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Tropical climate responses to projected Arctic and
Antarctic sea-ice loss

Mark R. England ©®'23X, Lorenzo M. Polvani®'4, Lantao Sun®> and Clara Deser®

Arctic and Antarctic sea-ice extent are both projected to dramatically decline over the coming century. The effects of Arctic
sea-ice loss are not limited to the northern high latitudes, and reach deep into the tropics. Yet little is known about the effects of
future Antarctic sea-ice loss outside of the southern high latitudes. Here, using a fully coupled climate model, we investigate the
tropical response to Antarctic sea-ice loss and compare it with the response to Arctic sea-ice loss. We show that Antarctic sea-
ice loss, similar to Arctic sea-ice loss, causes enhanced warming in the eastern equatorial Pacific and an equatorward intensifi-
cation of the Intertropical Convergence Zone. We demonstrate that Antarctic sea-ice loss causes a mini global warming signal
comparable to the one caused by Arctic sea-ice loss, and reminiscent of the response to greenhouse gases. We also show that
ocean dynamics are key to capturing the tropical response to sea-ice loss. In short, we find that future Antarctic sea-ice loss will
exert a profound influence on the tropics. Combined Arctic and Antarctic sea-ice losses will account for 20-30% of the projected

tropical warming and precipitation changes under the high-emissions scenario Representative Concentration Pathway 8.5.

(SIE) has dramatically decreased—September SIE has nearly

halved since 1979', with an estimated 8,000km® of sea-ice
volume lost over that period”. At the other pole, Antarctic SIE has
increased at a small, but significant, rate of 2% per decade over the
period 1979-2015°. However, 2017 and 2018 set new records for
minimum SIE in the Antarctic since satellite observations began in
1979', and a considerable decline in the sea-ice cover in both the
Arctic and Antarctic is expected by the end of this century’. Under
the high-emissions scenario, models predict that the first ice-free
Arctic summer will occur by the middle of this century”’, and
Antarctica may lose one-half of its sea-ice cover by 2100*. To under-
stand the full effect of these dramatic changes on the climate sys-
tem, here we study the impact of future Arctic and Antarctic sea-ice
losses, both separately and together.

The high-latitude response to Arctic sea-ice loss is well estab-
lished, and involves an intense warming and moistening of the polar
atmosphere®~'’, especially near the surface. The mounting body of
modelling work on Arctic sea-ice loss indicates that likely impacts
also include a weakening and equatorward shift of the tropospheric
jet'" and a slowdown in the Atlantic Meridional Overturning
Circulation'"". When sea-ice perturbations are imposed in an
atmosphere-only model configuration, the effects are confined to
the mid- and high latitudes'>*. However, in the presence of ocean
dynamics, sea-ice loss can have global effects'®**** with important
impacts that extend to the tropics'®**-2*.

In contrast to the flurry of activity to understand the impacts of
sea-ice loss in the Arctic, work on the impacts of projected Antarctic
sea-ice loss is only now starting. So far, just four studies have inves-
tigated the effects of projected Antarctic sea-ice loss; three were
based on atmosphere-only models'>***® and the fourth inferred the
response from the Coupled Model Intercomparison Project Phase
5 (CMIP5) archive”. However, due to the lack of ocean dynamics,

O ver the past four decades, observed Arctic sea-ice extent

these modelling studies have probably not captured the full extent
of the global response. Our study addresses this by examining the
tropical effects of Antarctic sea-ice loss using a fully coupled model
that includes ocean dynamics.

Arctic sea-ice loss has been shown to impact tropical sea
surface temperatures (SSTs), the position of the Intertropical
Convergence Zone (ITCZ) and the strength and location of the
Hadley Cell'®'%?'*?%, Zonal asymmetries in the tropical SST
response are linked to ocean dynamics, with enhanced warming
in the eastern equatorial Pacific'®'®*?'-», This response is
accompanied by an increase in rainfall over the equatorial Pacific,
roughly symmetric about the Equator, which intensifies at the
equatorward edge of the ITCZ'®'%-%,

But how do the tropics respond to Antarctic sea-ice loss? This
is the key question of this study. We answer it with a fully coupled
(that is, with interactive sea-ice and ocean components) global cli-
mate model, CESM-WACCM?. In brief, we specify projected sea-
ice loss at the end of this century using the ‘ghost flux’ method?,
and we contrast the climate in long time-slice integrations with
projected loss in the Arctic (hereafter A), the Antarctic (hereafter
AA) and both (hereafter A&AA) to the climate of a control run: the
difference is the response to sea-ice loss. We address four questions
with these runs: (1) will future AA sea-ice loss have an important
impact on the tropics?; if so, (2) how does the tropical response to
AA sea-ice loss compare, in pattern and in magnitude, with the
tropical response to A sea-ice loss?; (3) are the responses to A and
AA sea-ice loss linearly additive?; and (4) taken together, how much
of the Representative Concentration Pathway 8.5 (RCP8.5) response
is attributable to the combined effects of A and AA sea-ice loss?

