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Abstract

Global temperature leaped more than 0.4°C (0.7°F) during the past two years, the 12-month average 

peaking in August 2024 at +1.6°C relative to the temperature at the beginning of last century (the 1880-

1920 average). This temperature jump was spurred by one of the periodic tropical El Niño warming 

events, but many Earth scientists were baffled by the magnitude of the global warming, which was twice 

as large as expected for the weak 2023-2024 El Niño. We find that most of the other half of the warming 

was caused by a restriction on aerosol emissions by ships, which was imposed in 2020 by the International 

Maritime Organization to combat the effect of aerosol pollutants on human health. Aerosols are small 

particles that serve as cloud formation nuclei. Their most important effect is to increase the extent and 

brightness of clouds, which reflect sunlight and have a cooling effect on Earth. When aerosols – and thus 

clouds – are reduced, Earth is darker and absorbs more sunlight, thus enhancing global warming. Ships 

are the main aerosol source in the North Pacific and North Atlantic Oceans. We quantify the aerosol 

effect from the geographical distribution of sunlight reflected by Earth as measured by satellites, with the 

largest expected and observed effects in the North Pacific and North Atlantic Oceans. We find that aerosol 

cooling, and thus climate sensitivity, are understated in the best estimate of the United Nations 

Intergovernmental Panel on Climate Change (IPCC).

Global warming caused by reduced ship aerosols will not go away as tropical climate moves into its cool 

La Niña phase. Therefore, we expect that global temperature will not fall much below +1.5°C level, 

instead oscillating near or above that level for the next few years, which will help confirm our 

interpretation of the sudden global warming. High sea surface temperatures and increasing ocean hotspots 

will continue, with harmful effects on coral reefs and other ocean life. The largest practical effect on 

humans today is increase of the frequency and severity of climate extremes. More powerful tropical 

storms, tornadoes, and thunderstorms, and thus more extreme floods, are driven by high sea surface 

temperature and a warmer atmosphere that holds more water vapor. Higher global temperature also 

increases the intensity of heat waves and – at the times and places of dry weather – high temperature 

increases drought intensity, including “flash droughts” that develop rapidly, even in regions with adequate 

average rainfall.

Polar climate change has the greatest long-term effect on humanity, with impacts accelerated by the jump 

in global temperature. We find that polar ice melt and freshwater injection onto the North Atlantic Ocean 

exceed prior estimates and, because of accelerated global warming, the melt will increase. As a result, 

shutdown of the Atlantic Meridional Overturning Circulation (AMOC) is likely within the next 20-30 

years, unless actions are taken to reduce global warming – in contradiction to conclusions of IPCC. If 

AMOC is allowed to shut down, it will lock in major problems including sea level rise of several meters – 

thus, we describe AMOC shutdown as the “point of no return.”

We suggest that an alternative perspective – a complement to the IPCC approach – is needed to assess 

these issues and actions that are needed to avoid handing young people a dire situation that is out of their 

control. This alternative approach will make more use of ongoing observations to drive modeling and 

more use of paleoclimate to test modeling and test our understanding. As of today, the threats of AMOC 

shutdown and sea level rise are poorly understood, but better observations of polar ocean and ice changes 

in response to the present accelerated global warming have the potential to greatly improve our 

understanding.
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G
lobal warming has 

accelerated since 2010 by 
more than 50% over the 
1970-2010 warming rate 
of 0.18 °C per decade1 

(Figure 1).2 Earth is now warmer than at 
any time in the Holocene, the past 11,700 
years of relatively stable climate in which 
civilization developed, and it is at least as 
warm as during the extreme warm 
Eemian interglacial period 120,000 years 
ago. Global temperature increased 0.4 °C 
during the recent moderate El Niño (a 
period when east-to-west equatorial trade 
winds weaken, allowing warm waters of  
the West Pacific to move toward South 
America), a warming much greater than 
during even the strongest prior El Niños. 
This rapid warming has baffled leading 
Earth scientists, who, for example, conclude 
that no combination of known mechanisms 
for warming “has been able to reconcile our 
theories with what has happened.”3 We 
conclude, on the contrary, that the known 
drives for climate change, principally 
human-made greenhouse gases and aerosols, 
account for observed global temperature, 
including a jump in sea surface temperature 
that amplified warming during the El Niño 
and has caused the widely discussed 1.5 °C 
temperature threshold to be breached, for 
all practical purposes.

