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ABSTRACT

An intermediate-complexity climate model is used to simulate the impact of an accelerated Pine Island

Glacier mass loss on the large-scale ocean circulation and climate. Simulations are performed for pre-

industrial conditions using hosing levels consistent with present-day observations of 3000m3 s21, at an

accelerated rate of 6000m3 s21, and at a total collapse rate of 100 000m3 s21, and in all experiments the hosing

lasted 100 years. It is shown that even a modest input of meltwater from the glacier can introduce an initial

cooling over the upper part of the Southern Ocean due to increased stratification and ice cover, leading to a

reduced upward heat flux from Circumpolar Deep Water. This causes global ocean heat content to increase

and global surface air temperatures to decrease. The Atlantic meridional overturning circulation (AMOC)

increases, presumably owing to changes in the density difference between Antarctic Intermediate Water and

North Atlantic Deep Water. Simulations with a simultaneous hosing and increases of atmospheric CO2

concentrations show smaller effects of the hosing on global surface air temperature and ocean heat content,

which the authors attribute to the melting of Southern Ocean sea ice. The sensitivity of the AMOC to the

hosing is also reduced as the warming by the atmosphere completely dominates the perturbations.

1. Introduction

The impact on the large-scale ocean circulation, and

hence climate, by large inputs of freshwater or ice from

collapsing ice sheets has been intensely studied in recent

years [see Rahmstorf (2002) for a review]. The main

climatic impact comes from the ability of the freshwater

to hamper deep-water formation in the North Atlantic

and thus reduce or even switch off the important At-

lantic meridional overturning circulation (AMOC; see,

e.g., Rahmstorf 2003; Green et al. 2009). Focus, how-

ever, has been on the deglaciation of the Northern

Hemisphere ice sheets (e.g., Bigg et al. 2011), with fewer

investigations looking at the impact of freshwater inputs

from anAntarctic ice sheet collapse (Weaver et al. 2003;

Hellmer 2004; Stouffer et al. 2007; Stammer 2008), from

ice sheet collapses in either hemisphere (e.g., Hansen

et al. 2015; note that they use very large hosing levels in

their paper), or from melting sea ice (e.g., Aiken and

England 2008). Recently, it was reported that Pine Is-

land Glacier (PIG) in Antarctica has started a rapid

retreat that has doubled themass of ice being discharged

annually from the glacier (Favier et al. 2014; McMillan

et al. 2014; Rignot et al. 2014) and that it may continue to

change rapidly over the next decades (Seroussi et al.

2014). Here we show, using a coupled Earth system

model (Weaver et al. 2001), that even the modest in-

creased input of freshwater from PIG can have a large-

scale impact on the ocean and climate. This suggests that

there may be important consequences of a collapsing

Antarctic ice sheet beyond the more commonly re-

ported contribution to sea level rise (e.g., Shepherd and

Wingham 2007).

Simulations of hosing from Antarctica during melt-

water pulse 1A (16 400 years before present) show a

large impact on the ocean and climate (Weaver et al.

2003), including the interesting result that as the

Southern Hemisphere cools the Northern Hemisphere,
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especially the North Atlantic, warms up. This bipolar

seesaw in surface temperatures is caused by the re-

duction of density of the Antarctic Intermediate Water

(AAIW) in the Southern Ocean, which leads to en-

hancedNorthAtlanticDeepWater (NADW) formation

and hence an enhanced AMOC (Crowley 1992;

Broecker 1998; Ganopolski and Rahmstorf 2001;

Weaver et al. 2003; Saenko et al. 2003; Schmittner et al.

2003; Stocker and Johnsen 2003; Buizert et al. 2015).

The associated heat transport northward increases,

which has been found to cause the cooling of the

Southern Ocean (Weaver et al. 2003).

