the pronounced gradients of SMBressthe-in areas 3.3 Evolution of topography and land surface charac-
of mountainousopographywhich areimportantfor glacial teristics
inception, and acrosssteepice-sheet margins, which have
a width of tens of kilometres, SMB is computed on the As the area and volume of the ice-sheets evolve, they modify
Glimmer grid, with bilinear interpolation of the tempera- the topography and other characteristics ofltrel surface.
ture and precipitation data from the lower-resolution FA- This is an essential part of ice-sheet—climate interaction
MOUS atmosphere grid, and adjustment of the temperaturén coupled FAMOUS-Glimmer we use similar methods to
to the Glimmer topography using a lapse rate of 8 Kkm  those ot Ridley et all (2005), whereby the FAMOUS surface
which lies between the free-tropospheric dry and saturateds updated once per year to make it consistent with the Glim-
adiabatic lapse rates. In reality the lapse rate varies irmer ice-sheets. The coupling code calculates variousstati
space and time, and the surface-air lapse rate may diffetics of the Glimmer topography within each FAMOUS atmo-
from the free-troposphere lapse rate (Marshall 2t al., 12007sphere gridbox (mean, standard deviation and mean magni-
rp, 20009). Precipitation is not adjusted fotude of horizontal derivatives), used by atmosphere dynam-
elevation, and all precipitation is assumed to fall as smow i ics, boundary layer and gravity wave drag schemes. These
Glimmer, even when it is rainfall in FAMOUS. as  properties are updated for all FAMOUS gridboxes which lie

In the annuabegree-dayPDD scheme " is assumed to  completely within the Glimmer domain.
follow a sinusoidal annual cycle, parametrised from mgnthl ~ For each such FAMOUS gridbox the coupling code also
means, with random variations from the cycle, normally dis- evaluates the fraction of the land area having ice cover ac-
tributed with standard deviatiary,, representing the effects cording to Glimmer. (We count a Glimmer gridpoint as ice-
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Fig. 3. Ice-sheet mass as a function of time for the first 500 years of
the synchronous and asychronous (1:10) experiments. Glirdox
mains are indicated by linestyle, and experiments by colaiues

are annual means.

covered if it has>0.2 kg nT 2 of ice.) If its ice-covered frac-
tion is not zero, the coupling code deems it to be an ice-
sheet gridbox in FAMOUS; if the fraction is zero, it is an
ice-free gridbox. Various properties of the land surfaae ar
changed if a gridbox is converted from ice-free to ice-sheet
or vice-versa, the most important being that ice-sheet grid
boxes have a snow-free albedo of 0.75, while gridboxes from
which ice has_ retreated are aSS|gned_ a snow-free alpedo gig. 4. Area-average difference in (a) Laurentia and (b) Fennescan
0.15, appropriate to ada_rk coarse-grained soil. _Changmg_t dia of surface air temperature between incipient glacial est
snow-free albedo when ice cover appears or disappears in g monthly climatology as simulated by FAMOUS (blue) and

gridbox gives a positive feedback on advance or retreat 0fjadsm3 (orange) (IG minus recent). Hatching indicatessitat
the ice-sheet, because higher albedo tends to cool the grictally insignificant differences.

box and lower albedo to warm it. The coupling code max-
imises this feedback, because the development of ice cover

at a single Glimmer gridpoint is sufficient to convert an en- . .
tire FAMOUS gridbox to an ice-sheet gridbox. We made the eliberatelyexaggeratedand:surfacdeedback

this choice by design in these experiments in order to Pro n the_cou lin _sect_|o el FAMQUS gridboxes contain-
mote ice-sheet gro ineits effect | ing Glimmer gridpoints with positive SMB are converted to
seetions In sectiorli, J we considerthe oppositeextremeof

ice-sheet gridboxes. Within the first two decades, the ice-
minimisingthealbedofeedbaclby suppressing altogether sheet area in FAMOU@V@eXpands to the size it mainta}ins.
for many centuries, but because of interannual fluctuation i
45 regional climate, some GCM gridboxes around the margin of
the affected area alternate continually between land+ice a
ice-free states, giving rise to variability in the ice-shaea.
4.1 The first 500 years In both climates, ice builds up at an almost steady rate
over the first 500 years (see synchronous experiments in Fig-
Integrations of the coupled FAMOUS-Glimmer for both gli- ure[3), implying that the net ice-sheet—climate feedback on
mates began from year 401 of the corresponding FAMOUS-SMB changes little during this period. In Fennoscandia the
only integrations, 100 years after a nearly steady-state cl rate of growth of ice is about twice as large in the incipi-
mate had been achievebhereis no perenniaiccumulation  ent glacial climate as in the recent climate, and in Laugenti
of snowin FAMOUS at any gridbox exceptin Greenland  about three times as large (compare the magenta lines with
and Antarctica in_either climate, but Glimmer simulatesss the cyan lines), clearly demonstrating the sensitivity BIiES
positive SMB in somepartsof its domain. As a result of  to orbital forcing. In both the Glimmer domains, both FA-

4 FAMOUS-Glimmer simulation of ice-sheet growth
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MOUS and HadSM3 show summer cooling which is statisti- 4000 A T T T 510
cally significant in a 5% two-taile¢rtest (Figurd}), assum- f —— 1G no albedo feedback 1:10 ]
ing years to be independent, using the FAMOUS estimate of E 1S 1o ppoaranhy feedback 1:10

variance; in contrast, the change in precipitation is ngt si 3000F recent 1:10
nificant..Otieno and Bromwit 9) also find that summer g Laurentia 1 ~
. . L. . = [ o----- Fennoscandia {1 W
temperature is more important than precipitation for incep g T le @
. . . o E gt i £
tion in Laurentia. < 2000F i
4.2 Asynchronous coupling B ' 1 g
> 8
Q

|

The rate of growth of ice mass (Tallk 2) suggests that the 1000f
build-up of ice equivalent to tens of metres of sea level woul -
require tens of millennia. Although fast for an AOGCM, FA- T ]
MOUS would take 100 days to simulate 10 ka. To make it Ol T L L Leiiinn, L 0
practical to carry out several experiments of such a length, 0 10000 20000 icochestyears) | o0 800

need to accelerate the ice-sheet evolution. Since Glimsner i

only a small fraction of the computational cost of FAMOUS—

Glimmer, we can conveniently achieve an acceleration by &Fig. 5. Ice-sheet mass as a function of time through the whole length
factor of n by using each year of annual-mean SMB com- of the asynchronous (1:10 and 1:100) experiments. Glimroer d
puted from FAMOUS as input for simulating consecutive ~ mains are indicated by linestyle, and experiments by colalues
years of ice-sheet evolution. That is, the experimentshas areé 100-year means.

