
The role of sea ice in the temperature-precipitation feedback
of glacial cycles

Hezi Gildor • Yosef Ashkenazy •

Eli Tziperman • Ilit Lev

Received: 15 April 2013 / Accepted: 29 October 2013 / Published online: 10 November 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract The response of the hydrological cycle to cli-

mate variability and change is a critical open question,

where model reliability is still unsatisfactory, yet upon

which past climate history can shed some light. Sea ice is a

key player in the climate system and in the hydrological

cycle, due to its strong albedo effect and its insulating

effect on local evaporation and air-sea heat flux. Using an

atmospheric general circulation model with specified sea

surface temperature and sea-ice distribution, the role of sea

ice in the hydrological cycle is investigated under last

glacial maximum (LGM) and present day conditions, and

by studying its contribution to the ‘‘temperature-precipita-

tion feedback’’. By conducting a set of sensitivity experi-

ments in which the albedo and thickness of the sea ice are

varied, the various effects of sea ice in the hydrological

cycle are isolated. It is demonstrated that for a cold LGM

like state, a warmer climate (as a result of reduced sea-ice

cover) leads to an increase in snow precipitation over the

ice sheets. The insulating effect of the sea ice on the

hydrological cycle is found to be larger than the albedo

effect. These two effects interact in a nonlinear way and

their total effect is not equal to summing their separate

contribution.

Keywords Sea ice �Glacial-interglacial oscillations �
Temperature-precipitation feedback � Hydrological

cycle

1 Introduction

The expected response of the Earth’s hydrological cycle

and of land ice on future global warming has been the focus

of many studies in recent years (Liu et al. 2009; Lambert

and Webb 2008; Allan and Soden 2008; Allen and Ingram

2002; Cohen et al. 2012), yet modern observations and

model results cannot conclusively predict this response.

Studying past climate history and modeling of past climate

improve our understanding of climate dynamics and may

help to better understand this fundamental issue, eventually

leading to better climate models. The aim of the present

work is to study the role of sea ice in the hydrological

cycle, focusing on rain and snow falling over the past (Last

Glacial Maximum, LGM) major ice sheets.

Sea ice is a key player in the climate system, affecting

local, and to some degree remote regions, via its albedo

effect. Sea ice also strongly reduces air-sea heat and

moisture fluxes (Ruddiman and McIntyre 1981; Gildor and

Tziperman 2000), and thus may cause the air overlying it to

be cooler and drier compare to air overlying ice-free ocean

(Chiang and Bitz 2005). A significant part (*33 %) of the

precipitation over the northern hemisphere (NH) ice sheets

is believed to have originated locally from the Norwegian,

Greenland and the Arctic seas (Charles et al. 1994;
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Colleoni et al. 2011). Lastly, sea ice affects the location of

the storm track and therefore indirectly also the patterns of

precipitation (e.g. Laine et al. 2009; Li and Battisti 2008).

Its effect on the hydrological cycle makes sea ice a

potentially significant player in the temperature-precipita-

tion feedback (Le-Treut and Ghil 1983), according to

which increase in temperature intensifies the hydrological

cycle and thus the snow accumulation over ice sheets. This

feedback is an important part of the sea-ice switch mech-

anism for glacial cycles, for example Gildor and Tziper-

man (2000). Indeed, proxy records show drastic increase in

accumulation rate during interstadial periods (Cuffey and

Clow 1997; Alley et al. 1993; Lorius et al. 1979), when the

sea-ice retreats from its maximal extent.

Modeling studies of the response of the Antarctic ice

sheet to greenhouse warming also suggest that for a tem-

perature increase of up to 5.3 �C from present day tem-

peratures, the increased accumulation still dominates the

increase in ablation (Huybrechts and Oerlemans 1990). The

Greenland ice sheet seems to be more sensitive to warm-

ing, but for glacial climate, the temperature-precipitation

feedback is expected to be relevant (Huybrechts et al.

