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ppm at Oi-1. That high 0i-1 CO, amount is not plausible without
overthrowing the concept that global temperature is a response
to climate forcings. More generally, we conclude that actual CO,
during the Cenozoic was near the low end of the range of proxy
measurements.

Interpretation of Cenozoic Ts and CO,

In this section we consider Cenozoic Ts and CO, histories, which
are rich in insights about climate change with implications for
future climate.

In Target CO, [60] and elsewhere [98] we argue that the broad
sweep of Cenozoic temperature is a result of plate tectonic (popu-
larly ‘continental drift’) effects on CO,. Solid Earth sources and
sinks of CO, are not balanced at any given time. CO, is removed
from surface reservoirs by: (1) chemical weathering of rocks with
deposition of carbonates on the ocean floor, and (2) burial of or-
ganic matter [99, 100]. CO, returns via metamorphism and volca-
nic outgassing at locations where oceanic crust is subducted
beneath moving continental plates. The interpretation in Target
CO, was that the main Cenozoic source of CO, was associated
with the Indian plate (Fig. 10), which separated from Pangea in
the Cretaceous [101, 102] and moved through the Tethys (now
Indian) Ocean at a rate exceeding 10 cm/year until collision with
the Eurasian plate at circa 50 MyBP. Associated CO, emissions in-
clude those from formation of the Deccan Traps’ in western
India (a large igneous province, LIP, formed by repeated deposi-
tion of large-scale flood basalts), the smaller Rajahmundry Traps
[103] in eastern India, and metamorphism and vulcanism associ-
ated with the moving Indian plate. The Indian plate slowed circa
60 Mya (inset, Fig. 6) before resuming high speed [91], leaving an
indelible signature in the Cenozoic 880 history (Fig. 6) that sup-
ports our interpretation of the CO, source. Since the continental
collision, subduction and CO, emissions continue at a diminish-
ing rate as the India plate underthrusts the Asian continent and
pushes up the Himalayan mountains [104]. We interpret the de-
cline of CO, over the past 50 million years as, at least in part, a
decline of the metamorphic source from continued subduction of
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the Indian plate, but burial of organic matter and increased
weathering due to exposure of fresh rock by Himalayan uplift
[105] may contribute to CO, drawdown. Quantitative under-
standing of these processes is limited [106], e.g. weathering is
both a source and sink of CO, [107].

This picture for the broad sweep of Cenozoic CO, is consistent
with current understanding of the long-term carbon cycle [108],
but relative contributions of metamorphism [106] and volcanism
[109] are uncertain. Also, emissions from rift-induced Large
Igneous Provinces (LIPs) [110, 111] contribute to long-term
change of atmospheric CO,, with two cases prominent in Fig. 6.
The Columbia River Flood Basalt at ca. 17-15 MyBP was a princi-
pal cause of the Miocene Climatic Optimum [112], but the pro-
cesses are poorly understood [113]. A more dramatic event
occurred as Greenland separated from Europe, causing a rift in
the sea floor; flood basalt covered more than a million square
kilometers with magma volume 6-7 million cubic kilometers
[111]—the North Atlantic Igneous Province (NAIP). Flood basalt
volcanism occurred during 60.5-54.5 MyBP, but at 56.1 + 0.5
MyBP melt production increased by more than a factor of 10, con-
tinued at a high level for about a million years, and then subsided
(Fig. 5 of Storey et al. [114]). The striking Paleocene-Eocene
Thermal Maximum (PETM) 580 spike (Fig. 6) occurs early in this
million-year bump-up of §'%0. Svensen et al. [115] proposed that
the PETM was initiated by the massive flood basalt into carbon-
rich sedimentary strata. Gutjahr et al. [116] developed an isotope
analysis, concluding that most of PETM carbon emissions were
volcanic, with climate-driven carbon feedbacks playing a lesser
role. Yet other evidence [117], while consistent with volcanism as
a trigger for the PETM, suggests that climate feedback—perhaps
methane hydrate and peat CO, release—may have caused more
than half of the PETM warming. Berndt et al. [118] describe exten-
sive shallow-water vents that likely released CH, as well as CO,
during the NAIP activity. We discuss PETM warming and CO, lev-
els below, but first we must quantify the mechanisms that drove
Cenozoic climate change and consider where Earth’s climate was
headed before humanity intervened.

Figure 10. Continental configuration 56 MyBP [97]. Continental shelves (light blue) were underwater as little water was locked in ice. The Indian plate

was moving north at about 15 cm per year.
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The sum of climate forcings (CO, and solar) and slow feed-
backs (ice sheets and non-CO, GHGs) that maintained EECO
warmth was 12.5 W/m? (Fig. 11). CO, forcing of 9.1 W/m? com-
bined with solar forcing of—1.2 W/m? to yield a total forcing® 8
W/m?. Slow feedbacks were 4.5 W/m? forcing (ice albedo = 2 W/
m? and non-CO, GHGs = 2.5 W/m?). With today’s solar irradi-
ance, human-made GHG forcing required for Earth to return to
EECO warmth is 8 W/m?. Present human-made GHG forcing is
4.6 W/m? relative to 7 kyBP.? Equilibrium response to this forcing
includes the 2 W/m? ice sheet feedback and 25% amplification (of
6.6 W/m?) by non-CO, GHGs, yielding a total forcing plus slow
feedbacks of 8.25 W/m?. Thus, equilibrium global warming for
today’s GHGs is 10°C.'° If human-made aerosol forcing is —=1.5 W/
m? and remains at that level indefinitely, equilibrium warming
for today’s atmosphere is reduced to 8°C. Either 10°C or 8°C
dwarfs observed global warming of 1.2°C to date. Most of the
equilibrium warming for today’s atmosphere has not yet oc-
curred and need not occur (Earth’s energy imbalance section).

Prospects for another snowball Earth

We would be remiss if we did not comment on the precipitous de-
cline of Earth’s temperature over the last several million years.
Was Earth falling off the table into another Snowball Earth?
Global temperature plummeted in the past 50 million years,
with growing, violent, oscillations (Figs 6 and 7). Glacial-
interglacial average CO, declined from about 325 ppm to 225
ppm in the past five million years in an accelerating decline
(Fig. 9a). As CO; fell to 180 ppm during recent glacial maxima, an
ice sheet covered most of Canada and reached midlatitudes in
the U.S. Continents in the current supercontinent cycle [101] are
now dispersed, with movement slowing to 2-3 cm/year.
Emissions from the last high-speed high-impact tectonic event—
collision of the Indian plate with Eurasia—are fizzling out. The

Forcings and Slow Feedbacks
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Figure 11. Climate forcings and slow feedbacks relative to 7 kyBP from
terms in Equations (21-23).
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most recent large igneous province (LIP) event—the Columbia
River Flood Basalt about 15 million years ago (Fig. 6)—is no longer
a factor, and there is no evidence of another impending LIP.
Snowball conditions are possible, even though the Sun’s bright-
ness is increasing and is now almost 6% greater [69] than it was
at the last snowball Earth, almost 600 million years ago [68].
Runaway snowball likely requires only 1-2 halvings [66] of CO,
from the LGM 180 ppm level, i.e. to 45-90 ppm. Although the
weathering rate declines in colder climate [119], weathering and
burial of organic matter continue, so decrease of atmospheric
CO, could have continued over millions of years, if the source of
CO, from metamorphism and vulcanism continued to decline.

Another factor that may have contributed to cooling in the
Pliocene is uplift and poleward movement of Greenland that ac-
celerated about 5 MyBP [120], which likely enhanced glaciation of
Greenland and should be accounted for in simulations of
Pliocene climate change. We conclude that, in the absence of hu-
man activity, Earth may have been headed for snowball Earth
conditions within the next 10 or 20 million years, but the chance
of future snowball Earth is now academic. Human-made GHG
emissions remove that possibility on any time scale of practical
interest. Instead, GHG emissions are now driving Earth toward
much warmer climate.

Paleocene eocene thermal maximum (PETM)

The PETM event provides a benchmark for assessing the poten-
tial impact of the human-made climate forcing and the time
scale for natural recovery of the climate system.

Westerhold [90] data have 10°C deep ocean warming at the
PETM (Figs 8 and 12a), which exceeds proxy-derived surface
warming. Low latitude SST data have 3-4°C PETM warming [121].
Tierney et al. [122] obtain PETM global surface warming 5.6°C
(5.4-59°C, 95% confidence) via analysis of proxy surface tempera-
ture data that accounts for patterns of temperature change.
Zachos [44] data have a deep ocean warming similar to the
proxy-based surface warming. These warming estimates can be
reconciled, but first let’s note the practical importance of
the PETM.

Pre-PETM (56-56.4 MyBP) CO, is 910 ppm in our analysis for
the most likely ECS (1.2°C per W/m?). Peak PETM CO, required to
yield the 5.6°C global surface warming estimate of Tierney et al.
[122] is then 1630 ppm if CO, provides 80% of the GHG forcing,
thus less than a doubling of CO,. (In the unlikely case that CO,
caused 100% of the GHG forcing, required CO, is 1780, not quite a
doubling.) CO, amounts for ECS = 1.0 and 1.4°C per W/m? are
1165 and 760 ppm in the pre-PETM and 2260 and 1270 ppm at
peak PETM, respectively. In all these ECS cases, the CO, forcing of
the PETM is less than or about a CO, doubling. Our assumed 20%
contribution by non-CO, GHGs (amplification factor 1.25,

(b)
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Figure 12. Temperature and CO, implied by Westerhold et al. [90] 880, if surface warming equaled deep ocean warming. In reality, the unique PETM
event had surface warming ~5.6°C, which implies a peak PETM CO, of about 1630 ppm (see text).
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Climate sensitivity (ECS and ESS) section), is nominal; Hopcroft et
al., e.g. estimate a 30% contribution from non-CO, GHGs [123],
thus an amplification factor 1.43.

Thus, today’s human-made GHG forcing (4.6 W/m?, growing
0.5 W/m? per decade) is already at least comparable to the PETM
forcing, although the net human-made forcing including aerosols
has probably not reached the PETM forcing. However, there are
two big differences between the PETM and today. First, there
were no large ice sheets on Earth in the PETM era. Ice sheets on
Antarctica and Greenland today make Earth system sensitivity
(ESS) greater than it was during the PETM. Equilibrium response
to today’s GHG climate forcing would include deglaciation of
Antarctica and Greenland, sea level rise of 60 m (200 feet), and
surface albedo forcing (slow feedback) of 2 W/m?. The second dif-
ference between the PETM and today is the rate of change of the
climate forcing. Most of today’s climate forcing was introduced
in a century, which is 10 times or more faster than the PETM forc-
ing growth. Although a bolide impact [124] has been proposed as
a trigger for the PETM, the issue is the time scale on which the cli-
mate forcing—increased GHGs—occurred. Despite uncertainty in
the carbon source(s), data and modeling point to duration of a
millennium or more for PETM emissions [121, 125].

Better understanding of the PETM could inform us on climate
feedbacks. Gutjahr et al. [116] argue persuasively that PETM emis-
sions were mostly volcanic, yet we know of no other large igne-
ous province that produced such great, temporally-isolated,
emissions. Further, Cenozoic orbitally-driven hyperthermal
events [126] testify to large CO, feedbacks. Northern peatlands
today contain more than 1000 Gt carbon [127], much of which
can be mobilized at PETM warming levels [128]. The double peak
in deep ocean §'®0 (thus in temperature, cf. Fig. 12, where each
square is a binning interval of 5000 years) is also found in terres-
trial data [129]. Perhaps the sea floor rift occurred in two bursts,
or the rift was followed tens of thousands of years later by meth-
ane hydrate release as a feedback to the ocean warming; much of
today’s methane hydrate is in stratigraphic deposits hundreds of
meters below the sea floor, where millennia may pass before a
thermal wave from the surface reaches the deposits [130].
Feedback emissions, especially from permafrost, seem to be
more chronic than catastrophic, but stabilization of climate may
require cooling that terminates growth of those feedbacks
(Summary section). The PETM provides perhaps the best empiri-
cal check on understanding of the atmospheric lifetime of fossil
fuel CO, [131], but for that purpose we must untangle as well as
possible the time dependence of the PETM CO, source and feed-
backs. If continuing magma flow or a slow-release feedback is a
substantial portion of PETM CO,, the CO, lifetime inferred from
post-PETM CO, recovery may be an exaggeration.