ice-sheet years for each climate year. We call this “asyn-

chronous In coupling”. Following Ridley et a1/ (2005), who

successfully used this technique in a coupled simulation ofdom in the asynchronous timeseries. To decide whether the
the Greenland ice-sheet with HadCM3, we choase 10 evolution is significantly different in a statistical sensee

for the initial growth of the ice-sheets, and= 100 to reach  have to compare the distributions of the 580values with

the final steady state. Provided the ice-sheet topographihe 505, values. We assume the values within each set to be
does not change enough within a coupling interval to makeindependent, because the lag-1 autocorrelation iy tirae-

a difference to the climate which would be significant cem- series is insignificant at the 5% level. We compare $he
pared with unforced variability, we do not expect this asyn-andsS, distributions for the four cases (two domains and two
chronous coupling substantially to affect ice-sheet-aten climates) using the Kolmogorov—Smirnov test, and in each
interaction. Support for this is given by Calov el al. (2009) case we accept the null hypothesis that the distributioas ar
who show relatively small effects for = 10 andn = 100. the same at the 5% significance level, for which the critical
On the otherhand Calov et al.andHerrington and Poulser  value (not to be exceeded) is 1.36 (Tallle 2). Hence we do
(2012) showsubstantiablependencef resultsfor ice-sheet  not have statistically significant evidence that the evolut
inceptionfor lessfrequentouplingwith n > 500. Evenwith ~ of M during the first 500 years is different with synchronous
accelerationjnformationexchangebetweenFAMOUS and ~ and asynchronous coupling. On this basis, we consider it
Glimmeroccursmanytimesperwall-clockdayandhundreds  is acceptable to use asynchronous coupling to enable longer
of timesor morein totalduringmultimillennial experimentszs ~ experiments.

therefordt is essentiafor the couplingto beautomated.
In the synchronous experiment, the magsof eitherice- 4.3 Steady-state ice-sheets for the recent climate

sheet after time is M, = Y"},_, Ss(t'), whereS,(t) is the
SMB for the ice-sheet for yedrand the sum is over years. When the asynchronous experiment for the recent climate
(Ice discharge into the sea is negligible in the early ce@sur  js continued, Glimmer reaches a steady state in the Lau-
Seetiorsectiond.) Although the time-meas; is positive  rentide domain after about 30 ka and in the Fennoscan-
and determines the trend ¥, unforced climate variability, dian after 20 ka (green in Figuf@ 5), with ice volumes of
means thab, varies slightly from year to year, sbls(¢) is  1.01 x 10° and0.30 x 106 km? respectively (sea-level equiv-
not a perfectly straight line. In the asynchronous expentme  alent shown in Tablgl2). These are orders of magnitude
the mass after ice-sheet yeas M, = Z’;/;’l nS,(t') where  greater than the real present-day masses of akibut103
the sum is over climate years. The factomultiplying each  and 200 kmi in the Canadian Arctic and Scandinavia respec-
S, magnifies the effect of unforced climate variability. s tively (Radic and Hodk, 2010). In the FAMOUS-Glimmer
The rate of growth of ice appears to be different in the simulation, an ice-cap with a maximum thickness of 2200 m
asynchronous from the synchronous experiments (compareccupies southern Norway and Sweden, and most of the
magenta with black and cyan with green in Figlite 3, Ta-Canadian Arctic islands are covered with ice, with the great
ble[@). However, there are ten times fewer degrees of freeest thickness, of 2000 m, on Baffin Island.
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Table 2. Ice-sheet mas&/ and rates of growtki M/ /d¢ at various times through the experiments for the recentacigient glacial (“IG”)
climates. “L” and “F” stand for the Laurentia and Fennoséar@limmer domains. The notationriindicates an asychronous integration
with n ice-sheet years for each climate year; in this notation,sgmehronous integrations are 1:1. The Kolmogorov statisthich is
dimensionless, is used to compare the SMB in the correspgrayinchronous and asynchronous integrations, as exglairtee text. To
convert ice mass in units of metres of sea-level equivalarBi_E) to ice volume in units of0° km?, divide by 2.53.

recent IG
L F L F

Rates of growth in year 1-500 (mk& SLE)

Synchronous 0.17 0.06 052 0.12
Asynchronous (1:10) 0.19 0.09 0.47 0.19
Kolmogorov statistic 0.73 050 1.25 0.95
No albedo feedback (1:10) 0.08 0.07
No topography feedback (1:10) 045 0.11
Subsequent rates of growdh\/ /dt (mka ! SLE)

Years 1-5000 (1:10) 0.22 0.08 0.55 0.17
Years 10 000-30 000 (1:100) 0.16 0.15
Years 40 000-50 000 (1:100) 0.04 0.06
Ice mass\V/ after various times (m SLE)

Year 10000 (1:10) 3.9 1.6
Year 25000 (1:10) 6.3 3.8
Steady state (1:100) 8.8 6.2
Steady state (1:10) no albedo feedback 0.5 0.3
Steady state (1:10) no topography feedback 2.6 0.2
Steady state (1:10) 2.6 0.7

To testthe-hypothesighatthewhetherthe excessive ice mer mean that we probably cannot accurately reproduce the
mass is due to the cold bias at high northern latitudes iestheeal evolution of the ice-sheets at the start of the lastigllac
FAMOUS recent climate simulation, we ran Glimmer un- period. However, our interest is principally in studying th
coupled from the climate model, and compared results withice-sheet—climate interactions, and we think that the jchy/s
input from either the FAMOUS or the HadSM3 simulation processes implicated in these interactions are likely tehe
of recent climate. As mentioned above, the HadSM3 cli- sonably well represented by the modedepingin mind that
mate has considerably smaller biases, being warmers¢hathe albedofeedbacks exaggeratetly design(sectiori3.J).
the FAMOUS climate in the annual-mean by 2.3€5%ver
Fennoscandia and 22@ over Laurentia. Nonetheless, in 4.4 Approach to steady state in the incipient glacial cli-
both domains the uncoupled Glimmer equilibrium ice mass mate
is larger with the HadSM3 climate than the FAMOUS cli-
mate. This is because HadSM3 has a smaller amplitude ofce builds up initially on the islands in Laurentia, which
seasonal cycle, producing less ablation in summer, and it ilare the highest regions and where ice-caps are found at the
lustrates the sensitivity to the approximations by the SMBpresent day, especially along the east coast of Baffin Island
scheme. (Figure[®). The mainland remains ice-free, except for the

Keewatin region, on the north-west coast of Hudson Bay.

