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Abstract. To understand the validity &80 proxy records  most of the changes in the climate and hencesﬂﬁé)precip
as indicators of past temperature change, a series of expedistribution among the simulations.

iments was conducted using an atmospheric general circu-
lation model fitted with water isotope tracers (Community
Atmosphere Model version 3.0, ISoOCAM). A pre-industrial 1

simulation was performed as the control experiment, as We“‘l’he Last Glacial Maximum (LGM, about 1900023 000 yr
as a simulation with all the boundary conditions set to Lastbefore present) marks the peak of’ the last glacial period be-

.GIaC|aI' Maximum (LGM) vglues. Results from the pre- tween about 110 000 and 10 000 yr before present. A strong
industrial and LGM simulations were compared to exper- T : . !
cooling in both hemispheres is recorded in proxy records

'm_e”ts in which the mfluenqe of individual boundary con- from Greenland (Dahl-Jensen et al., 1998) and Antarctica
ditions (greenhouse gases, ice sheet alt_Jedo and topograp Stenni et al., 2004; EPICA community members, 2004).
sea surface temperature (SST), and orbital parameters) we uring the LGM, a large portion of North America and

changed each at a time to assess their individual impact. The . .
‘ i . . forthern Eurasia was covered by ice sheets, hence the sea

experiments were designed in order to analyze the s;pathleveI was reduced by about 120 m (Fairbanks, 1989; Lam-

variations of the oxygen isotopic composition of precipita- beck and Chappell. 2001 ’ ’

. 18 . oo . ppell, ). The newly exposed land areas and

tion (§*°Oprecip) in response to individual climate factors.

! . . _differences in vegetation and soil type impacted the surface
The change in topography (due to the change in land ice o .

e ) : albedo. The Laurentide ice sheet covering most of Canada
cover) played a significant role in reducing the surface tem-

perature an@80,,ec;, over North America. Exposed shelf and allarge portion of the northern United .Sta}tes ha}d gfirst-
areas and the icg shpeet albedo reduced the Northern He prderimpact on the Iarg_e-scale atmo_sphenc C|rculat|0n_|n the
sphere surface temperature a0, oy further. A global mlklorthern Heml_sphere V|z_itopograph|c and thermal forcing as
mean cooling of 4.1C was simulatgd V\F/Jith combined LGM demonstrated in global circulation models (e.g. Hansen et al.,

o ; . 1984; Manabe and Broccoli, 1985). A reduced atmospheric
boundary conditions compared to the control S'mUIat'on’concentration of CO(185 ppmv, Petit et al., 1999) compared
which was in agreement with previous experiments using th ! -

ful coupled Community Cimate System Model (CCSNS). .1 Preindustial (P, spproximately 1600 AD) value of
Large reductions iﬁlSOprecip over the LGM ice sheets were PP ' ) 9

strongly linked to the temperature decrease over them. ThéGHG) levels have a direct effect on radiative forcing (Shin
. . et al., 2002).
SST and ice sheet topography changes were responsible for

Introduction
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790 T. Tharammal et al.: Influence of Last Glacial Maximum boundary conditions

Sensitivity studies using slab ocean models (e.g. Manabg@aleoclimatic distributions of the stable isotopes in the global
and Broccoli, 1985) find that the reduction in GHG is ac- hydrological cycle.
countable for the global cooling during the LGM, whereas Charles et al. (1994) found that changes in moisture
the ice sheets induce a regional cooling in the Northerntransport and source regions for Greenland at the LGM
Hemisphere. Hewitt and Mitchell (1997) and Kim (2004), may have produced an isotopic response independently of
using coupled atmosphere—ocean general circulation modtemperature changes. A similar result has also been found
els, similarly conclude that the ice sheet topography is afor shorter (millennial-scale) climate variations (Liu et al.,
dominant factor in reducing the surface temperature in the2012). Masson-Delmotte et al. (2006) showed that a major
Northern Hemisphere. A recent sensitivity study by Pausatgart of Greenland and Antarctic coolings of the general circu-
et al. (2011a) finds that the ice sheet topography also playfation model (GCM) simulations is caused by the prescribed
a key role in altering the circulation pattern over the North local elevation increase due to ice sheets at the LGM. Werner
Atlantic Ocean. These studies demonstrate the importancet al. (2000) found an increased seasonality in the annual
of studying the relative role of individual Last Glacial cycle of precipitation over Greenland during the LGM, but
Maximum boundary conditions. not over Antarctica. Conventionally, the spatial slope over

Changes in atmospheric temperature and circulation are region (the relationship betweéﬁgoprecip and tempera-
closely reflected in the relative abundance of the isotopes ofure over a region) was assumed to hold through different
the water molecule #°0, H,180 and HDO, which is why  climates, irrespective of time, and the temporal slope (rela-
these isotopes are useful indicators of current and past clitionship of8180precipwith surface temperature at a single ge-
mate changes (Dansgaard, 1964; Jouzel, 2003; Noone arafraphical location through different climates over time) was
Sturm, 2009). A temperature-dependent isotopic fractiona-considered to be similar to the spatial slope (Jouzel, 2003).
tion occurs during any phase transition because of the difModeling studies (for example, Lee et al., 2008) find that the
ferences in their saturation vapor pressures. This causes trapparent temporal slope over eastern Antarctica is half of the
ratios of the heavier to lighter isotopes in the different reser-observed spatial slope for the LGM and that the value of the
voirs of the hydrological cycle to vary depending on the at- temporal slope is related to the temperature decrease over the
mospheric conditions (Gat, 1996). In our study, we focusedSouthern Ocean. These studies point to the importance of un-

on H,'%0 and H80. derstanding the influence of the various forcing factors on the
The ratios of the heavy to the light isotopes are denotedsotope distribution.
by so-called values, given a8'80 = (RsampLE/ Rvsmow — In our study, we aim to understand the chang&lﬁﬁ)precip

1) x 1000 %o, whereR is the ratio of the abundance of during the LGM and associate the changes to the influ-
the heavier oxygen isotop¥O to the abundance of the ence of the different boundary condition constraints. Fol-
lighter isotopel®0. Furthermore RsampLe and Rysmow = lowing Broccoli and Manabe (1987b), we employed a simi-
2.0052x 102 %o are the isotopic concentrations of the sam- lar method using an atmospheric general circulation model
ple and of VSMOW (Vienna Standard Mean Ocean Water),to test the effect of the individual boundary conditions
respectively. In the tropic$180 in precipitatioanSOprecip) on the Last Glacial Maximum climate in terms of surface
is closely related to the precipitation amount (“amount ef- temperature, precipitation araéISOprecip
fect”, Dansgaard, 1964). Thus, highly depleted stable iso-
tope concentrations are observed during time periods of in-
tense precipitation (Rozanski et al., 1993). At high latitudes,2 The model and experiments
8180precip is strongly correlated with the local surface tem-
perature (“temperature effect”, Dansgaard, 1964; RozanskP.1 The model
et al., 1993), and for temperatures below 4 the annual
means*®0pyecipis closely related to the annual mean surfaceWe used the NCAR Community Atmosphere Model
temperaturel as §180=0.62%.°C~1 T-15.25% (Dans- CAM3.0 (Collins et al., 2006) with a water isotope scheme
gaard et al., 1973; Johnsen et al., 1989). Models have beeimcluded, hereafter referred to as IsoOCAM. The isotopic ver-
used to determine whether this present-day temperaturesion of CAM is based on the earlier isotopic scheme of
Slsopreciprelationship could be extended to climates that dif- Noone and Simmonds (2002), but includes a more sophis-
fer starkly from the present (e.g. Lee et al., 2008). ticated treatment of surface exchange and cloud processes to
Stable water isotopes have been included in the hydromake use of the multiple water phases predicted by CAM
logical cycle of various global atmospheric models, namely,(Noone, 2003, 2006; Noone and Sturm, 2009; Sturm et al.,
GISS (Jouzel et al.,, 1987), ECHAM (Hoffmann et al., 2010). The spatial resolution employed in our experiments
1998), MUGCM (Noone and Simmonds, 2002), CAM2.0 corresponds to a spectral truncation of T31 and 26 hybrid
(Lee et al., 2007), LMDZ (Bony et al., 2008), CAM3.0 levels in the vertical. The related Gaussian grid has a spatial
(Noone and Sturm, 2009) and the atmosphere—ocean couesolution of approximately 3.7548 grid points in latitude
pled model HadCM3 (Tindall et al., 2009). These modelsand 96 grid points in longitude). Each atmospheric grid box
have been successfully used for simulating the present ansh CAM3.0 contains a specific fraction of land, ice, or ocean.
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The ability of CAMS3.0 to efficiently simulate the global hy- 2.2 Experiments and boundary conditions
drological cycle is detailed in Hack et al. (2006).