The tropical response to A and AA sea-ice loss
The latitude-height structure of the zonal-mean atmospheric
temperature responses to A and AA sea-ice loss exhibit strong
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Fig. 1| Seasonal cycle of SIE in experiments and the zonally averaged temperature response to sea-ice loss. a,b, The seasonal cycle of A (a) and AA

(b) SIE in the four experiments (dashed lines: HIST, FUT-A, FUT-AA and FUT-A&AA). The solid lines show the target SIE values from the historic runs
averaged over 1955-1969, and the RCP8.5 runs averaged over 2085-2099. The grey bars indicate the magnitude of the reduction in SIE between the HIST
and FUT experiments. c-e, Zonally averaged atmospheric temperature response (AT) as a function of latitude and height to A (c), AA (d) and A&AA

(e) sea-ice losses. f, RCP8.5 AT (the 15-yr average of 2085-2099 minus the 15-yr average of 1955-1969, averaged from six WACCM historical and three
RCP8.5 runs) scaled by a factor of 1/5 to match the tropical upper tropospheric warming from e. Stippling indicates that the response is significant at the
95% confidence level using a two-sided Student's t-test.

similarities (Fig. 1c,d). In particular, both feature significant warm-  secondary maximum in the upper tropical troposphere. This
ing throughout the global troposphere, with maximum amplitude response resembles the structure of the full climate response to
at high latitudes below 700hPa in the ice-loss hemisphere and a RCP8.5 (Fig. 1f), but with reduced amplitude, hence the term ‘mini
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Fig. 2 | The tropical surface temperature (with tropical mean removed) and surface wind response to sea-ice loss. a-d, The patterns of annual mean
surface temperature (Ts) response (colour scale) to A (a), AA (b) and A&AA (c) sea-ice losses and the projected changes under RCP8.5 (d), which

are given by the 2085-2099 average minus the 1955-1969 average (scaled by a factor of 1/5). The tropical mean SST warming, shown above the maps,
has been subtracted from each panel to emphasize the pattern of the response. See Extended Data Fig. 3 for the T, response without the tropical mean
removed. Vectors show the annual mean surface wind response. Note that while AT;" under RCP8.5 has been scaled by 1/5, the surface wind vectors for
the same panel have been scaled by a factor of 1/2 for clarity (the * symbol indicates the anomaly from the tropical mean).

global warming’ used in previous studies'®****!. When both A and
AA sea-ice loss are imposed simultaneously (Fig. 1e), the increase in
tropical upper tropospheric temperature is 1-1.5°C, which accounts
for approximately 20% of the warming under RCP8.5 in the tropi-
cal upper troposphere (Fig. 1f). The response to A sea-ice loss and
AA sea-ice loss are approximately additive (panels c+d~e in Fig. 1),
although the sum of the individual responses (A + AA) overestimates
the combined (A&AA) response by 10-15% (Extended Data Fig. 2).

The surface temperature responses to sea-ice loss are shown
in Extended Data Fig. 3 for the domain 40°N-40°S. Both A and
AA sea-ice loss cause warming throughout the global tropics and
subtropics, with maximum amplitudes (~0.5°C) along the equato-
rial Pacific cold tongue (Extended Data Fig. 3a,b). To highlight the
pattern of the surface temperature response to polar sea-ice loss, in
Fig. 2 we remove the tropical mean (20°S-20°N) response (0.31°C
for A, 0.41°C for AA, 0.62°C for A&AA and 2.61°C for RCP8.5).
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The equatorial warming maximum is accompanied by enhanced
warming in the northeast subtropical Pacific in the case of A sea-ice
loss (Fig. 2a), and in the southeast subtropical Pacific in the case
of AA sea-ice loss (Fig. 2b), reminiscent of the structures of the
Pacific Meridional Modes™*. In addition, AA sea-ice loss produces
enhanced surface warming over the subtropical southeast Atlantic
and the southern Indian Ocean (Fig. 2b). The surface temperature
response to A&AA sea-ice loss (Fig. 2c and Extended Data Fig.
3¢) combines all of these features in a linear fashion with warm-
ing in the northeast and southeast subtropical Pacific and equatorial
Pacific. The pattern correlation between the response to A&AA sea-
ice loss and the sum of the individual responses A+ AA (Extended
Data Fig. 4) is 0.82 for the region 30°S-30°N. The pattern of the
surface temperature response to AA sea-ice loss is consistent with
the results of the Extratropical-Tropical Intercomparison Model
Comparison Project™.
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Fig. 3 | The tropical precipitation response to sea-ice loss. a-d, The annual mean precipitation response (AP) to A (a), AA (b) and A&AA (c) sea-ice loss
and the projected changes under RCP8.5 (d), which are given by 2085-2099 average minus the 1955-1969 average (scaled by a factor of 1/3). The red
contour shows the 6 mm d~" precipitation climatology. Stippling indicates that the response is significant at the 95% confidence level using a two-sided