PIG is a large ice stream discharging into Pine Island

Bay in the Amundsen Sea, Antarctica. It drains some

10% of the West Antarctic Ice Sheet (WAIS; Shepherd

et al. 2001; Payne et al. 2004; Vaughan et al. 2006), and

recently it has been suggested that this drainage has

increased over the last decades (Rignot et al. 2008;

Rignot 2008; Wingham et al. 2009; Scott et al. 2009;

Favier et al. 2014). Furthermore, the base of PIG lies

below sea level on a retrograde slope, whichmeans there

is no topographic barrier to halt a retreat once it has

been set in motion (Hughes 1981). Over the period

2003–14, West Antarctica has been losing ice mass at a

rate of 121Gt yr21 (Harig and Simons 2015). Shepherd

et al. (2012) reported a net discharge of 20Gt yr21 from

PIG during the period 1992–2011, and Park et al. (2013)

show that the retreat is accelerating. Projection by

Favier et al. (2014) suggests that the mass loss will in-

crease to 100Gt annually around 2030 and may then

remain constant (Favier et al. 2014). This accelerated

retreat of PIG could have consequences for both re-

gional and global ocean circulation patterns and climate

and is the topic of this paper; specifically, we introduce rel-

atively small levels of freshwater hosing in the Amundsen

Sea in a coupled climate model of intermediate complex-

ity. We will discuss three sets of experiments: sensitivity

simulations with hosing during preindustrial conditions,

idealized sensitivity simulations with hosing with rapid ex-

ponentially increasing atmospheric CO2, and a set of more

realistic simulations with more gradually changing atmo-

spheric CO2 levels and variable hosing.

2. Methods

Simulations were done with the University of Victoria

Earth System Climate Model v2.8 (UVic ESCM;

Weaver et al. 2001; Schmittner et al. 2008). The ocean

component has a global configuration with 100 3 100

grid cells in the horizontal and 19 vertical layers. It is

coupled to a simplified thermodynamic atmosphere that

allows for exchange of heat and water vapor but without

feedback to the prescribed wind field, which comes from

repeating the mean annual cycle of monthly data from

FIG. 1. (a) Time series of the hosing rates used in the preindustrial simulations and for the

exponential CO2 scenarios, along with the CO2 concentration in the rapid CO2 simulation

(solid). Note that the hosing y-axis scale is to the right of the panel. (b) Time series of atmo-

spheric CO2 concentration (solid; scale to the left) and freshwater fluxes (dotted; scale to the

right) used during the RCP scenarios. Note that model year 0 is equal to calendar year 2000 in

the RCP scenarios; the axis has been shifted so that the hosing starts at year 0 in all scenarios

(denoted ‘‘time’’ or ‘‘time from start’’ in the figures).
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theNationalCenters forEnvironmental Prediction (NCEP)

reanalysis. The model also includes a dynamic and

thermodynamic sea ice model and prescribed conti-

nental ice sheets.

The first series of sensitivity simulations were run for

preindustrial conditions with orbital parameters set to

those of the year 1800 and CO2 levels at 280 ppm. These

experiments included a 100-yr-long hosing of 0.003,

0.006, and 0.1 Sv (1 Sv 5 106m3 s21), respectively, and

are compared to a control simulation without hosing

(see Fig. 1a for a schematic). The simulations were then

continued for a further 400 years after the hosing had

ended to allow for an evaluation of the recovery after a

hosing event. The 0.003-Sv hosing represents the pro-

jected situation for 2030 described in Favier et al. (2014),

whereas the 0.1-Sv case represents a sensitivity simula-

tion in which the entire volume of PIG is released over a

100-yr period (Vaughan et al. 2006), a case of extremely

fast melting. The 0.006-Sv release case is an intermedi-

ate simulation assuming a doubling of the present-day

rate, thus representing an accelerated situation to the

present, but still ends within 100 years. The 100-yr pe-

riod of hosing is quite conservative and assumes a rapid

retreat followed by a new stable state. In all simulations

the hosing water is added to the two coastal grid cells

nearest to PIG and the volume flux is evenly divided

between the grid cells in these experiments.

