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Ongoing climate change following a complete
cessation of carbon dioxide emissions
Nathan P. Gillett1*, Vivek K. Arora1, Kirsten Zickfeld1, Shawn J. Marshall2 and William J. Merryfield1

A threat of irreversible damage should prompt action to
mitigate climate change, according to the United Nations
Framework Convention on Climate Change, which serves as
a basis for international climate policy. CO2-induced climate
change is known to be largely irreversible on timescales
of many centuries1, as simulated global mean temperature
remains approximately constant for such periods following
a complete cessation of carbon dioxide emissions while
thermosteric sea level continues to rise1–6. Here we use
simulations with the Canadian Earth System Model to show
that ongoing regional changes in temperature and precipitation
are significant, following a complete cessation of carbon
dioxide emissions in 2100, despite almost constant global
mean temperatures. Moreover, our projections show warming
at intermediate depths in the Southern Ocean that is many
times larger by the year 3000 than that realized in 2100.
We suggest that a warming of the intermediate-depth ocean
around Antarctica at the scale simulated for the year
3000 could lead to the collapse of the West Antarctic Ice
Sheet, which would be associated with a rise in sea level
of several metres2,7,8.

We analyse simulationsmadewith the first-generationCanadian
Earth System Model9 (CanESM1), which consists of coupled
dynamical atmosphere and ocean models with full marine and
terrestrial carbon cycle components (see the Methods section).
This model reproduces well twentieth-century observations of
global mean atmospheric CO2, as well as its seasonal cycle and
interhemispheric gradient9. We focus on the climate response to
CO2 alone because it is the longest-lived and most important of
the main greenhouse gases, and to simplify the interpretation of
our simulations. We first carried out a simulation with prescribed
historical and Special Report on Emissions Scenarios (SRES)
A2 CO2 concentration2 (HIST/SRES; see the Methods section).
Diagnosed cumulative carbon emissions due to land-use change
and fossil-fuel sources from this simulation are shown by the black
line in Fig. 1a. Two zero-emissions simulations with freely evolving
atmospheric CO2 were initialized from this simulation: one in 2010
when diagnosed cumulative emissions were ∼500 PgC (ZE2010),
and a second in 2100 when diagnosed cumulative emissions were
∼2200 PgC (ZE2100). The ZE2010 simulation may be considered
as the most extreme possible mitigation scenario in the absence of
any geoengineering.

In the ZE2100 simulation the atmospheric CO2 concentration
declines rapidly following the cessation of emissions for about
a century (Fig. 1b), but its rate of decrease is subsequently
much slower, and by 3000 over 55% of the atmospheric CO2
perturbation in 2100 still remains in the atmosphere, approximately
consistent with previous results1,6. Global mean temperature
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remains almost constant following a cessation of emissions in both
simulations1–5 (Fig. 2a). The initial rapid decline in atmospheric
CO2 in ZE2100 is driven mainly by ongoing rapid uptake by the
terrestrial biosphere2,5 (Fig. 1c). As atmospheric CO2 declines, but
temperature stays elevated, the land biosphere begins to give up
CO2 after 2200 (ref. 2). In contrast, the ocean continues to take up
CO2 but at a lower rate after the cessation of emissions4,5 (Fig. 1d).
Overall the ocean uptake following a cessation of emissions in
this model is weaker than in other models whereas the land
uptake is stronger2,5, consistent with this model’s twentieth-century
behaviour9. Together these effects lead to a rapid initial decline in
atmospheric CO2 for the first century after emissions cease, but only
a slow decline thereafter (Fig. 1b).