Climate change burst into public atten-
tion with climate anomalies in 1988 so 
extreme that Time Magazine declared 
Earth to be “person of the year.” Rising pub-
lic interest in climate change, especially the 

role of humanity in causing change, led to 
the 1992 United Nations Framework 
Convention on Climate Change4 and a 
large increase in funding for climate obser-
vations and research. The Framework 
Convention aimed to prevent dangerous 
human-caused climate change. The largest 
funding increase was for a NASA program 
initially titled Mission to Planet Earth 
expected to make global observations 
needed to understand ongoing global  
change.

By 1992 it was understood that two 
things caused large human effects on cli-
mate: greenhouse gases (GHGs) and aero-
sols (tiny, generally microscopic, particles 
suspended in the air). GHGs cause global 
warming by holding in Earth’s heat radia-
tion, acting like a blanket. The physics of 
this greenhouse effect is well understood 
and tested, for example, by comparison of 
Mars, Earth and Venus, with their differing 
amounts of atmospheric GHGs. Carbon 
dioxide (CO2), produced mainly by burn-
ing of fossil fuels (coal, oil and gas) but also 
by deforestation, causes more than half of 
the human-made greenhouse warming. 
Human-made increases of CO2 and the 
other main GHGs (Sidebar 2) have long 
lifetimes in the atmosphere from decades 
to millennia. Thus, these gases are well-
mixed in the atmosphere and it is easy to 
measure their changing global amounts.

Human-made aerosols with greatest 
effect on climate are products of fossil 
fuel burning and biofuels (like firewood). 
Most aerosols increase reflection of 
incoming sunlight back to space and thus 
have a global cooling effect. Charlson and 
colleagues5 concluded in 1992 that the 

climate forcing by aerosols – the cooling 
drive for climate change, see below – was 
similar in magnitude to the GHG forcing, 
but opposite in sign, thus tending to off-
set GHG warming. Aerosol offset of GHG 
warming is a Faustian bargain (Figure 2),6 
that is, a bargain providing present benefit 
without regard to future consequences. The 
aerosols providing a cooling benefit are  
also inherently dangerous particulate air 
pollution responsible today for several mil-
lion annual deaths by respiratory, cardio-
vascular, and even neurological diseases 
worldwide;7 thus, as global pollution control 
has improved and clean energies are intro-
duced the cooling effect of aerosols is lost: 
with the change of ship regulations, our first 
Faustian payment came due.1,8

Climate sensitivity is a measure of the 
effect of rising levels of greenhouse gases 
on Earth’s temperature. It is usually 
defined as the eventual increase of global 
average temperature after a doubling of 
CO2 concentration in the atmosphere 
compared to pre-industrial levels.

In this paper, we conclude that the esti-
mate of aerosol climate forcing (Figure 3) 
by the United Nation’s scientific advisory 
body (the Intergovernmental Panel on 
Climate Change, IPCC) is an underesti-
mate, and thus the Faustian bargain is 
worse than expected. We also show that 
IPCC’s emphasis on global climate models 
led to a marriage of aerosol forcing and 
climate sensitivity, such that underestimate 
of aerosol forcing led to underestimate of 
climate sensitivity. The result is a double 
whammy that helps explain global warm-
ing acceleration and alters projections of 
future climate, magnifying the danger of 

Figure 1. Global surface temperature change  
(see Sidebar 1).

Sidebar 1. Global surface 
temperature relative to 
1880-1920 in Figure 1 is the 
GISS (Goddard Institute  
for Space Studies) analysis 
through October 2024.2 �e 
1970-2010 warming rate  
of 0.18 °C/decade almost 
doubled in 2010-2023, but 
this higher rate is not a 
prediction of the future. A 
downturn in greenhouse 
gas emissions could alter 
projections on decadal time 
scales.
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intergenerational injustice. The delayed 
response of climate still allows a potential 
bright future for today’s young people, but 
that happy result requires understanding 
of the factors driving climate change. 
These issues can be readily understood via 
the most basic concepts, beginning with 
climate forcings.