The AMOC was computed by integrating the merid-

ional velocity zonally across the Atlantic basin along

268N and vertically between 1000-m depth and the sea

bed (looking at the maximum of the overturning

streamfunction produces very similar results, which

are not shown). From this, it is clear that the model’s

internal (unforced) variability, particularly on interan-

nual to multidecadal time scales, is much smaller than in

observations or more comprehensive climate models.

However, the control simulation of the model version

used here exhibits multicentennial internal AMOC var-

iability of ;1Sv (see Fig. 2, which is discussed in more

detail later). To separate the forced signal, which is small

in the preindustrial simulations, from this internal

‘‘noise,’’ we performed an ensemble of five simulations

with different initial conditions by staggered starting

points for the hosing by 100 years over the 500-yr control

period. Each perturbation scenario is presented as an

average of these five perturbation simulations.

To test the sensitivity of the response of the Earth

system to hosing in a warming world, atmospheric CO2

was increased exponentially over 70 years from pre-

industrial levels, ending with a doubled CO2 concen-

tration in the atmosphere, which was then held constant

until the end of the 500-yr simulation. Runs were also

done with a 100-yr hosing at 0.003- or 0.1-Sv levels in

combination with increasing CO2. Note that because of

FIG. 2. (a) AMOC control at 268N (in Sv), averaging at 15.6 Sv. (b) Difference between the

preindustrial perturbation runs and the long-term average of the control plotted against time

from start of the hosing perturbations. The hosing period is shaded in gray. The error bars every

50 years on the 0.003- (bold) and 0.006-Sv runs mark 61 standard deviation of the ensemble

data. Note that the bars are offset 10 years for clarity and that we use a different range, again for

clarity, between the different AMOC figures.
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the magnitude of the signals, we did not perform stag-

gered restarts for the CO2 scenarios.

The final set of simulations discussed uses a more re-

alistic climate forcing, with CO2 levels allowed to vary

according to the representative concentration pathway

4.5 (RCP4.5) scenario (Meinshausen et al. 2011; Fig. 1b).

This is an intermediate-level scenario, in which the

greenhouse gas emissions stabilize around 2150. It was

chosen over perhaps more-realistic larger emission

scenarios because, as is shown below, large CO2 in-

creases dominate over the hosing signal. In these simu-

lations, the model was restarted at calendar year 1800

and the simulation lasted for 700 years, with CO2

evolving as in Fig. 1. These arguably more-realistic

simulations with hosing were done by switching the

hosing on at calendar year 2000 (i.e., model year 200)

and allowing it to ramp up from 0.003Sv at the start to

0.1 Sv at the end of the 100-yr hosing period (see Fig. 2).

This corresponds to PIG losing half of its volume over

100 years. At that point the hosing abruptly switched off,

simulating a retreating ice sheet that has suddenly

reached a new stable state. A further simulation again

started at a rate of 0.003 Sv and ramped up to 0.1 Sv over

200 years, after which it switched off (thus representing a

total loss of the present-day PIG ice volume over 200

years). These simulations are referred to as ‘‘RCP

control,’’ ‘‘RCP hosing,’’ and ‘‘RCP slow hosing,’’

respectively.

3. Results

a. Sensitivity simulations

The preindustrial AMOC response to hosing behaves

like a damped oscillator: it increases, drops down again,

and then increases again toward the end of the simulation

(Fig. 2). The initial increase and the subsequent decrease

occur faster the stronger the forcing. The AMOC re-

sponse is related to the NADW–AAIW density differ-

ence (see Fig. 3a, red lines, and the discussion below) and

the density difference between the surface layers in both

regions (black lines in Fig. 3a). In Fig. 3 we took the

zonally averaged density across the Atlantic at 3200m at

538N to represent NADW and the zonally averaged

density (again spanning the Atlantic) at 1100m at 558S to

represent AAIW. The latter limits are based on a mini-

mum in the control salinity in that region. The high cor-

relation between the density differences and the

perturbed AMOC strength confirms the suggested see-

saw mechanism: we find correlation coefficients of 0.87,

0.78, and 0.95 at 99% confidence for the 0.003-, 0.006-,

and 0.1-Sv simulations, respectively. The black lines in

FIG. 3. (top) The time evolution of the density difference between the NADW and AAIW

between the preindustrial perturbation runs and the control (red) and the density difference

between the surface waters in the NorthAtlantic andRoss Sea (black). (bottom) The evolution