The PETM draws attention to differences between the
Westerhold (W) and Zachos (Z) 5'0 data. Zachos attributes the
larger PETM response in W data to the shallow (less than 1 km)
depth of the Walvis Ridge core in the Southeast Atlantic that
anchors the PETM period in the W data (see Supplementary
Material SM9). Given that the PETM was triggered by a rift in the
floor of the North Atlantic and massive lava injection, it is not
surprising that ocean temperature was elevated and circulation
disrupted during the PETM. Nunes and Norris [132] conclude that
ocean circulation changed at the start of the PETM with a shift in
location of deep-water formation that delivered warmer waters
to the deep sea, a circulation change that persisted at least
40 000 years. With regard to differences in the early Cenozoic,
Zachos notes (Supplementary Material SM9) a likely bias in the Z
data with a heavy weighting of data from Southern Ocean sites
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(Kerguelen Plateau and Maud Rise), which were intended for
study of climate of Antarctica and the Southern Ocean.

Differences between the W and Z data sets have limited effect
on our paper, as we apply separate scaling (Equations 7-14) to W
and Z data to match observations at the LGM, mid-Holocene, and
Oi-1 points. This approach addresses, e.g. the cumulative effect
in combining data splices noted by Zachos in SM9. Further, we
set the EECO global temperature relative to the Holocene and the
PETM temperature relative to pre-PETM based on proxy-
constrained, full-field, GCM analyses of Tierney et al. [122] and
Zhu et al. [96] Nevertheless, there is much to learn from more
precise study of the Cenozoic in general and the PETM
in particular.

Policy implications require first an understanding of the role
of aerosols in climate change.

Aerosols

The role of aerosols in climate change is uncertain because aero-
sol properties are not measured well enough to define their cli-
mate forcing. In this section we estimate aerosol climate forcing
via aerosol effects on Earth’s temperature and Earth’s en-
ergy imbalance.

Aerosol impact is suggested by the gap between observed
global warming and expected warming due to GHGs based on
ECS inferred from paleoclimate (Fig. 13). Expected warming is
from Eq. 5 with the normalized response function of the GISS
(2020) model. Our best estimate for ECS, 1.2°C per W/m?, yields a
gap of 1.5°C between expected and actual warming in 2022.
Aerosols are the likely cooling source. The other negative forcing
discussed by IPCC—surface albedo change—is estimated by IPCC
(Chapter 7, Table 7.8) to be —0.12 + 0.1 W/m?, an order of magni-
tude smaller than aerosol forcing [12]. Thus, for clarity, we focus
on GHGs and aerosols.

Absence of global warming over the period 1850-1920
(Supplementary Fig. S1 of IPCC AR6 WG1 report [12]) is a clue
about aerosol forcing. GHG forcing increased 0.54 W/m? in 1850~
1920, which causes expected warming 0.3-0.4°C by 1920 for ECS
= 1.2°C per W/m? (Equation 5). Natural forcings—solar irradiance
and volcanoes—may contribute to lack of warming, but a persua-
sive case for the required forcing has not been made. Human-
made aerosols are the likely offset of GHG warming. Such aerosol
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Figure 13. Observed global surface temperature (black line) and
expected GHG warming with two choices for ECS. The blue area is the
estimated aerosol cooling effect. The temperature peak in the World
War Il era is in part an artifact of inhomogeneous ocean data in that
period [63].
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cooling is a Faustian bargain [98] because payment in enhanced
global warming will come due once we can no longer tolerate the
air pollution. Ambient air pollution causes millions of deaths per
year, with particulates most responsible [133, 134].

Evidence of aerosol forcing in the Holocene

In this section we infer evidence of human-made aerosols in the
last half of the Holocene from the absence of global warming.
Some proxy-based analyses [135] report cooling in the last half of
the Holocene, but a recent analysis [50] that uses GCMs to over-
come spatial and temporal biases in proxy data finds rising global
temperature in the first half of the Holocene followed by nearly
constant temperature in the last 6000 years until the last few
centuries (Fig. 14). Antarctic, deep ocean, and tropical sea surface
data all show stable temperature in the last 6000 years
(Supplementary Fig. S6 of reference [60]). GHG forcing increased
0.5 W/m? during those 6000 years (Fig. 15), yet Earth did not
warm. Fast feedbacks alone should yield at least +0.5°C warming
and 6000 years is long enough for slow feedbacks to also contrib-
ute. How can we interpret the absence of warming?

Humanity's growing footprint deserves scrutiny. Ruddiman’s
suggestion that deforestation and agriculture began to affect CO,
6500 year ago and rice agriculture began to affect CH, 5000 years
ago has been criticized [46] mainly because of the size of pro-
posed sources. Ruddiman sought sources sufficient to offset
declines of CO, and CH, in prior interglacial periods, but such
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Figure 14. Global mean surface temperature change over the past 24 ky,
reproduced from Fig. 2 of Osman et al. [50] including Last Millennium
reanalysis of Tardif et al. [136].

large sources are not needed to account for Holocene GHG levels.
Paleoclimate GHG decreases are slow feedbacks that occur in
concert with global cooling. However, if global cooling did not oc-
cur in the past 6000 years, feedbacks did not occur. Earth orbital
parameters 6000 years ago kept the Southern Ocean warm, as
needed to maintain strong overturning ocean circulation [137]
and minimize carbon sequestration in the deep ocean. Maximum
insolation at 60°S was in late-spring (mid-November); since then,
maximum insolation at 60°S slowly advanced through the year,
recently reaching mid-summer (mid-January, Fig. 26b of Ice Melt
[13]). Maximum insolation from late-spring through mid-
summer is optimum to warm the Southern Ocean and promote
early warm-season ice melt, which reduces surface albedo and
magnifies regional warming [45].

GHG forcing of -0.2 W/m? in 10-6 kyBP (Fig. 15) was exceeded
by forcing of +1 W/m? due to ice sheet shrinkage (Supplementary
Material in Target CO, [60]) for a 40 m sea level rise (Fig. 16). Net
0.8 W/m? forcing produced expected 1°C global warming (Fig. 14).
The mystery is the absence of warming in the past 6000 years.
Hansen et al. [45] suggested that aerosol cooling offset GHG
warming. Growing population, agriculture and land clearance
produced aerosols and CO,; wood was the main fuel for cooking
and heating. Nonlinear aerosol forcing is largest in a pristine at-
mosphere, so it is unsurprising that aerosols tended to offset CO,
warming as civilization developed. Hemispheric differences
could provide a check. GHG forcing is global, while aerosol forc-
ing is mainly in the Northern Hemisphere. Global offset implies a
net negative Northern Hemisphere forcing and positive Southern
Hemisphere forcing. Thus, data and modeling studies (including
orbital effects) of regional response are warranted but beyond
the scope of this paper.

Industrial era aerosols

Scientific advances often face early resistance from other scien-
tists [139]. Examples are the snowball Earth hypothesis [140] and
the role of an asteroid impact in extinction of non-avian dino-
saurs [141], which initially were highly controversial but are now
more widely accepted. Ruddiman’s hypothesis, right or wrong, is
still controversial. Thus, we minimize this issue by showing aero-
sol effects with and without preindustrial human-made aerosols.

Global aerosols are not monitored with detail needed to define
aerosol climate forcing [142, 143]. IPCC12 estimates forcing
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Figure 15. GHG climate forcing in past 20 ky with vertical scale expanded for the past 10 ky on the right. GHG amounts are from Schilt et al. [47].

Formulae for forcing are in Supplementary Material.
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(Fig. 17a) from assumed precursor emissions, a herculean task due
to many aerosol types and complex cloud effects. Aerosol forcing
uncertainty is comparable to its estimated value (Fig. 17a), which
is constrained more by observed global temperature change than
by aerosol measurements [144]. IPCC’s best estimate of aerosol
forcing (Fig. 17) and GHG history define the percent of GHG forcing
offset by aerosol cooling—the dark blue area in Fig. 17b. However,
if human-made aerosol forcing was —0.5 W/m? by 1750, offsetting
+0.5 W/m? GHG forcing, this forcing should be included. Such
aerosol forcing—largely via effects of land use and biomass fuels
on clouds—continues today. Thirty million people in the United
States use wood for heating [145]. Such fuels are also common in
Europe [146, 147] and much of the world.

Figure 17b encapsulates two alternative views of aerosol his-
tory. IPCC aerosol forcing slowly becomes important relative to
GHG forcing. In our view, civilization always produced aerosols as
well as GHGs. As sea level stabilized, organized societies and popu-
lation grew as coastal biologic productivity increased [148] and ag-
riculture developed. Wood was the main fuel. Aerosols travel great
distances, as shown by Asian aerosols in North America [149].
Humans contributed to both rising GHG and aerosol climate forc-
ings in the past 6000 years. One result is that human-caused aero-
sol climate forcing is at least 0.5 W/m? more than usually
assumed. Thus, the Faustian payment that will eventually come
due is also larger, as discussed in Summary section.

Ambiguity in aerosol climate forcing
In this section we discuss uncertainty in the aerosol forcing. We
discuss why global warming in the past century—often used to
infer climate sensitivity—is ill-suited for that purpose.

Recent global warming does not yield a unique ECS because
warming depends on three major unknowns with only two basic
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Credit: Robert Rohde [138].
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constraints. Unknowns are ECS, net climate forcing (aerosol forc-
ing is unmeasured), and ocean mixing (many ocean models are
too diffusive). Constraints are observed global temperature
change and Earth’s energy imbalance (EEI) [80]. Knutti [150] and
Hansen [75] suggest that many climate models compensate for
excessive ocean mixing (which reduces surface warming) by us-
ing aerosol forcing less negative than the real world, thus achiev-
ing realistic surface warming. This issue is unresolved and
complicated by the finding that cloud feedbacks can buffer ocean
heat uptake (Climate response time section), affecting interpreta-
tion of EEL

IPCC AR6 WG1 best estimate of aerosol forcing (Table AIIL3)
[12] is near maximum (negative) value by 1975, then nearly con-
stant until rising in the 21st century to -1.09 W/m? in 2019
(Fig. 18). We use this IPCC aerosol forcing in climate simulations
here. We also use an alternative aerosol scenario [151] that
reaches -1.63 W/m? in 2010 relative to 1880 and ~1.8 W/m? rela-
tive to 1850 (Fig. 18) based on modeling of Koch [152] that in-
cluded changing technology factors defined by Novakov [153].
This alternative scenario'! is comparable to the forcing in some
current aerosol models (Fig. 18). Human-made aerosol forcing
relative to several millennia ago may be even more negative, by
about -0.5 W/m? as discussed above, but the additional forcing
was offset by increasing GHGs and thus those additional forcings
are neglected, with climate assumed to be in approximate equi-
librium in 1850.

Many combinations of climate sensitivity and aerosol forcing
can fit observed global warming. The GISS (2014) model (ECS =
2.6°C) with IPCC ARG6 aerosol forcing can match observed warm-
ing (Fig. 19) in the last half century (when human-made climate
forcing overwhelmed natural forcings, unforced climate variabil-
ity, and flaws in observations). However, agreement also can be
achieved by climate models with high ECS. The GISS (2020) model
(with ECS = 3.5°C) yields greater warming than observed if IPCC
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Figure 18. Aerosol forcing relative to 1850 from IPCC ARG, an alternative
aerosol scenario [151] two aerosol model scenarios of Bauer et al. [154].
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Figure 17. (a) Estimated greenhouse gas and aerosol forcings relative to 1750 values. (b) Aerosol forcing as percent of GHG forcing. Forcings for dark
blue area are relative to 1750. Light blue area adds 0.5 W/m? forcing estimated for human-caused aerosols from fires, biofuels and land use.
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Figure 19. Global temperature change T due to aerosols + GHGs calculated with Green'’s function Equation (5) using GISS (2014) and GISS (2020)
response functions (Fig. 4). Observed temperature is the NASA GISS analysis [155, 156]. Base period: 1951-1980 for observations and model.
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Figure 20. Total sulfate (parts per trillion by volume) and percentage of total sulfate provided by shipping in simulations of Jin et al. [157] prior to IMO

regulations on sulfur content of fuels.

aerosol forcing is used, but less than observed for the alternative
aerosol scenario (Fig. 19). This latter aerosol scenario achieves
agreement with observed warming if ECS ~4°C (green curve in
Fig. 19)." Agreement can be achieved with even higher ECS by
use of a still more negative aerosol forcing.