Student's t-test.

Overall, the tropical mean surface warming response to the com-
bined A&AA sea-ice loss accounts for 24% of the tropical mean SST
change under RCP8.5 (0.62°C and 2.61°C respectively). However,
we stress some important differences between the warming patterns
associated with sea-ice loss and those projected under RCP8.5.
Firstly, the RCP8.5 response contains less regional structure in
the tropics (Fig. 2d and Extended Data Fig. 3d). In particular, the
enhanced warming in the eastern equatorial Pacific relative to the
western equatorial Pacific in response to sea-ice loss is largely absent
in the RCP8.5 response. Furthermore, in contrast to the response to
AA sea-ice loss (Fig. 2b), the RCP8.5 projection (Fig. 2d) exhibits a
reduced warming in the southeast subtropical Pacific and Atlantic
relative to the rest of the tropics.

As seen from the overlaid vectors in Fig. 2, both A and AA sea-
ice losses lead to anomalous westerly winds in the equatorial Pacific,
which act to weaken equatorial ocean upwelling. The surface
wind response also features anomalous convergence in regions of
enhanced SST warming, namely the northeast subtropical Pacific in
the case of A sea-ice loss (Fig. 2a), the southeast subtropical Pacific
and Atlantic in the case of AA sea-ice loss (Fig. 2b) and the east-
ern equatorial Pacific in the case of sea-ice loss from either pole.
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The RCP8.5 response exhibits similar convergence in the eastern
equatorial Pacific; however, in the southern subtropics the RCP8.5
response includes anomalous easterly winds in the western equato-
rial Pacific and anomalous divergence in the southeast subtropical
Pacific, which are opposite in sign to the response to A&AA sea-ice
losses. Thus, many of the effects of AA sea-ice loss act to oppose the
full RCP8.5 projection (compare the vectors in Fig. 2b,d). Overall,
sea-ice loss in either hemisphere results in a weakening of the
wind-driven tropical cells and an enhanced warming of equatorial
Pacific SSTs.

Next, we show that A and AA sea-ice losses produce remarkably
similar amplitudes and patterns of tropical precipitation response
(Fig. 3a,b). The uncentred pattern correlation between the pre-
cipitation response to A sea-ice loss and the response to AA sea-
ice loss is 0.69 in the tropics (20°S-20°N), and 0.79 in the tropical
Pacific (20°S-20°N, 130°E-100°W). In particular, sea-ice loss at
either pole causes an increase in precipitation on the equatorward
edges of the Pacific ITCZs, and a reduction south of Hawaii on the
poleward flank of the northern ITCZ. A&AA sea-ice loss (Fig. 3¢)
leads to an increase in precipitation of nearly 0.3 mm day~* over the
equatorial Pacific, and a decrease of 0.2 mmday~" south of Hawaii.
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Fig. 4 | The response of northward atmospheric and oceanic heat transport to sea-ice loss. a-c, The average annual response of NHT to A, AA, A&AA
and A+AA (the sum of the response to A and AA) sea-ice losses in the atmosphere + ocean (a), atmosphere (b) and ocean (¢). d, The atmospheric NHT

responses from the uncoupled simulations of England et al.”?.