(see numbers for time slices) of the density difference between the ensemblemean of the 0.1-Sv

preindustrial run and the control along 208W in the Atlantic.
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Fig. 3a were computed as the average density difference

between the sea surface waters in an area spanning the

North Atlantic between 558 and 658N and the Atlantic

sector of the Southern Ocean between the Antarctic

coast and 648S. The surface density difference appears to
lead the deep density difference and AMOC changes.

The preindustrial 0.003- and 0.006-Sv runs show a

quite large response to the hosing in both the ocean and

atmosphere, especially considering the relatively small

rate of freshwater addition (Fig. 4, top and middle),

with an even larger signal in the 0.1-Sv run (Fig. 4,

bottom). At the end of the pulse (i.e., at model year

FIG. 4. The difference in sea surface temperature between the time-averaged control run and the ensembles for the

sensitivity (top) 0.003-, (middle) 0.006-, and (bottom) 0.1-Sv simulations. The numbers in the lower left hand corner of

each pane show the time in years from perturbation start and have been chosen for periods with large changes in the

AMOC (cf. Fig. 2). Contoured in colored and dotted lines are the surface atmospheric differences using the same color

scale [note the different scales between the top and middle panels and the bottom panel]. In the top andmiddle panels

the isoline separation is 0.18C,whereas in the bottompanel it is 0.28C. Thewhite ocean contour line for years 70 and 100
in the bottom panel mark 218C change. The arrow in the 0.1-Sv scenario, year 200, marks the hosing location.
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100), the sea surface temperature around parts of

Antarctica, mainly in the Pacific sector of the Southern

Ocean and in the Drake Passage, has dropped by up to

0.58C in the 0.003- and 0.006-Sv simulations and sub-

stantially cooled over much of the Southern Ocean by

over 18C in the 0.1-Sv run (the white contour lines in

Fig. 4 mark 218C change). Differences between our

Fig. 4 (bottom) and Figs. 4c,d in Weaver et al. (2003)

are instructive. While the large differences between

Figs. 2c and 4c,d in Weaver et al. (2003) indicate that

the Southern Ocean cooling is strongly dependent on

the location of the forcing, all their cases have an as-

sociated warming in the North Atlantic, which is con-

sistent with their interpretation that the Southern

Ocean cooling is caused by the bipolar seesaw mecha-

nism (i.e., increased northward heat transport due to a

stronger AMOC). In the present paper, however, there

is only a weak warming over the first 50–100 years in the

North Atlantic (less than 0.28C around southern

Greenland) but a relatively strong cooling (more than

18C) in the Southern Ocean north of the Ross Sea

(Fig. 4), which suggests that there is a local component

at play besides the bipolar seesaw mechanism. The

most likely candidate is that the upwelling of warmer

water (Circumpolar Deep Water) has been prohibited

by the meltwater acting as a lid on the ocean, consistent

with Stouffer et al. (2007). Parts of the Southern Ocean

have experienced a warming at year 200 with a corre-

sponding cooling in the North Atlantic. Subsequently,

toward the end of the simulation, the North Atlantic

warms. The globally averaged sea surface and surface

atmospheric temperatures at the same time have de-

creased by 0.28 and 0.358C, respectively, in the 0.1-Sv

case (Fig. 5a).