CAM is coupled to the Community Land Model, CLM A simulation with all the boundary conditions set to LGM
(Bonan et al., 2002), which uses the same grid as the atmovalues was carried out following the PMIP2 (Paleocli-
spheric model. CLM includes different forms of land surface mate Modelling Intercomparison Project Phase II) protocol
types within each grid cell, namely lakes, glaciers, wetlands(LGM-combined hereafter). In addition, a series of experi-
and up to 16 land plant functional types (PFTs) that can in-ments was carried out by changing the individual boundary
clude a bare soil (Dickinson et al., 2006). For the calculationconditions (greenhouse gases, ice sheet albedo and topog-
of isotope ratios over land, a simple bucket model (Manaberaphy, SST along with sea-ice concentration, orbital param-
1969) is used, which does not differentiate between evaporaeters) each at a time to LGM values. A pre-industrial (PI,
tion and river runoff or different soil types (Deardorff, 1977; approximately 1800 AD) simulation with boundary condi-
Noone and Simmonds, 2002). The isotope ratios over landions also according to the PMIP2 protocol (Braconnot et al.,
do not take into account the fractionation during evapotran-2007) served as the control run. The extent and the height of
spiration or the effect of different vegetation types. the ice sheets at the LGM were taken from the ICE-5G ice

A thermodynamic sea-ice model (CSIM) represents thesheet topography (Peltier, 2004). The SST datasets for the
sea-ice component of the model. CSIM computes the surfacere-industrial and LGM periods were derived from previous
fluxes when used with prescribed sea surface temperaturtilly coupled CCSM3 simulations (Merkel et al., 2010). For
(SST). It further predicts snow depth, brine pockets, internalthe SST and LGM-combined simulations, the SST dataset
shortwave radiative transfer, surface albedo, ice—atmospherfer the LGM was used; for all other simulations, the pre-
drag and surface exchange fluxes without the use of a fluxndustrial SST dataset was chosen. In comparison to a multi-
coupler (Collins et al., 2006). proxy reconstruction of the LGM SST from the MARGO

The stable isotope ratios of water in the hydrological cy- project (MARGO, 2009), the model's LGM SST anomaly
cle of IsoCAM are transported through the atmosphere andvith respect to PI (Fig. S1 in the Supplement) shows a trop-
the ground by the same processes (advection, moist corieal cooling largely consistent with the MARGO estimate.
vection, evapotranspiration, etc.) used to transport hormaHowever, the proxy data suggest a stronger cooling near
water (Noone and Sturm, 2009). The isotopes of hydro-the western coasts of Africa and South America than the
gen are also included in the model, but were not analyzednodel. Otto-Bliesner et al. (2009) attribute this reduced cool-
in the present study. The isotopic fractionation occurs withing in the simulations to model deficiencies that produce bi-
every phase change of the water species in the model hyases in tropical upwelling and the thermocline structure, and
drology. IsoCAM employs a semi-Lagrangian formulation to insufficient model resolution. Other PMIP2 models show
for the water vapor and tracer transport (Williamson andsimilar differences from the proxy data (Braconnot et al.,
Rasch, 1993; Williamson and Olson, 1994). This formulation2012). The Pl and LGM SST data used for our simulations
uses a shape-preserving interpolation method (Williamsorwere very similar to the results of higher resolution CCSM3
and Rasch, 1989), which avoids the generation of spuriougxperiments (Otto-Bliesner et al., 2006a).
minima or maxima through supersaturation by the transport For all our experiments, the sea surface oxygen and hydro-
of water vapor (Williamson and Rasch, 1993). The schemegen isotope ratios were set to the global mean surface ocean
has been found to be sufficiently accurate for conservingvalues of 0.5 %. and 4 %o, respectively (cf. Craig and Gordon,
isotopic ratios during advection to low-temperature envi- 1965).
ronments (Noone and Simmonds, 2002; Noone and Sturm, The boundary conditions for each experiment are listed in
2009); however, it does not guarantee mass conservatiolables 1 and 2. The orbital parameters for the pre-industrial
(Staniforth and ©té, 1991; Rasch and Williamson, 1990; control, GHG, albedo and topography simulations were pre-
Williamson and Rasch, 1993; Williamson and Olson, 1994).scribed to the reference values of 1950 AD, while the orbital
A “mass fixer” that repeatedly restores global mass is used irparameters for the orbital-only and for the LGM-combined
CAM3.0 to account for this imbalance (Collins et al., 2004). simulation were set to the 21 ka BP values (Berger, 1978). In
Studies with the MUGCM (Noone and Simmonds, 2002) the GHG experiment, only the atmospheric greenhouse gas
find that the application of such a mass fixer leads to fictitiousconcentrations were reduced to the LGM concentrations to
changes in the isotope distribution, as the mass restoration ishow the direct influence of changes in atmospheric heating
not local and the mass is not balanced where the spurioudue to infrared absorption, rather than the fully integrated
sinks/sources have removed/added the mass, which affectdimate response to lower GHG concentrations during the
especially the polar regions. Since IsoCAM gives a betterLGM, which is better captured by the stronger forcing pro-
tracer—tracer correlation without the application of an a pos-vided by prescribing the LGM SSTs. The albedo experiment
teriori mass fixer (not shown), our simulations were carriedwas conducted by replacing the land ice cover of the Pl sim-
out without mass fixing. ulation with LGM values, thereby only changing the surface

albedo to that of the LGM. The topography experiment was
conducted by taking into account the change in ice sheet
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Table 1. Summary of experiments and boundary conditions.

Ice sheet

Experiment SST Orbital year Topography GHG albedo
PI PI 1950 P} PI PR

GHG( M) PI 1950 PI LGM Pl
Albedqy gwm) PI 1950 PI PI LGM
Topography gmy P! 1950 LGM PI PI
SSTiLewm) LGM 1950 PI PI PI
Orbitaly gy PI 21ka PI PI PI
LGM-combined LGM 21ka LGM LGM LGM

1 present day values are used for the topography and coast lines in the PI (control) simulation following
the PMIP2 protocol? Present day values are used for the ice sheets in the PI (control) simulation
following the PMIP2 protocol.