We conclude that the excessive ice volume simulated byThe areas obeeumulatiorhavepositive SMB (Figurddra)
FAMOUS-GIlimmer for the recent climate is due to biasesbecausdheyare relatively cold, and the pattern is similar to
both from the SMB scheme and from the simulated sgli- that simulated by_Otieno and Bromwich_(2009) for the cli-
mate. The latter may provide the additional cooling which mate of 116 ka BP. Ice-free areas where the potential for ab-
|Q.ti.en.0.a.n.d.B.m.medhL(Zlb9§ found to be necessary for in-lation exceeds the accumulation do not acquire ice covdr, an
ception in Laurentia an alj(blO) in Fennoscan-hence by definition have zero SMB in the time-mean. After
dia. In view of these biases, our simulations of the incip- 500 years, the largest Laurentide ice thickness, of 240 m, is
ient glacial very likely also have biases. The approxima-on eastern Baffin Island. In Fennoscandia the largest thick-
tions made by the present versions of FAMOUS and Glim-ness is 550 m, situated in southern Norway (Fiddre 6), as
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(a) Synchronous (b)

50 100 150 200 250 300 400 450

Fig. 6. Ice-sheet time-mean thickness (m) in years 401-500 of tihg ¢snchronous and (c,d) asynchronous simulations foinitipient
glacial climate. The letters in (a,b) indicate the locasiof the Keewatin region, Baffin Island, the Ungava Penindutaway, Sweden and
Finland.

found byMl |.(TO_10) This area has positive SMB exygenisotopedatausingafixedeconversiorfactercouldbe
(Figure[Tb) due to high precipitation. In both domains, the exaggeratedh-the-early-partof-the-glacialeyele-because
distribution of ice thickness is very similar with the twowso  theeffectof-temperatur@nfractionationmay-berelatively
pling methods (FigurEl6). o5 rRoFeimportantthen—Second;ice-sheets were probably

growing in other regions as well, such as Alaska, the Rock-

The total ice mass in both domains continues to grow:
[Kageyama et &
at approximately its initial rate of 0.7 mka during the les and Siberia-(e.g. IL_2004; Bonelietal.,

first few millennia of the incipient glacial asynchronous mﬁwlﬁio econdttheflxt?]d Sﬁa level
experiment, after which the rate of growth declines (Ta- In the experimentsneandhatice cannoterossthe channels

ble[, Figure[k). _Caputd_(2007) compares 12 recons%c%WW
tions of global-mean sea-level change covering the last severc220S 283aNCHIS IMILS INE EXIENIANCRUILI-UP ol The

eral glacial cycles. They indicate a sea-level fall of raygh ice-sheet edor_lot_com utsea: Ievelnter_actlvel pecase
20-70 m during 120100 ka BR. 1.0-3.5 mka'. There we arenotmodellingice-sheetglobally. Third, as discussed,

are a number of possible reasons why the simulated rat%he.re Is a large systematic uncertainty in the simulatiq{bpf
falls substantlally short of the Iowest reconstructed F&te ation by the PDD scheme We note that the total precipita-

First, { Fall o ¥ ; iforal tion at the start of our experiment falling on the areas finall
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(a) Years 1-100 (synchronous) (b)

(C) Years 9001-10000 (1:10) (d)

-05 -0.1 0.1 025 05 0.75 1 1.25

Fig. 7. Glimmer surface mass balance (m'diquid water equivalent) for the time-means indicated ia ithcipient glacial climate.
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occupied by ice-sheets is about 5 nTke&SLE (sectio2l2), mechanismarerepresentedn FAMOUS Glimmertothe

which gives an upper limit on the accumulation of ice massextentpermittedby-theapproximationsfspatialreselution

that exceeds the highest reconstructed rate. ondebsiealeshomes Ao polodalbons foodbocledns o
Within the first 10 ka, the ice-caps on the eastern Canadiashangesaruneffarenotineludedin FAMOUS—Glimmeras

Arctic islands reach a steady state, and ice growth corginuedsedin-thiswork—

only in the Keewatin region and on the Ungava Peninsula

(Figure[@a,c). The most rapid growth in Fennoscandia ini-5 1 Regional climate change

tially occurs in the south of Norway and Sweden, but after

about 10 ka the southern ice cap approaches a steady staje. . " sul aiSubstantialreas are con-

. . . 685
(T%llitl’emb), while the northern ice cap starts to grow mOre, - o4 to ice-sheet surfac itons characteristicsin
q - FAMOUS within the first two decades of the incip-

scosioration of 100 for 1om-ahoet e wae bogun it showdCNl_ glacial experimentsbecaseof—posiie SMB-in
gun, ' sectiorZ.1); this occursin all FAMOUS gridboxes

greater variability, but a similar trend, to the 1:10 expeit,

which was continued to year 25 ka. After 20 ka the northarn.- which Glimmer anywhereshowspositive SMB. The af-

) ! . ._fected area is delimited by the green line in Figliles 9ahd 10,
ice-cap of Fennoscandia becomes joined to the southern IC& 4 is defined as all the EAMOUS land grid-boxes in Lau-

cap and begins to extend a lobe eastwards as well (Hifyure 8d entia and Fennoscandia which have ice-s S

e Suracetye or a east 10 ofyears durng e frs cer-
ice-sheet, with a maximum thickness of 2700 m (Figﬂresﬁf). ury of the synchronous experiment. The change of sur-

- . . .~ ’"face type produces a marked increase in surface albedo,
After 40 ka, the Keewatin ice-sheet in Laurentia has atthine by an average of 0.16 over the affected area, in the dif-
its maximum extent, but it continues to thicken slowly for

. . . . . ference in the time-means for the first century between the
some further millennia, reaching a maximum thickness of

. . synchronous FAMOUS-Glimmer experiment and the corre-
3200 m (FigurélBe). The ice-sheets reach a steady Stat?ooaﬂggonding FAMOUS-only experimenE The albedo increase

about 50 ka (Flgurﬂs,. Tadﬁz 2). . . _causes a reduction in absorbed solar radiation at the sur-
The changes over time in the geographical pattern of iCe15ce, by 14 Wm? in the annual average in the affected