The driver of the temperature response in the North

Atlantic seen in Figs. 4 and 5b is AMOC variability

triggered by the freshwater perturbation in the Southern

Ocean. The mechanism may be related to the bipolar

seesaw and the associated change in density difference

between the NADW and the AAIW, which has been

suggested to influence NADW formation (Fig. 3; see

also Weaver et al. 2003; Schmittner et al. 2003; Stouffer

FIG. 5. (a) The globally averaged ocean temperature differences between the 0.1-Sv run and the time-averaged

preindustrial control run as a function of depth. The various lines correspond to the time slices in Fig. 4. SAT

difference between perturbation and control runs when spatially averaged over (b) the full extent of Greenland and

(c) the full extent of WAIS. The panels again show the ensemble mean of the preindustrial runs. Note the varying

y-axis scales in all the panels.
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et al. 2007). However, the enhanced AMOC seen in

Fig. 2 and the changes in vertical stratification in the

Atlantic in Fig. 3 then swing the seesaw the other way,

leading to a strong cooling in the North Atlantic around

year 200 in all the runs. Toward the end of the simulation

the seesaw is back in a North Atlantic warming state

(Fig. 4), but the full extent of the warming in the 0.1-Sv

scenario is delayed until the end of the simulation. These

changes in the ocean temperature drive corresponding

changes in the atmosphere’s surface temperature (Fig. 4,

contours), with peak anomalies passing 18C cooling in

the 0.1-Sv sensitivity simulation.

Closer to the Antarctic coastline, there is initially a

warming of up to 0.58C near PIG and under the Ross

ice shelf in the 0.1-Sv scenario (Fig. 4, bottom), which

may lead to further acceleration of the ice loss. This

warming is due to the meltwater creating a shallower

surface mixed layer there, which can heat up more

easily during the summer months when the area is free

from sea ice; the sea ice may then act as insulation over

the winter months for this water (note that the cooling

discussed in the previous paragraph takes place off-

shore from the area under discussion here). Over the

region offshore from PIG there is a net heat uptake

relative to the control by the ocean (not shown) of up

to 10Wm22 during the first 150 years, followed by a

declining heat loss until there is no significant net heat

flux at year 500. No discernible effects were seen under

the Filchner–Ronne ice shelf in our simulations, but

the general trend over the Southern Ocean is for a

cooling of the upper ocean and the atmosphere. This

may impact ice shelf cavity waters (e.g., Fer et al.

2012), but we are not able at this stage to say what the

impact will be.

b. Rapid CO2 simulations

In the rapid CO2 simulations the upper part of the

ocean warms 28–58C in both the control and 0.1-Sv

simulations (see Figs. 6–7). However, the relatively

large response to the hosing seen in the preindustrial

ocean and atmosphere is not reproduced in the rapid

CO2 simulations (see, e.g., Fig. 8 for the AMOC

FIG. 6. (top) The differences between the rapid CO2 and the preindustrial control in sea surface temperature

(colors) and surface atmospheric temperature (contours). (bottom) The 0.1-Sv rapid CO2 simulation minus the

CO2 control. Note the different color scales used in this figure. The contour interval for the atmospheric tem-

perature is 0.58C in the top panel and 0.28C in the bottom.
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response). In the rapid CO2 simulations, the 0.003-Sv

forcing has a much smaller impact than in the pre-

industrial runs, suggesting that the CO2 forcing is so

large that any additional small hosing will not have an

effect. The heating of the ocean and atmosphere has a

profound impact on the AMOC, which drops by 6.5 Sv

within 100 years of the start of the run because of the

prevention of deep-water formation in the North At-

lantic (Fig. 8). However, the AMOC rapidly recovers

when the CO2 has plateaued at year 70. This is despite

the warmer surface ocean, as the interior of the Atlantic

starts to fill up with new deep water from both the North

Atlantic and the Southern Ocean, which resets the

density difference between the NADW and AAIW

(Fig. 9). In contrast to the CO2 0.003-Sv hosing experi-

ment, which has virtually no impact on the AMOC, the

0.1-Sv run does impact the AMOC, but it shows inter-

esting differences from the preindustrial simulations. In

the rapid CO2 0.1-Sv run the cooling is weaker near the

hosing area at year 100 (see Figs. 4 and 6), whereas there

is more cooling in the Northern Hemisphere and North

Atlantic compared to the preindustrial 0.1-Sv run (see

the synthesis section below, and figures referred to

there, where we argue that this is because of changes in

Southern Ocean ice cover). The horizontally averaged

ocean temperatures increase (Fig. 7a), indicating that

the excess heat is stored in the ocean. Over Greenland

the hosing has only a small effect on the response of the

atmospheric temperature compared to the CO2 control

run (Fig. 7b), whereas over the WAIS the larger hosing

acts to delay the atmospheric warming as a result of a

brief cooling of the Southern Ocean (compared to the

CO2 control; Fig. 7c).

c. RCP4.5 simulations

The RCP AMOC initially reduces by about 5 Sv

when the atmospheric CO2 rapidly increases (Fig. 10).