Climate Forcings

Climate forcings are imposed changes 
of Earth’s energy balance. If the Sun 

suddenly became 1% brighter, for exam-
ple, that would be a forcing of +2.4 W/m2 
(W/m2 is watts, a measure of energy 
transfer over time, per square meter) 
because Earth normally absorbs 240 W/m2 
of solar energy averaged over Earth’s 
surface. Solar variability is one of the 
two natural climate forcings that are 
important on time scales of years to cen-
turies, the other being large volcanic 
eruptions that inject gases and aerosols 
into Earth’s stratosphere (at about 15-50 
kilometers, 10-30 miles). It is helpful to 

compare these well-understood natural 
forcings with human-made climate 
forcings.

Our Sun is a rather quiescent star, in 
the family of all stars, yet the variability 
of dark areas (sunspots) on the solar sur-
face has long caused suspicion that the 
Sun may drive climate change on Earth. 
Fortunately, NASA has done a good job 
of monitoring the solar energy received 
at Earth since the late 1970s. Variations 
of the Sun’s brightness during the solar 
sunspot cycle are about 0.1% (Figure 4), 
a forcing change of about 0.25 W/m2 
between solar minimum and solar max-
imum outputs. This solar forcing, we will 
show, is much smaller than human-made 
forcings, but large enough to be a partial 
cause of present climate extremes.

Volcanic eruptions produce occasional 
large climate forcings. When Mount 
Pinatubo erupted in the Philippines in 
1991, producing the greatest climate forc-
ing of the 20th century, NASA had satel-
lites in orbit that provided a precise test of 
aerosol forcing. SAGE (stratospheric aero-
sol and gas experiment) measurements 

Figure 2.  Faustus contemplates bargain with Mephistopheles, who offers him his 
present desire at the cost of future detriment, much like the cooling benefit of  

aerosols, which extract a cost in rapidly increased global warming once society  
no longer tolerates unhealthy air pollution.8

Figure 3. Greenhouse gas and IPCC aerosol forcings 
(Sidebar 2).**
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yielded the average aerosol size and the 
dispersion of aerosol sizes.

ERBE (Earth radiation budget 
experiment) measured the change of 
Earth’s energy balance, which peaked 

at −3 W/m2 cooling several months 
after the eruption, the delay due to the 
time for conversion of the volcanic SO2 
gas into atmospheric sulfuric acid aero-
sols and the time for stratospheric 

winds to disperse the aerosols around 
much of the world. Observed global 
cooling after the Pinatubo eruption 
peaked at about 0.3 °C, consistent with 
expectations given the ocean’s thermal 
inertia and the brevity of forcing 
(stratospheric circulation carries aero-
sols to polar latitudes where they 
descend and are washed from the 
atmosphere).

A huge submarine volcanic eruption 
on 15 January 2022 – Hunga in the 
Pacific Ocean, east of Australia, near the 
dateline – blasted about 150 million tons 
of water vapor and 1 million tons of SO2 
into Earth’s stratosphere. It was much less 
SO2 than for Pinatubo, and any cooling 
effect was partly offset by warming from 
the added stratospheric water vapor (a 
GHG).16 Nevertheless, we need to esti-
mate the possible effect of Hunga on 
global temperature in 2022-2023 to see if 
it had a significant effect on the unprec-
edented warming that followed. Although 
it is difficult to disentangle Hunga effect 
on Earth’s measured energy balance from 
natural variability (due mainly to cloud 
variability), analysis shows that aerosol 
cooling dominated over water vapor 
warming16 and the net volcanic forcing 
declined to a small fraction of its peak 
value by two years after the eruption. We 
approximate the Hunga forcing based on 
the Pinatubo forcing (Figure 5), but with 

Sidebar 2. Contributions of di�erent greenhouse gases (GHGs) to the 
increase of GHG climate forcing since 1750 and in the 10 years 2014-
2023. CH4 forcing includes the e�ect of increasing stratospheric water 
vapor and the portion of O3 change caused by CH4 change.1 MPTGs 
are Montreal Protocol Trace Gases and OTGs are Other Trace Gases. 
N2O is nitrous oxide, which is increasing from applying nitrogen 
fertilizers and from animal waste. Forcings are calculated from 
published formulae1 and other graphs of the forcings are available.9

