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The severity of damaging human-induced climate change depends
not only on the magnitude of the change but also on the potential
for irreversibility. This paper shows that the climate change that
takes place due to increases in carbon dioxide concentration is
largely irreversible for 1,000 years after emissions stop. Following
cessation of emissions, removal of atmospheric carbon dioxide
decreases radiative forcing, but is largely compensated by slower
loss of heat to the ocean, so that atmospheric temperatures do not
drop signi®cantly for at least 1,000 years. Among illustrative
irreversible impacts that should be expected if atmospheric carbon
dioxide concentrations increase from current levels near 385 parts
per million by volume (ppmv) to a peak of 450+ 600 ppmv over the
coming century are irreversible dry-season rainfall reductions in
several regions comparable to those of the ““dust bowl" era and
inexorable sea level rise. Thermal expansion of the warming ocean
provides a conservative lower limit to irreversible global average
sea level rise of at least 0.4+1.0 m if 21st century CO , concentra-
tions exceed 600 ppmv and 0.6+1.9 m for peak CO » concentrations
exceeding ' 1,000 ppmv. Additional contributions from glaciers
and ice sheet contributions to future sea level rise are uncertain but
may equal or exceed several meters over the next millennium or
longer.

dangerous interference uprecipitation usea level rise uwarming

O

stated objective (Article 2) of the United Nations Framework
Convention on Climate Change (UNFCCC) is to achieve stabi-
lization of greenhouse gas concentrations in the atmospherat
a low enough level to prevent ““dangerous anthropogenic iat-
ference with the climate system." Many studies have focusleon
projections of possible 21st century dangers (1+3). Howekghe
principles (Article 3) of the UNFCCC specifically emphasize
““threats of serious or irreversible damage,” underscarg the
importance of the longer term. While some irreversible climate

ver the 20th century, the atmospheric concentrations of key

greenhouse gases increased due to human activities. The

others build up under sustained warming because of the timags
of the processes involved. Here we illustrate 2 such aspeaiéthe
irreversibly altered world that should be expected. Thesespects
are among reasons for concern but are not comprehensive; ogh
possible climate impacts include Arctic sea ice retreat, icreases
in heavy rainfall and flooding, permafrost melt, loss of glaiers
and snowpack with attendant changes in water supply, incread
intensity of hurricanes, etc. A complete climate impacts reiew
is presented elsewhere (8) and is beyond the scope of this pap
We focus on illustrative adverse and irreversible climatempacts
for which 3 criteria are met: (i) observed changes are already
occurring and there is evidence for anthropogenic contribtions
to these changes, i{) the phenomenon is based upon physical
principles thought to be well understood, and {ii) projections are
available and are broadly robust across models.

Advances in modeling have led not only to improvements in
complex Atmosphere+xOcean General Circulation Models
(AOGCMs) for projecting 21st century climate, but also to the
implementation of Earth System Models of Intermediate Com-
plexity (EMICs) for millennial time scales. These 2 types of
models are used in this paper to show how different peak carbo
dioxide concentrations that could be attained in the 21st catury
are expected to lead to substantial and irreversible decreas in
dry-season rainfall in a number of already-dry subtropicaareas
and lower limits to eventual sea level rise of the order of medrs,
implying unavoidable inundation of many small islands and
low-lying coastal areas.

Results

Longevity of an Atmospheric CO, Perturbation. As has long been
known, the removal of carbon dioxide from the atmosphere
involves multiple processes including rapid exchange witthe
land biosphere and the surface layer of the ocean through atisea
exchange and much slower penetration to the ocean interiohiat
is dependent upon the buffering effect of ocean chemistry aing
with vertical transport (9+12). On the time scale of a millemium

changes such as ice sheet collapse are possible but highlyaddressed here, the C@ equilibrates largely between the atmo-