Although global mean temperature remains almost constant in
ZE2100, there is cooling over the Northern Hemisphere land and
Arctic, and pronounced ongoing warming over the SouthernOcean
and Antarctica5 (Fig. 3c). These temperature changes over the
high-latitude oceans are in some cases comparable in magnitude to
the temperature changes realized between 1855 and 2105 (Fig. 3a).
By the end of the millennium, the largest warming relative to the
preindustrial climate, of over 9 ◦C in places, is simulated around the
coasts of Antarctica. As the land has little thermal inertia compared
with the ocean, it is reasonable to expect the land to cool in response
to the reduction in atmospheric CO2 while the ocean continues to
warm. The SouthernHemisphere response resembles the difference
between the equilibrium and transient response to a doubling of
CO2 (ref. 10): the equilibrium response is much larger than the
transient response over the high-latitude Southern Ocean, owing
to the deep mixing of heat that occurs there. The Arctic Ocean,
being relatively small, stably stratified and surrounded by land,
seems to be influenced by the cooling of the land surrounding it,
and it is here that the largest cooling is simulated in response to
an abrupt reduction in atmospheric CO2 in 2100 (ref. 11). The
surface temperature response over the high-latitude oceans is very
likely to be amplified by changes in sea ice cover. Arctic ice cover
recovers following a cessation of emissions, whereas Antarctic ice
cover continues to decrease (Supplementary Fig. S1).

The cooling of the Arctic and warming of the Antarctic after
2100 drive a corresponding pronounced precipitation decrease
over the Arctic and a precipitation increase over the Antarctic
(Fig. 3d), of comparable magnitude to the moistening in these
regions realized before 2100 (Fig. 3b). The warming of the Southern
Hemisphere and cooling of the Northern Hemisphere drive a
southward shift in the intertropical convergence zone, contributing,
for example, to an ongoing drying of parts of North Africa of 20–
30% after 2100 (Fig. 3d), in addition to the large drying simulated
before 2100 (Fig. 3b). Thus, in some regions the precipitation
impacts of anthropogenic carbon dioxide emissions are projected to
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Figure 1 | Carbon dioxide emissions and uptake by the atmosphere, land and ocean. a–d, Diagnosed cumulative CO2 emissions (a), change in
atmospheric CO2 burden (b), cumulative land carbon uptake (c) and cumulative ocean carbon uptake (d) in the HIST/SRES (black), ZE2010 (green) and
ZE2100 (red) simulations, in PgC. Note that b–d have the same vertical scale. The right-hand scale in b shows the atmospheric CO2 concentration in ppm.

continue to worsen following a cessation of emissions, rather than
merely remaining constant1. Global mean precipitation increases
through the ZE2100 simulation, particularly in the first decades
after emissions cease (Fig. 2b): such an increase in global mean
precipitation is an expected response to decreasing atmospheric
CO2 concentration in the presence of constant global mean surface
temperatures12,13, because more efficient radiative cooling to space
allows a larger latent heat release in the troposphere.

The ZE2100 simulation exhibits ongoing warming of the ocean
between 2100 and 3000, of a maximum of 2.6 ◦C at 1.4 km depth
in the global mean (Fig. 4b), which is larger than the surface-
intensified warming realized before 2100 (Fig. 4a). This intensified
mid-depth ocean warming is driven primarily by a shift in the deep
water formation regions of the North Atlantic to the south and west
(Supplementary Fig. S2): the surface temperature averaged over
the deep water formation regions of the North Atlantic in March
increases by 1.8 ◦C from 1855 to 2105, and by 4.8 ◦C from 1855 to
2995, a much larger warming than the increase in global mean sea
surface temperature of 2.4 ◦C over the same period. These changes
in the location of the deep water formation regions are driven by
a freshening of the Arctic Ocean and East Greenland Current, and
the salinification of the subtropical North Atlantic (Supplementary
Fig. S3), which are in turn associated with the simulated changes
in precipitation (Fig. 3b). Warming of the North Atlantic Deep
Water drives a substantial increase in themid-depth southward heat
transport by the end of the simulation (Supplementary Fig. S4),
which contributes to the surface warming maximum where these
waters upwell in the Southern Ocean (Fig. 3c), and to the overall
warming of the Southern Hemisphere and cooling of the Northern
Hemisphere after 2100.