The issue we raise is the magnitude of the aerosol forcing,
with implications for future warming when particulate air pollu-
tion is likely to be reduced. We suggest that IPCC reports may
have gravitated toward climate sensitivity near 3°C for 2 x CO; in
part because of difficulty that models have in realistically simu-
lating amplifying cloud feedbacks and a climate model tendency
for excessive mixing of heat into the deep ocean. Our finding
from paleoclimate analysis that ECS is 1.2°C + 0.3°C per W/m?
(4.8°C + 1.2°C for 2 x CO,) implies that the (unmeasured) aerosol
forcing must be more negative than IPCC’s best estimate. In
turn—because aerosol-cloud interactions are the main source of
uncertainty in aerosol forcing—this finding emphasizes the need
to measure both global aerosol and cloud particle properties.

The case for monitoring global aerosol climate forcing will
grow as recognition of the need to slow and reverse climate
change emerges. Aerosol and cloud particle microphysics must
be measured with precision adequate to define the forcing [142,
158]. In the absence of such Keeling-like global monitoring,
progress can be made via more limited satellite measurements of
aerosol and cloud properties, field studies, and aerosol and
cloud modeling. As described next, a great opportunity to

study aerosol and cloud physics is provided by a recent change in
the IMO (International Maritime Organization) regulations on
ship emissions.

The great inadvertent aerosol experiment

Sulfate aerosols are cloud condensation nuclei (CCN), so sulfate
emissions by ships result in a larger number of smaller cloud par-
ticles, thus affecting cloud albedo and cloud lifetime [144]. Ships
provide a large percentage of sulfates in the North Pacific and
North Atlantic regions (Fig. 20). It has been suggested that cooling
by these clouds is overestimated because of cloud liquid water
adjustments [159], but Manshausen et al. [160] present evidence
that liquid water path (LWP) effects are substantial even in
regions without visible ship-tracks; they estimate a LWP forcing
—0.76 + 0.27 W/m?, in stark contrast with the IPCC estimate of
+0.2 + 0.2 W/m?2 Wall et al. [161] use satellite observations to
quantify relationships between sulfates and low-level clouds;
they estimate a sulfate indirect aerosol forcing of —1.11 + 0.43 W/
m? over the global ocean. The range of aerosol forcings used in
CMIP6 and AR6 GCMs (small blue bar in Fig. 18) is not a measure
of aerosol forcing uncertainty. The larger bar, from Chapter 7
[162] of ARG, has negative forcing as great as -2 W/m?, but even
that does not measure the full uncertainty.

Changes of IMO emission regulations provide a great opportu-
nity for insight into aerosol climate forcing. Sulfur content of
fuels was limited to 1% in 2010 near the coasts of North America
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and in the North Sea, Baltic Sea and English Channel, and further
restricted there to 0.1% in 2015 [163]. In 2020 a limit of 0.5% was
imposed worldwide. The 1% limit did not have a noticeable effect
on ship-tracks, but a striking reduction of ship-tracks was found
after the 2015 IMO regulations, especially in the regions near
land where emissions were specifically limited [164]. Following
the additional 2020 regulations [165], global ship-tracks were re-
duced more than 50% [166].

Earth’s albedo (reflectivity) measured by CERES (Clouds and
Earth’s Radiant Energy System) satellite-borne instruments [81]
over the 22-years March 2000 to March 2022 reveal a decrease of
albedo and thus an increase of absorbed solar energy coinciding
with the 2015 change of IMO emission regulations. Global
absorbed solar energy is + 1.05 W/m? in the period January 2015
through December 2022 relative to the mean for the first 10 years
of data (Fig. 21). This increase is 5 times greater than the stan-
dard deviation (0.21 W/m?) of annual absorbed solar energy in
the first 10 years of data and 4.5 times greater than the standard
deviation (0.23 W/m?) of CERES data through December 2014.
The increase of absorbed solar energy is notably larger than esti-
mated potential CERES instrument drift, which is <0.085 W/m?
per decade [81]. Increased solar energy absorption occurred de-
spite 2015-2020 being the declining phase of the ~11-year solar
irradiance cycle [167]. Nor can increased absorption be attributed
to correlation of Earth’s albedo (and absorbed solar energy) with
the Pacific Decadal Oscillation (PDO): the PDO did shift to the
positive phase in 2014-2017, but it returned to the negative phase
in 2017-2022 [168].

Given the large increase of absorbed solar energy, cloud
changes are likely the main cause. Quantitative analysis [168] of
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Figure 21. Global absorbed solar radiation (W/m?) relative to mean of
the first 120 months of CERES data. CERES data are available at http://
ceres.larc.nasa.gov/order_data.php.

(a) Absorbed Solar Radiation Anomaly
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contributions to the 20-year trend of absorbed solar energy show
that clouds provide most of the change. Surface albedo decrease
due to sea ice decline contributes to the 20-year trend in the
Northern Hemisphere, but that sea ice decline occurred espe-
cially in 2007, with minimum sea ice cover reached in 2012; over
the past decade as global and hemispheric albedos declined, sea
ice had little trend [169]. Potential causes of the cloud changes in-
clude: (1) reduced aerosol forcing, (2) cloud feedbacks to global
warming, (3) natural variability [170]. Absorbed solar energy was
0.77 W/m? greater in Jan2015-Dec2022 than in the first decade of
CERES data at latitudes 20-60°S (Fig. 22), a region of relatively lit-
tle ship traffic. This change is an order of magnitude larger than
the estimate of potential detector degradation [81].

Climate models predict a reduction of cloud albedo in this re-
gion as a feedback effect driven by global warming [12] (Sec.
7.4.2.4). Continued monitoring of absorbed energy can confirm
the reality of the change, but without global monitoring of de-
tailed physical properties of aerosols and clouds [142], it will be
difficult to apportion observed change among candidate causes.

North Pacific and North Atlantic regions of heavy ship traffic
are ripe for detailed study of cloud changes and their causes, al-
though unforced cloud variability is large in such sub-global
regions. Both regions have increased absorption of solar radiation
after 2015 (Fig. 22). The 2014-2017 maximum absorption in the
North Pacific is likely enhanced by reduced cloud cover during
the positive PDO, but the more recent high absorption is during
the negative PDO phase. In the North Atlantic, persistence of in-
creased absorption for several years exceeds prior variability, but
longer records plus aerosol and cloud microphysical data are
needed for interpretation.

Summary

Climate change is characterized by delayed response and ampli-
fying feedbacks. Delayed response makes human-made climate
forcing a threat to today’s public and future generations because
of the practical difficulty of reversing the forcing once conse-
quences become apparent. Feedbacks determine climate sensi-
tivity to any applied forcing. We find that Earth’s climate is very
sensitive—more sensitive than the best estimate of the
Intergovernmental Panel on Climate Change (IPCC)—which
implies that there is a great amount of climate change ‘in the
pipeline.” Extraordinary actions are needed to reduce the net
human-made climate forcing, as is required to reduce global
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Figure 22. Absorbed solar radiation for indicated regions relative to first 120 months of CERES data. Southern Hemisphere 20-60°S is 89% ocean. North
Atlantic is (20-60°N, 0-60°W) and North Pacific is (20-60°N, 120-220°W). Data source: http://ceres.larc.nasa.gov/order_data.php.
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warming and avoid highly undesirable consequences for human-
ity and nature.

Equilibrium climate sensitivity (ECS)

The 1979 Charney study [4] considered an idealized climate sen-
sitivity in which ice sheets and non-CO, GHGs are fixed. The
Charney group estimated that the equilibrium response to 2 x
CO,, a forcing of 4 W/m?, was 3°C, thus an ECS of 0.75°C per W/
m? with one standard deviation uncertainty ¢ = 0.375°C.
Charney’s estimate stood as the canonical ECS for more than 40
years. The current IPCC report [12] concludes that 3°C for 2 x
CO, is their best estimate for ECS.

We compare recent glacial and interglacial climates to infer
ECS with a precision not possible with climate models alone.
Uncertainty about Last Glacial Maximum (LGM) temperature has
been resolved independently with consistent results by Tierney
et al. [49] and Seltzer et al. [S1]. The Tierney approach, using a col-
lection of geochemical temperature indicators in a global analy-
sis constrained by climate change patterns defined by a global
climate model, is used by Osman et al. [50] to find peak LGM cool-
ing 7.0 + 1°C (20, 95% confidence) at 21-18 kyBP. We show that,
accounting for polar amplification, these analyses are consistent
with the 5.8 + 0.6°C LGM cooling of land areas between 45°S and
35°N found by Seltzer et al. using the temperature-dependent sol-
ubility of dissolved noble gases in ancient groundwater. The forc-
ing that maintained the 7°C LGM cooling was the sum of 2.25 +
0.45 W/m? (20) from GHGs and 3.5 = 1.0 W/m? (20) from the LGM
surface albedo, thus 5.75 + 1.1 W/m? (20). ECS implied by the
LGM is thus 1.22 + 0.29°C (25) per W/m?, which, at this final step,
we round to 1.2 + 0.3°C per W/m?. For transparency, we have
combined uncertainties via simple RMS (root-mean-square). ECS
as low as 3°C for 2 x CO, is excluded at the 3c level, i.e. with
99.7% confidence.

More sophisticated mathematical analysis, which has merits
but introduces opportunity for prior bias and obfuscation, is not
essential; error assessment ultimately involves expert judgment.
Instead, focus is needed on the largest source of error: LGM sur-
face albedo change, which is uncertain because of the effect of
cloud shielding on the efficacy of the forcing. As cloud modeling
is advancing rapidly, this topic is ripe for collaboration of CMIP
[53] (Coupled Model Intercomparison Project) with PMIP [54]
(Paleoclimate Modelling Intercomparison Project). Simulations
should include at the same time change of surface albedo and to-
pography of ice sheets, vegetation change, and exposure of conti-
nental shelves due to lower sea level.

Knowledge of climate sensitivity can be advanced further via
analysis of the wide climate range in the Cenozoic era (Earth sys-
tem sensitivity section). However, interpretation of data and
models, and especially projections of climate change, depend on
understanding of climate response time.

Climate response time

We expected climate response time—the time for climate to ap-
proach a new equilibrium after imposition of a forcing—to be-
come faster as mixing of heat in ocean models improved [75].
That expectation was not met when we compared two genera-
tions of the GISS GCM (global climate model). The GISS (2020)
GCM is improved [32, 33] in its ocean simulation over the GISS
(2014) GCM as a result of higher vertical and horizontal resolu-
tion, more realistic parameterization of sub-grid scale motions,
and correction of errors in the ocean computer program [32]. Yet
the time for the model to achieve 63% of its equilibrium response

remained about 100 years. There are two reasons for this: one
that is obvious and one that is more interesting and informative.

The surface in the newer model warms as fast as in the older
model, but it must achieve greater warming to reach 63% of equi-
librium because its ECS is higher, which is one reason that the re-
sponse time remains long. The other reason is that Earth’s
energy imbalance (EEI) in the newer model decreases rapidly. EEI
defines the rate that heat is pumped into the ocean, so a smaller
EEI implies a longer time for the ocean to reach its new equilib-
rium temperature. Quick drop of EEI—in the first year after intro-
duction of the forcing—implies existence of ultrafast feedback in
the GISS (2020) model. For want of an alternative with such a
large effect on Earth’s energy budget, we infer a rapid cloud feed-
back and we suggest (Slow, fast and ultrafast feedbacks section)
a set of brief GCM runs that define cloud changes and other diag-
nostic quantities to an arbitrary accuracy.

The Charney report [4] recognized that clouds were a main
cause of a wide range in ECS estimates. Today, clouds still cast
uncertainty on climate predictions. Several CMIP6 [34] GCMs
have ECS of ~4-6°C for 2xCO, [171, 172] with the high sensitivity
caused by cloud feedbacks [84]. As cloud modeling progresses, it
will aid understanding if climate models report their 2 x CO, re-
sponse functions for both temperature and EEI (Earth’s en-
ergy imbalance).