The equatorial precipitation response to sea-ice loss is associated
with an intensification of the heating maxima near the Equator in
the mid- and upper troposphere (Extended Data Fig. 5), consistent
with results from Deser et al.?’. Similarly, the reduced precipita-
tion over the Pacific at 10°N in response to sea-ice loss in either
hemisphere (Fig. 3a,b) is consistent with the reduction in the con-
densational heating rate at this latitude (Extended Data Fig. 5). The
pattern of precipitation response to A&AA sea-ice loss is similar to
the RCP8.5 response (Fig. 3d), but with approximately one-third of
the amplitude. However, the reduced precipitation over much of the
southeastern tropical Pacific and a branch of enhanced precipita-
tion further west are features found only in the RCP8.5 projection.

Confirming the results previously reported for the A sea-ice
loss response?, the changes in tropical precipitation in our experi-
ments (Fig. 3) can be understood using the pattern of the local SST
response (Fig. 2 and Extended Data Fig. 3), which is in turn deter-
mined by ocean dynamics. Reduced equatorial upwelling leads to
enhanced warming in the equatorial Pacific. The effects of rotation
are negligible, thus pressure gradients are needed to balance the
temperature gradients, and the resultant surface wind pattern pro-
duces anomalous convergence (Fig. 2, vectors), and hence increased
precipitation, at the Equator.

The equatorial enhancement of zonal-mean precipitation in
response to polar sea-ice loss migrates seasonally with the mean
precipitation maxima (see Extended Data Fig. 6 for the zonal aver-
age and Extended Data Fig. 7 for the Pacific-sector average). In par-
ticular, positive precipitation anomalies occur around 5°N during
boreal summer and around 5-10°S during boreal winter, follow-
ing the equatorward edge of the dominant ITCZ in each season.
The months in which the tropical precipitation response to A&KAA
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sea-ice loss is highest (December and January) are also the months
in which the RCP8.5 projected response is weakest. Indeed, during
these months, sea-ice loss accounts for half of the RCP8.5 response
(Extended Data Fig. 6 and Extended Data Fig. 7).

Connecting sea-ice loss to the tropics

We now elucidate the mechanism that allows polar sea-ice loss to
affect the tropics. From an energetic perspective, the response of the
coupled atmosphere-ocean system to polar sea-ice loss consists of
a change in northward heat transport (NHT) needed to offset the
hemispheric radiative imbalance induced by the imposed sea-ice
loss. The response of the NHT reaches into the tropics, and even
into the opposite hemisphere (Fig. 4a). Although the partitioning
between the atmospheric (Fig. 4b) and oceanic (Fig. 4c) contribu-
tions is different in response to A and AA sea-ice loss, the latitudinal
structure of the total NHT response (Fig. 4a) is broadly similar (but
reversed in sign and latitude). This leads to a response of NHT to
A&AA sea-ice loss that is antisymmetric about the Equator and thus
converges heat into the tropics. In the absence of atmosphere-ocean
coupling and ocean heat transport (Fig. 4d), the response to sea-ice
loss is confined to the mid- and high latitudes'>***".

The tropical response to A sea-ice loss (blue curves in Fig. 4) is
entirely due to oceanic heat transport (Fig. 4c) because the atmo-
spheric heat transport vanishes south of 30°N (Fig. 4b). In con-
trast, the tropical response to AA sea-ice loss (red curves in Fig.
4) is mediated by NHT in both the atmosphere and the ocean (Fig.
4b,c), although with a larger oceanic contribution. Another inter-
esting contrast is that coupling the atmosphere to a dynamic ocean
slightly strengthens the mid-latitude atmospheric NHT response to
A sea-ice loss (from a peak of —0.13PW to —0.18 PW near 50°N;
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Fig. 4b,d), but considerably weakens the mid-latitude atmospheric
NHT response to AA sea-ice loss (from a peak of 0.35PW to
0.22PW near 60°S; Fig. 4b,d). This asymmetry is probably due to
the dominant role of the Southern Ocean at southern mid-latitudes.