1991, Fig. 3). For warm climates, most precipitation falls

as rain, and the temperature precipitation feedback does not

result in increased snow accumulation (Tziperman and

Gildor 2003; Gildor 2003). Although a few studies suggest

that this feedback may be also relevant in the context of

future warming due to CO2 increase (Miller and de Vernal

1992; Ledley and Chu 1994), the threshold temperature

allowing glaciers to grow due to increased temperature is

not known.

Previous studies of the hydrological cycle during the

LGM (Smith et al. 2003; Ramstein et al. 2005; Lohmann

and Lorenz 2000; Charles et al. 1994; Vettoretti et al.

2000; Bromwich et al. 2005; Hofer et al. 2012), tested the

effects of different boundary conditions, e.g., equatorial sea

surface temperature (Lohmann and Lorenz 2000) or ice

sheet topography (Felzer et al. 1996; Hakuba et al. 2012).

While studying the Greenland d18O ice core variability,

Charles et al. (1994) found four present-day main sources

of precipitation over Greenland, in contrast with only two

during the LGM. Expanded LGM sea-ice cover (including

summer time) and cooler sea surface temperature, led to a

smaller Norwegian-Greenland sea moisture source, illus-

trating the insulating effect of sea ice. In a related study,

Smith et al. (2003) compared the effects of two estimates

of sea-ice cover for the last glacial maximum (LGM) using

the CCM3 model (Kiehl et al. 1998). They showed that

snowfall over land ice decreases in a maximal sea-ice

configuration compared to the minimal sea-ice configura-

tion, and suggested that the source for the differences is the

shifting of storm tracks southward.

While we also conduct experiments with different sea-

ice extents, our main aim is to identify which of the climate

feedbacks of sea ice is most effective in controlling

snowfall rather than which geographical regions are

responsible for the effect. Several sea-ice feedbacks are

examined: albedo (and hence cooling), insulation that

affects air sea heat and moisture fluxes, and the effect of

sea ice on the storm track location. This is done using the

National Center for Atmospheric Research (NCAR)

Community Atmospheric General Circulation Model ver-

sion 3.1 (CAM3, Holland et al. 2006), with specified sea

surface temperature (SST) and sea ice. We conducted the

following set of experiments,

1. Present day run (denoted ‘‘PD’’).

2. LGM run with a prescribed sea-ice, SST, orbital

parameters and an estimated atmospheric greenhouse

gas composition of 18 kyr ago (LGM).

3. LGM run but with sea-ice distribution as for the

present day (PDSI).

4. LGM run but with sea-ice albedo set as open ocean

albedo, to separate the albedo effect of sea ice from its

insulation effect (SIalb).

5. LGM run without sea ice but with an albedo of sea ice

over areas that sea ice exists during the LGM, to

isolate the insulation effect of sea ice coverage

(SIcov).

This set of experiments allows us to study each of the

sea-ice feedbacks that influence the hydrological cycle

(Table 1). We focus on rain and snow falling over the

major NH high latitude ice sheets and over the storm track

regions. We find that reducing the sea-ice extent under

LGM conditions results in enhancement of the hydrologi-

cal cycle, in accordance with the temperature-precipitation

feedback. We also show that reducing the sea-ice albedo or

eliminating the sea ice insulating effect by reducing its

thickness to zero but keeping its albedo, both lead to

increased precipitation and snow. However, surprisingly,

the insulation of sea ice has a more pronounced effect on

the hydrological cycle than the albedo. In summing up

these changes, we found that they are not linear.

These sensitivity tests demonstrate the importance of the

temperature-precipitation feedback, due to sea ice effects,

in the growing process of ice sheets. For a sufficiently cold

climate, e.g., under LGM conditions, reducing the extent,

albedo, or insulating effect of sea ice, leads to increase in

temperature and snow accumulation.

This paper is organized as followed: In Sect. 2 we

briefly describe the model and compare the full LGM setup

run to previous studies. The results of the sensitivity

experiments are presented in Sect. 3, followed by a dis-

cussion in Sect. 4.
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2 Model description

We used the National Center for Atmospheric Research

(NCAR) Community Atmospheric Model version 3.1

(CAM3), at a T42 resolution (&2.875�) and with 26 sigma-

hybrid vertical levels (Holland et al. 2006). This model has

been extensively used for present day (PD) (Collins et al.