Zheit gror\]/yt: suggﬁst thz_ mfluefnche of local CI_'matelfeehd'area, which is comparable with the orbital forcing in sum-
acks, whic _arlt_ektle rs]u JfCtho t e next ie_cuon. n t €mer. This in turn produces an annual average cooling of
same way, It is likely that further ice growth in Lauren%!;a 2.7 K (Figure[®) within the affected area, and the cooling

and Fennoscandia would be promoted by the local climate; g, o1enqs outside that ariea the incipient ice-sheets in-

change caused by_the growth of other ice-sheets ogtside the?Iuence the climate of the surroundings. The albedo feed-
domalns._ In addition to Io_cal feedback_s, the faII_ in the at- back thus provides a mechanism for rapid extension of the
mospheric CQ concentration and the increase in surface ice-sheet ared (C | dL_2bp9hich is maximisedb

albedo due to ice-sheet expansion during the glacial perioqhecOu linaschemeof FAMOUS—Glimmer(sectio
tended to cool the global climate (shown for FAMOUS”By L)

[Smith and Gregot 2). The small warming over the North Atlantic, Greenland and
the Barents Sea (Figuké 9) could be caused by the strength-
ening of 1-2 Sv which occurs in the Atlantic meridional

5 Climate feedback on incipient glacial ice-sheets overturning circulation. This in turn could be a response
ns 1o colder air blowing over the north Atlantic from Lauren-

tia (Hewitt et al., 1l_Smith and Gf%glj)&_zblzy In our
model, unlike in that of_Born et hl 10), a decline in

oceanic heat transport into the Nordic Seas is not a precondi
tion for ice-sheet growth in Scandinavia.

In the final steady state there is a more complex picture
of changes. Where the ice thickness is greatest (Keewatin,
southern Norway, Finland, Figurk 8e,f), there is furthesleo
ing (Figure[IDa) on account of their surface elevation, and
cloudiness and precipitation increase (Figlité 10b), all of
which feedbacks tend to promote ice-sheet growth. However,
there is warmingelative to the first centurin various other
parts of the northern hemisphere, mitigating some of the ini
tial cooling. (Note thagll areas occupied by the ice-sheets
are still cooler than in the incipient glacial FAMOUS-only
climate.)
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(a) Years 9901-10000 (1:10) (b)

]

500 1000 1500 2000 2500 3000

Fig. 8. Ice-sheet time-mean thickness (m) (a,b) after 10 ka, (¢tel) 25 ka and (e,f) in the steady state for the incipientiglagdimate.
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120W

Fig. 9. Difference in the time-means for years 1-100 of surface air
temperature (K) between the synchronous FAMOUS-Glimmer ex
periment and the FAMOUS-only experiment under incipieata!
(“with Glimmer” minus “without Glimmer”). The green line skvs

the extent of the ice-sheet in FAMOUS during these yearsgeas d
fined in the text.

(a) Surface air temperature (K)

150w 120w 60W 30w

-1 -0.5 0.5

(b) Precipitation (m a* LWE) 735

740

120W

-0.1 -0.05

(c) Surface net downward solar radiation (W m?)

-0.025 0.025 0.1

745

120W

750
-10

o

Fig. 10. Difference in the quantities indicated between the final
steady state and the time-mean of years 1-100 of the syraisiyn
coupled experiment for the incipient glacial climate (fimainus,
initial). The green line shows the extent of the ice-sheetndu
years 1-100, as defined in the text. Changes are shown onkgwhe
they differ from internal variability, as determined by acttailed

Studenti-test at a significance level of 5%.

760

13

Fig. 11. Difference in 500 hPa geopotential height (m) between
the final steady state and the time-mean of years 1-100 of/the s
chronously coupled experiment for the incipient glaciahelte (fi-

nal minus initial).

This is because the appearance of the ice-sheets causes a
substantial perturbation to the tropospheric circulatieig-
ure[T1). The north Atlantic is affected by a large anticy-
clonic anomaly centred over Baffin Island with a secondary
maximum over northern Scandinavia. This feature weak-
ens the zonal flow and the Icelandic low, and surrounding
it there is anomalous descent in the mid-troposphere (pos-
itive w amomaly) along the southern and western margins
of the Laurentide ice-sheet and over the sea to the north-
west of Scandinavia; the prevailing westerly flow produces
anomalous descent to the east of the Fennoscandian ice-shee
as well. All these regions experience reduced cloudiness.
The reduction in cloud gives increased solar radiation ab-
sorbed at the surface (Figuf€]l 10c), outweighing increases
in surface albedo at the ice-sheet margins, accounting for
the warming adjacent to the Laurentide ice-sheet, and as-
sociated with a reduction in precipitation. Thus, the circu
lation changes induced by the Laurentide ice-sheet in par-
ticular tend to oppose its growth by warming and drying
the climate in its lower portions and around its margins.
Herrington and Poulsen_(2012)escribea_similar_effect,
wherebyanomalousanticyclonicflow warmsthe southern
andwesternmarginsof the expandind aurentideice sheet,

The region to the east of the Fennoscandian ice-sheet has
strongly reduced precipitation, being in its rain-shadamg
becomes cooler, despite increased insolation, presurbably
cause of cold air advection. There is an anomalous cyclonic
circulation over southern Europe, which brings increased
cloudiness, precipitation and cooling. The areas of wagmin
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in the north-west Atlantic and the Norwegian Sea coincidecalving becomes an important term in the budget. It increase
with reductions of sea-ice. There is no significant change inmore rapidly in Laurentia because the majority of the ice
the strength of the Atlantic meridional overturning cil@ul in the early stage is in ice-caps on islands; the rate of in-

tion after the early decades of the experiment. crease is slower later while the ice-sheet is growing on the
mainland. In both domains, tkeea-integraBMB reaches a
5.2 Ice-sheet mass balance steady value earlier than the calving flux. This suggests tha

s20 It IS the increase in calving, caused by continuing thickgni

Cooling over the highest parts of the ice-sheets is enhancegf the ice-sheets, which finally limits their size.
in the Glimmer simulation by their greater elevation than A complementary picture (F|gu[E]_4) is given by the
the FAMOUS grid-box mean, and precipitation generally components of mass balansgegratedovertheice-sheets
increases in these parts (Figlird 12). The consequences @&gﬁdmgg%e_#eemﬂngshown as a function of ice-
these regional climate changes can be seen in the simylategheet area. In Fennoscandia, accumulation increases lin-
changes in SMB (FigurEl 7c-f). In some regions that ini- early with area. In Laurentia, there are different linear re
tlally have pOSitiVE SMB, such as south-east Baffin |S|and,|ationships in the early (island) and later (mainland) efag
the north-east of the Keewatin region, and northern NorwayThis linearity indicates that local precipitation feedbé€ig-
the SMB increases considerably. In many adjacent regiongire [TDb) has a rather small influence. Ablation also in-
that initially have zero time-mean SMB, such as the LIn-creases with area, but not linearly: in Fennoscandia it de-
gava Peninsula, most of the Keewatin region, Finland anctelerates, while in Laurentia it accelerates. This sugdbat
southern Sweden, the SMB becomes positive and eventualljycal temperature feedback is important in the marginaézon
large. Areas of negative SMB, where ice is converging dy-where ablation mainly occurs, with opposite sign in the two
namically, appear as narrow strips around the margins of thgjomains.
ice-sheets, as for instance on Greenland in the modernworld |, Fennoscandia, calving and ice-sheet mass both rise