The ocean warming results in a thermosteric sea level rise of over
1m by 3000 in ZE2100, around four times the thermosteric sea

level rise of 25 cm realized by 2100 (ref. 5; Fig. 2c). Even in ZE2010
thermosteric sea level rises by 23 cm by 3000. CanESM1 does not
explicitly model the contribution of ice sheets and glaciers to sea
level rise. However, the West Antarctic ice sheet is buttressed by ice
shelves that are thought to be sensitive to ocean warming at depths
of 500–1,000m, close to the grounding line2,7,14, and because it is
grounded below sea level the West Antarctic ice sheet is potentially
unstable2,7,8,15. A complete collapse of the Amundsen sector ice
sheet would increase global sea levels by ∼1.5m, and a complete
collapse of the marine-based portion of theWest Antarctic ice sheet
would increase global mean sea level by 3–4m (ref. 16). Observed
warming of∼0.2 ◦C seaward of the Antarctic shelf break is thought
to have contributed to rapid thinning of floating ice tongues
in the western Amundsen Sea14, with this thinning propagating
inland to give grounding line retreat and ongoing, accelerated
ice discharges to the ocean17,18. The last Intergovernmental Panel
on Climate Change assessment concludes that a warming of 1 ◦C
under the main West Antarctic ice shelves would eliminate them
completely within centuries2, removing ice-shelf buttressing effects
and facilitating a similar process of grounding line retreat, ice
sheet drawdown and increased ice discharge in the Ross and
Weddell sea regions.

Figure 4b shows that the simulated warming is intensified in
the high-latitude Southern Ocean at 0.5–1.5 km depth in ZE2100.
Zonal average ocean temperature at 66◦ S and 792m depth warms
very little before 2100 but by around 3 ◦C through the rest of
the millennium in ZE2100 (Fig. 2d). This warming of the high-
latitude Southern Ocean at intermediate depths is driven by the
warming of the North Atlantic Deep Water advected into the
Southern Ocean, coupled with a poleward shift in the Deacon
cell, and a pronounced weakening of Antarctic Bottom Water
overturning cell (Supplementary Fig. S5), allowing these warmer
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Figure 2 | Time series of the climate response to a cessation of CO2 emissions. a–d, Global mean near-surface air temperature (a), global mean
precipitation (b), global mean thermosteric sea level anomaly (c) and zonal mean ocean temperature at 792.5 m, 66◦ S (d) in the HIST/SRES (black),
ZE2010 (green) and ZE2100 (red) simulations.
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Figure 3 | Simulated patterns of surface temperature and precipitation change before and after a cessation of emissions. a–d, Near-surface air
temperature change in ◦C between 1855 and 2105 (a), precipitation change between 1855 and 2105 expressed as a percentage of the 1850–1860 mean
(b), temperature change between 2105 and 2995 (c) and precipitation change between 2105 and 2995 (d) in HIST/SRES and ZE2100. All changes are
calculated as a difference of decadal means centred on the specified years.

waters to approach the Antarctic continent. The Deacon cell
shift is in turn driven by a poleward shift in the westerly wind
maximum19, largest in 2100 (Supplementary Fig. S3), and the
weakening of Antarctic Bottom Water formation is driven by
a much reduced seasonal cycle in Southern Hemisphere sea ice
volume (Supplementary Fig. S1). An increase inwesterly wind stress

in the high-latitude Southern Ocean (Supplementary Fig. S3) may
also contribute to enhanced delivery of warm circumpolar deep
water onto the continental shelf20.

Regional ice-sheet/ocean/atmosphere models of coastal Antarc-
tica would be needed to assess the extent to which the warmed
circumpolar deep water would reach the ice shelf cavities and
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Figure 4 | Ocean temperature change before and after a cessation of
emissions. a,b, Zonal mean ocean temperature change between 1855 and
2105 (a), and between 2105 and 2995 (b), in HIST/SRES and ZE2100 (◦C).

to quantify the effect that this would have on the ice sheet.
Nonetheless, we consider it very likely that the large warming of
intermediate-depth water will have an impact on Antarctic ice
shelves, and it seems likely that the ice shelves of West Antarctica
would be eliminated by the end of the millennium under these
conditions. Even in ZE2010 this region of the Southern Ocean
warms by ∼0.6 ◦C by 3000 (Fig. 2d), suggesting that substantial
increased melting of Antarctic ice shelves is already committed
based on historical CO2 emissions. In ZE2100 surface air tem-
peratures over most of Antarctica are simulated to be 4–6 ◦C
warmer than preindustrial by the year 3000, leading to a substantial
poleward shift in the −9 ◦C isotherm associated with the limit
of ice shelf stability21 (Supplementary Fig. S6). This atmospheric
warming would be expected to lead to the break-up of several ice
shelves in East and West Antarctica, independent of any effects
of ocean warming22,23.