uncertain (1, 4), others can now be identified with greater
confidence, and examples among the latter are presented itis
paper. It is not generally appreciated that the atmospheric
temperature increases caused by rising carbon dioxide coge-
trations are not expected to decrease significantly even darbon
emissions were to completely cease (5+7) (see Fig. 1). Fueur
carbon dioxide emissions in the 21st century will hence leath
adverse climate changes on both short and long time scalesah
would be essentially irreversible (where irreversible is efined
here as a time scale exceeding the end of the millennium in yea
3000; note that we do not consider geo-engineering measures
that might be able to remove gases already in the atmosphere o
to introduce active cooling to counteract warming). For thesame
reason, the physical climate changes that are due to anthrop
genic carbon dioxide already in the atmosphere today are
expected to be largely irreversible. Such climate changeslivead
to a range of damaging impacts in different regions and sects,
some of which occur promptly in association with warming, wite
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sphere and the ocean and, depending on associated increases
acidity and in ocean warming (i.e., an increase in the Revedlor
“buffer” factor, see below), typically 20% of the added tonnes
of CO,remain in the atmosphere while' 80% are mixed into the
ocean. Carbon isotope studies provide important observatnal
constraints on these processes and time constants. On mutil-
lenium and longer time scales, geochemical and geological
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Fig. 1. Carbon dioxide and global mean climate system changes (relative to
preindustrial conditions in 1765) from 1 illustrative model, the Bern 2.5CC
EMIC, whose results are comparable to the suite of assessed EMICs (5, 7).
Climate system responses are shown for a ramp of CO , emissions at a rate of
2%lyear to peak CO ; values of 450, 550, 650, 750, 850, and 1200 ppmv,
followed by zero emissions. The rate of global fossil fuel CO  , emission grew at
' 1%l/year from 1980 to 2000 and . 3%/year in the period from 2000 to 2005
(13). Results have been smoothed using an 11-year running mean. The 31-year
variation seen in the carbon dioxide time series is introduced by the climatol-

ogy used to force the terrestrial biosphere model (15). (  Top) Falloff of CO ,
concentrations following zero emissions after the peak. ( Middle ) Globally
averaged surface warming (degrees Celsius) for these cases (note that this
model has an equilibrium climate sensitivity of 3.2 "C for carbon dioxide
doubling). Warming over land is expected to be larger than these global
averaged values, with the greatest warming expected in the Arctic (5). ( Bot-
tom ) Sealevel rise (meters) from thermal expansion only (not including loss of
glaciers, ice caps, or ice sheets).

processes could restore atmospheric carbon dioxide to itsre-
industrial values (10, 11), but are not included here.

Fig. 1 illustrates how the concentrations of carbon dioxide
would be expected to fall off through the coming millennium §
manmade emissions were to cease immediately following an
illustrative future rate of emission increase of 2% per year
[comparable to observations over the past decade (ref. 13)Jp
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to peak concentrations of 450, 550, 650, 750, 850, or 1,200mpyp;
similar results were obtained across a range of EMICs that we
assessed in the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (5, 7). This is not intendedo
be a realistic scenario but rather to represent a test case whke
purpose is to probe physical climate system changes. A more
gradual reduction of carbon dioxide emission (as is more ligly),
or a faster or slower adopted rate of emissions in the growth
period, would lead to long-term behavior qualitatively sinilar to
that illustrated in Fig. 1 (see alsoFig. S1). The example of a
sudden cessation of emissions provides an upper bound to how
much reversibility is possible, if, for example, unexpecty
damaging climate changes were to be observed.

Carbon dioxide is the only greenhouse gas whose falloff
displays multiple rather than single time constants (se€ig. S2.
Current emissions of major non-CG, greenhouse gases such as
methane or nitrous oxide are significant for climate changén the
next few decades or century, but these gases do not persistasv
time in the same way as carbon dioxide (14).