Figure S2. Contribution to greenhouse  
gas climate forcing (%).**

Figure 4. Solar irradiance (top) and sunspot numbers.10
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Figure 5. Observed and simulated forcing by Pinatubo aerosols (see also Sidebar 3).**

Sidebar 3. SO2 injected into the stratosphere by volcanoes forms sulfuric acid aerosols over time that are carried 
toward the poles and downward by atmospheric circulation and gravity, largely removed in 1-2 years. �e large 
1991 Pinatubo eruption allows the aerosol forcing to be de�ned and provide a test of climate impact. Prediction11 
of global cooling by Pinatubo aerosols was made soon a�er the eruption based on initial estimates of aerosol 
amount, with peak aerosol forcing −4.5 W/m2 and predicted global cooling 0.5 °C. Later multispectral aerosol 
opacity data of the SAGE satellite instrument12 allowed precise evaluation of opacity of the Pinatubo aerosol layer 
and the dispersion of aerosol sizes,13 which revealed peak forcing as actually −3 W/m2. Multiple runs of a GCM 
(global climate model) with this aerosol forcing produced maximum global cooling a�er the volcano of 0.3 °C and 
a maximum decrease of Earth’s energy balance of 3 W/m2 (Figure 5) consistent with ERBE satellite observations.14 
SO2 injected into the stratosphere by Hunga is estimated as 1 ± 0.5 megatons,15 an order of magnitude less than 
Pinatubo’s 20 megatons. We reduced Pinatubo forcing accordingly and smoothed the Pinatubo forcing curve14 
with a 3-month running-mean to obtain our estimate of the Hunga forcing. Later estimates (NASA and USask)16,17 
based on satellite data bracket the estimate based on Pinatubo but have earlier peak opacity, likely due to the higher 
latitude of the Hunga eruption, which placed the aerosols closer to where they descend from the stratosphere.

Figure S3. Hunga aerosol forcing.**
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peak forcing −0.3 W/m2. Like the solar 
forcing, the Hunga forcing is small.

Given that we know precisely the nat-
ural climate forcings – volcanic aerosols 
and solar irradiance – as well as the 
human-made and natural greenhouse gas 
forcings, it is obvious that human-made 
aerosol forcing is the elephant in the cli-
mate forcing story that receives too little 
attention. Aerosol forcing occurs in part 
from the direct effect of human-made 
aerosols as they reflect and absorb 
incoming sunlight, but also from the 
indirect aerosol effect as the added aero-
sols modify cloud properties as discussed 
below. IPCC estimates the indirect aero-
sol forcing based largely on mathematical 
models.18 We suggest that this modeling 
fails to fully capture the fact that human-
made aerosols have a larger impact on 
clouds when the aerosols are injected into 
relatively pristine air in places that are 
susceptible to cloud changes. Later in this 
paper, we use spatial and temporal 
changes of climate and Earth’s energy 
balance to explore this indirect aerosol 
forcing. First, however, we discuss aero-
sol and cloud particle microphysics.

Aerosol and Cloud Particle 

Microphysics

Climate forcing by aerosols depends 
on aerosol and cloud processes on min-
ute scales. Aerosol composition matters, 
both for the direct effect of aerosols on 
radiation and the indirect effect on 
clouds. Indirect aerosol forcing arises 
because aerosols are condensation nuclei 
(tiny sites of water vapor condensation 
or “cloud seeds”) for cloud drops. More 
nuclei yield more cloud particles and 
brighter clouds that reflect more sunlight 
and cause cooling.19 More aerosols also 
increase cloud cover, as shown by cloud 
trails behind ships (“ship tracks”).20 
Observations to quantify these effects are 
challenging because human-made aero-
sols must be distinguished from changes 
of natural aerosols. Thus, there is large 
uncertainty in the overall net aerosol 
forcing.21,22