2006; Hurrell et al. 2006; Hack et al. 2006) and past climate

(e.g., Otto-Bliesner et al. 2006) research. The SST and sea-

ice fraction are prescribed in all experiments. The sea ice

thickness is kept constant during the runs at 2 m for the

Northern Hemisphere and 1 m for the Southern Hemisphere.

We set the open water albedo to 0.06, the sea-ice albedo to

0.68 for visible wavelength range and 0.3 for near infrared

(NIR) wavelength respectively; the snow albedo depends on

the snow’s thickness, with a maximal albedo of 0.95 and 0.7

for visible and NIR wavelength ranges. Since the sea ice is

kept constant in all runs we assume the surface albedo also

remain constant throughout the run (ignoring possible effects

due to snow accumulation over sea ice).

For the LGM experiments, seasonal sea-ice extent and SST

are prescribed based on a fully coupled CCSM run with LGM

boundary conditions (Otto-Bliesner et al. 2006) and surface

elevation and ice sheet extent based on ICE-5G (Peltier 2004).

Appropriate LGM values are used for orbital parameters, land

mask changes due to sea level drop, and atmospheric green-

house gas concentrations (Monnin et al. 2001; Dallenbach

et al. 2000): CO2, CH4 and N2O are set to 185 ppm, 350 and

200 ppb, respectively compared with 355, 1,714, and 311 for

PD simulation. Sulfate aerosols, ozone and vegetation are set

to pre-industrial conditions, following the Paleoclimate

Modeling Inter-comparison Project (PMIP-2) protocol.

All model experiments were run for 20 years; shown

averages and standard deviation are based on last the

10 years of simulation.

3 Results

3.1 Full LGM simulation

The global, annual mean surface air temperature (SAT) of

the full LGM run is 7.8, 6.6 �C lower than the PD mean

and within the range of 4.3–10.1 �C that was reported in

previous studies (Bush and Philander 1999; Kim et al.

2008; Kim et al. 2003; Webb et al. 1997); the zonal annual

mean SAT is similar to that of Otto-Bliesner et al. (2006).

The global average total precipitation (including both

liquid and solid phases, hereafter referred to as ’precipi-

tation’) during LGM is 908 mm yr-1 (similar to Otto-

Bliesner et al. 2006; Hall et al. 1996), a decrease of 11 %

compared to PD. Like in previous studies (Broccoli and

Manabe 1987; Hall et al. 1996; Otto-Bliesner et al. 2006;

Bush and Philander 1999; Kim et al. 2003) the model’s

LGM climate is drier than PD. The global distribution of

the December–January–February (DJF) precipitation is

shown in Fig. 1. The tropical precipitation belt moves

southward during the LGM, with a decrease in precipita-

tion. Similarly, precipitation patterns between 30� and

45�N, over the north Pacific and north Atlantic move

equatorward during the LGM, and become more confined

in the meridional direction. In terms of seasonality, the

maximal precipitation in the NH appears in September at

LGM and in November at PD, and the minimum is in

March at LGM and in April today (not shown).

The amount of snow increases by 46 mm yr-1, an

increase of 82 % compared to PD, much more dramatic

than corresponding changes in total precipitation, with a

global mean of 102 mm yr-1. The snow precipitation

maxima are located over the North Atlantic and the Nor-

wegian Sea, over south Alaska and northwest Canada,

south Canada and the Bering Sea (Fig. 2). Hall et al.