Table 2. Atmospheric greenhouse gas concentrations for the Plan Geographical annual mean responses in surface

LGM time periods. temperature and precipitation
Greenhouse . Pre- Because the experimental design makes use of the atmo-
gases industrial LGM . -
spheric component forced by conditions that result from a
CO2 (ppmv) 280 185 coupled model, it is prudent to confirm the performance of
CHa (ppbv) 760 350 the uncoupled simulation. The impact of the glacial bound-
N2O (ppbv) 270 200

ary conditions on the surface temperature and precipitation
in defined geographical regions is summarized in Tables 3
and 4, respectively. The global annual mean cooling in the
topography and the lowering of sea level during the LGM surface temperature was 4@ in our LGM-combined ex-
by 120 m (Fairbanks, 1989). All simulations were integrated periment with respect to the Pl experiment, while the reduc-
for 35 model years, and the last 10 yr of each simulation wereion of global annual mean precipitation was 0.22 mmday
used for analysis. in good agreement with previous coupled simulations using
The coupled CCSM3.0 model has been shown to succes$ECSM3 (Otto-Bliesner et al., 2006a). The SST experiment
fully reproduce the observed distributions of surface tempervrought about a global mean cooling of 2°T® The di-
ature and total precipitation, as described in Otto-Bliesnerrect influence of albedo and GHG changes was a cooling
et al. (2006b) and Hack et al. (2006). Here the uncoupledof 0.18°C and 0.14C in these experiments, respectively,
CAM3.0 model is forced with a prescribed SST, and the anal-which was comparatively small, and much smaller than the
ysis focuses on the changes to 810 of precipitation that  response that results from them when coupled with ocean
are associated with this SST forcing and other boundary consurface temperature. The fixed SST suppressed the ocean—
ditions. The annual and seasonal distributions®0precip  atmosphere feedback and so only the land temperature was
for the PI control climate are shown in Fig. 1. The IsoCAM free to interact with the C®change. The change in topog-
model captures well the main features of the annual meamaphy caused a mean cooling of 0% in the Northern
3180precipwhen compared to the Global Network of Isotopes Hemisphere (NH), while in the Southern Hemisphere (SH)
in Precipitation (GNIP; IAEA/WMO, 2006) database (not the magnitude of the induced cooling was only .27 The
shown). The temporal*®Opecig-surface temperature (TS) global mean cooling in the orbital experiment was the weak-
slope between the control run and the LGM-combined simu-est among all the simulations. The precipitation in the tropics
lation was calculated as a linear fit for Antarctica and Green-was reduced in all the experiments except for the GHG sim-
land asStemporal= [6*80precilLGM) — 8*80precip (PNI/[TS  ulation and showed the strongest response in the SST exper-
(LGM) — TS(PI)]. This relationship is a critical metric for iment. The global annual mean energy budgets for our simu-
interpreting model results because it is most pertinent fonations are summarized in Table 5. The annual global energy
estimating past temperature from ice core records. The inimbalance for the control run at the top of the model (TOM)
sight offered by the ISoCAM is in association with the sim- and the surface was2.39 W nm2 and+5.12 W nT 2 (a pos-
ulated changes i8180pecip that correspond to the changes itive sign means that the system is gaining heat), respec-
in TS, which in turn result from a systematic variation of the tively. The TOM and surface residual energy imbalances for
boundary conditions. the LGM-GHG and LGM-SST experiments were larger than
for the Pl experiment. The model conserves energy within
(7.5+0.2) Wn12 for all experiments. Since the model is
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Fig. 2. The difference of zonal meat80precip (%) of each exper-
iment from the control run.
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the Antarctic ice sheet and changes to the atmospheric circu-
lation over the Southern Ocean. The LGM-combined exper-
iment yielded a strong response in the Southern Hemisphere
mid-latitudes and in the south polar regions with a depletion
by 2 to 4%.. The SST experiment and the LGM-combined
experiment showed similar highé®Oprecip values in the
tropics and equatorial regions where the precipitation was re-
duced by 5-10% (not shown). In the higher latitudes, how-
ever, the effect of the ice sheet albedo and topography in the
180 150W 120W 80W G60W 30W 0 30E 60E 00E 120E 1S0E 180 LGM-combined experiment led to Iowé?‘goprecipvalues as
compared to the SST simulation.

40 -30 20 10 8 6 -4 -2 0 2

Fig. 1. Global distribution of&lgoprecip (%o) for the control run: 5 A : : :
nnual mean spatial response to the different forcings
(a) annual mean(b) December-January—February (DJF) season, P P 9

and(c) June—July—August (JJA) season. 5.1 Global responses 03180precip

forced with a prescribed SST dataset, the model need not bTE;e annual mean _sp_atlgl responses in sur.face temperature,
. . - 3-°Oprecip and precipitation are shown in Figs. 3, 4 and 5,
in energy balance. The surface latent heat flux was higher in .
) ) S . respectively.
the GHG experiment in association with lower global rela- . L .
. - : . The temperature (Fig. 3a) and precipitation (Fig. 5a) re-
tive humidity due to changes in the atmospheric longwave . .
. 4 - . . sponses to the direct GHG forcing were small and were
heating profile, while it was reduced in other experiments. :
only seen over land because the SST was prescribed. A re-
duced atmospheric COconcentration in a coupled simu-
4 Zonal mean response 08180 in precipitation lation would have directly affected the amount of outgoing
longwave radiation and reduced the net downward heat flux
The orbital, GHG, and albedo experiments produced lowerat the ocean surface, thereby cooling the ocean surface. Glob-
Slgoprecip values in the northern high latitudes (Fig. 2). The ally, thealgoprecip response (Fig. 4a) was small, and regions
topography changes also produced Iowé?oprecip values  of low temperature in the high latitudes were characterized
by 1 to 2 %o in the northern high latitudes, where the zonalby low 8180precipvalues.
mean surface temperature (not shown) was reduced by 2 to The effect of the albedo change was seen predominantly
3°C; and by 2 to 3%. in the southern high latitudes, which in the Northern Hemisphere as the increased albedo of the
was associated both with the significant altitude change oveice-covered grid cells (i.e. without topographic change due
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Table 3. Annual mean surface temperature (TS} @ over the globe (T§onal), land points alone (Tigng), Northern and Southern hemi-
spheres (TRH, TSsH), and tropics (THopics 20° S to 20 N) in the different experiments. The difference to the control experiment is given
in the adjacent columns.

Experiment Tlobal TSiand TSNH TSsH TStropics

Pl 12.89 6.70 13.057 13.01 25.66
GHG(LGM) 12.75 -0.14 6.28 —-0.42 12.82 -0.24 12.96 —-0.05 25.63 —-0.03
A|bequGM) 12.71 -0.18 6.08 -0.62 12.69 -0.37 13.00 -0.01 25.66 0.00
TopograthLGM) 1245 -0.44 532 -1.38 12.47 —-0.59 12.73 -0.27 25,53 -0.13
Ol’bita|(|_G|V|) 12.86 —0.02 6.31 -0.38 13.00 —-0.05 13.01 0.0 25.67 0.01
SST(LGM) 10.10 -2.79 293 -3.76 10.27 -2.78 9.92 -3.08 24.00 -1.65
LGM-combined 879 -4.1 -052 -7.22 8.35 —-4.71 9.58 —-3.42 23.84 -—-1.83

Table 4. As Table 3, but for precipitation in mm déﬂf.