Fig. 1 shows that a quasi-equilibrium amount of CQ is
expected to be retained in the atmosphere by the end of the
millennium that is surprisingly large: typically’ 40% of the peak
concentration enhancement over preindustrial values '(280
ppmv). This can be easily understood on the basis of the
observed instantaneous airborne fraction (AP¢24 of ' 50% of
anthropogenic carbon emissions retained during their budup in
the atmosphere, together with well-established ocean chestry
and physics that require’ 20% of the emitted carbon to remain
in the atmosphere on thousand-year timescales [quasi-
equilibrium airborne fraction (AF €34, determined largely by the
Revelle factor governing the long-term partitioning of cabon
between the ocean and atmosphere/biosphere system] (9+11)
Assuming given cumulative emissions, EMI, the peak concen-
tration, CO.Pe3 (increase over the preindustrial value CQP),
and the resulting 1,000-year quasi-equilibrium concenttéon,
CO.°% can be expressed as

COB8%35 COJ1 AFPeaEMI [1]
COSM5 CO91 AFCMEMI [2]

so that

equi

Appeak “COB*2 COgt. [3]
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Given an instantaneous airborne fraction (APPa4 of ' 50%
during the period of rising CO, and a quasi-equilbrium airborne
factor (AFeau) of 20%, it follows that the quasi-equilibrium
enhancement of CQ, concentration above its preindustrial value
is ' 40% of the peak enhancement. For example, if the CQ@
concentration were to peak at 800 ppmv followed by zero
emissions, the quasi-equilibrium CQ concentration would still
be far above the preindustrial value at 500 ppmv. Additional
carbon cycle feedbacks could reduce the efficiency of the ean
and biosphere to remove the anthropogenic CQ@ and thereby
increase these CQ values (15, 16). Further, a longer decay time
and increased CQ concentrations at year 1000 are expected for
large total carbon emissions (17).

Irreversible Climate Change: Atmospheric Warming. Global average
temperatures increase while CQ is increasing and then remain
approximately constant (within' 6 0.5 IC) until the end of the
millennium despite zero further emissions in all of the testcases
shown in Fig. 1. This important result is due to a near balance
between the long-term decrease of radiative forcing due to O,
concentration decay and reduced cooling through heat lossot
the oceans. It arises because long-term carbon dioxide renaal
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Fig. 2.
in equilibrium with respect to the CO

actual and equilibrium temperature changes (based upon the model's climate sensitivity at equilibrium). The cyan lines in
equilibrium temperatures (or realized fraction of the warming for the time-dependent CO

warming to the equilibrium temperature for the peak CO 2 concentration.

and ocean heat uptake are both dependent on the same physick o
deep-ocean mixing. Sea level rise due to thermal expansiorca
companies mixing of heat into the ocean long after carbon dixide
emissions have stopped. For larger carbon dioxide conceiattions,
warming and thermal sea level rise show greater increases &n
display transient changes that can be very rapid (i.e., theapid
changes in Fig. 1Middle), mainly because of changes in ocean
circulation (18). Paleoclimatic evidence suggests that aitional
contributions from melting of glaciers and ice sheets may be
comparable to or greater than thermal expansion (discussedrther
below), but these are not included in Fig. 1.

Fig. 2 explores how close the modeled temperature changes
are to thermal equilibrium with respect to the changing carlon
dioxide concentration over time, sometimes called the redated
warming fraction (19) (shown for the different peak CO, cases).
Fig. 2 Left shows how the calculated warmings compare to those
expected if temperatures were in equilibrium with the carbm
dioxide concentrations vs. time, while Fig. Rightshows the ratio
of these calculated time-dependent and equilibrium tempea-
tures. During the period when carbon dioxide is increasingthe
realized global warming fraction is' 50+60% of the equilibrium
warming, close to values obtained in other models (5, 19). Aér
emissions cease, the temperature change approaches eduoili
rium with respect to the slowly decreasing carbon dioxide
concentrations (cyan lines in Fig. 2Righ). The continuing
warming through year 3000 is maintained at 40+60% of the
equilibrium warming corresponding to the peak CG concen-
tration (magenta lines in Fig. 2 Righf). Related changes in
fast-responding atmospheric climate variables such as ppi-
tation, water vapor, heat waves, cloudiness, etc., are exged to
occur largely simultaneously with the temperature changes