Simultaneous with human-caused 
aerosol and cloud changes, clouds also 
change as a climate feedback. [Climate 

feedbacks – response of the climate sys-
tem (such as change of clouds or sea ice) 
to climate change – can be either ampli-
fying or diminishing. Amplifying feed-
backs increase climate change, tending to 
produce instability, while diminishing 
feedbacks decrease climate change, pro-
moting stability.] Cloud feedback is the 
main cause of uncertainty in climate sen-
sitivity, the holy grail of climate research.23 
Climate sensitivity is defined as global 
temperature response to a standard forc-
ing. Observations reveal that the sizes 
and locations of zones with different 
characteristic clouds are changing – the 
intertropical convergence zone (encir-
cling the Earth near the thermal equator) 
is shrinking, the subtropics are expand-
ing, and the midlatitude storm zone (not 
near the poles or the equator) is shifting  
poleward24 – with associated changes of 
Earth’s energy balance that constitute 
potentially powerful, but still inade-
quately understood, climate feedbacks. 
Some of the difficulties in climate mod-
eling include cloud microphysics, such as 
the need to realistically simulate mixed 
phase (both ice and water) clouds.25 As 
cloud modeling has become more com-
plex and realistic, several global climate 
models have found higher climate sensi-
tivity correlated with more realistic cloud 
distributions (Sidebar 4).

Given the importance of aerosol cli-
mate forcing and climate sensitivity,28 
there is a crying need for global monitor-
ing of aerosol and cloud particle micro-
physics and cloud macrophysics29 to help 
sort out climate forcings and feedbacks.30 
Global monitoring of aerosol/cloud 
microphysical properties and cloud mac-
rophysics from a dedicated small satellite 
mission has been proposed, but not 
implemented.31 The need for such data 
will only increase in coming decades as 
the world recognizes growing conse-
quences of climate change and tries to 
chart a course to restore Holocene-level 
global climate. NASA’s 2024 PACE satel-
lite mission32 includes polarimeters capa-
ble of measuring aerosol and cloud 
microphysics including aerosol and 
cloud droplet number concentrations, 
which could be a step toward a dedicated, 
long-term aerosol mission to monitor 
global aerosol and cloud properties as 

required to calculate climate forcings and 
feedbacks33 (analogous to greenhouse gas 
monitoring that permits calculation of 
greenhouse gas forcing). In the absence 
of that data, we now explore less direct 
evidence of aerosol climate forcing.

Evidence of Aerosol Climate 

Forcing

Paleoclimate data suggest the import-
ant role of aerosols in global climate. In 
the past 6,000 years, known as the late 
Holocene, atmospheric CO2 and CH4 
increased markedly, likely as a result of 
deforestation and methane from rice 
agriculture,34 causing greenhouse gas 
(GHG) climate forcing to increase more 
than 0.5 W/m2,1 yet global temperature 
during the late Holocene held steady35 or 
decreased slightly.36 This divergence of 
GHG forcing and global temperature is 
a strong anomaly; CO2 is a tight control 
knob on global temperature at other 
times in the ancient paleo record (see 
Figure 2 in Note 1 at end), as anticipated 
on theoretical grounds.37 Aerosols, the 
other large human-made climate forcing, 
is a suggested solution38 for this “Holocene 
conundrum.” Aerosols increased in recent 
millennia as burning of wood and other 
biofuels provided fuel for a growing 
global population. Moving to recent, pre-
industrial, times, the required magnitude 
of the implied (negative) aerosol forcing 
from biofuel burning reached at least 0.5 
W/m2. Biofuel aerosol forcing has likely 
increased since then, as the biofuel energy 
source is widespread in developing 
countries and continues in developed 
countries.1

Recent restrictions on ship emissions 
provide a great opportunity to investi-
gate aerosol forcing. The International 
Maritime Organization (IMO) intro-
duced limits on the sulfur content of ship 
fuels in stages, with the greatest global 
restriction effective January 2020 
(Sidebar 5). Change of global aerosol 
forcing from this limit on ship emissions, 
based on IPCC’s formulation of aerosol 
forcing,18 is calculated39 as 0.079 W/m2. 
Forster et al.,40 updating IPCC’s aerosol 
forcing, estimate the ship aerosol forcing 
change as +0.09 W/m2; they also note 
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Sidebar 4. CMIP (Climate Model Intercomparison Project) studies are carried out prior to and in conjunction 
with IPCC reports, with corresponding numbering. Zelinka et al. (2021)50 show that increased equilibrium 
climate sensitivity (ECS) of CMIP6 models is primarily due to differences in simulated shortwave (shortwave 
refers to solar radiation, as opposed to longwave terrestrial heat radiation) low-cloud feedbacks at middle 
and high latitudes in the Southern Hemisphere (Figure S4a). CMIP6 models have a stronger positive low-
cloud feedback at midlatitudes in the Southern Hemisphere and a weaker negative low-cloud feedback at 
high latitudes; both features contribute to higher ECS in many CMIP6 models and in the average of all 
CMIP6 models.