(1996) already noted that a greater percentage of precipi-

tation falls as snow during LGM compared to PD. This is

especially pronounced over areas that were occupied by ice

during LGM, over which 69 % of the total precipitation is

snow in the LGM run and only 36 % is snow in the PD

model run. When focusing on the three major ice sheets of

the LGM, the model produces more snow precipitation in

the LGM run over the Laurentide and the Fenno-Scandi-

navian ice sheets, and less over Greenland (changes of 40,

140 and -60 % respectively). Over the Laurentide ice

sheet, summer snow is as intensive as in winter, but falls

over higher latitudes (Fig. 3). In Greenland, however, snow

mainly falls during summer, covering south-eastern

Greenland. During winter the snow falls over the southern

Table 1 Precipitation and snow (in parentheses) in mm yr-1 for the present-day experiment (PD), LGM, LGM with present-day sea ice (PDSI),

LGM with sea-ice albedo equal albedo of sea (SIalb), and LGM but without the insulating effect of sea ice (SIcov)

Experiment PD LGM PDSI SIalb SIcov

Global 1,030 (56) 908 (102) 918 (107) 911 (103) 912 (104)

Over Laurentide 704 (194) 389 (272) 431 (307) 399 (280) 411 (290)

Over Greenland 527 (273) 209 (137) 288 (231) 218 (176) 258 (204)

Over Fenno-Scandinavian 765 (137) 452 (329) 500 (360) 459 (333) 486 (349)
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tip of Greenland and southward at a significantly larger

amplitude (Fig. 3).

The model LGM jet stream and the associated storm

track, appear 3� south of their present position, which mean

that more precipitation fall at the southern edge of the ice

sheets and southward from there. We diagnose the storm

tracks using the atmospheric eddy kinetic energy (1) at 250

hPa (level of the jet stream maximum),

1

2
u0u0 þ v0v0
� �

; ð1Þ

where overbar denotes time average and the primes indi-

cate daily fields. The eddy kinetic energy is shown together

with the jet stream and the total precipitation (Figs. 4, 5).

During the LGM, the jet seems to be more meridionally

confined. Consistent with the storm tracks and the jets, the

precipitation regions also migrate southward and become

narrower.

3.2 LGM with PD sea ice

Model run PDSI denotes an experiment using LGM con-

ditions but with prescribed seasonal sea-ice cover of PD.

The sea-ice configuration appears in Fig. 6. This experi-

ment tests the direct effect of sea ice cover on snow accu-

mulation over land ice sheets during glacial periods (an

important part of the sea-ice switch glacial cycle mecha-

nism of Gildor and Tziperman 2000; Gildor and Tziperman

2001; see also Smith et al. 2003). In this run the NH sea-ice

covered area is only *46 % of that of the LGM run.

The climate in this experiment is warmer than the LGM

run, by almost 2 �C, and slightly wetter, by *1 % in the

annual mean precipitation rate and 5 % in the snow fall

rate. Over Greenland the snow precipitation in PDSI

exceeds LGM by 80 mm yr-1 (38 %), over the Fenno-

Scandinavian ice sheet by 48 mm yr-1 (11 %), and over

the Laurentide ice sheet by 42 mm yr-1 (11 %). The global

annual snow rate, 107 mm yr-1, increases in PDSI by 5 %

from LGM and by 91 % from PD. The snowfall distribu-

tion is mostly similar to LGM, but over the north Atlantic it

extends more to the west and reaches Newfoundland. The

main local differences in the snow fall rate (Fig. 7) are over

the north Atlantic and the north-west Pacific (areas covered

by sea ice in the LGM run but not in PDSI).

Although the globally averaged difference between

LGM and PDSI is not very large, most of the increases in

both total precipitation and snow precipitation take place

over the edge of the ice sheets. The greatest increase is over

Fig. 1 Distribution of December–January–February (DJF) total pre-

cipitation (rain and snow) in [mm yr-1] at a Present-day (PD), b Last

Glacial Maximum (LGM), and c LGM minus PD

Fig. 2 December–January–February (DJF) snow rate [mm yr-1] at

a Present-day (PD), and b Last Glacial Maximum (LGM) minus PD

Fig. 3 Last glacial maximum (LGM) mean snow rate [mm yr-1] for

a December–January–February (DJF) and b June–July–August (JJA)
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Greenland with an increase of 38 % in the snowfall rate (to