Irreversible Climate Change: Precipitation Changes. Warming is
expected to be linked to changes in rainfall (20), which can
adversely affect the supply of water for humans, agricultuw, and
ecosystems. Precipitation is highly variable but long-ten rainfall
decreases have been observed in some large regions incluglin
e.g., the Mediterranean, southern Africa, and parts of sout-
western North America (21+25). Confident projection of future
changes remains elusive over many parts of the globe and at ath
scales. However, well-known physics (the Clausius=Clapeyn
law) implies that increased temperature causes increasedrao-
spheric water vapor concentrations, and changes in water par
transport and the hydrologic cycle can hence be expected
(26+28). Further, advances in modeling show that a robust
characteristic of anthropogenic climate change is polewar
expansion of the Hadley cell and shifting of the pattern of
precipitation minus evaporation (P+E) and the storm tracks (22,
26), and hence a pattern of drying over much of the already-dr
subtropics in a warmer world ( 15!-40! latitude in each hemi-
sphere) (5, 26). Attribution studies suggest that such a digg
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Comparison between calculated time-dependent surface warming in the Bern2.5CC model and the values that would be expected if temperatures were
2 enhancements, illustrative of 2%/year emission increases to 450, 550, 650, 750, 850, and 1,200 ppmv as in Fig. 1. (

Left) The
Right show the ratio of actual and
2 concentrations), while the magenta lines show the ratio of actual

pattern is already occurring in a manner consistent with moels
including anthropogenic forcing (23), particularly in the south-
western United States (22) and Mediterranean basin (24, 25)

We use a suite of 22 available AOGCM projections based
upon the evaluation in the IPCC 2007 report (5, 29) to charac-
terize precipitation changes. Changes in precipitation a& ex-
pected (5, 20, 30) to scale approximately linearly with in@asing
warming (seeFig. S3. The equilibrium relationship between
precipitation and temperature may be slightly smaller (by
' 15%) than the transient values, due to changes in the land/
ocean thermal contrast (31). On the other hand, the observed
20th century changes follow a similar latitudinal pattern it
presently exceed those calculated by AOGCMs (23). Models it
include more complex representations of the land surface,adl,
and vegetation interactively are likely to display additimal
feedbacks so that larger precipitation responses are possé.

Here we evaluate the relationship between temperature and
precipitation averaged for each month and over a decade at ea
grid point. One ensemble member is used for each model so that
all AOGCMs are equally weighted in the multimodel ensemble;
results are nearly identical if all available model ensemia
members are used.

Fig. 3 presents a map of the expected dry-season (3 driest
consecutive months at each grid point) precipitation trend per
degree of global warming. Fig. 3 shows that large uncertairgs
remain in the projections for many regions (white areas). Hov-
ever, it also shows that there are some subtropical locati@on
every inhabited continent where dry seasons are expected to
become drier in the decadal average by up to 10% per degree of
warming. Some of these grid points occur in desert regions it
are already very dry, but many occur in currently more tempeate
and semiarid locations. We find that model results are more
robust over land across the available models over wider aredor
drying of the dry season than for the annual mean or wet season
(see Fig. S4. The Insetsin Fig. 3 show the monthly mean
projected precipitation changes averaged over several Ige
regions as delineated on the map. Increased drying of resptee
dry seasons is projected by 90% of the models averaged over
the indicated regions of southern Europe, northern Africa,
southern Africa, and southwestern North America and by. 80%
of the models for eastern South America and western Austrad
(see Fig. S3. Although given particular years would show
exceptions, the long-term irreversible warming and mean iafall
changes as suggested by Figs. 1 and 3 would have important
consequences in many regions. While some relief can be ex-
pected in the wet season for some regionsg. S4), changes in
dry-season precipitation in northern Africa, southern Europe,
and western Australia are expected to be near 20% for 2 !C
warming, and those of southwestern North America, eastern
South America, and southern Africa would be' 10% for 2 IC of
global mean warming. For comparison, the American “dust
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Expected decadally averaged changes in the global distribution of precipitation per degree of warming (percentage of change in precipitation per

degree of warming, relative to 1900+1950 as the baseline period) in the dry season at each grid point, based upon a suite of 22 AOGCMs for a midrange future
scenario (A1B, see ref. 5). White is used where fewer than 16 of 22 models agree on the sign of the change. Data are monthly averaged over several broad regions

in Inset plots. Red lines show the best estimate (median) of the changes in these regions, while the red shading indicates the

across the models.