SMB increases are dominated by the effect of cooling infajrly linearly with ice-sheet area. In Laurentia, theraggin
redUCing ablation, which in general OutweighS reduction in more than one Stage_ |n|t|a||y the area expands rap|d|y',]gw|
precipitation. As an example of this, it is notable that the to the surface albedo change, but the ice is thin. Next there
growth of the ice-sheet in Norway and Sweden reduces thgs a thickening with little expansion, as the ice-caps grow o
precipitation in Finland (FigurE2b), but this does not-pge the islands. In the final stage, while the mainland ice-siseet
vent a higher dome of the Fennoscandian ice-sheet from degrowing, mass and calving both increase quite steadily with
veloping there, causing precipitation to increase agath an grea, as in Fennoscandia. Theoretical consideration®stigg
the rain-shadow to move east (Figlig 12d). a power-law relationshig/ = A7 between mass and area

We—quantify-the—effect-ofthe-developing-ice-sheets 4 for steady-state ice-caps, with=1.25 (Radic and Hodk,
on-theirewn-massbalance by-evaluating timeseriesef,;  2010). Excluding the early stages, our Glimmer simulations
compenentgFigure[d)-integratedoverthe-areaseovered  give~ = 1.8 for Laurentia andy = 1.2 for Fennoscandia.

constantareas which-are-nitially—mostly-icefree—Fhe 5.3 Sensitivity experiments for climate feedback on
area-integraprecipitationincreaseby-about3sinlaurentia SMB

lessRosihoo e sasint srns s e ol o We separate the effects of albedo and topography on SMB

by carrying out two further experiments in which they are
separately suppressed. These integrations are asyclistgnou
coupled (1:10) and begin from the same starting state as the
other incipient glacial simulations.

In one experiment, we suppress the albedo feedback on
ice-sheet growth by not updating the snow-free albedo in the
FAMOUS-GIlimmer coupling. The initiadlA//dt¢ is much
i i A i g smaller in this experiment than in the fully coupled exper-
MLQWM iment (Figurelb and Tab# 2), because the area of positive
throughoutthe experiments(Figure[IB). Nete-that—untit SMB is much less from the outset, and expands little. A
the-steadystateis-attained;semeof-the-precipitationfallsso  steady state is reached in both domains in less than 10 ka,

enieefrecareas—n-theseareas;by-definition—ablation  with M about 20 times smaller in each domain than in the

cancelgprecipitationsetheymakenoneteontributiontothe  fully coupled steady state (Tabl@ 2), and with ice in both
area-integrabMB- cases mostly restricted to its initial areas of growth (Fig-

Ice initially accumulates inland and there is no calving ure[I%a,b). This experiment indicates that the albedo feed-
until the ice-sheets reach the coast, which happens insdothack promotes ice-sheet development by expanding the area
domains after a couple of millendfagurelEd). Thereafter  of positive SMB. The ice-sheet margin can advance thereby
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Fig. 12. Difference in the Glimmer surface air temperature (K) betwéhe time-means indicated and the time-mean of years loflibe
synchronously coupled experiment for the incipient gliadianate, shown by colours. Contour lines are superimpabeaving the different
in precipitation (ma® liquid water equivalent).
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Fig. 13. Components of ice-sheet mass balance in the incipientFig. 14. Components of ice-sheet mass balance in the incipient
glacial experiments shown as timeseries of area-integrads the glacial experiments integrated over the time-dependessieet
final ice-sheet area in each domaivaiuesThefirst 25 ka of the ~ area in each domain and shown as functions of that aveaies
timeseriesare 100-year mearfefrom the 1:10 experimeatd,  Thefirst 25 ka of the timeseriesare 100-year mearfs+from the
theremainderare1000-year mean+from the 1:100 experiment.  1:10 experimerind, the remainderare 1000-year mean+from

the 1:100 experiment.

more rapidly than by ice dynamics; indeed, it appears fhakits would be very sensitive to the lapse rate and we do not
the ice-sheets cannot spread far by dynamics alone. think they would be physically reliable.

In the other experiment, we suppress elevation feedbacks In this experimentd M /d¢ is initially similar to the fully
by (i) keeping the FAMOUS surface topography unchangedcoupled experiment (Figufd 5 and Table 2). It is not sur-
as the Glimmer ice-sheet surface topography evolves;dii) u prising that the elevation feedback has no effect initjddis-
ing the Glimmer bedrock topographg.its initial surface tosso  cause it takes time for ice to build up. Within the first mil-
pography, instead of the Glimmer actual surface topographylennium, howeverM falls behind without elevation feed-
for the lapse-rate adjustmentin the temperature intetipola  back, and in less than 10 ka reaches a steady state 3 times
Thus, as far as climate and SMB are concerned, surface tesmaller in Laurentia than in the fully coupled steady state,
pography does not change as the ice-sheets grow. With thiand 9 times smaller in Fennoscandia (TdBle 2). Thus it ap-
design, we cannot distinguish the effect of elevation oallec pears that the topography feedback is eventually impoirant
climate from the effect of topography on regional climate. our experiments, in contrast to the resultmm etal
In reality, these two are not clearly separable, but one tmigh @). Without the topography feedback (Figlirk 15¢,d, th
think that we could suppress the latter and keep the formeice-sheets remain rather thin, and they do not expand so far
by doing (i) but not (ii). However, an increasingly large ad- into the Keewatin region and Finland, suggesting that ice dy
justment using the assumed lapse-rate would then be appliegdamics plays a role here.
to convert FAMOUS surface temperature to Glimmer surface Neither of the experiments achieve ice-thickness as great
temperature as the two surfaces became further apart. The ras in the fully coupled experiment, even in areas that ihjtia
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(a) No albedo feedback (b)

]

500 1000 1500 2000 2500 3000

Fig. 15. Ice-sheet time-mean thickness (m) in the steady state éointtipient glacial climate (a,b) without albedo feedbgckd) without
topography feedback.