As reported in previous studies'®*, we find that the tropical
response to polar sea-ice loss is largely mediated by a slowdown
of the oceanic subtropical meridional overturning cells (Extended
Data Fig. 8), primarily in the ice-loss hemisphere. The slowdown
of these subtropical cells reduces the upwelling of cold water at
the Equator and the transport of heat away from the deep tropics,
resulting in the enhanced equatorial surface warming®. But how is
the slowdown of the subtropical cells linked to the loss of polar sea
ice? Here we focus on the case of AA sea-ice loss. First, we note
that the subduction branches of the subtropical cells have a non-
zonal spatial structure®” (areas enclosed by the white contours in
Extended Data Fig. 9a). In response to AA sea-ice loss, three dis-
tinct lows of sea-level pressure develop over the Southern Ocean
(Extended Data Fig. 9b), with accompanying cyclonic winds (vec-
tors in Extended Data Fig. 9b), consistent with results from ref. .
These northwesterly winds over the subduction zones drive Ekman
suction (red colours in Extended Data Fig. 9¢), thereby reducing
the downwelling in the subtropics and hence weakening the sub-
tropical cell* (Extended Data Fig. 8b). The causal link between AA
sea-ice loss and the northwesterly wind response in the subtrop-
ics originates in the atmosphere, as shown by the atmosphere-only
experiment (Extended Data Fig. 9d), but ocean-atmosphere inter-
actions enhance the magnitude of the wind response and extend
its reach into lower latitudes (Extended Data Fig. 9b). We calculate
the average Ekman suction response for the three subduction zones
(Indian, Pacific and Atlantic) (white bars in Extended Data Fig.
10) and find it to be in good agreement with the vertical velocity
response in these regions (black bars in Extended Data Fig. 10). The
Ekman-driven upwelling response (w,~0.5cmyr™) corresponds
to a 5-10% reduction in downwelling (see Extended Data Fig. 9a)
and is comparable in amplitude to the weakening of the subtropical
cell (Extended Data Fig. 8b). Whether this precise mechanism is
robust across other models remains to be determined.

Polar sea-ice loss and tropical climate change

To summarize, we return to the four questions that we posed at the
start. Our experiments indicate that (1) projected AA sea-ice loss
will have an important impact on the tropics, causing a warming
in the upper troposphere, enhanced surface warming in the eastern
Pacific and increased precipitation over the Pacific ITCZ region.
(2) The tropical responses to end-of-century A and AA sea-ice
losses are similar in both magnitude and spatial patterns, especially
in the deep tropics. (3) The responses to A and AA sea-ice losses
are approximately additive, although overestimate the combined
response by 10-15%. (4) Together, projected A and AA sea-ice losses
account for between one-fifth and one-third of the full response to
RCP8.5 radiative forcing. Our results will need to be confirmed
with other fully coupled climate models, especially for the Southern
Ocean response. However, the tropical response to A sea-ice loss
in our runs is very similar to that found in the GFDL-CM3'® and
CCSM4'*?'-* models, lending support to our results.

In the case of A sea-ice loss, a fully dynamic ocean is needed
to capture the regional pattern of tropical warming'**"*. As in our
experiments, Wang et al.”* determined that the enhanced equato-
rial Pacific warming in response to A sea-ice loss is largely caused
by subsurface ocean warming, which itself was driven by reduced
equatorial upwelling. We note, in addition, that the surface tem-
perature response to AA sea-ice loss found in this study resembles
the pattern that Hwang et al.”” found when investigating the effect
of increased Southern Ocean heat uptake, but with the opposite
sign. Their model used a slab ocean configuration, and thus did not
include the effect of ocean circulation (which our study suggests
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is important for capturing the tropical response). Hwang et al.”
argued that the wind-evaporation-SST feedback mechanism may
be responsible for the tropical warming pattern, but we find little
evidence for this mechanism in our experiment.

The tropics have long been known to have an important influ-
ence on the mid- and high-latitude climate***. Chiang and Bitz*
presented an early example of influence in the opposite direction,
and showed how the polar regions can substantially affect the low
latitudes. Our results provide further evidence for this mechanism
and clearly indicate that, over the coming century, both the Arctic
and the Antarctic will exert a profound influence on the tropics due
to projected sea-ice losses.
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Methods

SIE. SIE is defined as the total area of the grid boxes in the Arctic or Antarctic
that have a sea-ice coverage of 15% or more. For an observational estimate of
the seasonal cycle of A and AA SIE, we use the US National Snow and Ice Data
Center’s Sea Ice Index'.

‘WACCMA4. To investigate the effect of A and AA sea-ice loss, we performed
experiments using the Whole Atmosphere Community Climate Model (WACCM4),
a high-top model that participated in CMIP5. WACCM4 has been fully documented
by Marsh et al.”. It has a horizontal resolution of 2° latitude by 2.6° longitude, with
66 vertical levels and a model lid that extends up to the lower thermosphere, near
140km. WACCM4 simulates the climatology of sea ice well in both hemispheres
(Extended Data Fig. 1), although AA summer sea-ice cover is more extensive than
observations show. In addition to enhanced vertical resolution in the stratosphere
and mesosphere, WACCM incorporates an interactive stratospheric chemistry
package, and special gravity wave parameterizations for the upper atmosphere. These
features give this model a much-improved representation of the stratosphere than
low-top models. Employing a high-top model is important, because recent research
has identified the stratosphere as a possible pathway for interactions between the
polar climate and mid-latitude weather'**>*. It also allows us to compare these
results with previous atmosphere-only experiments using the same model'>. We run
WACCM4 coupled with the CICE4 ice model* and the POP2 ocean model ™.