bowl" was associated with averaged rainfall decreases 0f10%
over ' 10+20 years, similar to major droughts in Europe and
western Australia in the 1940s and 1950s (22, 32). The spatia
changes in precipitation as shown in Fig. 3 imply greater
challenges in the distribution of food and water supplies thn
those with which the world has had difficulty coping in the pat.
Such changes occurring not just for a few decades but over
centuries are expected to have a range of impacts that diffdry
region. These include, e.g., human water supplies (25), &ftts on
dry-season wheat and maize agriculture in certain regionsfo
rain-fed farming such as Africa (33, 34), increased fire fre
quency, ecosystem change, and desertification (24, 35+38)
Fig. 4 Upper relates the expected irreversible changes in
regional dry-season precipitation shown in Fig. 3 to best ¢s
mates of the corresponding peak and long-term C@ concen-
trations. We use 3 !C as the best estimate of climate sensitty
across the suite of AOGCMs for a doubling of carbon dioxide
from preindustrial values (5) along with the regional dryirg
values depicted in Fig. 3 and assuming that 40% of the carbon
dioxide peak concentration is retained after 1000 years. Bi 4
shows that if carbon dioxide were to peak at levels df 450 ppmv,
irreversible decreases of 8+10% in dry-season precipitation
would be expected on average over each of the indicated large
regions of southern Europe, western Australia, and northen
Africa, while a carbon dioxide peak value near 600 ppmv would
be expected to lead to sustained rainfall decreases 6f13+16%
in the dry seasons in these areas; smaller but statistically
significant irreversible changes would also be expected fo
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6 1-s likely range (i.e., 2 of 3 chances)

southwestern North America, eastern South America, and
Southern Africa.

Irreversible Climate Change: Sea Level Rise. Anthropogenic carbon
dioxide will cause irrevocable sealevelrise. There are 2 Iatively
well-understood processes that contribute to this and a tid that
may be much more important but is also very uncertain. Warm-
ing causes the ocean to expand and sea levels to rise as shown i
Fig. 1; this has been the dominant source of sea level rise if¢
past decade at least (39). Loss of land ice also makes imporia
contributions to sea level rise as the world warms. Mountain
glaciers in many locations are observed to be retreating du®
warming, and this contribution to sea level rise is also reldavely
well understood. Warming may also lead to large losses of the
Greenland and/or Antarctic ice sheets. Additional rapid i@
losses from particular parts of the ice sheets of Greenlandral
Antarctica have recently been observed (40+42). One recestudy
uses current ice discharge data to suggest ice sheet contrtions of
up to 1+2 m to sea level rise by 2100 (42), but other studies syegt
that changes in winds rather than warming may account for
currently observed rapid ice sheet flow (43), rendering quatitative
extrapolation into the future uncertain. In addition to rap id ice flow,
slow ice sheet mass balance processes are another mechanfem
potential large sea level rise. Paleoclimatic data demonstte large
contributions of ice sheet loss to sea level rise (1, 4) but pvide
limited constraints on the rate of such processes. Some reae
studies suggest that ice sheet surface mass balance losgeak CO,
concentrations of 400+800 ppmv may be even slower than the
removal of manmade carbon dioxide following cessation of ers-

ENVIRONMENTAL
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Fig. 4.

lllustrative irreversible climate changes as a function of peak carbon dioxide reached. (