231 mm yr-1). Over the Laurentide ice sheet the increase

is 13 % and over the Fenno-Scandinavian ice sheet, it is

9 %; these differences are significant as the error bars

(computed based on the interannual variability) are well

separated (Fig. 8). This simulation resembles the sensitiv-

ity test performed by Smith et al. (2003), in which they

compared the maximal and minimal sea-ice configurations

of the LGM. We also found that snowfall rate is higher

over ice sheets for the minimal sea-ice extent simulation

(PDSI). However, unlike Smith et al. (2003), we found

very small shifts in storm track location and storm intensity

compared with LGM. The differences between LGM and

PDSI in the locations of the storm tracks are much smaller

than the differences between LGM and PD (with local

maximal amplitude differences of 13–20 % in the distri-

bution of eddy kinetic energy and the zonal wind at 250

hPa). Thus, in the runs reported here, the storm track is

affected more by the continental ice sheets (because of

their elevation) and the sea ice is of lower-order

importance.

3.3 Sea-ice albedo effect

To isolate the effect of sea-ice albedo on climate, focusing,

again, on precipitation over the ice sheets, we conducted a

run with LGM conditions, but reducing the albedo of sea

ice from 0.68 (visible) and 0.30 (NIR) to 0.06 for both

wavelength bands, same albedo as open water. We thus

take into account the insulating effect of sea ice but not its

albedo effect in this run, and this run is accordingly

denoted SIalb.

The SIalb climate is slightly warmer, by 0.65 �C, but

has a similar annual global mean precipitation and snowfall

rate compared to the full LGM run. Annual global mean

precipitation is approximately 910 mm yr-1 (an increase of

0.3 % compared to the LGM experiment).

The global annual snow rate is also only 1 % higher than

that of LGM, at 103 mm yr-1. The snow-to-precipitation

ratio is 11 %, and it is marginally higher than in the LGM

run. Over Greenland there is an increase of 5 % in the

snowfall rate (to 176 mm yr-1), over the Laurentide ice

sheet the increase is 3 %, and over the Fenno-Scandinavian

Fig. 4 Present-day winter model storm tracks: a the jet stream (zonal

wind at *250 hPa, [m s-1]) with surface temperature contours [�C],

b *850 hPa wind vectors [m s-1] and eddy kinetic energy contours

[m2 s-2]

Fig. 5 Like Fig. 4 but for last glacial maximum (LGM)

Fig. 6 Annual mean sea-ice fraction (between 0 and 1) and land ice

(in white) for experiments a Present-day sea ice (PDSI) and b last

glacial maximum (LGM)

Fig. 7 December–January–February (DJF) snow rate [mm yr-1] at

a Present-day sea ice (PDSI) and b last glacial maximum (LGM)

minus Present-day sea ice (PDSI)

Sea ice and the temperature-precipitation feedback 1005
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ice sheet the increase is only 1 %. The main differences in

snowfall rates are more apparent during the summer

months (JJA). These differences have a local magnitude of

about 100 mm yr-1. More snow falls in SIalb over the

Arctic and the Baffin Bay, compared with LGM. Note that

these regions are both covered by sea ice. The snowfall

region at south Greenland is shifted slightly north in SIalb

and covers a larger part of Greenland (Fig. 9).

3.4 Sea-ice insulating effect

The final experiment, termed SIcov, quantifies the insu-

lating effect of sea ice by setting the sea-ice thickness to

zero but keeping its albedo. Thus, the albedo effect of sea

ice is active but other than that, sea ice behaves almost as

open water, in particular, its insulating effect on air-sea

fluxes is missing. Snow accumulation over sea ice is not

possible (as over open water).

The SIcov solution is warmer in global average by

1.2 �C than LGM. Precipitation, snow rate, and snow-to-

precipitation ratio are again very similar to those of LGM,

but over land the differences are more apparent. Differ-

ences between winter snow in SIcov and LGM are shown

in Fig. 10. More snow falls in SIcov relative to the LGM

run over regions with sea ice, and mostly over the Baffin

Bay, the Greenland Sea, and west Canada, whereas it is

more snowy in the LGM run over the North Atlantic. Over

Greenland there is an increase of 22 % in the snowfall rate;

both over the Laurentide and the Fenno–Scandinavian ice

sheets the increase is about 6 %.