Fast EEI response—faster than global temperature response—
has a practical effect: observed EEI understates the reduction of
climate forcing required to stabilize climate. Although the mag-
nitude of this effect is uncertain (see Supplementary Material
SM6), it makes the task of restoring a hospitable climate and sav-
ing coastal cities more challenging. On the other hand, long cli-
mate response time implies the potential for educated policies to
affect the climate outcome before the most undesirable conse-
quences occur.

The time required for climate to reach a new equilibrium is
relevant to policy (Perspective on policy implications section),
but there is another response time of practical importance. With
climate in a state of disequilibrium, how much time do we have
before we pass the point of no return, the point where major cli-
mate impacts are locked in, beyond our ability to control? That’s
a complex matter; it requires understanding of ‘slow’ feedbacks,
especially ice sheets. It also depends on how far climate is out of
equilibrium. Thus, we first consider the full Earth system
sensitivity.

Earth system sensitivity (ESS)

The Cenozoic era—the past 66 million years—provides an oppor-
tunity to study Earth system sensitivity via a consistent analysis
for climate ranging from hothouse conditions with Earth 15°C
warmer and sea level 60 m higher than preindustrial climate to
glacial conditions with Earth 7°C cooler and sea level 120 m lower
than preindustrial. Atmospheric CO, amount in the past 800 000
years (Fig. 2), confirms expectation that CO, is the main control
knob [87] on global temperature. We can assume this control
existed when CO, amount varied due to CO, emissions caused by
plate tectonics (continental drift). The two-step [91] that the
Indian plate executed as it moved through the Tethys (now
Indian) ocean left a signature in atmospheric CO, and global tem-
perature. CO, emissions from subduction of ocean crust were
greatest when the Indian plate was moving fastest (inset, Fig. 6)
and peaked at its hard collision with the Eurasian plate at 50
MyBP. Diminishing metamorphic CO, emissions continue as the
Indian plate is subducted beneath the Eurasian plate, pushing up
the Himalayan Mountains, but carbon drawdown from

€202 JaquisAoN €0 Uo 1sanb Aq 6885 //800PEBY/ L /E/21911E/2000/W 02 dNo"olWapeoe//:sdny WoJj papeojumoq


https://academic.oup.com/oocc/article-lookup/doi/10.1093/oxfclm/kgad008#supplementary-data
https://academic.oup.com/oocc/article-lookup/doi/10.1093/oxfclm/kgad008#supplementary-data

weathering and burial of organic carbon exceeds emissions.
Motion of the Indian Plate thus dominates the broad sweep of
Cenozoic CO,, but igneous provinces play a role. The North
Atlantic Igneous Province (caused by a rift in the sea floor as
Greenland pulled away from Europe) that triggered the
Paleocene-Eocene Thermal Maximum (PETM) event about 56
MyBP and the Columbia River Flood Basalt about 15 MyBP (Fig. 6)
are most notable.

We infer the Cenozoic history of sea surface temperature
(SST) at sites of deepwater formation from the oxygen isotope
380 in shells of deep-ocean-dwelling foraminifera preserved in
ocean sediments [44, 90]. High latitude SST change—including a
correction term as SST approaches the freezing point—provides
an accurate estimate of global surface temperature change. This
Cenozoic temperature history and climate sensitivity inferred
from the LGM cooling yield an estimate of Cenozoic CO, history.
We suggest that this whole-Cenozoic approach may define the
CO, history (Fig. 9a) more accurately than CO, proxy measure-
ments. We find CO, about 325 ppm in the early Pliocene and 450
ppm at transition to glaciated Antarctica. Global climate models
(GCMs) that isolate on the Pliocene tend to use CO, levels of order
400 ppm in attempts to match actual Pliocene warmth and ice
sheet models use CO, of order 700 ppm or greater to achieve ice
sheet disintegration on Antarctica, which suggests that the mod-
els are not realistically capturing amplifying feedback processes
(see Cenozoic CO; section).

The Cenozoic provides a perspective on present greenhouse
gas (GHG) levels. The dashed line in Fig. 23 is the ‘we are here’
level of GHG climate forcing. Today's GHG forcing of 4.6 W/m? is
relative to mid-Holocene CO, of 260 ppm; we present evidence in
Cenozoic CO, section that 260 ppm is the natural Holocene CO,
level. Human-caused GHG forcing today is already above the
level needed to deglaciate Antarctica, if such forcing is left in
place long enough. We do not predict full deglaciation of
Antarctica on a time scale people care about—rather we draw at-
tention to how far today’s climate is out of equilibrium with
today’s GHG level. This is one measure of how strongly humanity
is pushing the climate system. Stabilizing climate requires re-
moving the disequilibrium by reducing human-made climate
forcing. A danger is that it will become difficult or implausible to
prevent large sea level rise, if deglaciation is allowed to get
well underway.

GHGs are not the only large human-made climate forcing.
Understanding of ongoing climate change requires that we also
include the effect of aerosols (fine airborne particles).

Aerosols

Aerosol climate forcing is larger than the IPCC AR6 estimate and
has likely been significant for millennia. We know of no other
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Figure 23. Forcing required to yield Cenozoic temperature for today’s
solar irradiance, compared with human-made GHG forcing in 2022.
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persuasive explanation for absence of global warming in the last
half of the Holocene (Fig. 14) as GHG forcing increased 0.5 W/m?
(Fig. 15). Climate models without a growing negative aerosol forc-
ing yield notable warming in that period [173], a warming that, in
fact, did not occur. Negative aerosol forcing, increasing as civili-
zation developed and population grew, is expected. As humans
burned fuels at a growing rate—wood and other biomass for mil-
lennia and fossil fuels in the industrial era—aerosols as well as
GHGs were an abundant, growing, biproduct. The aerosol source
from wood-burning has continued in modern times [146]. GHGs
are long-lived and accumulate, so their forcing dominates even-
tually, unless aerosol emissions grow higher and higher—the
Faustian bargain [98].

Multiple lines of evidence show that aerosol forcing peaked
early this century [174]. Emissions from the largest sources,
China and India, were increasing in 2000, but by 2010 when the
first limits on ship emissions were imposed, China’s emissions
were declining. We estimate peak (negative) aerosol forcing as at
least 1.5-2 W/m?, with turning point at 2010, consistent with
Fig. 3 of Bauer et al. [175] GHG plus aerosol forcing grew +0.3 W/
m? per decade (GHGs: +0.45, aerosols: -0.15) during 19702010,
which produced warming of 0.18°C per decade. With current pol-
icies, we expect climate forcing for a few decades post-2010 to in-
crease 0.5-06 W/m? per decade and produce global warming of at
least +0.27°C per decade. In that case, global warming will reach
1.5°C in the 2020s and 2°C before 2050 (Fig. 24). Such acceleration
is dangerous in a climate system that is already far out of equilib-
rium and dominated by multiple amplifying feedbacks.

The sharp change of ship emissions in 2020 (The great inad-
vertent aerosol experiment section) provides an indirect measure
of aerosol effects. Diamond [176] finds a cloud brightness de-
crease of order 1 W/m? in a shipping corridor. We find a larger ef-
fect, increased absorption of about 3 W/m? in regions of heavy
ship traffic in the North Atlantic and North Pacific (Fig. 22), but a
longer record is needed to define significance. However, the sin-
gle best sentinel for global climate change is Earth’s en-
ergy imbalance.

Earth’s energy imbalance

Earth’s energy imbalance (EEI) is the net gain (or loss) of energy
by the planet, the difference between absorbed solar energy and
emitted thermal (heat) radiation. As long as EEI is positive, Earth
will continue to get hotter. EEI is hard to measure, a small differ-
ence between two large quantities (Earth absorbs and emits
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Figure 24. Global temperature relative to 1880-1920. Edges of the
predicted post-2010 accelerated warming rate (see text) are 0.36 and
0.27°C per decade.
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about 240 W/m? averaged over the entire planetary surface), but
change of EEI can be well-measured from space [81]. Absolute
calibration is from the change of heat in the heat reservoirs,
mainly the global ocean, over a period of at least a decade, as
needed to reduce error due to the finite number of places that
the ocean is sampled [80]. EEI varies year-to-year (Fig. 25), largely
because global cloud amount varies with weather and ocean dy-
namics, but averaged over several years EEI helps inform us
about what is needed to stabilize climate.

The data indicate that EEI has doubled since the first decade
of this century (Fig. 25). This increase is one basis for our predic-
tion of post-2010 acceleration of the global warming rate. The EEI
increase may be partly due to restrictions on maritime aerosol
precursor emissions imposed in 2015 and 2020 (The great inad-
vertent aerosol experiment section), but the growth rate of GHG
climate forcing also increased in 2015 and since has remained at
the higher level (Equilibrium warming versus committed warm-
ing section).

Reduction of climate forcing needed to reduce EEI to zero is
greater than EEI because of ultrafast cloud feedback (Slow, fast
and ultrafast feedbacks section), but the magnitude of this effect
is uncertain (SM6). Cloud feedbacks are only beginning to be sim-
ulated well, but climate sensitivity near 1.2°C per W/m? implies
that the net cloud feedback is large and deserves greater atten-
tion. Precise monitoring of EEI is essential as a sentinel for future
climate change and to assess efforts to stabilize climate and
avoid undesirable consequences. Global satellite monitoring of
geographical and temporal changes of EEI and ocean in situ moni-
toring (especially in polar regions of rapid change) are both
needed for the sake of understanding ongoing climate change.
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Figure 25. 12-month running-mean of Earth’s energy imbalance
from CERES satellite data [81] normalized to 0.71 W/m? mean for
July 2005-June 2015 (blue bar) from in situ data [80].
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Equilibrium warming versus committed warming

Equilibrium warming for today’s climate forcing is the warming re-
quired to restore Earth’s energy balance if atmospheric composi-
tion is fixed at today’s conditions. Equilibrium warming is a
benchmark that can be evaluated from atmospheric composition
and paleoclimate data, with little involvement of climate models.
It is the standard benchmark used in definition of the Charney ECS
(equilibrium climate sensitivity excluding slow feedbacks) [4] and
ESS (Earth system sensitivity, which includes slow feedbacks such
as ice sheet size) [71]. GHG climate forcing now is 4.6 W/m? relative
to the mid-Holocene (7 kyBP) or 4.1 W/m? relative to 1750. There is
little merit in debating whether GHG forcing is 4.6 or 4.1 W/m? be-
cause it is still increasing 0.5 W/m? per decade (Perspective on pol-
icy implications section). ECS response to 4.6 W/m? forcing for
climate sensitivity 1.2°C per W/m? is 5.5°C. The eventual Earth sys-
tem response (ESS) to sustained 4.6 W/m? forcing is about 10°C
(Earth system sensitivity section), because that forcing is large
enough to deglaciate Antarctica (Fig. 23). Net human-made forcing
today is probably near 3 W/m? due to negative aerosol forcing.
Even 3 W/m? may be sufficient to largely deglaciate Antarctica, if
the forcing is left in place permanently (Fig. 23).

‘Committed warming’ is less precisely defined; even in the
current IPCC report [12] (p. 2222) it has multiple definitions. One
concept is the warming that occurs if human-made GHG emis-
sions cease today, but that definition is ill-posed as well as unre-
alistic. Do aerosol emissions also cease? That would cause a
sudden leap in Earth’s energy imbalance, a ‘termination shock,’
as the cooling effect of human-made aerosols disappears. A more
useful definition is the warming that will occur with plausibly
rapid phasedown of GHG emissions, including comparison with
ongoing reality. However, the required ‘integrated assessment
models,” while useful, are complex and contain questionable
assumptions that can mislead policy (see Perspective on policy
implications section).

Nature's capacity for restoration provides hope that future
warming can be limited, if humanity moves promptly toward
sustainable energy and climate policies. Earth’s ability to remove
human-made CO, emissions from the atmosphere is revealed by
Fig. 26. Fossil fuel emissions now total more than 10 GtC/year,
which is almost 5 ppm of CO,, yet CO, in the air is only increasing
2.5 ppm/year. The other half is being taken up by the ocean, solid
land, and biosphere. Indeed, Earth is taking up even more be-
cause deforestation, fires, and poor agricultural and forestry
practices are additional human-made CO, sources. If human
emissions ceased, atmospheric CO, would initially decline a few
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Figure 26. Fossil fuel emissions divided into portions appearing in the annual increase of airborne CO, and the remainder, which is taken up by the

ocean and land (1 ppm CO, ~2.12 GtC).
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ppm per year, but uptake would soon slow—it would take millen-
nia for CO, to reach preindustrial levels [131]. This underscores
the difficulty of restoring Earth’s energy balance via emission
reductions alone. Furthermore, fossil fuels have raised living
standards in most of the world and still provide 80% of the
world’s energy, which contributes to a policy inertia. As the real-
ity of climate change emerges, the delayed response of climate
and amplifying feedbacks assure that the world has already set
sail onto even more turbulent climate seas. Scientists must do
their best to help the public understand policy options that may
preserve and restore a propitious climate for future generations.