Upper) Best estimate of expected irreversible dry-season

precipitation changes for the regions shown in Fig. 3, as a function of the peak carbon dioxide concentration during the 21st century. The quasi-equilibrium CO 2
concentrations shown correspond to 40% remaining in the long term as discussed in the text. The precipitation change per degree is derived for each region

asin Fig. 3; see alsoFig. S3 The yellow box indicates the range of precipitation change observed during typical major regional droughts such as the “*dust bowl!"

in North America (32). ( Lower) Corresponding irreversible global warming (black line). Also shown is the associated lower limit of irreversible sea level rise

(because of thermal expansion only based upon a range of 0.2+ 0.6 m/"C), from an assessment across available models (5). Smaller values (by
warming, precipitation, and thermal sea level rise would be obtained if climate sensitivity is smaller than the best estimate while larger values (by

' 30%) for expected
' 50%) would

be expected for the upper end of the estimated likely range of climate sensitivity (49).

sions, so that this loss could contribute less than a meter to
irreversible sea level rise even after many thousands of yea(44,
45). It is evident that the contribution from the ice sheets ould be
large in the future, but the dependence upon carbon dioxidedvels
is extremely uncertain not only over the coming century butigo in
the millennial time scale.

glacier shrinkage and is not quantified here. Complete loss of
glaciers and small ice caps have the potential to raise futersea
level by' 0.2+0.7 m (46, 47) in addition to thermal expansion.
Further contributions due to partial loss of the great ice sleets
of Antarctica and/or Greenland could add several meters or
more to these values but for what warming levels and on what

An assessed range of models suggests that the eventualtime scales are still poorly characterized.

contribution to sea level rise from thermal expansion of the

Sea level rise can be expected to affect many coastal regions

ocean is expected to be 0.2+0.6 m per degree of global warming (48). While sea walls and other adaptation measures might

(5). Fig. 4 uses this range together with a best estimate fotimate
sensitivity of 3 IC (5) to estimate lower limits to eventual ga level
rise due to thermal expansion alone. Fig. 4 shows that even thi
zero emissions after reaching a peak concentration, irrevsible
global average sea level rise of at least 0.4+1.0 m is expetié
21st century CQ, concentrations exceed 600 ppmv and as much
as 1.9 m for a peak CQ concentration exceeding 1,000 ppmv.
Loss of glaciers and small ice caps is relatively well undemod
and is expected to be largely complete under sustained warmng
of, for example, 4 IC within* 500 years (46). For lower values of
warming, partial remnants of glaciers might be retained, btithis
has not been examined in detail for realistic representatins of

1708 u www.pnas.org ycgiydoiy10.1073ypnas.0812721106

combat some of this sea level rise, Fig. 4 shows that carbon
dioxide peak concentrations that could be reached in the futre
for the conservative lower limit defined by thermal expangin
alone can be expected to be associated with substantial iners-
ible commitments to future changes in the geography of the
Earth because many coastal and island features would ultini@ly
become submerged.

Discussion: Some Policy Implications

It is sometimes imagined that slow processes such as climate
changes pose small risks, on the basis of the assumption that
choice can always be made to quickly reduce emissions and

Solomon et al.



thereby reverse any harm within a few years or decades. We teav
shown that this assumption is incorrect for carbon dioxide
emissions, because of the longevity of the atmospheric GO
perturbation and ocean warming. Irreversible climate chages
due to carbon dioxide emissions have already taken place, dn
future carbon dioxide emissions would imply further irrevesible
effects on the planet, with attendant long legacies for chaies
made by contemporary society. Discount rates used in some
estimates of economic trade-offs assume that more efficign
climate mitigation can occur in a future richer world, but neglect
the irreversibility shown here. Similarly, understandingof irre-
versibility reveals limitations in trading of greenhouse gses on
the basis of 100-year estimated climate changes (global waing
potentials, GWPs), because this metric neglects carbon diide's
unique long-term effects. In this paper we have quantified bw
societal decisions regarding carbon dioxide concentratits that
have already occurred or could occur in the coming century
imply irreversible dangers relating to climate change for sme
illustrative populations and regions. These and other dangrs
pose substantial challenges to humanity and nature, with a
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dioxide reached.

Materials and Methods
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