Jiang et  al. (2023)26 show that CMIP6 models with higher ECS produce a realistic seasonal cycle of 
extratropical low clouds with peaks in the austral (southern hemisphere) and boreal (northern hemisphere) 
winter seasons, while models with lower ECS produce low-cloud seasonal cycles with unrealistic peaks in 
summer (Figure S4b). �e greater skill of high ECS models in simulating cloud variability and cloud feedbacks, 
especially in the Southern Ocean region, suggests greater con�dence in the higher ECS models. Cloud changes 
are the cause of higher sensitivity in high-ECS models, and thus the observed cloud seasonality provides 
signi�cant support for high ECS.

Finally, Williams et al. (2020)27 tested two alternative cloud con�gurations in the UK Met O�ce Uni�ed Model 
used for weather predictions, �nding that the more recent cloud parameterization scheme increases simulated 
ECS by 2.2 °C, improves the short-range weather forecast, and reduces the error growth over the �rst few hours of 
the forecast, indicative of more realistic modeling of local physical processes. �ese several works indicate that 
high ECS models are more skillful in simulating cloud feedbacks, a crucial factor in determining real-world ECS.

Figure S4a. Shortwave low cloud feedbacks (W/m2 per °C).**

Figure S4b. Shortwave low cloud feedbacks (W/m2 per °C).**

https://doi.org/10.1080/00139157.2025.2434494
https://doi.org/10.1080/00139157.2025.2434494
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that this ship aerosol forcing would be 
offset by negative aerosol forcing from 
increased forest fires and other biomass 
burning. A review41 of five ship aerosol 
modeling studies finds a range 0.07 to 
0.15 W/m2, with mean 0.12 ± 0.03 W/m2. 
A recent model result42 of 0.2 W/m2 
refers to ocean area and is thus a global 
forcing of 0.14 W/m2. None of these 
modeled Ship Aerosol Forcings would 
have much effect on global temperature 
because GHG forcing currently is 
increasing 0.4-0.5 W/m2 per decade.

However, if the aerosol effect is highly 
nonlinear (i.e., if aerosols emitted into 

polluted air have much less effect on 
clouds than aerosols emitted into a pris-
tine atmosphere), decreased ship emis-
sions may have a large effect on Earth’s 
albedo (reflectivity). The largest effect 
should be in the North Pacific and North 
Atlantic, where ship emissions dominate 
over natural sulfate aerosols (Sidebar 5). 
Fortunately, Earth’s albedo has been 
monitored for almost a quarter of a  
century by the CERES (Clouds and  
the Earth’s Radiant Energy System) sat-
ellite instrument,44 which reveals a stun-
ning darkening of Earth (Figure 6).45  
Earth’s albedo decreased about 0.5%  

(of 340 W/m2), which is 1.7 W/m2 addi-
tional heating of Earth since 2010! Such 
albedo change is equivalent to an 
increase of CO2 by 138 ppm, from the 
419 ppm actually measured at the begin-
ning of 2024 to 557 ppm. However, the 
1.7 W/m2 increase in energy absorbed 
by Earth is not all climate forcing; it is 
partly climate feedback – cloud changes 
and reduced ice and snow cover caused 
by global warming. Our task is to appor-
tion the 1.7 W/m2 between aerosol forcing 
and climate feedbacks, accomplishing this 
in the absence of adequate aerosol and 
cloud measurements.

Sidebar 5. (a) total (natural plus human-made) sulfate aerosols in 2010 as calculated by an interactive aerosol 
model in an Earth system model.43 (b) percent of sulfate from shipping in 2010. (c) limits imposed by the 
International Maritime Organization on sulfur content of ship fuels (% by mass) for ships on open ocean and in 
Emission Control Area (ECA, near coasts in Northern Europe, North America, the U.S. Caribbean region and 
Hawaii).