It then recovers to preindustrial levels once the CO2

stabilizes at 580 ppm. The RCP control (Fig. 11, top)

shows a global warming of the atmosphere exceeding

58C on average at year 350 compared to the pre-

industrial control, whereas the ocean surface warms

more than 3.58C on average (Fig. 11, top). The hosing

simulations, when compared to the RCP control in

Fig. 11, indicate the same type of signal we have seen in

the idealized rapid CO2 runs but at a somewhat weaker

magnitude compared to the sensitivity simulations

(Fig. 11, middle). As could be expected, the effect of

the hosing is more pronounced in the faster hosing

experiment during the first 100 years (Fig. 11, middle

FIG. 7. As in Fig. 5, but for the rapid CO2 simulation being compared to the rapid CO2 control.
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and bottom), but the effects on the ocean are of course

seen for a longer duration in the slow hosing. There

are indications in the time-varying hosing runs of a

bipolar seesaw acting on top of the warming in these

simulations (e.g., Fig. 10, years 300 and 350), but

compared to preindustrial levels it is surpassed by the

warming from the increased atmospheric CO2, just as

in the rapid CO2 simulations.

FIG. 8. As in Fig. 2, but for the rapid CO2 simulations. The differences in (b) are deviations from

the CO2 control [dotted line in (a)].

FIG. 9. As in Fig. 3, but for the rapid CO2 perturbation compared to the rapid CO2 control.
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d. Synthesis

The hosing in all simulations leads to an increased

ocean heat content, which leads to a subsequent atmo-

spheric cooling (Fig. 12). One possible mechanism for

the increase in oceanic heat is that the increased strati-

fication and ice cover in the Southern Ocean prevents

heat loss from the Circumpolar Deep Water. In the

rapid CO2 run this effect is smaller than in the pre-

industrial run. In the RCP run the heat content differ-

ence (compared to the RCP control) is even lower than

the rapid CO2 run (compared to the rapid CO2 control),

although the atmospheric cooling is, on average, at the

same level (Fig. 12). Furthermore, there are larger dif-

ferences in vertically integrated heat content at the end

of the hosing periods near the ice edge in the Southern

Ocean (Fig. 12, bottom). These differences are probably

due to a smaller increase in the sea ice cover in the

Southern Ocean in the CO2 and RCP runs than in the PI

run (see Fig. 13; note that in both simulations the sea ice

area is larger than in their respective controls). Also, the

extent of the ice cover in the Southern Ocean does not

change much between the perturbation runs and their

controls, but the ice area fraction does (not shown).

This, together with the results in Fig. 13, implies that the

perturbation runs have more and thicker ice in the re-

gions that are ice covered in the control runs, which may

prevent oceanic heat loss in the Southern Ocean. We

therefore argue here that the sea ice melting in the rapid

CO2 and RCP runs is the cause of the weaker response

of ocean heat content and atmospheric temperatures to

the hosing.

The oceanic response, described by the AMOC, and

sea surface and surface atmospheric temperatures

evolve quite differently between the runs (see, e.g.,

Figs. 4–7). The robust features are the initial cooling of

the SouthernOcean and the initial AMOC increase. The

subsequent decrease seen in the preindustrial runs,

however, is much smaller in the rapid CO2 simulations

and absent in the RCP run. The temperatures in the

North Atlantic do not differ much between the pre-

industrial and the RCP runs, except for strong cooling in

the rapid CO2 runs around years 70–100.