Several recent studies have demonstrated that CO2-induced
global mean temperature change is irreversible on human
timescales1–6. We find that not only is this climate change
irreversible, but that for some climate variables, such as Antarctic
temperature and North African rainfall, CO2-induced climate
changes are simulated to continue to worsen for many centuries
even after a complete cessation of emissions. Although it is
also well known that a large committed thermosteric sea level
rise is expected even after a cessation of emissions in 2100,
our finding of a strong delayed high-latitude Southern Ocean
warming at intermediate depths suggests that this effect may be

compounded by ice shelf collapse, grounding line retreat, and
ensuing accelerated ice discharge in marine-based sectors of the
Antarctic ice sheet, precipitating a sea level rise of several metres.
Quantitative results presented here are subject to uncertainties
associated with the climate sensitivity, the rate of ocean heat
uptake and the rate of carbon uptake in CanESM1, but our
findings of Northern Hemisphere cooling, Southern Hemisphere
warming, a southward shift of the intertropical convergence zone,
and delayed and ongoing ocean warming at intermediate depths
following a cessation of emissions are likely to be robust. Geo-
engineering by stratospheric aerosol injection has been proposed
as a response measure in the event of a rapid melting of the
West Antarctic ice sheet24. Our results indicate that if such a
melting were driven by ocean warming at intermediate depths, as
is thought likely, a geoengineering response would be ineffective
for several centuries owing to the long delay associated with
subsurface ocean warming.

Methods
CanESM1 is a comprehensive coupled carbon–climate model based on the
third-generation atmospheric general circulation model (AGCM3) of the Canadian
Centre for Climate Modelling and Analysis9, with a horizontal resolution of T47
(∼3.75◦), and 32 layers. The physical ocean component (OGCM3.5) of CanESM1
is based on the National Center for Atmospheric Research (NCAR) community
ocean model (NCOM). There is no flux adjustment, and the ocean was spun up
for over 1,700 years, such that it exhibited minimal temperature drift. The ocean
model is implemented at a horizontal resolution of 1.87◦ such that there are
four ocean grid boxes underlying each atmosphere grid box. There are 29 levels
in the vertical and the vertical resolution increases towards the ocean surface,
from 300m in the deep ocean to 50m in the top 200m. Atmospheric CO2 is a
fully prognostic three-dimensional tracer in CanESM1 and carbon enters and
leaves the atmosphere in the form of anthropogenic emissions and fluxes to or
from the underlying land and ocean. The biological and inorganic ocean carbon
component of CanESM1 is the Canadian Model of Ocean Carbon (CMOC), which
incorporates an inorganic chemistry module (solubility pump) and an ecosystem
model (organic and carbonate pumps)25. The ecosystem component of CMOC
is based on a nutrient–phytoplankton–zooplankton–detritus (NPZD) model26.
Terrestrial ecosystem processes in CanESM1 are modelled using the Canadian
Terrestrial EcosystemModel27,28 (CTEM).

An initial simulation was carried out with prescribed fossil-fuel CO2

emissions29 and land-use change up to 2000, and SRES A2 CO2 emissions and
land-use change from 2001 until 2100. Land-use change emissions were calculated
interactively in the model30. To avoid including the effect of land-use albedo
changes in our simulations, a second simulation, HIST/SRES, was run from 1850
to 2100 with fixed preindustrial land cover (vegetation type) but using prescribed
CO2 concentrations from our initial simulation. Land cover was also fixed at
preindustrial in ZE2010 and ZE2100, though in all simulations the carbon content
of the terrestrial biosphere was simulated interactively.
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