Experiment precigobal precipand precipyH precipsy Precifropics

PI 2.77 2.10 2.64 2.90 4.44
GHGLgwm) 2.80 0.03 2.05 -0.04 2.67 0.03 2.94 0.03 4.49 0.04
Albedq gm) 2.76 —0.00 2.06 -0.04 2.62 -0.01 291 0.01 443 —-0.01
Topographytgmy 2.75 —0.01 2.12 0.01 2.61 -0.02 2.89 -0.01 440 -0.04
Orbitak gm) 2.77 0.0 2.10 0.0 2.64 0.0 2.90 0.0 4.43-0.01
SSTLem) 255 -0.22 198 -0.12 239 -0.24 2,70 -0.20 415 -0.28

LGM-combined 2,55 -0.22 1.86 —-0.24 2.38 —-0.25 271 -0.18 417 -0.27

to ice sheets) caused a reduction in surface temperature byifiation was simulated (Fig. 4e). In the LGM-combined sim-
to 5°C (Fig. 3b).5180precipfollowed the temperature pattern ulation, the ice sheets caused strong anomalies in tempera-
with lower §180pecipvalues of 1.5 to 2 %o with a spatial slope ture (Fig. 3f),5680precip (Fig. 4f) and also in precipitation
of 0.67 %.°C~1 (Fig. 4b) over North America, and parts of (Fig. 5f) over the North American land mass and parts of
Eurasia where the precipitation was also reduced comparethe North Atlantic Ocean, because the atmosphere became
to Pl values (Fig. 5b). drier, especially in high latitudes. A strong cooling in surface
The ice sheet topography experiment resulted in a strongemperature and a similar pattern of reductiom’tFOprecip
cooling (approximately—15°C, Fig. 3c) and reduction in  with a spatial slope of 0.52%&C 1 over the expanded ice
precipitation (Fig. 5c) in the regions of elevated orography, sheets were simulated, because of the colder and drier cli-
because the elevation change was about 2 km over the Nortinate over them. Over the northern African continent and
American and Eurasian ice sheets and temperature decreaseger the Indian subcontinent, high#Opecip values of 0.5
with altitude at a lapse rate of approximately 8&Gkm—1., to 2 %o were simulated. The positive and negative anomalies
Slsoprecipwas depleted by 5 to 15 %o (Fig. 4c), and the model in precipitation simulated over the tropics were similar to the
predicted a spatial slope (;SleOprecip vs. temperature of response modeled in the SST experiment, which points to a
0.61%:°C~1 over the North American ice sheets. The effect local response in precipitation to the changes in SST.
of changes in the orbital parameters on the simulated climate
ands80precip was small (Fig. 4d). Surface temperature was 5.2 Regional mean responses 6180 precip
lowered by around iC over parts of North America and Eu-
rope (Fig. 3d). Similar to the very weak surface temperatur ) , ;
response, only small changes were seen in the precipitatiof®ntrol experiment for North America, Eurasia, Green-
with an increase in the range of 0.1 to 1 mmdhypver parts land, northern Afnca, southern Afrlc_a, northern and south-
of the globe (Fig. 5d). ern Squth America and Antgrctlca _|n each .expenment are
In the SST experiment, the surface temperature over th@Ven in Table 6 (geographical regions defined by appro-
northern high latitudes and polar regions was reduced b>pr|ate Iatlltude—longltll,lé:ie boundaries). Over northerq Africa
more than 12C (Fig. 3e), a direct effect in response to the & SroNg increase i6-*Oprecip values was simulated in all
reduced SS'IBlSOprecipwas more depleted over the high lat- the expe_nments compar_ed to the control _expenment_, with
itudes with the reduced temperature and more enriched ovef'® Maximum response in the LGM-combined experiment

the monsoonal regions, where a reduction in annual precip(l'57 %o).

oThe annual mean*®Opecip and the difference from the
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Fig. 3. Annual mean difference of surface temperat\t€)(of (a) GHG, (b) albedo,(c) topography,(d) orbital, (e) SST, and(f) LGM-
combined experiments from the control run. Anomalies in the surface temperature at the margins of the Ross and Weddell seas in the SST
and the LGM-combined experiments are stippled because the respective grid cells were erroneously defined as ocean.

Table 5. Global annual mean of energy terms in the model for the different experiments.

Experiment FSNT FLNT SHFLX LHFLX FSNS FLNS RESSURF RESTOM
PI 23128 2334 2236 7357 157.35 56.03 539 -2.12
GHG(Lgm) 230.76 23554 2272 7455 156.91 56.89 2.75 —4.88
Albedqy gwm) 230.19 233.09 224 7337 156.26 55.81 468 —2.9
Topographygmy ~ 230.6 23273 2233 7287 156.79 55.99 56 -2.13
Orbitalcm) 231.17 23328  22.35 735 157.22 5591 546 -2.11
SSTiem) 228.82 2281 2378 6758 156.35 56.98 8.01 0.72
LGM-combined ~ 226.32 22859  23.86  67.35 154.28 57.83 5.24 —2.27

All energy fluxes are given in units of Wn?. ESNT: net solar flux at top of model (TOM), FLNT: outgoing longwave radiation at top of
model, SHFLX: surface sensible heat flux, LHFLX: surface latent heat flux, FSNS: net solar flux at surface, FLNS: net longwave flux at
surface, RESSURF: residual energy flux at the surface, and RESTOM: residual energy flux at the top of the model.
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Fig. 4. Annual mean difference aflsoprecip (%0) of (a) GHG, (b) albedo,(c) topography,(d) orbital, (e) SST, and(f) LGM-combined
experiments from the control run.

In southern Africa, the depletion was most pronounced inaveraged mean depletion of 2.2 %. in the LGM-combined
the SST and LGM-combined experiments, and the resultsimulation was obtained, whereas the topography and the
showed the dependence (ﬁisoprecip on the SST change (a SST experiments producé&goprecip values lower by about
lower SST led to lower isotope values). Over Greenland,1.2 %o each.
the mean value 0880pecip was —22.3%. in the LGM-
combined experiment, and the SST experiment produced th6.3 The spatial relationship ofSlsoprecip to surface tem-
largest signal among all experiments with a depletion by perature and precipitation
2.6 %0. The geographical region covered by the Eurasian ice
sheet was more depleted by 5.9 %0 in the LGM-combined ex-In order to understand the relationship between annual mean
periment, whereas the topography and SST simulations pros*®Oprecip and surface temperature under different climate
duced a depletion by 2.1 and 2.7 %o, respectively. Over thestates, a simple linear regression analysis was used to cal-
Laurentide ice sheet, th&-ffsoprecipwas lower by 10.3%o in  culate the spatial slopes over Greenland and Antarctica
the LGM-combined simulation and the topography change(Fig. 6a—d). Modeled annual mean values of surface tem-
produced a decrease of 3.3%. Over Antarctica, an areaperature and*®Opecip for all model grid boxes in inner

Greenland and Antarctica were used for the calculation.
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Fig. 5. Annual mean difference of total precipitation (mm day of (a) GHG, (b) albedo,(c) topography,(d) orbital, (e) SST, and(f)
LGM-combined experiments from the control run.

Table 6. Annual meanSlSOprecip in %o as area averages for selected geographical regions (given in brackets, also a land mask dataset for
LGM was used to select the regions in specific) in the different experiments. The difference from the control experiment is given in brackets.

Laurentide ice sheets  Eurasian ice sheet Greenland N. Africa S. Africa N. South America  S. South America Antarctica
(30° N-8C° N, (40° N-8C° N, (60° N-88° N, (9°N-25"N, (14° S-38 S, (10 N-25°S, (28 S-60 S, (68 S-89 S,

Experiment 150 W-60" W) 0-9C E) 15 W-70°W)  20° W-30° E) 5 E-37E) 80° W-30° W) 50° W-8C° W) 18(° E-180 W)