WACCM experiments with constrained sea-ice conditions. We investigate

the effect of AA and A sea-ice loss on the climate system by performing four
numerical experiments (outlined in Table 1), each 350 years long, using WACCM:
a control run and three perturbed sea-ice runs. The four integrations are as follows:
one control run (HIST) with mid-twentieth-century sea-ice conditions in both
hemispheres; one run with future sea-ice conditions in the A (FUT-A); one run
with future sea-ice conditions in the AA (FUT-AA); and one run with future sea-
ice conditions in both the A and AA (FUT-A&AA) (Fig. 1a,b; dashed lines). To
obtain the HIST sea-ice conditions, we average six existing WACCM fully coupled
historical runs* over the period 1955-1969 (Fig. 1a,b; solid grey lines); similarly,
the FUT ice conditions are obtained by averaging the three existing WACCM fully
coupled RCP8.5 runs over the period 2085-2099 (Fig. 1a,b; solid green lines).

We use the ghost flux method outline in Deser et al.*' to artificially constrain
the seasonal cycle of sea-ice concentration and volume in these integrations
to match either HIST or FUT as defined above. The first 100 years of each run
are then discarded to focus on the equilibrium response®. By calculating the
difference between the perturbed and control runs, we can isolate the fully coupled
equilibrium climate responses to Arctic sea-ice loss (FUT-A minus HIST; denoted
A), Antarctic sea-ice loss (FUT-AA minus HIST; denoted AA) and both Arctic and
Antarctic sea-ice loss (FUT-A&AA minus HIST; denoted A&AA). For reference,
the annual average SIE loss (FUT minus HIST) is 4.3 X 10° km? in the Arctic and
6.6 10° km? in the Antarctic (Fig. 1a,b; grey bars). This ratio of A:AA sea-ice loss
is typical for CMIP5 models, at least over the historical period (fig. 5 of ref. ).

To achieve the desired seasonal cycle of sea-ice conditions in each hemisphere,
we follow the ghost forcing method outlined in the appendix of Deser et al.*'. This
involves specifying a seasonally varying longwave radiative flux to the ice model
for each grid box and time step. Ghost forcing refers to the fact that the additional
longwave forcing is invisible to other model components, except indirectly through
changes in sea ice. This flux is applied only to areas where sea ice is present, but for
simplicity does not vary spatially. The longwave radiative flux necessary to replicate
the desired sea-ice conditions was calibrated through many iterations of shorter
runs. We note that the change in SIE had a linear relationship with additional
longwave forcing, except for the summer months, when the relationship was
nonlinear; this required us to perform additional iterations before the experimental
results lay within an acceptable tolerance of the target values. Figure 1 shows how
closely constrained the sea-ice experiments were to their target values from the
historical or RCP8.5 integrations. We also note that the ‘ghost flux’ method used in
this study is one of a few techniques commonly used in this type of experiment'***.

In all of our experiments, all forcings (including ozone-depleting substances
that have been suggested to contribute to Arctic amplification) are fixed at 1955
values, except for the added longwave radiative flux used to constrain the sea-ice
concentrations. In the same fashion as England et al.”?, we use this period for the
control because we are largely focused on the Southern Hemisphere and want to
avoid including a perpetual stratospheric ozone hole in the simulations (as the

Table 1| Details of perturbed sea-ice experiments using the
fully coupled version of WACCM

Experiment name Length (yr) Aseaice AAseaice
HIST 350 1955-1969 1955-1969
FUT-A 350 2085-2099 1955-1969
FUT-AA 350 1955-1969 2085-2099
FUT-A&AA 350 2085-2099 2085-2099

Antarctic polar stratosphere is severely perturbed at present; see England et al.**
for the stratospheric ozone depletion in the WACCM historical runs), but the
ozone hole is projected to recover before the end of this century). We have selected
periods before and after the existence of the ozone hole so it does not complicate
the interpretation of our results. This choice results in a slightly more sea-ice loss
than in similar studies, but the results are still broadly comparable because the vast
majority of the sea-ice loss is projected to occur in the twenty-first century.