have positive SMB. For instance, the final thickness on Baffin6  Conclusions

Island is 1200 m without albedo feedback and 1700 m with-

out topography feedback, to be compared with 2000 m aithwe have coupled the FAMOUS global AOGCM to the Glim-
both feedbacks; in southern Scandinavia, the correspgndinmer thermomechanical ice-sheet model, in order to simulate
figures are 1800, 1300 and 2400. The final area of posithe coevolution of climate and ice-sheets following glacia
tive SMB in each domain in the fully coupled experiment inception in two domains: north-east America (Laurentia)
is also greater. The totdl/ in each domain with both feed- and north-west Europe (Fennoscandia). This is the first use
backs exceeds the sum of the totals obtained with each.sepf a coupled AOGCM-ice-sheet model for a study on long
arately. Heneetheseexperimentshewthatthealbedoand  paleseoclimate timescaleQur purposeis to investigatethe
interactionbetweenice-sheetsand climate, rather than to

o5 atmosphericompositionrandsea-level.
In the coupled model, ice-sheet surface mass balance

(SMB) is derived from the surface climate, and the sur-
face topography and other surface characteristics of the cl
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mate model are updated as the ice-sheet extent and thickneesderof magnitudesmaller.
changes. For ice-sheet surface ablation we use a positive- The feedbackof topography on SMB does not become
degree-day method, a commonly used empirical schgmesignificant for several centuries, after which it beginsfo a
Owing to the approximations and possible biases in thisfect the further thickening of the ice-sheets. In additite,
scheme, probably exacerbated by the cold bias in the mode&jrowth of the ice-sheets causes a substantial perturbiation
climate in high northern latitudes, substantial ice-cag#,  the tropospheric circulation with various effects on nerth
presentin the modern world, develop in FAMOUS-Glimmer hemisphere climate. In particular it produces some rednocti
simulations of recent (pre-industrial) climate. Whileingt, of cloud and consequent warming along the margin of the
that these errors make our simulation of ice-sheet growth_aurentide ice-sheet, which mitigates the local cooling du
less realistic, we nonetheless consider the medefutfor to expansion of snow cover.
ourmain-purposeofinvestigatingthe-interaction-between Compared with EMICs previously used in coupled
ice-sheetandelimateadequatdor ourpurpose climate—ice-sheet models, FAMOUS has a more detailed
With the orbital forcing of 115 ka BP, late summersis physically based representation of relevant climate msee
cooler than in the recent climate at high northern latitudes such as atmospheric circulation, precipitation and cloudi
Such conditions favour glacial inception, and FAMOUS- ness. Using FAMOUS, we qualitatively confirm some pre-
Glimmer initially produces ice-caps on the Canadian Arc- vious conclusions and reveal further complexity. Our exper
tic islands, on the north-west coast of Hudson Bay, and iniments demonstrate the importance of interactions between
southern Scandinavia. These subsequently grow to oceupige-sheets and climate to determining their evolutiorofoH
the Keewatin region of the Canadian mainland and all ofing glacial inception.
Fennoscandia. Once the ice-sheets reach the coast they begi The results are sensitive to many model details, approxi-
to discharge ice into the sea, at a rate which increases as thaations and biases. It is evident that further model devel-
ice-sheet thickens, and this eventually halts their graftér ~ opment is required to obtain a fully realistic simulatiom. |
about 50 ka. This importantrole for ice outflow indicatedtha future work we intend to unify the ice-sheet and AOGCM
a realistic simulation of ice-sheet evolution during thstla simulations of SMB by embedding in the AOGCM a land-
glacial cycle will be sensitive to the treatment of the grdun  ice surface model based on mass and energy balance, in-
ing lineand, ice-shelves—andsea-levekhange. Attention  cluding refreezing and the effect of snow ageing on albedo
to theseaspectss arequirementn particularfor simulating . Comparedwith the modelusedin the presentwork, this
the advanceof ice into the channelsbetweenthe Canadiam. - treatmentill bemoreself-consistenandlessempirical. We
islandsandovertheBaltic Seawithoutwhichthegrowthof  will_alsoimplementfractional ice-sheet coverage order
theice-sheetss unrealisticallyrestrained. to simulatethe albedofeedbackrealistically, and the de-
The expansion of the ice-sheets influences the regional cliPéndence of SMB on altitude within each AOGCM grid-
mate, which becomes coojerducingthe ablation, while box in order to removethe dependencen a prescribed
precipitationincreasesBecauset this—; overtheice-sheets lapse-rate(ct. [Pritchard et 21.._2008: Otieno and Bromwyich,
areasthis coolingis largerthanthatproducechy the orbital 20091 Vizcaino et all. 201D: Fyke ef al.. 2011).
forcing,_The cooling reducesthe ablation, and ice accu-
mulates in places that initially do not have positive SMB, AcknowledgementsiVe are grateful for useful discussions with
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sibility that thekaurentideglaciationglaciationof north-east  ton,andfor assistance from NCAS Computational Modelling Sup-
Americacould have begun on the Canadian Arctic islarrds,Port, and for the commentsof the two refereeswhich helpedus
producing a regional climate change that caused or enhancd@.improve the paper Oliver Browne’s work was supported by a
the growth of ice on the mainland. Thecreasdn-albedo NERC PhD studentship. Jonathan Gregory’s work was supporte
dueto experimentsshow that the feedbackson SMB from by the NCAS-Climate Programme and NERC grant NE/I011099/1.
topographychangeand changein surfacealbedo (due to
changein snow and ice covés-the-dominrantieedbackon
) reinforceeachotherin promotingtheincreaseof ice-sheet ~ References
thicknessandthe expansiorof area.
125 Abe-Ouchi, A., Segawa, T., and Saito, F.: Climatic Condisidor

Thealbedofeedbackis dominantegardinghe area of tH - d Sato. |

modelling the Northern Hemisphere ice sheets througheutth
ice-sheets, and acts rapidhyhereasthefeedbaeket, We age cycle, Clim. Past, 3, 423-438, doi:10.5194/cp-3- 40372
have exaggeratedne effect of this feedbackby assigning 2007.
ice-sheetharacteristicso any FAMOUS gridboxin which  Bonelli, S., Charbit, S., Kageyama, M., Woillez, M.-N., Ram
Glimmeraccumulategce, eventhoughFAMOUS gridboxess  stein, G., Dumas, C., and Quiquet, A.: Investigating the- evo
aremuchlarger. By contrastwhenwe suppresshe albedo lution of major Northern Hemisphere ice sheets during tisé la
feedbackaltogether the ice-sheetsare mostly restrictedto glacial-interglacial cycle, Clim. Past, 5, 329-345, d0ig194/
their initial areasof positive SMB andtheir final massis an Cp-5-329-2009, 2009.