Perspective on policy implications

This section is the first author’s perspective based on more than
20 years of experience on policy issues that began with a paper
[179] and two workshops [180] that he organized at the East-West
Center in Hawaii, followed by meetings and workshops with util-
ity experts and trips to more than a dozen nations for discussions
with government officials, energy experts, and environmental-
ists. The aim was to find a realistic scenario with a bright energy
and climate future, with emphasis on cooperation between the
West and nations with emerging or underdeveloped economies.

Energy, CO, and the climate threat
The world’s energy and climate path has good reason: fossil fuels
powered the industrial revolution and raised living standards.
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Fossil fuels still provide most of the world’s energy (Fig. 27a) and
produce most CO, emissions (Fig. 27b). Much of the world is still
in early or middle stages of economic development. Energy is
needed and fossil fuels are a convenient, affordable source of en-
ergy. One gallon (3.8 1) of gasoline (petrol) provides the work
equivalent of more than 400 h labor by a healthy adult. These
benefits are the basic reason for continued high emissions. The
Covid pandemic dented emissions in 2020, but 2022 global emis-
sions were a record high level. Fossil fuel emissions from mature
economies are beginning to fall due to increasing energy effi-
ciency, introduction of carbon-free energies, and export of
manufacturing from mature economies to emerging economies.
However, at least so far, those reductions have been more than
offset by increasing emissions in developing nations (Fig. 28).

The potential for rising CO, to be a serious threat to humanity
was the reason for the 1979 Charney report, which confirmed
that climate was likely sensitive to expected CO, levels in the
21st century. In the 1980s it emerged that high climate sensitivity
implied a long delay between changing atmospheric composition
and the full climate response. Ice core data revealed the impor-
tance of amplifying climate feedbacks. A climate characterized
by delayed response and amplifying feedbacks is especially dan-
gerous because the public and policymakers are unlikely to make
fundamental changes in world energy systems until they see visi-
ble evidence of the threat. Thus, it is incumbent on scientists to
make this situation clear to the public as soon as possible. That
task is complicated by the phenomenon of scientific reticence.

(b) Global CO, Emissions
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Figure 27. Global energy consumption and CO, emissions (Hefner at al. [177] and Energy Institute [178]).
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Figure 28. Fossil fuel CO, emissions from mature and emerging economies. China is counted as an emerging economy. Data sources as in Fig. 27.
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The Atlantic meridional overturning circulation (AMOC) is a major tipping
element in the climate system and a future collapse would have severe impacts
on the climate in the North Atlantic region. In recent years weakening in cir-
culation has been reported, but assessments by the Intergovernmental Panel
on Climate Change (IPCC), based on the Climate Model Intercomparison
Project (CMIP) model simulations suggest that a full collapse is unlikely within
the 21st century. Tipping to an undesired state in the climate is, however, a
growing concern with increasing greenhouse gas concentrations. Predictions
based on observations rely on detecting early-warning signals, primarily an
increase in variance (loss of resilience) and increased autocorrelation (critical
slowing down), which have recently been reported for the AMOC. Here we
provide statistical significance and data-driven estimators for the time of tip-
ping. We estimate a collapse of the AMOC to occur around mid-century under

the current scenario of future emissions.

A forthcoming collapse of the Atlantic meridional overturning circu-
lation (AMOC) is a major concern as it is one of the most important
tipping elements in Earth’s climate system'™. In recent years, model
studies and paleoclimatic reconstructions indicate that the strongest
abrupt climate fluctuations, the Dansgaard-Oeschger events®, are
connected to the bimodal nature of the AMOC>°. Numerous climate
model studies show a hysteresis behavior, where changing a control
parameter, typically the freshwater input into the Northern Atlantic,
makes the AMOC bifurcate through a set of co-dimension one saddle-
node bifurcations’’. State-of-the-art Earth-system models can repro-
duce such a scenario, but the inter-model spread is large and the cri-
tical threshold is poorly constrained®". Based on the CMIP5
generation of models, the AR6 IPCC report quotes a collapse in the 21st
century to be very unlikely (medium confidence)”. Among CMIP6
models, there is a larger spread in the AMOC response to warming
scenarios, thus an increased uncertainty in the assessment of a future
collapse®. There are, however, model biases toward overestimated
stability of the AMOC, both from tuning to the historic climate
record”, poor representation of the deep water formation®, salinity
and glacial runoff*®,

When complex systems, such as the overturning circulation,
undergo critical transitions by changing a control parameter A through

a critical value A, a structural change in the dynamics happens. The
previously statistically stable state ceases to exist and the system
moves to a different statistically stable state. The system undergoes a
bifurcation, which for A sufficiently close to A, can happen in a limited
number of ways rather independent from the details in the governing
dynamics”. Besides a decline of the AMOC before the critical transi-
tion, there are early-warning signals (EWSs), statistical quantities,
which also change before the tipping happens. These are critical
slowing down (increased autocorrelation) and, from the Fluctuation-
Dissipation Theorem, increased variance in the signal'®*°. The latter is
also termed “loss of resilience”, especially in the context of ecological
collapse”. The two EWSs are statistical equilibrium concepts. Thus,
using them as actual predictors of a forthcoming transition relies on
the assumption of quasi-stationary dynamics.

The AMOC has only been monitored continuously since 2004
through combined measurements from moored instruments, induced
electrical currents in submarine cables and satellite surface
measurements®. Over the period 2004-2012, a decline in the AMOC
has been observed, but longer records are necessary to assess the
significance. For that, careful fingerprinting techniques have been
applied to longer records of sea surface temperature (SST), which,
backed by a survey of a large ensemble of climate model simulations,
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have found the SST in the Subpolar gyre (SG) region of the North
Atlantic (area marked with a black contour in Fig. 1a) to contain an
optimal fingerprint of the strength of the AMOC*™%,

Figure 1b shows the SG and the GM SSTs obtained from the Hadley
Centre Sea Ice and Sea Surface Temperature data set (HadISST)*.
Figure 1c shows the SG anomaly, and Fig. 1d shows the GM anomaly
with a clear global warming trend in the last half of the record. The
AMOC fingerprint for the period 1870-2020 is shown in Fig. 1e. This is
the basis for the analysis. It has been reported™” that this and similar
AMOC indices show significant trends in the mean, the variance and
the autocorrelation, indicating early warning of a shutdown of the
AMOC. However, a trend in the EWSs within a limited period of
observation could be a random fluctuation within steady-state statis-
tics. Thus, for a robust assessment of the shutdown, it is necessary to
establish a statistical confidence level for the change above the natural
fluctuations. This is not easily done given only one, the observed rea-
lization of the approach to the transition. Here we establish such a
measure of the confidence for the variance and autocorrelation and
demonstrate that variance is the more reliable of the two. A further
contribution is an estimator of not only whether a transition is
approaching but also the time when the critical transition is expected
to occur. The strategy is to infer the evolution of the AMOC solely on
observed changes in mean, variance and autocorrelation. The typical
choice of control parameter is the flux of freshwater into the North
Atlantic. River runoff, Greenland ice melt and export from the Arctic
Ocean are not well constrained”; thus, we do not assume the control
parameter known. Boers” assumes the global mean temperature T to
represent the control parameter. Although T has increased since ~1920
(Fig. 1d), the increase is not quite linear with time. All we assume here is
that the AMOC is in an equilibrium state prior to a change toward the
transition. The simplest uninformed assumption is that the change is
sufficiently slow and that the control parameter approaches the
(unknown) critical value linearly with time. This assumption is con-
firmed by a close fit of the estimated model to the observed AMOC
fingerprint. Although we make no explicit assumptions, the primary
driver of climate change, the logarithm of the atmospheric CO, con-
centration, does, in fact, increase close to linearly with time in the
industrial period®”. Our results are robust without making specific
assumptions regarding the driver of the AMOC.

In this work, we show that a transition of the AMOC is most likely
to occur around 2025-2095 (95% confidence interval).

Results

Modeling and detecting the critical transition

Denote the observed AMOC fingerprint by x(¢) (Fig. 1e). We model it by
a stochastic process X;, which, depending on a control parameter A< 0,
is at risk of undergoing a critical transition through a saddle-node
bifurcation for 1=1.=0. The system is initially in a statistically stable
state, i.e., it follows some stationary distribution with constant A= A1,.
We are uninformed about the dynamics governing the evolution of X;
but can assume effective dynamics, which, with A sufficiently close to
the critical value A.= 0, can be described by the stochastic differential
equation (SDE):

dX,= — (AX, — m)*+Adt +odB, @

where m=pu — +/|A|/A and u is the stable fixed point of the drift, A is a
time scale parameter, B, is a Brownian motion and ¢® scales the var-
iance. Disregarding the noise, this is the normal form of the co-
dimension one saddle-node bifurcation” (see “Methods”). The square-
root dependence of the stable state: y—m~ /A, —A is the main
signature of a saddle-node bifurcation. It is observed for the AMOC
shutdown in ocean-only models as well as in coupled models, see
Fig. 2, in strong support of Eq. (1) for the AMOC.

At time ¢, A(¢) begins to change linearly toward A, =A(¢.) = 0:
A6y =21 — Oft — £,](¢ — to)/T)), 2

where O[¢] is the Heaviside function and 7,=¢. -ty >0 is the ramping
time up to time ¢, where the transition eventually will occur. Time ¢, is
denoted the tipping time; however, an actual tipping can happen earlier
than ¢, due to a noise-induced tipping. As the transition is approached,
the risk of noise-induced tipping (n-tipping) prior to . is increasing and,
at some point, making the EWSs irrelevant for predicting the tipping.
The probability for n-tipping can, in the small noise limit, be calculated
in closed form, P(t,A)=1— exp(—t/7,(A)), with mean waiting time
7,(0)=(@/\/|1A]) exp(8IA1>/ /302) (see “Methods”).

The mean and variance are calculated from the observations as
the control parameter A(¢) is possibly changing. These EWSs are
inherently equilibrium concepts and statistical; thus, a time window,
T, of a certain size is required for a reliable estimate. As the tran-
sition is approached, the differences between the EWSs and the pre-
ramping values of the variance and autocorrelation (baseline)
increase; thus, a shorter window T, is required for detecting a dif-
ference. Conversely, close to the transition critical slowing down
decreases the number of independent points within a window, thus
calling for a larger window for reliable detection. Within a short
enough window, [t-T,/2,t+ T,/2], we may assume A(t) to be con-
stant and the noise small enough so that the process (1) for given A is
well approximated by a linear SDE, the Ornstein-Uhlenbeck
process®. A Taylor expansion around the fixed point u(A) yields the
approximation

X~ — a)X, — p(h)dt +odB, 3

where u(l)=m+/|A|/A and a(d)=2+/A|A| is the inverse correlation
time. For fixed A, the process is stationary, with mean g, variance
Y*=0%2a and one-lag autocorrelation p= exp(—aAt) with step size
At=1 month. As A(¢) increases, a decreases, and thus variance and
autocorrelation increase. From g, y* and p the parameters of Eq. (1) are
determined: = —logp/At, 0°=2ay®, A=af2u-m) and
A=(02/4y?)’ /A. Closed form estimators for p,* and p are obtained
from the observed time series within a running window by maximum
likelihood estimation (MLE) (Supplementary text S1, see also ref. 31).

The uncertainty is expressed through the variances of the esti-
mators j* and p obtained from the observations within a time window
T.. The hats indicate that they are estimators and thus stochastic
variables with variances around the true values. Detection of an EWS at
some chosen confidence level g (such as 95 or 99%) requires one of the
estimates f/z or p for a given window to be statistically different from
the baseline values i/é or p,, which depend on the window size as well
as how different the EWSs are from their baseline values.