4. Discussion

A bipolar seesaw has been found in the twentieth-

century instrument record (Chylek et al. 2010), and we

present further support for the seesaw being possible in

present and future hosing scenarios. There is warming

over Greenland seen during at least some stage in all the

simulations, and the ocean initially warms in all runs.

This may lead to an enhanced Greenlandmelting, which

could eventually counteract the changes seen here by

slowing down the AMOC, warming the Southern

Ocean, and resetting the system. This would of course be

on top of already accelerated losses of Greenland ice

FIG. 10. As in Fig. 8, but for the RCP simulations. In (a) the thin dotted line marks the

preindustrial control average, whereas (b) shows the RCP perturbations minus the RCP con-

trol. Note that the hosing starts at year 0 (see Fig. 1).
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due to warming over the last few decades (e.g., Steig

et al. 2009; Nghiem et al. 2012; Ewert et al. 2012; Hanna

et al. 2013). This highlights the importance of the ne-

glected subject of climatic impacts of collapsing Ant-

arctic ice sheets.

As a sensitivity simulation 0.003Sv was added over

the entire Southern Ocean rather than just off the coast

of PIG. The response is very similar to that of the PIG

0.003-Sv scenario, although the amplitudes of the per-

turbations are somewhat reduced (not shown). This is

also true for runs with 0.003 Sv added over the western

or eastern half of the Antarctic Circumpolar Current

(ACC; not shown). A further simulation was hosed

with 0.05 Sv for 200 years, thus inputting the same

amount of freshwater as the 0.1-Sv simulation. Again,

the response is as expected, with a weaker signal than

in the 0.1-Sv run but persisting throughout the 200-yr

hosing. The insensitivity to the hosing location in both

space and time is comforting and suggests that the

results are robust.

UVic uses a simplified atmosphericmodel inwhichwinds

and cloud cover are prescribed. In the large-perturbation

FIG. 11. As in Fig. 6, but for the RCP simulations. (middle) RCP hosing (over 100 years); (bottom) slow hosing

(over 200 years). The atmospheric contour lines span238–38C in intervals of 0.58C (top) and21 to 18C in intervals

of 0.28C (middle),(bottom). Also, note the different color scales between the top and the bottom two panels. The

timings are again as in Fig. 1, with the hosing starting at year 0.
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scenario and in the CO2 simulations one would expect

these parameters to change. Also, the model does not

simulate weather, and its internal variability on inter-

annual to decadal time scales is much smaller than

observed. However, the model has been successfully

used several times to simulate ocean states and cli-

mates different from the one of today [see Schmittner

et al. (2008) for a discussion]; we argue that the simu-

lations are a good first representation of potential

consequences of a PIG collapse on ocean circulation

but that it would be desirable to repeat the simulations

with more comprehensive models.

We have shown that a spatially limited input of

freshwater from Antarctica can impact the present and

future large-scale ocean circulation and climate. The

0.003-Sv simulation represents a present collapse rate,

whereas the 0.1-Sv run represents an upper-limit esti-

mate. Qualitatively, our results are similar to those re-

ported for meltwater pulse 1A (Weaver et al. 2003),

which were suggested to trigger collapses of the

FIG. 12. Horizontal averages of (a) SAT and (b) vertically integrated heat content. Shown are differences be-

tween the 0.1-Sv perturbation runs and their respective controls and between the RCP hosing run and the RCP

control. Black lines mark global averages, and red lines mark averages over the Atlantic only, between 608S and

658N. Depth-integrated heat content in GJ m22 at the end of the hosing for the (c) 0.1-Sv hosing (data shown are

from year 100), (d) rapid CO2 0.1-Sv hosing (year 100), (e) RCP hosing (year 100), and (f) RCP slow hosing

(year 200).
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Northern Hemisphere ice sheets during the deglaciation.

Although the perturbations in atmospheric temperature

are too small and too brief to generate large changes in

the ice sheet extent, we suggest that a larger pulse than

those used here (e.g., by other ice streams discharging as

well)may indeed have profound impacts on other parts of

the Earth system far away from PIG itself.
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