1035

1040

1045

1050

1055

1060

1065

1070

1075

1080

1085

1090

J. M. Gregory et al.: Modelling large-scale ice-sheet—ali@interactions following glacial inception 19

Born, A., Kageyama, M., and Nisancioglu, K. H.: Warm Nordic Herrington, A. R. and Poulsen, C. J.: Terminating the Latgrin

Seas delayed glacial inception in Scandinavia, Clim. P&st, glacial: The Role of Ice Sheet-Climate Feedbacks in a GCM

817-826, doi:10.5194/cp-6-817-2010, 2010. 1095 Asynchronously Coupled to an Ice Sheet Model, J. Clim., 25,
Braithwaite, R. J.: Positive degree-day factors for abtaton 1871-1882, doi:10.1175/JCLI-D-11-00218.1, 2012.

the Greenland ice-sheet studied by energy-balance maddlin  Hewitt, C. D. and Mitchell, J. F. B.: Radiative forcing andgpense

Glaciol., 41, 153-160, 1995. of a GCM to ice age boundary conditions: Cloud feedback and
Brayshaw, D. J., Hoskins, B., and Black, E.: Some physidaeds climate sensitivity, Clim. Dyn., 13, 821-834, 1997.

of changes in the winter storm tracks over the North Atlantic Hewitt, C. D., Broccoli, A. J., Mitchell, J. F. B., and Stoeff R. J.:
and Mediterranean during the Holocene, Philos. Trans. R. So A coupled model study of the last glacial maximum: Was part

London, 368, 5185-5223, doi:10.1098/rsta.2010.01800201 of the North Atlantic relatively warm?, Geophys. Res. L8,
Browne, O. J. H.: Numerical modelling of large-scale iceeth 1571-1574, 2001.

climate interactions, Ph.D. thesis, University of ReadR2@09. Hewitt, C. D., Stouffer, R. J., Broccoli, A. J., Mitchell,B. B., and
Calov, R., Ganopolski, A., Claussen, M., Petoukhov, V., @nelveyios Valdes, P. J.: The effect of ocean dynamics in a coupled GCM

R.: Transient simulation of the last glacial inception. tPar simulation of the last glacial maximum, Clim. Dyn., 20, 203—

glacial inception as a bifurcation in the climate systempCl 218, doi:10.1007/s00382-002-0272-6, 2003.

Dyn., 24, 545-561, 2005. Huybrechts, P.: Sea-level changes at the LGM from ice-dymam
Calov, R., Ganopolski, A., Kubatzki, C., and Claussen, Meckt reconstructions of the Greenland and Antarctic ice sheeiagl

anisms and time scales of glacial inception simulated withoa  the glacial cycles, Quaternary Sci. Rev., 21, 203-231, 2002
Earth system model of intermediate complexity, Clim. P&st, Huybrechts, P., Letreguilly, A., and Reeh, N.: The Greetlme

245-258, doi:10.5194/cp-5-245-2009, 2009. sheet and greenhouse warming, Palaeogeogr. Palaeco@939,

Caputo, R.: Sea-level curves: Perplexities of an end-usenar- 412, 1991.
photectonic applications, Global and Planetary Change} 57— Huybrechts, P., Goelzer, H., Janssens, ., Driesschaefjdbefet,
423, doi:10.1016/j.gloplacha.2007.03.003, 2007. 1115 T., Goosse, H., and Loutre, M.-F.: Response of the Green-

Charbit, S., Ritz, C., and Ramstein, G.: Simulations of Nem land and Antarctic Ice Sheets to Multi-Millennial Greenkeu
Hemisphere ice-sheet retreat: sensitivity to physicalasisms Warming in the Earth System Model of Intermediate Complex-
involved during the Last Deglaciation, Quaternary Sci..R2Y, ity LOVECLIM, Surv. Geophys., 32, 397-416, doi:10.1007/
243-265, doi:10.1016/S0277-3791(01)00093-2, 2002. s10712-011-9131-5, 2011.

Charbit, S., Kageyama, M., Roche, D., Ritz, C., and Rams@in Jones, C. D., Gregory, J. M., Thorpe, R. B., Cox, P. M., Mur-
Investigating the mechanisms leading to the deglaciatigrast phy, J. M., Sexton, D. M. H., and Valdes, P.. System-
continental northern hemisphere ice sheets with the CLIRBE atic optimisation and climate simulation of FAMOUS, a fast
GREMLINS coupled model, Global and Planetary Change, 48, version of HadCM3, Clim. Dyn., 25, 189-204, doi:10.1007/
253-273, 2005. s00382-005-0027-2, 2005.

Dong, B. W. and Valdes, P. J.: Sensitivity studies of northeg Kageyama, M., Charbit, S., Ritz, C., Khodri, M., and Ranmst&.:
hemisphere glaciation using an atmospheric generaliaiion Quantifying ice-sheet feedbacks during the last glacigition,
model, J. Climate, 8, 2471-2496, 1995. Geophys. Res. Lett., 31, L24 203, doi:10.1029/2004GL02133

EPICA Community Members: Eight glacial cycles from an Antar 2004.
tic ice core, Nature, 429, 623—-628, 2004. Khodri, M., Ramstein, G., de Noblet-Ducoudré, N., and Kegea,

Fyke, J. G., Weaver, A. J., Pollard, D., Eby, M., Carterud., M.: Sensitivity of the northern extratropics hydrologiaaicle
and Mackintosh, A.: A new coupled ice sheet/climate model: to the changing insolation forcing at 126 and 115 ky BP, Clim.
description and sensitivity to model physics under Eemian, Dyn., 21, 273-287, doi:10.1007/s00382-003-0333-5, 2003.
Last Glacial Maximum, late Holocene and modern climate Lunt, D. J., de Noblet-Ducoudre, N., and Charbit, S.: Ef-
conditions, Geosci. Model Devel., 4, 117-136, doi:10.3194 fects of a melted Greenland ice sheet on climate, vegetation
gmd-4-117-2011, 2011. 1135 and the cryosphere, Clim. Dyn., 23, 679-694, doi:10.1007/

Ganopolski, A., Calov, R., and Claussen, M.: Simulationtaf t s00382-004-0463-4, 2004.
last glacial cycle with a coupled climate ice-sheet modeahef Marshall, S. J., James, T. S., and Clarke, G. K. C.: North Acaer

termediate complexity, Clim. Past, 6, 229-244, doi:10419 Ice Sheet reconstructions at the Last Glacial Maximum, €uat
cp-6-229-2010, 2010. nary Sci. Rev., 21, 175-192, 2002.