Pl -13.84 —12.02 —20.12 -3.90 —6.38 —4.96 —5.01 —28.28
GHG(Lgm) —14.08 (-0.24) —12.37 (-0.35) —20.23(0.11) -—2.84(+1.06) —6.48 (-0.09) —5.18 (-0.21) —5.40 (-0.38) —28.28 (0.00)
Albedqigm) —14.96 1.11) —12.140.12) —20.190.07) —2.94(0.96) —6.44(-0.05) —5.00 (-0.03) —5.16 (-0.14) —28.32(-0.04)
Topography gm) —17.17 (3.33) —-14.13 (2.11) -20.53 (0.41) -3.67 (+0.22) -6.66 (-0.28) —5.09 (-0.12) —5.36 (-0.34) —29.49 (-1.21)
Orbital gm) —14.01 (-0.16) —12.16 (-0.14) —20.05 (+0.06) —2.54 (+1.35) —6.59 (-0.21) —5.05 (-0.09) —5.31(-0.29) —28.27 (-0.01)
SSTLem) —15.34 (1.50) —14.79 2.77) —-22.72(2.6) —2.99¢0.91) -7.28(-0.89) —5.53 (-0.57) —6.19 (-1.17) —29.521.24)
LGM-combined —24.22 (-10.38) —17.95(5.93) -22.33(2.21) -2.32(¢1.57) -7.24(-0.86) —5.58 (-0.62) —6.73 (-1.71) —30.56 (-2.27)
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trol simulation, right panels: LGM-combined simulation.
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ature over Antarctica with the observational surface Antarc-
tic snow composition data (Masson-Delmotte et al., 2008),
and the present-day model simulations by Sime et al. (2008).
For this, we regridded the annual mean results onto a 50 km
equal-area grid (using only the continental grid cells as in
Sime et al., 2008). The spatial relationshipssb‘?oprecip to

the surface temperature were calculated for the entire Antarc-
tic, East Antarctic and the West Antarctic regions. These re-
gions were defined as per Sime et al. (2008). We obtained
a slope of 0.54%C~! over the entire continent, where
Masson-Delmotte et al. (2008) obtained 0.80&%s . The
spatial slope estimated for East Antarctica was 0.55%q",
which is lower than the slope obtained from observations
(Masson-Delmotte et al., 2008) and the modeled present-
day slope of 0.73%C~! by Sime et al. (2008). The slope
for the West Antarctic region was estimated as 0.59%o',
whereas Sime et al. (2008) obtained a value of 1.28%d.
Over the entire Antarctic, changes with respect to the con-
trol run were simulated in the topography (spatial slope
of 0.48%.°C~1), SST (spatial slope of 0.48%c~1), and
LGM-combined (spatial slope of 0.45 %z ~1) experiments
(Fig. 6d). The albedo and GHG experiments yielded slopes
that were identical to those in the control simulation. The pre-
cipitation simulated by the model for the Pl control run was
found to be larger by 10 to 20 kgTiyr—1 when compared

to the observations (cf. Masson-Delmotte et al., 2011). The
overestimation of the surface temperature and the precipita-
tion rate in the model over Antarctica may have contributed
to the lack of depletion simulated by the model.

The temporal318oprecip—surface temperature slope be-
tween the Pl and LGM-combined simulations calculated for
Greenland was 0.51 %€, which was about 19 % smaller
than the PI spatial slope. The temposafOpecip-surface

Over Greenland, the PI control run gave a spatial slope otemperature slope between the Pl and LGM-combined sim-

0.63%:°C~1 (Fig. 6a). The slopes of the SST (0.58% 1),

topography (0.60 %C~1) (not shown) and LGM-combined

experiments (spatial slope of 0.54% 1, Fig. 6b) deviated
notably from the PI relationship.

ulations for the entire Antarctic was 0.3 %1, which was
~ 50 % lower than the PI spatial slope. The temporal slope
for the East Antarctic was 0.21 %1, which was~ 60 %
lower than the PI spatial slope over the region, whereas

Figure 6e and f show the relationship between the anfor the West Antarctic the temporal slope was 22 % lower

nual mean precipitation an«&iwo,;,recip i.e. the amount ef-
fect over the tropics (from 205 to 20 N) for the PI control

(0.46 %.°C~1) than the PI spatial slope over the region.

and LGM-combined simulations. Both experiments showed
lower 6180precip values with an increase in the precipita- 6 Seasonal signals in the sensitivity experiments
tion amount. This was also found for the other experiments
(not shown). The modeled relation between total precipi-6.1 Seasonal cycle in control and LGM-combined

tation (P) and Slsoprecip for the control experiment was

8180precip= —0.51P—2.66 %o (slope in %. per mm day).

climates

The GHG, albedo, topography and orbital experiments pro4n order to address the seasonal variationsléoprecip and
duced minor deviations in the range of 0.01-0.02%. perthe climate variables, the difference between boreal summer
mmday ! (not shown) from the spatial slope obtained for the (June—August, JJA) and boreal winter (December—February,

control run. In contrast, spatial slopes-69.60 and—0.58 %o

DJF) for surface temperaturé,lsoprecip and precipitation

per mmday?® were found for the SST and LGM-combined were analyzed for the Pl and LGM-combined simulations.

experiments, respectively.

First, we analyzed the seasonal amplitude (JJA minus

We used the results of our pre-industrial simulation to DJF) for the PI control simulation (Fig. 75.180precipvalues
compare the spatial slope ﬁSOprecip and surface temper- were higher (by 2 to 14 %o) in the boreal summer (Fig. 7b)

Clim. Past, 9, 789809 2013
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_ ) ) 6.2 Seasonal response in the experiments in comparison
compared to the winter season in the Northern Hemisphere, with PI

notably over North America and Eurasia, which may be due

to the higher summer temperature (Fig. 7a). Lower values ofatmospheric general circulation features such as monsoons
8180precip Were simulated in the northern tropics during the or the seasonal migration of the Intertropical Convergence
boreal summer compared to boreal winter. This could be rezone (ITCZ) are reflected in the distribution 8®0precip
lated to the amount effect, as suggested by the correspondinghe isotopic ratio of summer precipitation is much lower
precipitation signature (Fig. 7c). than that of winter precipitation and leads to lower sum-
When contrasting the LGM-combined and Pl seasonal-mer §'80pecip values in connection with the precipitation
ity (Fig. 8), the amplitude of the seasonal cycle of surfaceamount, especially in the tropics (seasonality and amount ef-
temperature over the northern latitudes30° N), especially  fect of isotopes, Dansgaard, 1964). Therefore, in this section,
over Greenland, Eurasia and North America, was strongeve analyze the seasonal responsé*$Dprecip in the indi-
in the LGM-combined simulation (Fig. 8a). F6!%0precip  vidual experiments with respect to the Pl control climate.
the strength of the seasonal cycle in the control climate wasthe winter and summer anomalies &fOprecip are shown
larger over the Laurentide ice sheet, while over Eurasia then Figs. 9 and 10, respectively.
LGM seasonal amplitude was stronger (Fig. 8b). The sea- Lower §*8Opecip values were simulated in the Northern
sonality of precipitation in the LGM climate was weaker as Hemisphere in the topography, SST and LGM-combined
compared to the control climate over the monsoon regionssimulations in the DJF and JJA seasons (Figs. 9 and 10 re-
and in higher latitudes. Over southern Africa and betweenspective|y) when compared to the control simulation, which
40° N and 50 N on the North American continent, the sea- could be a result of the temperature effect due to the re-
sonal amplitude of precipitation was larger during the LGM duced SST and the changes in the atmospheric circulation
(Fig. 8c), possibly because of a reduced winter (DJF) predrought about by the topography changes. In the DJF sea-
cipitation in the LGM-combined simulation when compared Son,8180precipvalues were lowered by 5 to 10 %o over west-
to the PI. ern Antarctica in the topography, LGM-combined and SST
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Fig. 9. The anomalies dlsoprecip(%o) for (a) GHG, (b) albedo,(c) topography(d) orbital, (e) SST, andf) LGM-combined experiments
from the control experiment for the boreal winter (DJF).

experiments. The albedo experiment produced lower sumTherefore, we focus on these experiments in the remainder
mertime §180pecip values over North America, and the re- of this section.