Time scales in early-warning signals

The detection of a forthcoming transition using statistical measures
involves several time scales. The primary internal time scale is the
autocorrelation time, ¢,, in the steady state. The ramping time 7, over
which the control parameter changes from the steady state value to
the critical value sets an external time scale. For given a(1) and g-
percentile, the required time window 7,(g, a) to detect a change from
baseline in EWSs at the given confidence level g is given in the closed
form in the next section (Eq. (7) for variance and Eq. (8) for auto-
correlation). The approach to the collapse and the involved time scales
are schematically summarized in Fig. 3, while they are calculated in
Fig. 4a, where the required window size T, at the 95% confidence level
is plotted as a function of A for the variance (red curve) and auto-
correlation (yellow curve). These are plotted together with the mean
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colored circles show the present-day conditions for the different models. Adapted
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waiting time for n-tipping, t..s (blue curve). With 7,=50 years,
increased variance can only be detected after the time when A(¢) = -1.2
(crossing of red and red-dashed curves). At that time, a window of
approximately 75 years is required to detect an increase in auto-
correlation, making variance the better EWS of the two. WhenA=-0.4,
the mean waiting time for n-tipping is smaller than the data window
size. Thus, the increased variance can be used as a reliable EWS in the
range -1.2 <A(t) <-0.4, indicated by the green band. How timely an
early warning this is depends on the speed at which A(¢) is changing
from Ag to A, i.e., the ramping time 7,. A set of 1000 realizations has
been simulated with Ao = -2.82 and 1, =140 years, indicated by the time
labels on top of Fig. 4a. Ten of these realizations are shown in Fig. 4b on
top of the stable and unstable branches of fixed points of model (1)
(the bifurcation diagram). Figure 4c (d) shows the variance (auto-
correlation) calculated from the realizations within a running 50-year
window (shown in Fig. 4c). The solid black line is the baseline value for
A=A, while the solid blue line is the increasing value for A=A(¢). The
calculated 95% confidence level for the measurement of the EWS
within the running window is shown by the dashed black and blue
lines, respectively. The corresponding light blue curves are obtained
numerically from the 1000 realizations. The green band in Fig. 4c
corresponds to the green band in Fig. 4a and shows where early
warning is possible in this case.

Statistics of early-warning signals
The variances of the estimators are approximately (see Supplementary
text S1).

2
202" _ ,
aT,  20°T,’

4 2
g Var(p) = 20;_At , 4)

w

Var(y®) =

where T, = nAt is the observation window.

The question is then how large T, needs to be to detect a statis-
tically significant increase compared to the estimated baseline values
i/?, and p,. For a given estimate i, the estimated difference from the

baseline variance is

Ay =P — V5= Vol /& — 1), ®)

and the estimated difference from the baseline autocorrelation is
B, =D — Po=Po(€ ™% — 1) = po(ao — Q)AL. (6)

Since the two EWSs, 7 and p, are treated on an equal footing, in the
following, we let ¢ denote either of the estimators (given explicitly in
Supplementary text S1, Eqs. (S5) or (S6)). The standard error is
s@)=Var(@)"” (Eq. (4)) and A denotes either of the two estimated
differences (5) or (6). The null hypothesis is that A = Ag, or equivalently
o = . The null distribution of ¢ is assumed to be Gaussian (confirmed
by simulations). A quantile g from the standard Gaussian distribution
expresses the acceptable uncertainty in measuring the statistical
quantity . We thus get that A <gs(¢) at the g-confidence level (95%,
99% or similar) under the null hypothesis. To detect an EWS at the g-
confidence level based on measuring ¢ at time ¢, we require that
A(t) > q(s(@(t)) + s(ihy)), which, solved for T, gives for variance:

Tw>2q2 (a(t)/\/%“io/ V [X(t)>2’ (7)

ag — a(t)
and for autocorrelation,

- - 2
Tw>2q2 <\/(TO+ V a(t)> i)(—)Z (8)

&y — a(0)

Substituting ay =2+/A|A,| and a(t)=2+/A|A(t)| provides the time win-
dow T, needed to detect an EWS at time ¢ with large probability. Egs.
(7) and (8) are illustrated in Fig. 4a (red and yellow curves), where it is
seen that detecting a significant increase in variance requires a shorter
data window than detecting a significant increase in autocorrelation.
Two times s(g(t)) around the mean of the ramped variance and two
times s(i,) around baseline values are illustrated in Fig. 4c, d (dashed
lines). Once a trace leaves the baseline confidence interval, a statisti-
cally significant change is detected, and when the two dashed lines
cross, 95% of the traces have detected an EWS (Egs. (7) and (8)).

Predicting a forthcoming collapse of the AMOC

The AMOC fingerprint shown in Fig. 1e (replotted in Fig. 5a) shows an
increased variance, )%, and autocorrelation, p, plotted in Fig. 5b, ¢ as
functions of the mid-point of a 50-year running window, i.e., the EWS
obtained in 2020 is assigned to the year 1995. The estimates leave the
confidence band of the baseline values (pink area) around the year
1970. This is not the estimate of ¢y, which happened earlier and is still
to be estimated; it is the year where EWSs are statistically different
from baseline values. The estimates after 1970 stay consistently above
the upper limit of the confidence interval and show an increasing
trend, and we thus conclude that the system is moving toward the
tipping point with high probability.

To estimate the tipping time once it has been established that the
variance and autocorrelation are increasing, we use two independent
methods to check the robustness of our results: (1) Moment-based
estimator that uses the variance and autocorrelation estimates within
the running windows. (2) Approximate MLE directly on model (1)-(2)
with no running window. The advantage of the first method is that it
has less model assumptions; however, it is sensitive to the choice of
window size. The advantage of the second method is that it uses the
information in the data more efficiently given model (1)-(2) is
approximately correct, it has no need for a running window and does
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Fig. 3 | Illustration of the transition and the time scales involved. a Bifurcation
diagram, the blue curve is the stable state (mean), #, and the dashed red curve is the
unstable branch representing the edge state, x,, both as functions of the control
parameter A. At A. the system has a saddle-node bifurcation. b Linear ramping (Eq.
(2)), where the system resides in a stationary state with A=A, until time ¢, from
where A increases linearly with time and reach the critical value A. at time ¢..

¢ Effective dynamics (Eq. (1)) for A=A, indicated by the potential U(x) = A(x-m)®/
3+ Ax (yellow) along the same color dashed line in (a). The red parabola is the
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quadratic potential corresponding to the approximating linear
Ornstein-Uhlenbeck (OU) process (Eq. (3)). The curve in gray is a realization of the
OU process. The vertical short red bar shows the autocorrelation time, ¢, for the
process. The long vertical red bar symbolizes the time window, T,, for calculating
the early-warning signals (EWS). d As (c) for A, close to A (purple dashed line in (a)).
It can be seen directly that the gray realization has an increased autocorrelation and
increased variance compared to the situation in (c).

not assume stationarity after time ¢,. In general, MLE is statistically the
preferred method of choice, giving the most accurate results with the
lowest estimation variance.

The first method, the moment estimator of the tipping time
obtains, within the running window, the parameters a(¢) (Fig. 5d) and
o (Fig. 5e) of the linearized dynamics, Eq. (3), and thus also (). Within
the running window, the data are detrended before estimation by
subtracting a linear regression fit in order not to falsely inflate the
variance estimates caused by deviations from stationarity. Then we
obtain AA(f) from ¢® and yX(t) (Fig. 5f) using that AA(t) = (0> /4y2(t))2.
This is consistent with a linear ramping of A() beginning from a con-
stant level Ag at a time to. By sweeping to from 1910 to 1950 and T, from
4510 65 years, we obtain A1y and 7, from the least square error fit to the
data. This shows a single minimum at ¢,=1924 and T, =55 years
(Fig. 6e). Setting to = 1924, we obtain ¢, from a linear fit (regressing A on
t) from the crossing of the x-axis (A.=0). This is shown in Fig. 5f (red
line). This yields -AAo = 2.34 year and 7, =133 years. Thus, the tipping
time is estimated to be in the year 2057, shown in Fig. 5f. Since we have
only obtained the combined quantity A= (0> /4y2)2, we still need to
determine A and m in Eq. (1). We do that from the best linear fit to the
mean level u=m+./|A|/A observing that pu=m+/AA(1/A)=m+
(02 /4y*)(1/A). The estimates are shown by the red curves in Fig. 5af.
The red dot in Fig. 5a is the tipping point, and the dashed line in Fig. 5b

is the asymptote for the variance. With the parameter values com-
pletely determined, the confidence levels are calculated: The two-
standard error levels around the baseline values of the EWS are shown
by purple bands in Fig. 5b, c. Thus, both EWSs show increases beyond
the two-standard error level from 1970 and onward.

The second method, the approximate MLE of the tipping time, is
applied to model (1)-(2). The likelihood function is the product of
transition densities between consecutive observations. However, the
likelihood is not explicitly known for this model, and we therefore
approximate the transition densities. From the data before time t,,
approximation (3) is used, where exact MLEs are available (Supple-
mentary text S1). This provides estimates of the parameters Ap, m as a
function of parameter A, as well as the variance parameter ¢°. To
estimate A and 7,, the observations after time ¢y are used. After time ¢,
the linear approximation (3) is no longer valid because the dynamics
are approaching the bifurcation point, and the non-linear dynamics
will be increasingly dominating. The likelihood function is the product
of transition densities, which we approximate with a numerical
scheme, the Strang splitting, which has shown to have desirable sta-
tistical properties for highly non-linear models, where other schemes,
such as the Euler-Maruyama approximation is too inaccurate® (Sup-
plementary text S2). Using to =1924, the optimal fit is the same as the
moment method, ¢, = 2057, with a 95% confidence interval 2025-2095.

Nature Communications | (2023)14:4254



Article

https://doi.org/10.1038/s41467-023-39810-w

Time before ¢, (years)
70 60 50 40 30 20 10 0

100 T T T T T T T
= Mean n-tipping time A
90 L | =——— T, (var)
T, (ac)
80 +
70

60

50

40

Time scales (years)

30 +
)
B
wn
20+ &
S|
=
wpF| < N
Early warning possible
0 y 1
-14 -12 -1 -08 -0.6 -04 -0.2 0

Control parameter, \

2 : : : : : :
s 1] b
g
Z 0f ]
fas} -
S -
I - 1
> ——
~ of |

-3 . . s . . . .

Variance

0.9

0.8 =

Autocorrelation

0.7 ===

140 120

100 80 60 40 20 0
Time before ¢, (years)

Fig. 4 | Time scales. a Time scales involved in the critical transition ramping the control parameter A from Ay =—-2.7 to A = 0, with a ramping time 7, =133 years and ¢*=0.3.
These parameters are obtained as best estimates from the Hadley Centre Sea Ice and Sea Surface Temperature data set (HadISST). The time remaining before ¢ is shown on
top of the plot. The red and orange curves show the time window, T, needed in order to detect the increase in variance (red) and autocorrelation (orange) above the pre-
ramping values at the 95% confidence level. Close to the bifurcation point, the (quasi-)stationarity approximation becomes less valid, which is indicated by the dashed part
of the two curves. It is seen that detecting a significant increase in autocorrelation requires a longer data window than detecting a significant increase in variance. With
T =50 years (red dot-dashed line), an increase in variance can only be detected at the 95% confidence level after the red curve is below the 50-year level. The blue curve
shows the mean waiting time for a noise-induced transition; when this becomes shorter than the 50-year level, the early-warning signal (EWS) is no longer relevant due to
n-tipping occurring before t.. Thus the range of time where an EWS can be applied is indicated by the green band (limited by the crossings of the red and blue curves with
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fixed point of the model. c Increased variance as EWS: Black line is the pre-ramping steady state value, while the dashed lines are the two-standard error uncertainty range
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realizations. d Same as (c) but for the autocorrelation, where now the green band is narrower, corresponding to T,,(ac) being smaller than the window size.

Confidence intervals for the estimate of the tipping time are
obtained by bootstrap. The likelihood approach provides
asymptotic confidence intervals; however, these assume that the
likelihood is the true likelihood. To incorporate also the uncer-
tainty due to the data generating mechanism (1) not being equal
to the Ornstein-Uhlenbeck process (3) used in the likelihood, we
chose to construct parametric bootstrap confidence intervals.
This was obtained by simulating 1000 trajectories from the ori-
ginal model with the estimated parameters and repeating the
estimation procedure on each data set. Empirical confidence
intervals were then extracted from the 1000 parameter esti-
mates. These were indeed larger than the asymptotic confidence
intervals provided by the likelihood approach, however, not by
much. Histograms of the bootstrapped estimates are shown in
Fig. 6a-d. The histogram in Fig. 6ais the tipping year, repeated in
yellow in 5f.