The comparison of SIcov and SIalb makes it evident that

sea-ice insulating effect has a greater effect on snowfall

over land ice than the albedo. The control of snowfall over

the three major ice sheets of the LGM by sea ice is of

special interest, and we find that SIcov is more snowy there

than SIalb (but less than PDSI, where both the insulation

Fig. 8 Annual average of snow

(a) and total precipitation

(b) for the three major ice sheets

and the global average, for the

different experiments: Present

day (PD); Last Glacial

Maximum (LGM) but with

present-day sea ice (PDSI);

LGM with sea-ice thickness

equals zero (SIcov); LGM with

sea-ice albedo equals ocean

albedo (SIalb); LGM. Also

shown is the global mean

surface air temperature (SAT).

Error bars are based on the

interannual variations
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and albedo effects are eliminated). Thus the sea-ice cover

has a greater effect on snowfall over land ice than the

albedo has.

3.5 Nonlinear interaction effect

It is interesting to check whether the different effects of sea

ice can be linearly superimposed or whether there is a

nonlinear feedback between them. For this purpose we

define an index, Iv, as follows. Let v a variable such as

snowfall rate, precipitation rate, temperature, etc. Then

(vSIalb - vPDSI) is the effect of the insulation feedback of

sea ice only on v. Similarly, (vSIcov - vPDSI) is the effect of

the albedo feedback only. Run PDSI lacks both the albedo

and insulating effects. If the albedo effect and the insu-

lating effect can be summed linearly, their addition is

supposed to be equal to the PDSI simulation (in the PDSI

we reduce the sea-ice extent, and summing SIalb and SIcov

reduces the extent in two stages: first reducing the albedo

and then the covering effect). Eventually, one expects that

when all experiments are added, one obtains the same

snowfall/precipitation/temperature as in LGM experiment.

Define therefore the following index,

Iv ¼ ðvSIalb � vPDSIÞ þ ðvSIcov � vPDSIÞ þ vPDSI � vLGM

¼ vSIalb þ vSIcov � vPDSI � vLGM: ð2Þ

If climate response to the sea ice feedbacks were linear,

this index should vanish.

We calculated the indices of precipitation, snow, and

surface temperatures for the sea-ice effects (a NH distri-

bution of the indices is shown in Fig. 11). Note that the

index units are the same as the chosen variables. The

indices do not show any defined trend, and the values over

ice sheets vary dramatically between positive and negative

Fig. 9 June–July–August (JJA) snow rate [mm yr-1], with zoom

over Greenland, at a LGM, b SIalb, and c LGM minus SIalb

Fig. 10 December–January–February (DJF) snow rate [mm yr-1] at

a SIcov and b LGM minus SIcov

Fig. 11 Sea ice effects index Iv calculated for a snow [mm yr-1],

b precipitation [mm yr-1], and c surface temperature [�C]

Sea ice and the temperature-precipitation feedback 1007
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values, showing that the effects are not linear. Global

averages of the indices are -2.2 mm yr-1 for snow, -2.7

mm yr-1 for precipitation, and 0.1� for surface tempera-

ture. From the global means we found that eliminating the

sea ice has a greater influence on precipitation than sum-

ming both sea-ice albedo and cover reduction, indicating

an interesting nonlinear feedback effect that will be

investigated in future study.

4 Discussion

In this work we studied the role of sea ice in the hydro-

logical cycle during the LGM, and in particular examined

sea ice feedbacks responsible for the temperature-pre-

cipitation feedback according to which a warming anomaly

to a cold, LGM-like, climate leads to enhanced snow

accumulation rate over land ice sheets. This temperature-

precipitation feedback where a warming anomaly leads to

enhanced snow accumulation rates over land ice sheets in a

cold LGM-like climate is a central component in several

theories of glacial cycles (Källén et al. 1979; Le-Treut and

Ghil 1983; Ghil et al. 1987; Ghil 1994; Gildor and Tzi-

perman 2000, 2001; Tziperman and Gildor 2003). How-

ever, it should be noted that while we focused on the

various effects of sea ice on precipitation, we did not run a

full surface mass model of the ice sheets and we neglected

the effects on ice ablation.