sponse was stronger than in winter. The topography exper- The isotopic content of water vapor at the 500 hPa level
iment produced higheﬁ*lsoprecip values in the south of the showed a wintertime depletion (Fig. 11) over the ice sheets
North American continent. Higheri‘lsoprecip values were in the topography experiment compared to the control run.
simulated over central Antarctica in the SST experiment,The 500 hPa geopotential height field showed a split over
both in winter and summer. It should be noted that the di-the Laurentide ice sheet in the flow due to the topogra-
rect influences of GHG forcing provided a minimal responsephy, in agreement with previous LGM modeling experiments
in both winter and summer seasons over land. The highe(Otto-Bliesner et al., 2006a). A trough in the geopotential
Slgoprecipvalues in the boreal summer in the SST and LGM- height field indicated enhanced storm activity over Eurasia
combined simulations over Africa and South Asia were cor-and the North Atlantic in the winter season of the LGM-
related with the reduced summer monsoon intensity (nottombined simulation (Fig. 11a), with a ridge over western
shown) in these experiments. North America and a trough over the east of the continent.
The more westerly winds over central and northern Green-
land in winter, and also the remote moisture transport from
North America with lowers180 values relative to a North
Atlantic source, caused lowér80 values in the water va-
The isotopic ratio in precipitation depends on the isotopicpor over Greenland. In contrast, highi#fO values in wa-
content of the atmospheric water vapor, which in turn ter vapor were found over the North Pacific and over eastern
changes with the atmospheric circulation. In the presentEurasia where southeasterly wind anomalies were simulated
study, the topography and LGM-combined experiments pro-with respect to the Pl experiment. Another feature of the
duced the greatest changes in the atmospheric circulation argD0 hPa winter circulation was enhanced transpolar winds
seasonal distribution of th#80 content of the water vapor.

6.3 Isotopic content of the atmospheric water vapor

Clim. Past, 9, 789809, 2013 www.clim-past.net/9/789/2013/
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Fig. 10.As Fig. 9, but for JJA season.

from Eurasia to the northeastern part of the North Americanexperiment and lowe880 values in the LGM-combined
continent in the topography as well as in the LGM-combinedexperiment) over northeast and central North America.
experiment. Highes180 values in winter over the central
North Pacific in the topography experiment (Fig. 11b middle)
were absent from the LGM-combined experiment (Fig. 11b7 Discussion
bottom).

In the summer season (Fig. 12), highhéfO in water va- T understand the changesatOprecip between the Pl and
por were simulated over Greenland and northwestern EuralGM, a sequential procedure was used to isolate the influ-
sia, and lowes'80 in water vapor were simulated over the ence of the different LGM boundary conditions on climate.
Laurentide ice sheet in the LGM-combined experiment whenThe experlments enable an examination of the dependence of
compared with the control run (Fig. 12b bottom). Higher the 8*®Oprecip distribution on different aspects of the atmo-
8180 values in water vapor over Eurasia and over the LaurenSpheric circulation and precipitation regime that result from
tide ice sheet were seen in the topography experiment. Alsgthe various climate forcing factors.
the circulation from Eurasia and the North Atlantic to cen- ) )
tral and southern Greenland was strengthened due to strongérl  Simulated climates
eddy activity, along with a strengthening of the circumpo-
lar winds (Fig. 12b middle). The 500 hPa wintertime circula-
tion responses over North America were similar in the LGM-
combined and the topography simulations, whereas the su
mer circulation in the LGM-combined was distinct from the

servation from fixed-SST atmospheric model studies by, for
topography experiment. These differences in the summer cir= ’
culation were reflected as opposite signals in the pattern ngample, Timbal et al. (1997) and Mahfouf et al. (1994) that

he 5180 i highers 18 | in th hy an atmospheric GCM forced by SST anomalies from a cou-
the 570 in vapor (highers™"0 values in the topography pled model run can reproduce the general features of the

The climate in our LGM-combined and PI control ex-
periments was similar to results from existing coupled
atmosphere—ocean model simulations (Otto-Bliesner et al.,
006a; Merkel et al., 2010). This was in line with the ob-
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Fig. 11.500 hPa winter (DJF) circulation. Left paned$80 (%0)in  Fig. 12.As Fig. 11, but for JJA season.
the vapor and wind vectors (rT4) overlaid for the P, topography
and LGM-combined experiments; right panels: the difference of the

same from the PI control run. ern part of North America and the western North Atlantic as

also noted by Manabe and Broccoli (1985).

In the topography experiment a localized reduction of sur-
atmospheric response obtained by the coupled model. Thé&ace temperature and more depleted valuéémprecipwere
specification of SST at the lower boundary of an atmosphericsimulated due to drier conditions over the elevated orogra-
GCM has the advantage that the atmosphere equilibrates iphy. The altitude effect contributed to the lower isotope ra-
a few months with the prescribed SSTs. However, prescribtios. The effects of the ice sheet topography were mainly
ing SSTs led to an annual global energy imbalance at theonfined to the Northern Hemisphere high latitudes, as an
top of the model and the surface, and the largest effects wermter-hemispheric heat transport via ocean currents is missing
seen in the surface energy budgets. The surface temperatuire the experiments. The resulting cooling was much smaller
and precipitation patterns in the Pl and LGM-combined sim-than that obtained by Hewitt and Mitchell (1997), who use an
ulations were nearly identical to those of the fully coupled atmospheric general circulation model coupled to a mixed-
model, so we expect the simulations to produce consistentayer ocean model.
mean atmospheric states in response to the forcings, and the Qualitatively, our results for the topography experiment
anomalies from the control climate to be robust. When com-match those obtained by Pausata et al. (2011a) with a coupled
pared to the Pl simulation, the global annual mean latent heaitmosphere—ocean model, who also obtain a warming over
flux is reduced in all the experiments except the GHG sim-southern North America and western Europe in response to
ulation, which in turn balances the decreased global annuathe elevated orography, but on a larger scale.
mean precipitation. The global mean temperature change of the orbital experi-

A change in the albedo alters the absorption and reflecment was the smallest among all the simulations, which was
tion of solar radiation. The albedo effect of the ice sheetsexpected as the orbital parameters for the present day and
is more prominent in the boreal summer months than in thehe LGM are quite similar. The SST played a decisive role
winter months, with a strong reduction of summer surfacein the reduction of tropical surface air temperature and pre-
temperature over North America and Eurasia and a correeipitation and consequently led to highé'rsoprecip values
sponding depletion oa%lé‘oprecip The surface temperature in the SST experiment, which could thus be interpreted as a
gradient between the ice sheets and the adjacent ice-free adirect effect of the SST on the tropical climate. Pausata et
eas produced increased summer precipitation over the souttal. (2011b) similarly find that changes in the Indian Ocean
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SST alone lead to a decrease in precipitation over the Indiafi—13.96°C) was smaller than the reconstructed value from
Ocean and subcontinent, hence producing hi@ﬁ%precip the borehole thermometry (approximateh23°C; Cuffey
values over southern and eastern Asia. The global mean coo&nd Clow, 1997). Thus, the overestimation of surface temper-
ing brought about by the SST experiment accounted for 67 %ature over Greenland in the model could explain the heavier
of the total temperature reduction in the LGM-combined ex-8180precipvalue.
periment, which clearly demonstrated the importance of the Over northern and southern South America, the annual
ocean forcing. mean depletion was stronger in the SST and LGM-combined
The precipitation decreased substantially in the LGM- experiments compared to the control climate. Previous stud-
combined simulation, particularly in the ITCZ and the ies (Clapperton, 1993; Thompson et al., 2000) suggest a
monsoon regions as seen in previous studies (e.g. Shidrier climate over South America during the LGM (25 %
etal., 2002). of land classified as desert), with colder tropical oceans and
In summary, the experiments showed that the SST andveaker inflow of moisture from the ocean. The response of
topography changes brought about considerable changes the Slgoprecip to the LGM-combined and LGM-SST forc-
the annual mean surface temperature and distribution oing hints at the influence of the Atlantic Ocean, Pacific
Slgoprecip The SST experiment produced a global responseQcean and Caribbean Sea, which are the major sources of
whereas the topography and ice sheet albedo had more locatoisture for this continent (Rozanski and Araguas-Araguas,