Calculating the atmospheric and oceanic northward heat transport. The oceanic
NHT is diagnosed directly from the N_HEAT variable in the ocean history file. The
atmospheric net NHT is calculated using the method outlined in the appendix of
Kay et al.””. This calculation estimates the vertically integrated atmospheric net NHT
in equilibrium conditions from the difference between the net top of atmosphere
and surface fluxes. The required fields for this calculation are: net longwave and
shortwave top of atmosphere radiation, net longwave and shortwave surface
radiative fluxes, and net surface sensible and latent heat fluxes (all in Wm~™2).

Data availability

All model output analysed in the study is stored on the data servers at the National
Center for Atmospheric Research in Boulder, Colorado, and can be made available
upon request from the corresponding author.

Code availability

Where possible, pre-processed variables and the NCL code for reproducing the
related figures are publicly available at https://figshare.com/projects/The_Tropical
Responses_to_Projected_Arctic_and_Antarctic_Sea_Ice_Loss/72518. All other
code used to produce the figures can be made available upon request from the
corresponding author.
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Extended Data Fig. 1| Arctic and Antarctic sea ice extent climatology. The seasonal cycle of (a) Arctic and (b) Antarctic SIE [x10° km?] averaged

over the years 1979-2000 from six WACCM historical runs (grey) and observational data from the NSIDC Sea Ice database (NSIDC, 2019) (blue).
The shading shows the +/-2¢ envelope.
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Extended Data Fig. 2 | Additivity of the zonally average temperature response to sea ice loss. (a) The zonally averaged temperature response [°C] to
both Arctic and Antarctic sea ice loss as a function of latitude and height. (b) The linear sum of the response to Arctic sea ice loss and the response to
Antarctic sea ice loss. (¢) The difference between panels a, b. Contours show the climatological temperature structure with intervals of 15°C.
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Extended Data Fig. 3 | Tropical surface temperature response to sea ice loss. (Shading) The annual mean surface temperature response [°C] to (a)
Arctic sea ice loss, (b) Antarctic sea ice loss and (¢) both Arctic and Antarctic sea ice loss compared to (d) the projected changes under RCP8.5, the
15-year average of 2085-2099 minus the 15-year average of 1955-1969, (scaled by a factor of 1/5). The contours show the climatological surface
temperature with contour intervals of 4°C.


http://www.nature.com/naturegeoscience

ARTICLES NATURE GEOSCIENCE

, . 1m/s
a) ATS': A&AA sea ice loss [ - 0.62°C] s
- =\ ‘I 52 ‘.‘." A— |
30N - =P\ ‘- -
= = 1
7 i
0 - RE@qeeee : 07
1), AAA > -o‘.
E J i
AR r’,« 2 z»—\:\\: \.\, C 05
308 T —— T )
T T L] L] T L} 0-4
30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0 30E 03
: 1m/s .
b) ATS': A+AA seaice loss [ - 0.72°C] — s
= et 163 : T RN == PN g = s T =] ’
N oS T T ORI g S g 7 : Dy
—— P /\‘»//’7/,'://:_! /\
PO S e = ) % o
0 b TN e SN T C
\ - F N § e Sy \.\'_,//;,/'/'a-—»—;
' . 2 -~=SN\N\ " S “(\.(/—-\.\\\\. \
b Ve ,v,..—-\.\\ Gﬂ% N < }/,»-.-N\\ N
308 \,/v/v‘\.’:,\:\\;—.j//w,._._.\.
30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W
c) ATS":b-a
ﬁ)‘ﬁg/”\):?::_) \»a)»—»a)/‘ ,] = : g

q oy

»aaaaa»\
B o e k= i S el
T T T

d == _,/,z)')')_—»—va’,

‘ﬁ-:.‘ A Tt e
o 4 -
s W LR AR

A4 4 A qa v v

\/(JJJ““‘»
S » v
\h‘

- W

- _
k4
S

N 4

N v o,
308-\« ‘*slli‘Tf\*l\\"" PR B A
4 Y 2 Tltu¢ll-v‘ |" Frd e A >
30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W