The mean of the bootstrapped estimates of the tipping time is

{t.> =2050, and the 95% confidence interval is 2025-2095. The small

discrepancy in the mean is probably due to the approximate model
used for estimation being different from the data-generating model
(1), confirming that the linear model still provides valid estimates even
if the true dynamics are unknown. To test the goodness-of-fit, normal
residuals (see “Methods”) were calculated for the data. These are
plotted in Fig. 6f as a quantile-quantile plot. If the model is correct, the
points fall close to a straight line. The model is seen to fit the data well,
further supporting the obtained estimates.

Discussion

We have provided a robust statistical analysis to quantify the
uncertainty in observed EWSs for a forthcoming critical transition.
The confidence depends on how rapidly the system is approaching
the tipping point. With this, the significance of the observed EWSs for
the AMOC has been established. This is a stronger result than just
observing a significant trend in the EWS by, say, Kendall’s  test”*,
Here we calculate when the EWS are significantly above the natural
variations. Furthermore, we have provided a method to not only
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t.. The yellow histogram is the probability density for ¢, obtained by maximum
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determine whether a critical transition will happen but also an esti-
mate of when it will happen. We predict with high confidence the
tipping to happen as soon as mid-century (2025-2095 is a 95% con-
fidence range). These results are under the assumption that the
model is approximately correct, and we, of course, cannot rule out

that other mechanisms are at play, and thus, the uncertainty is larger.
However, we have reduced the analysis to have as few and sound
assumptions as possible, and given the importance of the AMOC for
the climate system, we ought not to ignore such clear indicators of an
imminent collapse.
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a-d Probability densities for ¢, 1o, m and -A x m. Red crosses are the values
obtained from the Atlantic meridional overturning circulation (AMOC) fingerprint
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is 2057, and the 95% confidence interval is 2025-2095. e Mean square error in fitting
the ramping as a function of window size T, and time of initiating ramping, to. A
unique minimum is found for T,, = 55 years and ¢, =1924. f Quantile-quantile-plot of
residuals from the model, if points fall close to a straight line (black line), the model
fits the data well.

The hysteresis simulations gathered in the model
intercomparison® are equilibrium runs, for which a prediction of a
future collapse does obviously not apply. Likewise, for the simulations
specified in the CMIP6 experiment. It could though be relevant to
evaluate our method on state-of-the-art climate model simulations
with linearly ramped external forcing and different ramping speeds in
order to obtain the model-specific confidence in early prediction of the
collapse judged solely from the EWSs.

Though we have established firm statistical methods to eval-
uate the confidence in the observed EWS, we can at present not rule
out the possibility that a collapse will only be partial and not lead to
a full collapse of the AMOC as suggested by some models: Note in
Fig. 2, the “MPM” in the top panel and the “MOM hor” in the bottom
panel both seem to show only partial tipping prior to the tipping to
the complete shutdown of the AMOC. This result is also found in a
more recent ocean model®. Furthermore, a high speed of ramping,
i.e., a high speed at which the critical value of the control parameter
is approached, could also increase the probability of tipping®. This
scenario is the case of rate-induced tipping®. Even with these
reservations, this is indeed a worrisome result, which should call
for fast and effective measures to reduce global greenhouse gas
emissions in order to avoid the steady change of the control
parameter toward the collapse of the AMOC (i.e., reduce tem-
perature increase and freshwater input through ice melting into the
North Atlantic region). As a collapse of the AMOC has strong
societal implications®, it is important to monitor the flow and EWS
from direct measurements®*.

Methods

To obtain the AMOC fingerprint, two steps are required: The seasonal
cycle in the SST is governed by the surface radiation independent from
the circulation and thus removed by considering the monthly anoma-
lies, where the mean over the period of recording of the month is
removed. Second, there is an ongoing positive linear trend in the SST
related to global warming, which is also not related to circulation. This is
compensated for by subtracting 2 x the global mean (GM) SST anomaly
(small seasonal cycle removed). This differs slightly from ref. 23, where
1xthe GM SST was subtracted. The “translation” from the proxy SST
temperature and AMOC flow is 0.26 SV/K [ref. 23, Fig. 3]. Here we have
taken into account that the warming is not globally homogeneous: The
warming in the SG region is larger than the global mean due to polar
amplification. The way we have estimated this effect is by comparing
the proxy with the AMOC estimates covering the period 1957-2004
from the so-called MOC, reported in the review by ref. 42. This shows a
drop of 3 SV in that period. Minimizing the difference between the
proxy SSTsg-B SSTp and this more direct measurement with respect to
B, we get f=1.95 =2 rather than =1 used by ref. 23. The factor 2 is thus
the optimal value for the polar amplification*’ obtained by calibrating to
recent direct measurements*’. The original and our calibrated proxies
are shown in Fig. 7.

To check the robustness with respect to the AMOC fingerprint
record, we repeated the analysis, subtracting 1x and 3x GM SST from
the SG SST. Subtracting 3x GM SST only changes estimate and the
confidence intervals by a few years, whereas subtracting 1x GM SST
delays the tipping with 25 years, but the overall trend and conclusions
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the analysis by subtracting 1x (purple) and 3x SST¢y, (green) and compared with the
optimal 2x SSTgy, subtracted (blue). The corresponding estimates for the time of
the collapse are shown in the same colors: The middle vertical line is the maximum
likelihood estimate of the tipping time, the box represents the 66.6% confidence
interval (Intergovernmental Panel on Climate Change (IPCC) definition of “likely”),
while the horizontal line represents the 99% confidence intervals.

do not change. The results are given in Table 1. In the reanalysis, we
fixed to=1924.

Estimator of the tipping time and model control
The AMOC fingerprint is assumed to be observations from a
process X, given as a solution to Egs. (1) and (2), and we wish to
estimate the parameters 0=(A,m, Ao, 7,,0) from observations
(X0, X1, ..., Xp) before time ¢, and observations (yo, s, ..., Vn) after
time ¢,. These equations cannot be explicitly solved, and the
exact distribution of X, is not explicitly known. A standard way to
solve this is to approximate the transition density by a Gaussian
distribution obtained by the Euler-Maruyama scheme. However,
the estimators obtained from the Euler-Maruyama pseudo-
likelihood are known to be biased, especially in non-linear
models®. We estimate by a two-step procedure, approximating
the stationary distribution before time ¢, by an
Ornstein-Uhlenbeck process, of which exact maximum likelihood
estimators are available (see Supplementary text S1), and using
Strang splitting for the non-stationary and non-linear part after
time to, using methods proposed in ref. 32, see Supplementary
text S2 for details.

To test the model fit, uniform residuals, u; i=1,...,n were
calculated for the AMOC data using the estimated parameters
from the MLE method as follows. The model assumes that

Table 1| Estimates and confidence intervals for the tipping
year using three proxies of the Atlantic meridional over-
turning circulation (AMOC), where the sea surface tempera-
ture (SST) is subtracted either 1, 2 or 3 times the global SST

observation x; follows some distribution function Fig for the
estimated parameter values 6. If this is true, then u; F; p(Xp) is
uniformly distributed on (0, 1). Transforming these resnduals back
to a standard normal distribution provides standard normally
distributed residuals if the model is true. Thus, a normal quantile-
quantile plot reveals the model fit. The points should fall close to
a straight line. The reason for making the detour around the
uniform residuals is twofold. First, since the data is not stationary,
each observation follows its own distribution, and residuals can-
not be directly combined. Second, since the model is stochastic,
standard residuals are not well-defined, and observations should
be evaluated according to their entire distribution, not only the
distance to the mean.

Noise-induced tipping
The drift term in Eq. (1) is the negative gradient of a potential,
SO, D) =-0,V(x, ) =— (Alx-m)*+ ) with V(x,A)=A(x-m)*/3+(x—
m)A. For 1< 0, the drift has two fixed points, m+ /|A|/A. The point
+/|A]/A is a local minimum of the potential V(x, A) and is stable,
whereas m — /|A|/A is a local maximum and unstable. The system
thus has two basins of attraction separated by m — /|A|/A, with a
drift toward either m+./|1|/A or -~ dependent on whether
X>m —+/|A|/A or X,<m — /|A|/A. We denote the two basins of
attraction, the normal and the tipped state, respectively. When
A=0, the normal state disappears, and the system undergoes a
bifurcation and X, will be drawn toward —ee.

Due to the noise, the process can escape into the tipped state
by crossing over the potential barrier AQ)=V(m — +/|1|/A, ) —
V(m+\/|AI/A,A)=4A1/? /3AY2, Assume X; to be close to m+/|A|/A
at some time ¢, i.e., in the normal state. The escape time will

Estimate 95% ClI 66% ClI asymptotically (for o~ 0) follow an exponential distribution such
SSTse-1 SSTam 2083 2024-2180 2062-2128 that
SSTsg-2 SSTem 2057 2025-2095 2039-2070
SSTs6-3 SSTam 2067 2034-2102 2048-2083
P(tN)=1— exp(~t/T,(N) )
Calibration with the MOC, AMOC proxy, the optimal is SSTsg-2 SSTgw, see Fig. 7.
Nature Communications | (2023)14:4254 9



Article

https://doi.org/10.1038/s41467-023-39810-w

where P(¢, A) is the probability of observing an escape time shorter than

tfor a given value of A. The mean noise-induced escape time 7,,(A) is***:
21 exp(2A(A)/0?)

VY m+ JATAIY (m — /ATAN)

=(1//AIA]) exp(8|A1*/2 /3AY2?).

T, =

10)

Assume that the rate of change of A(¢) follows Eq. (2), then for
7, < Tp(A), the waiting time for a random crossing is so long that a
crossing will not happen before a bifurcation-induced transition hap-
pens (b-tipping). If 7,>7,(1), a noise-induced tipping is expected
before the bifurcation point is reached. Since 7,(1) decreases with
increasing A, at some point, the two time scales will end up matching.

Normal form of the saddle-node bifurcation
Consider the general dynamical equation

dx _
T f(x,A), 1

where x is a variable and A is a (fixed) parameter. A point xo with
fixo, A) = 0is a fixed point or steady state. A fixed point is stable/unstable
if 0,f (x,A),-, is negative/positive; thus, the fixed point is attracting/
repelling. If f(x, A) is not a linear function of x, multiple steady states may
exist. A saddle-node bifurcation occurs when changing the control
parameter A through a critical value A. a stable and an unstable fixed
point merge and disappear. The situation is shown in the figure, where
the blue surface is f{x, 1), while the gray (null-) plane is fix, 1) = 0. For a
constant value of A, the dynamics is determined by the black curve. The
fixed points are determined by the intersection with the null plane
(green); the point in the front is the stable fixed point, while the further
point is the unstable fixed point. When changing A toward A. = O, the two
fixed points merge at the saddle-node bifurcation (m,A.) (green). The
normal form of the saddle node is obtained by expanding f(x, 1) to the
lowest order around the point (m,A;), noting that fim,A)=0,
Ouf (XA py=may = 0 and 8y (X, M)y 1) = m ) <O (see Fig. 8):

1
FO = 500f 06 D py=m 10 % O = M 40406, Vi, )= ma
xA=A)=—Ax-—m? -2,

12)

where A= — 10, f (¢, Dty ma) aNd A= = Of 06 )= (ma) X (A = Ao
This is the normal form for the saddle-node bifurcation. Thus, close to
the bifurcation point, the stable steady state is

Xo=m+1/ —A/A.

In order to see that this is indeed the case for the AMOC transition
also in comprehensive climate models, Fig. 2 is adapted from the
model intercomparison study*. The steady state curves obtained are
from simulations, with a very slowly changing control parameter
(freshwater forcing). The top panel shows ocean-only models, while
the bottom panel shows atmosphere-ocean models. The curves are,
even away from the transition, surprisingly well fitted by Eq. (13). Note
that for some models, the transition happens before the critical point,
as should be expected from noise-induced transitions. Note also that
the data has been smoothed such that increasing variance close to the
transition is not visible. This observation strongly supports the
assumption of a saddle-node bifurcation, while it also shows that
(m, 1) (black dots) are quite different between models, thus calling for
reliable determination from observations.