effects on climate and hence th’egoprecipdistribution. 1995). Sylvestre (2009) suggests prevailing drier conditions
in northern South America and a wetter southern part of
7.2 Regional annual mean 08*¥0precip the continent. The apparent shift in ITCZ and the wetter

zones along with a less supply of moisture with higher

From the regional annual meanssé?‘oprecipoverthe differ- 8180precip composition from the ocean are expected to be
ent geographical regions (Table 6), we infer that each factothe reason for more depleted values simulated in southern
produced unique changes in the isotope signals over differerSouth America than in northern South America. Over north-
regions. The albedo, topography and SST changes were thern Africa, higher annual meat‘i”rgoprecip values were sim-
major factors influencing the annual meﬁﬁoprecipoverthe ulated in all simulations in spite of small anomalies in pre-
Laurentide ice sheets. For Greenland and Antarctica, the regipitation, and the corresponding slopes in the precipitation-
duction in SST and the change in topography were the domeSlf’Oprecip relationships for all the experiments were higher
inant factors that led to more depleted values compared tgby 0.1 to 0.2 % mm*day 1) than for the Pl experiment
the PI simulation. The topography and SST effects explained—0.69 % mnT1 day 1), except for the topography experi-
most of the LGM depletion over Antarctica. ment. These changes were consistent with the amount ef-

The regional annual mean 61’-8Oprecip over the North  fect, as was also reported by Risi et al. (2010) for western
American ice sheets for the LGM-combined experimentAfrica. There may be different reasons for the negative pre-
is —24 %o (Table 6), which is less depleted compared tocipitation anomalies over western Africa in the individual ex-
the approximate value of31 %o derived for the Lauren- periments. It was found that the ice sheet albedo in LGM is
tide ice sheet (Duplessy et al., 2002). A lowering by 10 %o responsible for the changes in the subtropical trade wind pat-
of 8180precip values was produced over the Laurentide icetern and a southward shift of the ITCZ (Chiang et al., 2003).
sheet in the LGM-combined experiment. The topographyHowever, the precipitation anomalies could also result from a
change alone brought about Iowérsoprecip values of 3%  poor representation of surface temperature and precipitation
over North America, while albedo and SST changes re-in our model over this region (Levis et al., 2004; Deser et
duced(SlBOprecip by 1%. each. The altitude effect (Dans- al., 2005; Meehl et al., 2006). When compared the model re-
gaard, 1964) in the topography experiment was evident fronsults with observed data (GNIP; IAEA/WMO, 2006), it was
the difference to the ice sheet albedo experiment. found that the model in general underestimat&Dpecipin

The mean value of-17 %o in the LGM-combined experi- arid regions such as northern Africa, thus a small reduction
ment over Eurasia was comparatively high with respect to theén precipitation could have caused an exaggerated increase
range of—16 to —40 %0 proposed by Duplessy et al. (2002). in isotope ratios. Finally, the model is comparatively colder
The annual mean difference 6f2.2 %0 between the LGM-  over northern Africa, while it overestimates the precipitation
combined and PI experiments over Greenland (Table 6) wa the southern parts when compared to observations.
smaller than the difference ef6 to —8 %o in §*80pecip Ob- The simulated annual mean anomaly 83fOprecip Over
tained from GRIP/GISP2 estimates (Werner et al., 2000, andintarctica in the LGM-combined experiment agrees reason-
references therein). The difference&éPOprecip between the ably well with the reconstructed difference of 3 to 5 %. com-
LGM-combined and PI experiments over central Greenlandpared to the present-day value in the Vostok ice core (Lorius
of —2.67 %0 was smaller than the difference-e4.1 %o mod- et al., 1985).
eled for the summit region by Werner et al. (2001). The
difference in annual mean surface temperature between the
LGM-combined and Pl experiments over central Greenland
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7.3 Spatial relationship of618oprecip with surface slope obtained over East Antarctica was about half the spatial
temperature and precipitation slope, as also seen in the modeling study by Lee et al. (2008).
The reduced winter precipitation in the LGM and the changes
The (Slgoprecip—surface temperature relationship simulatedin the glacial topography and consequent reduction in sur-
in the Pl experiment over Greenland has a slope that idace temperature in West Antarctica could have resulted in
slightly smaller (by 0.06 %3C—1) compared to observations the change of the glacial-PI temporal slope. Lee et al. (2008)
(Johnsen et al., 1989180=0.67 %.°C~1 T—13.7%0,7 in  suggest that the value of the temporal slope is related to the
°C) and results from the ECHAM3 (Werner et al., 2000) temperature decrease over the Southern Ocean. Comparison
and the CAM2 (Lee et al., 2007) atmosphere models. In ouof the temporal slopes with that obtained by the modeling
LGM-combined experiment, the spatial slope was reducedstudies of Werner et al. (2000) and Lee et al. (2008) suggests
by 0.09 %.°C~1 over Greenland. Generally, the spatial slopesthat the slopes obtained could be model dependent.
obtained for the control and LGM climates were similar, as
in the results obtained by, for example, Jouzel et al. (1994).
The slope of theSlsoprecip—surface temperature relation-
ship over Antarctica in the Pl simulation (0.54% 1) de-
viates from the observations by Dahe et al. (1994), who de-As Jouzel et al. (1987) noted for the present-day climate,
rive a slope of 0.84%C1, and by Masson-Delmotte et the seasonal cycle 6f80pecipis divided at 30 of latitude,
al. (2008) with a result of 0.80 %&£ 1. The inability of iso-  where the zero contour was also found in all our experiments
tope models to accurately simulate the present-day distri{Figs. 7b and 8b). Observations show that poleward of this
bution of isotopes over the southern polar regions and thdatitude the seasonal contrast is stronger and the maximum
failure to reproduce the inland depletion was discussed irenrichment in the summer of the respective hemispheres is
Werner et al. (2000) and Lee et al. (2007). The underestifargest (Feng et al., 2009). These latitudes coincide with re-
mation of isotopic depletion over Antarctica is suggested togions of strong evaporation and little precipitation due to sub-
be related to the representation of the cloud microphysicsiding air masses. Furthermore, the precipitation in these lat-
in these models and their representation of the transport oitudes is enriched in heavy isotopes because of the proximity
moisture inland (Masson-Delmotte et al., 2008). The reducedo the source regions. It has been argued that the seasonality
slope over Antarctica in our results points to less depletion ofof isotopes between 2@ and 20 N reflects the atmospheric
isotopes in precipitation with lower temperature in the modelcirculation and that the isotopic minima and maxima in the
over the continent. The warm bias in our model over Antarc-different seasons represent the positions of the ITCZ (Feng
tica could also be a contributing factor to the lack of the low- et al., 2009).
ests180precip values observed in polar snow. The seasonal anomalies &®0precip in the simulations
The tropical amount effect was evident in all our simula- show that the influence of the climate factors varies with
tions and the slope obtained for the control run was compathe seasons. The largest responseﬁ“i?Oprecip to the ice
rable in magnitude with the slope derived from the observedsheet albedo was simulated in boreal summer. The higher
values at the tropical marine stations selected from the GNIFSummertimeélsoprecip values produced over the tropical
database-{0.55 %o per mmday?, Bony et al., 2008; Cole monsoon regions in the SST and LGM-combined simula-
et al., 1999). Except for the SST and LGM-combined exper-tions are also evidence of the dominance of the rainy sea-
iments, the changes in tméSOprecip—precipitation relation- son on the annual signal and of the relative importance of
ship were negligible, mostly due to the fixed SSTs. SST in the distribution 0618Oprecip over the region. The
The spatial and temporal slopes for Greenland were relahigher(Slgol[,recip values simulated in the summer season of
tively close when the difference between the LGM-combinedthe LGM-combined experiment are in agreement with previ-
and Pl simulations was considered (the temporal slope difous studies indicating a weaker southwest summer monsoon
fered by about~19 % from the spatial slope). Temperature during the LGM (Manabe and Broccoli, 1985; Van Campo,
profiles from borehole thermometry (Cuffey et al., 1994, 1986; Kutzbach and Guetter, 1986; Rind, 1987; Lauten-
Jouzel et al., 1997) and temperature estimates from the theschlager and Santer, 1991), and at the same time, the ITCZ
mal fractionation of gases (Severinghaus et al., 1998; Sevlikely shifted southward.
eringhaus and Brook, 1999) indicate that the temporal slope The absence of a strong seasonality in the precipitation
over Greenland was about half of the spatial slope. A mod+ate over Antarctica found in our experiments was also re-
eling study by Werner et al. (2000), who obtain a temporalported in Cuffey et al. (1997). A similar lack of definite
slope smaller by 60 % than the spatial slope, attributes thiseasonality in precipitation and in isotope distribution over
change to the seasonality in glacial precipitation (strongly re-Greenland was found in all the simulations. The SST experi-
duced winter precipitation) over Greenland. We suggest thament brought about the largest change irﬁ%precipdistri—
the absence of a distinct seasonality in precipitation undebution over Greenland, both in winter and summer, while the
Pl as well as glacial conditions over Greenland in our re-topography experiment produced more depleié"d)precip
sults led to similar spatial and temporal slopes. The temporalalues in summer, when compared to the control experiment.