Gardner, A. S. and Sharp, M.: Sensitivity of net mass-ba&a®i«0 Marshall, S. J., Sharp, M. J., Burgess, D. O., and Anslow,.F. S
timates to near-surface temperature lapse rates when gngplo Near-surface-temperature lapse rates on the Prince ok\Wade
the degree-day method to estimate glacier melt, Ann. G5x., field, Ellesmere Island, Canada: implications for regiaiain-
80-86, 2009. scaling of temperature, Int. J. Climatol., 27, 385-398,7200

Gordon, C., Cooper, C., Senior, C. A., Banks, H., Gregorix.J. Otieno, F. O. and Bromwich, D. H.: Contribution of Atmospiser
Johns, T. C., Mitchell, J. F. B., and Wood, R. A.: The Simulatis Circulation to Inception of the Laurentide Ice Sheet at 1¢6 k
of SST, sea ice extents and ocean heat transports in a version BP, J. Climate, 22, 39-57, d0i:10.1175/2008JCLI2211.0920
of the Hadley Centre coupled model without flux adjustments, Payne, A. J.: A thermomechanical model of ice flow in West
Clim. Dyn., 16, 147-168, 2000. Antarctica, Clim. Dyn., 15, 115-125, 1999.

Gregoire, L. J., Valdes, P. J., Payne, A. J., and Kahana, Rrimal Pollard, D.: A retrospective look at coupled ice sheet—
tuning of a GCM using modern and glacial constraints, Glim.  climate modeling, Clim. Change, 100, 173-194, doi:10.1007
Dyn., 37, 705-719, doi:10.1007/s00382-010-0934-8, 2011. $10584-010-9830-9, 2010.



20 J. M. Gregory et al.: Modelling large-scale ice-sheétrale interactions following glacial inception

Pritchard, M. S., Bush, A. B. G., and Marshall, S. J.: Neglect
ing ice-atmosphere interactions underestimates ice shelein
millennial-scale deglaciation simulations, Geophys. .Rest.,

1155 35, L01 503, doi:10.1029/2007GL031738, 2008.

Radi¢, V. and Hock, H.: Regional and global volumes of gesi
derived from statistical upscaling of glacier inventorytajaJ.
Geophys. Res., 115, F01 010, doi:10.1029/2009JF001378, 20

Reeh, N.: Parameterization of melt rate and surface teryeran

1160 the Greenland ice sheet, Polarforschung, 59, 113-128,.1989

Reichler, T. and Kim, J.: How well do coupled models simulate
Today’s climate?, Bull. Am. Meteorol. Soc., 89, 303-311i: do
10.1175/BAMS-89-3-303, 2008.

Ridley, J., Huybrechts, P., Gregory, J. M., and Lowe, J. AimbBa-

1165 tion of the Greenland ice sheet in a high £&imate, J. Climate,
18, 3409-3427, 2005.

Ridley, J., Gregory, J. M., Huybrechts, P., and Lowe, J.€§holds
for irreversible decline of the Greenland ice sheet, ClimnD
35, 1065-1073, doi:10.1007/s00382-009-0646-0, 2010.

u7o  Rutt, I. C., Hagdorn, M., Hulton, N. R. J., and Payne, A. J.eTh
Glimmer community ice sheet model, J. Geophys. Res., 114,
F02 004, doi:10.1029/2008JF001015, 2009.

Smith, R. S. and Gregory, J. M.: Transient simulations oflé&s¢
glacial cycle with an AOGCM, Clim. Dyn., 38, 1545-1559, doi:

1175 10.1007/s00382-011-1283-y, 2012.

Smith, R. S., Osprey, A., and Gregory, J. M.: A description of
the FAMOUS (version XDBUA) climate model and control run,
Geosci. Model Devel., 1, 53-68, doi:10.5194/gmd-1-53800
2008.

uso  Tarasov, L. and Peltier, W. R.: A calibrated deglacial dagie
chronology for the North American continent: evidence of an
Arctic trigger for the Younger Dryas, Quaternary Sci. R@&,
659-688, 2006.

van den Broeke, M., Bus, C., Ettema, J., and Smeets, P.: Tampe

1185 ture thresholds for degree-day modelling of Greenland ezt
melt rates, Geophys. Res. Lett., 37, doi:10.1029/2010@1P3,
2010.

Vettoretti, G. and Peltier, W. R.: Post-Eemian Glacial |otaan.
Part I: The impact of a Summer Seasonal Temperature Bias, J.

1190 Climate, 16, 889-911, 2003.

Vizcaino, M., Mikolajewicz, U., Groger, M., Maier-ReimeE.,
Schurgers, G., and Winguth, A. M. E.: Long-term ice sheet-
climate interactions under anthropogenic greenhouseinfprc
simulated with a complex Earth System Model, Clim. Dyn., 31,

1195 665-690, doi:10.1007/s00382-008-0369-7, 2008.

Vizcaino, M., Mikolajewicz, U., Jungclaus, J., and Sclargg G.:
Climate modification by future ice sheet changes and conse-
quences for ice sheet mass balance, Clim. Dyn., 34, 301-324,
doi:10.1007/s00382-009-0591-y1, 2010.

1200 Wang, Z. and Mysak, L. A.: Simulation of the last glacial iptien
and rapid ice sheet growth in the McGill paleoclimate model,
Geophys. Res. Lett., 29, 2102, doi:10.1029/2002GL015120,
2002.

Yoshimori, M., Reader, M. C., Weaver, A. J., and McFarlaneAN

1205 On the causes of glacial inception at 116ka BP, Clim. Dyn,, 18
383-402, 2002.

Zweck, C. and Huybrechts, P.: Modeling of the northern hemi-
sphere ice sheets during the last glacial cycle and glagiolo
ical sensitivity, J. Geophys. Res., 110, D07 103, doi:12910

1210 2004JD005489, 2005.



	Introduction 
	Simulation of recent and incipient glacial climates
	Coupled ice-sheet--climate model
	The ice-sheet model
	Simulation of surface mass balance
	Evolution of topography and land surface characteristics

	FAMOUS--Glimmer simulation of ice-sheet growth
	The first 500 years
	Asynchronous coupling
	Steady-state ice-sheets for the recent climate
	Approach to steady state in the incipient glacial climate

	Climate feedback on incipient glacial ice-sheets
	Regional climate change
	Ice-sheet mass balance
	Sensitivity experiments for climate feedback on SMB

	Conclusions 