We performed three model experiments with LGM ice

sheets and atmospheric composition to evaluate the con-

tribution of sea-ice extent, sea-ice albedo, and sea-ice

insulation effect on snowfall rates during the LGM.

Overall, our results support the temperature-precipitation

feedback. Total precipitation (rain plus snow) and snowfall

rate, globally and over the three major LGM ice sheets, are

summarized for the various experiments in Fig. 8 and

Table 1. The global mean surface air temperature is also

shown in Fig. 8.

Each of the experiments resulted in a temperature rise

compared to the full LGM experiment, yet was still colder

than the PD model experiment. We find that in a cold,

glacial climate snowfall rate over the ice sheets is reduced

as a result of increasing sea-ice extent (compare LGM and

PDSI experiments). An increased sea-ice extent cools the

climate even more, the precipitation belt is pushed south-

ward and the hydrological cycle weakens. The main novel

result here has to do with the identification of physical

feedbacks by which the sea ice affects precipitation. We

find that the albedo feedback of an extended sea-ice cover

in an LGM-like climate only weakly affects the reduction

of snowfall rate. For example, the snowfall over the Lau-

rentide ice sheet in experiment LGM is 272 mm/yr, while

when the sea ice is reduced to present-day extent, it is

307 mm/yr. That is, the sea ice suppresses the snowfall rate

by a significant amount of 11 %. Run SIalb in which the

sea ice is as in LGM, but its albedo effect is eliminated,

shows a similar suppression relative to PDSI, to 280 mm/yr

(9 %), indicating that the suppression of precipitation is not

obtained via the albedo feedback of sea ice.

The other major feedback of sea ice is its insulating

effect. Run SIcov shows a significantly weaker suppression

from PDSI, from 307 to 290 (5 %), indicating that the

insulating feedback is responsible for a large part of the

suppression of precipitation by sea ice. It follows that the

hydrological cycle is more sensitive to the insulating effect

of sea ice than to its albedo. There are two reasons to the

larger contribution of the insulating effect to the tempera-

ture-precipitation feedback. First, the overall cooling of the

insulating effect is about twice than that of the albedo. This

by itself is expected to lead to a more significant change in

precipitation. In addition, the insulation effect not only

reduce air-sea heat flux, it also directly prevents evapora-

tion from ice-covered regions, which are a major source of

precipitation over the NH ice sheets (Charles et al. 1994).

In all experiments, the region that is most sensitive to

changes (in the sense of snow and precipitation) is

Greenland. Sea-ice insulation also has a greater effect on

temperature. The global mean surface temperature differ-

ence between LGM and SIcov is twice the difference

between LGM and SIalb. These experiments as a whole

indicate that in a cold, LGM-like climate, sea ice indeed

suppresses snow accumulation over ice sheets (Gildor and

Tziperman 2000). Clearly this is not the case in a warmer

(PD) climate, when accumulation increases even more, but

as rain rather than snow. Therefore, the temperature-pre-

cipitation feedback applies for a finite range of tempera-

tures (Gildor 2003).

Overall, the area-averaged differences in snowfall rate

are not very large, and are largest over Greenland (see

also Li et al. 2005, 2010; Kiefer et al. 2002, in the con-

text of Dansgaard-Oeschger cycles). However, as seen in

Fig. 2, the differences are not evenly distributed and can

be quite large in certain regions, mainly at the periphery

of the ice-sheets. These regions are characterized by large

thermal gradients due to the albedo differences between

the ice and the adjacent land (Bromwich et al. 2005). The

starvation of the ice sheets at their periphery by the

presence of sea ice can stimulate their gradual with-

drawal, followed by amplification by other feedbacks

(land ice albedo, etc).

Future plans include analysis of the moisture transport in

the different simulations, focusing on each of the three

major ice sheets. We want to find the main sources of

precipitation over each ice sheet, so we can conclude how

different sea ice extents and covers affect the growth of

land ice. It is also interesting to study the effect of southern
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hemisphere sea ice on the NH high latitude hydrological

cycle (teleconnection).
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