7.4 Seasonal cycle af'®Oprecip
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7.5 Changes in the atmospheric circulation 8 Conclusions

It is suggested that the atmospheric circulation in the LGMQur experiments allowed for an assessment of the effect of
was considerably different from the present-day configu-the individual climatic boundary conditions on the climate
ration, owing to the elevated ice sheet orography and in-of the LGM, although a complete factor separation analysis
creased sea ice in high latitudes (Broccoli and Manabe(Stein and Alpert, 1993) was beyond the scope of this study.
1987a; Shin et al., 2002; Otto-Bliesner et al., 2006a). Pausat&he focus was on the spatial pattern of the climate and cor-
et al. (2011a) conclude that the ice sheet topography in theesponding isotopic response and to a lesser degree on its
LGM plays a dominant role in altering the large-scale at- magnitude. We suppressed the feedbacks from the ocean and
mospheric circulation, particularly over the North Atlantic sea ice by using fixed SSTs derived from pre\/ious simula-
Ocean. Distinct Changes in the northern high—latitude CirCU-tionS of a Coup|ed atmosphere_ocean model, which allowed
lation were indeed simulated in our topography and LGM- the response to the LGM SST to be considered as a sepa-
combined experiments with associated differences in theate factor. This methodology had the advantage of largely
distribution ofs80 in vapor. isolating the effect of the individual forcing factors (particu-
Previous studies (Charles et al., 1994; Werner et al., 2001Dar|y albedo, ice sheet topography and insolation Changes) on
identify the nearby polar seas, the North Atlantic and Norththe atmosphere without the response being dominated by the
Pacific Oceans and the North American and Eurasian consST feedback. We note, however, that quantitative aspects
tinents as the moisture source regions for glacial Greenlangf the response to the individual forcing factors in a fully
precipitation. When compared to modern conditions, the icecoupled model are likely to be different from our results.
sheets caused a significant reduction of the contribution of QOur simulations indicate that the changes in topography
moisture from North America, particularly the region cov- due to the large continental ice sheets and the changes in SST
ered by the ice sheets. Werner et al. (2001) also find a southyere the two predominant factors determining the distribu-
ward shift of moisture transport from the North Atlantic and tion of oxygen isotopes in precipitation. The altitude effect
North America to Greenland. Kageyama and Valdes (2000)and the changes in atmospheric circulation brought about
suggest that in Greenland the winter precipitation during thepy the LGM topography led to a depletion ﬁSOprecip in
LGM is lower because of the changes in atmospheric circuthe high latitudes of the Northern Hemisphere. Overall, the
lation and the southward deviation of the storm tracks duea|bedo and topography of the ice sheets have a local effect
to the Laurentide ice sheet, extended sea ice, and also ben the surface temperature and precipitation, and the distri-
cause of the modified latitudinal SST gradient. The drier airbution Ofslgoprecip appears to be influenced by these local
mass advected over Greenland causes less precipitation duthanges in surface temperature. The lower SST was the dom-
ing the winter season in the north. The drier air mass ovelinant factor in reducing the precipitation in the tropical re-
the ridge in the 500 hPa geopotential height field (not shown)gionS, which in turn led to highe?lSOprecipvalues in sum-
near the margin of the Laurentide ice sheet may have led t@ner. Treating the SST as a separate forcing factor helped to
more depleted’80 in vapor values during winter in both the  ynderstand the isotopic response, particularly in the tropics.
topography and LGM-combined simulations. The increased The relationship betweezﬁsoprecip and surface tempera-
northerly flows and trans-polar advection of colder and driertyre and5180precip and precipitation was rather insensitive
air masses at the 500 hPa level in the LGM-combined experito Changes from PI to full LGM boundary conditions. A
ment would also have contributed to the drier conditions andstrong seasonality was lacking in the surface distribution of
more depleted’80 in vapor values during the DJF season. 8%80precip @and precipitation over Greenland in all the simu-
When comparing responses &0 in vapor to the topog-  |ations. The LGM-topography and LGM-combined simula-
raphy and the LGM-combined forcing, they are very simi- tions produced substantial changes in the tropospheric circu-
lar over North America during DJF and opposite during JJA. |ation. The changes in atmospheric circulation led to a dry-
This indicates that the ice sheet albedo was the major controling and more depletegt80 in vapor in the LGM-combined
ling factor during summer. Pausata et al. (2011a) also find &jmulation during boreal winter. In contrast, the summer cir-
relatively larger effect of albedo on the upper troposphericculation showed an enhanced southerly flow from the North
winds in summer. The enrichment of heavy isotope ratiosatlantic to Greenland with enriched vapor. The increased
in vapor in the mid-troposphere seen in the JJA season o§ummertime southerly moisture transport from the North At-
the LGM-combined and topography simulations over Green4antic to Greenland in the LGM-combined experiment hints
land could be attributed to the advection of enriched waterthat it could be a major source of moisture for Greenland dur-
vapor from the North Atlantic and Eurasia, which agreesing the LGM. The role of the North Atlantic SST in causing
with Charles et al. (1994), while the North Pacific source changes in the atmospheric circulation near Greenland could
of moisture for northern Greenland was not evident in ourpe small, as the 500 hPa anomalies in 4480 in vapor in
results. the SST experiment were small and even opposite in sign
when compared to the anomalies of the LGM-combined sim-
ulation. An isotopic seasonality related to the precipitation
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amount effect is found over the tropical monsoon regions inChiang, J. C. H., Biasutti, M., and Battisti, D. S.: Sensitivity of the
our LGM-combined and SST simulations, where the colder Atlantic ITCZ to Last Glacial Maximum boundary conditions,
and drier Asian continent during the LGM caused a reduc- Paleoceanography, 18, 102#i:10.1029/2003PA00091@003.
tion of the land—-sea temperature gradient and hence of th&lapperton, C. M.: Nature of environmental changes in South
intensity of the SW monsoon. Future studies should include America at the Last Glacial Maximum, Palaeogeogr. Palaeocli.,
at least a mixed-layer ocean model to account for the ocean— 101, 189-208, 1993,

atmosphere feedback, as well as a possibility to tag the wate(r:()le‘ J- E., Rind, D., Webb, R. S., Jouzel, J., and Healy, T.: Cli-
p ’ P y 9 matic controls on interannual variability of precipitatiéHtO:

vapor from different source regions. The simulated influence of temperature, precipitation amount,
and vapour source region, J. Geophys. Res., 104, 14223-14235,

. . S 1999.
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