13)

5<
’;\ 0+ (m,)‘o/),___.[-———"'“/
=
Of =0
Nf<0 f
A< A
A=A
-5
s
5 2 0
T A

Fig. 8 | Saddle-node bifurcation. The function f{x, 1) near a saddle point where a
stable and an unstable fixed point merge at a saddle-node bifurcation. For 1< A,
there are two fixed points (green) where the black curve passes through the null
plane, f=0 (gray). The point in front is the stable fixed point, while the point in the
back is the unstable fixed point. The red curve of fixed points is the bifurcation
curve, with the stable branch in front and unstable branch in the back. The purple
curve is fix, A;) which touches the null plane at one point (xo, A.). At this point, it is
seen that d,f=0 and 9,f< 0, indicated by the dark green tangents to the surface.

Data availability
Data can be found in the following repository: https://doi.org/10.
17894/ucph.b8f99b67-d4e6-4a2e-b518-00bddeed323b.

Code availability

Computer code (Matlab and R) can be found in the following repository:
https://doi.org/10.17894/ucph.b8f99b67-d4e6-4a2e-b518-00bddee
d323b.

References

1. Manabe, S. & Stouffer, R. J. Two stable equilibria of a coupled
ocean-atmosphere model. J. Clim. 1, 841-866 (1988).

2. Rahmstorf, S. Bifurcations of the Atlantic thermohaline circulation
in response to changes in the hydrological cycle. Nature 378,
145-149 (1995).

3. Lenton, T. M. et al. Tipping elements in the Earth’s climate system.
Proc. Natl Acad. Sci. USA 105, 1786-1793 (2008).

4. Dansgaard, W. et al. Evidence for general instability of past climate
from a 250-kyr ice-core record. Nature 364, 218-220 (1993).

5. \Vettoretti, G., Ditlevsen, P., Jochum, M. & Rasmussen, S. O. Atmo-
spheric CO, control of spontaneous millennial-scale ice age cli-
mate oscillations. Nat. Geosci. 15, 300-306 (2022).

6. Ganopolski, A. & Rahmstorf, S. Rapid changes of glacial cli-
mate simulated in a coupled climate model. Nature 409,
153-158 (2001).

7. Wood, R. A., Rodriguez, J. M., Smith, R. S., Jackson, L. C. & Hawkins,
E. Observable low-order dynamical controls on thresholds of the
Atlantic meridional overturning circulation. Clim. Dyn. 53,
6815-6834 (2019).

8. Hawkins, E. et al. Bistability of the Atlantic overturning circulation in
a global climate model and links to ocean freshwater transport.
Geophys. Res. Lett. 38, L10605 (2011).

9. Weijer, W. et al. Stability of the Atlantic meridional overturning
circulation: a review and synthesis. J. Geophys. Res. Oceans 124,
5336-5375 (2019).

10. Mecking, J., Drijfhout, S., Jackson, L. & Andrews, M. The effect of
model bias on Atlantic freshwater transport and implications for
AMOC bi-stability. Tellus A: Dyn. Meteorol. Oceanogr. 69,
1299910 (2017).

Nature Communications | (2023)14:4254

10


https://doi.org/10.17894/ucph.b8f99b67-d4e6-4a2e-b518-00bddeed323b
https://doi.org/10.17894/ucph.b8f99b67-d4e6-4a2e-b518-00bddeed323b
https://doi.org/10.17894/ucph.b8f99b67-d4e6-4a2e-b518-00bddeed323b
https://doi.org/10.17894/ucph.b8f99b67-d4e6-4a2e-b518-00bddeed323b

Article

https://doi.org/10.1038/s41467-023-39810-w

11. Rahmstorf, S. et al. Exceptional twentieth-century slowdown in
Atlantic Ocean overturning circulation. Nat. Clim. Change 5,
475-480 (2015).

12. Masson-Delmotte, V. et al. IPCC, 2021: Climate Change 2021: The
Physical Science Basis. Contribution of Working Group | to the Sixth
Assessment Report of the Intergovernmental Panel on Climate
Change (Cambridge University Press, 2021).

13. Gong, X., Liu, H., Wang, F. & Heuzé, C. Of Atlantic meridional
overturning circulation in the CMIP6 project. Deep Sea Res. Part Ii:
Top. Stud. Oceanogr. 206, 105193 (2022).

14. Hofmann, M. & Rahmstorf, S. On the stability of the Atlantic mer-
idional overturning circulation. Proc. Natl Acad. Sci. USA 106,
20584-20589 (2009).

15. Heuzé, C. North Atlantic deep water formation and AMOC in CMIP5
models. Ocean Sci. 13, 609-622 (2017).

16. Liu, W., Xie, S.-P., Liu, Z. & Zhu, J. Overlooked possibility of a col-
lapsed Atlantic meridional overturning circulation in warming cli-
mate. Sci. Adv. 3, €1601666 (2017).

17. Guckenheimer, J. & Holmes, P. Nonlinear Oscillations, Dynamical
Systems, and Bifurcations of Vector Fields (Springer, 1986).

18. Kubo, R. The fluctuation-dissipation theorem. Rep. Prog. Phys. 29,
255-284 (1966).

19. Ditlevsen, P. D. & Johnsen, S. Tipping points: early warning and
wishful thinking. Geophys. Res. Lett. 37, L19703 (2010).

20. Boulton, C., Allison, L. & Lenton, T. Early warning signals of Atlantic
meridional overturning circulation collapse in a fully coupled cli-
mate model. Nat. Commun. 5, 5752 (2014).

21. Scheffer, M. et al. Early-warning signals for critical transitions.
Nature 461, 53-59 (2009).

22. Smeed, D. A. et al. Observed decline of the Atlantic meridional
overturning circulation 2004-2012. Ocean Sci. 10, 29-38 (2014).

23. Caesar, L., Rahmstorf, S., Robinson, A., Feulner, G. & Saba, V.
Observed fingerprint of a weakening Atlantic ocean overturning
circulation. Nature 552, 191-196 (2018).

24. Jackson, L. C. & Wood, R. A. Fingerprints for early detection of
changes in the AMOC. J. Clim. 33, 7027 - 7044 (2020).

25. Latif, M. Reconstructing, monitoring, and predicting multidecadal-
scale changes in the North Atlantic thermohaline circulation with
sea surface temperature. J. Clim. 17, 1605-1614 (2004).

26. Rayner, N. A. et al. Global analyses of sea surface temperature, sea
ice, and night marine air temperature since the late nineteenth
century. J. Geophys. Res. 108, 4407 (2003).

27. Boers, N. Observation-based early-warning signals for a collapse of
the Atlantic meridional overturning circulation. Nat. Clim. Change
11, 680-688 (2021).

28. Yang, Q. et al. Recent increases in Arctic freshwater flux affects
Labrador Sea convection and Atlantic overturning circulation. Nat.
Commun. 7, 10525 (2016).

29. Keeling, C. D. et al. Atmospheric CO, and ®CO, exchange with the
terrestrial biosphere and oceans from 1978 to 2000: observations
and carbon cycle implications. A History of Atmospheric CO, and Its
Effects on Plants, Animals, and Ecosystems (eds Ehleringer, J. R.
et al.) (Springer, 2005).

30. Hasselmann, K. Stochastic climate models. Tellus 28,

473-485 (1976).

31. Ditlevsen, S., Cencerrado Rubio, A. & Lansky, P. Transient dynamics
of Pearson diffusions facilitates estimation of rate parameters.
Commun. Nonlinear Sci. Numer. Simul. 82, 105034 (2020).

32. Pilipovic, P., Samson, A. & Ditlevsen, S. Parameter estimation in
nonlinear multivariate stochastic differential equations based on
splitting schemes. Preprint at https://arxiv.org/abs/2211.

11884 (2022).

33. Michel, S. L. L. et al. Early warning signal for a tipping point sug-
gested by a millennial Atlantic multidecadal variability recon-
struction. Nat. Commun. 13, 5176 (2022).

34. Rahmstorf, S. et al. Thermohaline circulation hysteresis: a model
intercomparison. Geophys. Res. Lett. 32, L23605 (2005).

35. Lohmann, J., Dijkstra, H. A., Jochum, M., Lucarini, V. & Ditlevsen, P.
D. Multistability and intermediate tipping of the Atlantic Ocean
circulation. Preprint at https://arxiv.org/abs/2304.05664 (2023).

36. Lohmann, J. & Ditlevsen, P. Risk of tipping the overturning circula-
tion due to increasing rates of ice melt. Proc. Natl Acad. Sci. USA
118, 2017989118 (2021).

37. Ashwin, P., Wieczorek, S., Vitolo, R. & Cox, P. Tipping points in open
systems: bifurcation, noise-induced and rate-dependent examples
in the climate system. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci.
370, 1166-1184 (2012).

38. Kemp, L. et al. Climate endgame: exploring catastrophic climate
change scenarios. Proc. Natl Acad. Sci. USA 119, 2108146119 (2022).

39. Baehr, J. et al. Timely detection of changes in the meridional
overturning circulation at 26°N in the Atlantic. J. Clim. 20,
5827-5841 (2007).

40. Sévellec, F., Dijkstra, H. A., Drijffhout, S. S. & Germe, A. Dynamical
attribution of oceanic prediction uncertainty in the North Atlantic:
application to the design of optimal monitoring systems. Clim. Dyn.
51, 1517-1535 (2018).

41. Alexander-Turner, R., Ortega, P. & Robson, J. |. How robust are the
surface temperature fingerprints of the Atlantic overturning mer-
idional circulation on monthly time scales? Geophys. Res. Lett. 45,
3559-3567 (2018).

42. Frajka-Williams, E. et al. Atlantic meridional overturning circulation:
observed transport and variability. Front. Mar. Sci. 6, 260 (2019).

43. Holland, M. & Bitz, C. Polar amplification of climate change in
coupled models. Clim. Dyn. 21, 221-232 (2003).

44. Berglund, N. Kramers' law: validity, derivations and generalisations.
Markov Process. Relat. Fields 19, 459-490 (2013).

45. Freidlin, M. & Wentzell, A. Random perturbations of dynamical
systems. Grundlehren der mathematischen Wissenschaften
(Springer, 1984).

Acknowledgements

This work has received funding under the project Tipping Points in the
Earth System (TiPES) from the European Union’s Horizon 2020 research
and innovation programme under grant agreement no. 820970. This is
TiPES contribution #214. Furthermore, funding was provided by Novo
Nordisk Foundation NNF200C0062958; and European Union’s Horizon
2020 research and innovation program under the Marie Sktodowska-
Curie grant agreement No 956107, “Economic Policy in Complex
Environments (EPOC)".

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39810-w.

Correspondence and requests for materials should be addressed to
Peter Ditlevsen or Susanne Ditlevsen.

Peer review information Nature Communications thanks Chris Boulton
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2023)14:4254


https://arxiv.org/abs/2211.11884
https://arxiv.org/abs/2211.11884
https://arxiv.org/abs/2304.05664
https://doi.org/10.1038/s41467-023-39810-w
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41467-023-39810-w

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:4254

12


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Final Scoping Comments on NMFS EIS for the ITS on SEAK Harvest Mgmt under the PST_Submitted 11-20-23
	Final Scoping Comments on NMFS EIS for the continuation of the SRKW prey increase program_Submitted 9-25-23
	Hansen et al. 2023
	Active Content List
	Background information and structure of paper
	Climate sensitivity (ECS and ESS)
	Climate response time
	Cenozoic era
	Aerosols
	Summary
	Perspective on policy implications
	Acknowledgements
	Authors&#x02019; contributions
	References


	Ditlevsen et Ditlevsen 2023
	Warning of a forthcoming collapse of the Atlantic meridional overturning circulation
	Results
	Modeling and detecting the critical transition
	Time scales in early-warning signals
	Statistics of early-warning signals
	Predicting a forthcoming collapse of the AMOC

	Discussion
	Methods
	Estimator of the tipping time and model control
	Noise-induced tipping
	Normal form of the saddle-node bifurcation

	Data availability
	Code availability
	References
	Acknowledgements
	Competing interests
	Additional information