Extended Data Fig. 4 | Additivity of the surface temperature response to sea ice loss. (a) The surface temperature response [°C] after subtracting
the mean tropical SST warming (shaded contours) and the surface wind response [m/s] (vectors) to combined Arctic and Antarctic sea ice loss.
(b) As in panel (a) except for the linear sum of the response to Arctic sea ice loss and the response to Antarctic sea ice loss. (¢) The difference between

panels a and b.
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Extended Data Fig. 5 | The condensational heating rate response to sea ice loss. The response of annual mean condensational heating rate
[x102 °C/day] to (a) Arctic sea ice loss, (b) Antarctic sea ice loss and (¢) both Arctic and Antarctic sea ice loss. (d) The projected change in annual mean

condensational heating rate under RCP8.5, the 15-year average of 2085-2099 minus the 15-year average of 1955-1969. Note that the response in panel (d)
is scaled by a factor of 1/5.
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Extended Data Fig. 6 | Zonally averaged precipitation response to sea ice loss. (Shading) The response of the zonally averaged precipitation [mm/day]
to (a) Arctic sea ice loss, (b) Antarctic sea ice loss and (¢) both Arctic and Antarctic sea ice loss. (d) The projected change under RCP8.5, the 15-year
average of 2085-2099 minus the 15-year average of 1955-1969. Note that the response in panel (d) is scaled by a factor of 1/5. Stippling shows a
statistically significant response at 95% confidence. (Contours, black) The zonally averaged precipitation with contour intervals of 2 mm/day. Regions are
highlighted (contours, red) in which the response is over 20% of the RCP8.5 response.
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Extended Data Fig. 8 | The response of the Pacific subtropical meridional overturning circulation to sea ice loss. (Shading) The depth-latitude response
of the Pacific subtropical meridional overturning circulation [Sv] to (a) Arctic sea ice loss, (b) Antarctic sea ice loss and (¢) both Arctic and Antarctic sea

ice loss. (Contours) The climatological meridional overturning circulation with contour intervals of 5Sv. The solid lines indicate positive values (clockwise
flow), the dashed lines indicate negative values (anti-clockwise flow) and the thick black contour indicates the O Sv contour.
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Extended Data Fig. 9 | Connecting the slowdown of the subtropical meridional overturning circulation to Antarctic sea ice loss. (a) Average vertical
velocity in the upper-100m of the ocean in the control run. The white contours enclose the subduction zones, which we define to be <-6cm/year. (b) The
response of mean sea level pressure [hPa] (shaded) and surface wind [m/s] (vectors) to Antarctic sea ice loss. (¢) The response of the vertical Ekman
velocity to Antarctic sea ice loss. Positive values indicate anomalous upwelling (Ekman suction) and negative values indicate anomalous downwelling
(Ekman pumping). As in panel (a) the black contours enclose the subduction zones. (d) Same as panel (b) but for the atmosphere-only experiments.
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Extended Data Fig. 10 | Vertical velocities in the subduction zones. Averaged over the three subduction zones (the Indian, Pacific and Atlantic; as shown
in Extended Data Fig. 9a), the response of the vertical velocity in the upper-100m to Antarctic sea ice loss (black bars) and the response of the vertical
Ekman velocity (white bars) [cm/year].

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

	Tropical climate responses to projected Arctic and Antarctic sea-ice loss

	The tropical response to A and AA sea-ice loss

	Connecting sea-ice loss to the tropics

	Polar sea-ice loss and tropical climate change

	Online content

	Fig. 1 Seasonal cycle of SIE in experiments and the zonally averaged temperature response to sea-ice loss.
	Fig. 2 The tropical surface temperature (with tropical mean removed) and surface wind response to sea-ice loss.
	Fig. 3 The tropical precipitation response to sea-ice loss.
	Fig. 4 The response of northward atmospheric and oceanic heat transport to sea-ice loss.
	Extended Data Fig. 1 Arctic and Antarctic sea ice extent climatology.
	Extended Data Fig. 2 Additivity of the zonally average temperature response to sea ice loss.
	Extended Data Fig. 3 Tropical surface temperature response to sea ice loss.
	Extended Data Fig. 4 Additivity of the surface temperature response to sea ice loss.
	Extended Data Fig. 5 The condensational heating rate response to sea ice loss.
	Extended Data Fig. 6 Zonally averaged precipitation response to sea ice loss.
	Extended Data Fig. 7 Zonally averaged (Pacific sector) precipitation response to sea ice loss.
	Extended Data Fig. 8 The response of the Pacific subtropical meridional overturning circulation to sea ice loss.
	Extended Data Fig. 9 Connecting the slowdown of the subtropical meridional overturning circulation to Antarctic sea ice loss.
	Extended Data Fig. 10 Vertical velocities in the subduction zones.
	Table 1 Details of perturbed sea-ice experiments using the fully coupled version of WACCM.