Figure S5. Sulfate aerosols and sulfur limit on emissions,  
p.p.t.v. = parts per trillion by volume.**
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Ship-Induced Aerosol Climate 

Forcing

Earth’s declining albedo (darkening) 
is “noisy” in time and space because of 
the large natural variability of clouds. 
Earth’s albedo change (Figure 6) may not 
seem to correlate well with the 2020 
change of ship emissions. However, a 
sharp 2020 change is clear after we con-
sider the largest source of natural vari-
ability – the Pacific Decadal Oscillation 
(PDO)46 – and additional data. The PDO 
is an observed natural cycle of sea surface 
temperature and cloud changes in the 
Pacific, as a large-scale manifestation of 
tropical El Niño/La Niña variability.47 
Absorbed Solar Radiation in the North 
Pacific is well correlated with the PDO 
from 2000 (when CERES data begins) 

until 2020 (Figure 7), whereupon 
Absorbed Solar Radiation rapidly 
increases, when PDO cloud changes 
should have spurred a decrease of 
Absorbed Solar Radiation.

Let’s use the observed change of 
Absorbed Solar Radiation to estimate 
aerosol forcing change that occurred in 
2020. The Absorbed Solar Radiation 
anomaly in 2020-2023 (Figure 8) relative 
to the base period (March 2000 through 
February 2010) reveals expected large 
tropical anomalies, but also increased 
absorption throughout the North Pacific 
and North Atlantic with the exception of 
the “global warming hole,” the region 
southeast of Greenland that is cooling 
relative to the rest of the world.48 The 
increase of Absorbed Solar Radiation in 
the North Pacific and North Atlantic 

since 2020 can itself account for a global 
climate forcing of almost 0.5 W/m2 (see 
Sidebar 6).

Increased Absorbed Solar Radiation 
is partly climate feedback: decreased 
snow and ice albedo and decreased cloud 
cover. However, snow/ice albedo change, 
apparent in Figure 8 near Antarctica and 
in the Arctic, has little role in the North 
Pacific and North Atlantic. Cloud feed-
back, including shifting climate zones,24 
may contribute to Absorbed Solar 
Radiation increase in the North Pacific 
and North Atlantic, but the largest cloud 
feedback is expected to be in the Southern 
Hemisphere south of 30°S.50 An illumi-
nating picture of where and when the 
global darkening (of Figure 6) exists is 
provided by zonal-mean (i.e., average 
around the world at each latitude) 

Figure 6.  Earth’s albedo (reflectivity, in percent), seasonality removed.**

Figure 7.  Absorbed Solar Radiation (ASR) and Pacific Decadal Oscillation (PDO).**
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Absorbed Solar Radiation (Figure 9). 
Latitudes are compressed toward the 
poles in Figure 9 so that an increment of 
latitude in the graph is a true measure of 
area on the globe. Northern Hemisphere 
midlatitudes are the dominant region of 
increased Absorbed Solar Radiation, with 
a large increase beginning in 2020. Some 
increase of Absorbed Solar Radiation 
also began in early 2015, at the time a 
severe restriction on fuel sulfur was 
imposed in coastal regions around north-
ern Europe, North America and Hawaii 
(Sidebar 5). If ships only used low-sulfur 
fuel while in port and switched to 
high-sulfur fuel on the open sea, then the 
coastal restrictions would have little 
effect,51 but it is possible that some ship 
operators switched to low-sulfur fuel 
more generally.

So, how much of the 1.7 W/m2 darken-
ing of the Earth (Figure 6) is from feed-
backs and how much is likely aerosol 
forcing? The high latitude snow/ice feed-
back can be estimated from the data in 
Figure 9: the latitude ranges 60-90°N and 
60-90°S contribute +0.07 W/m2 and 
+0.08 W/m2 to the 2020-23 global 
Absorbed Solar Radiation anomaly, 
respectively. In contrast, the latitude 
range 30-60°N contributes +0.53 W/m2 
in 2020-23 and +0.67 W/m2 in 2023. Part 
of this increase of Absorbed Solar 
Radiation may be cloud feedback, but 
that should tend to be offset by reduced 
ship aerosol forcing in ocean areas other 
than the North Pacific and North 
Atlantic. Half of the world is covered by 
these other ocean areas, where ship aero-
sols have an effect on cloud albedo even 

in regions without visible ship tracks.52 
We conclude only that the aerosol forcing 
induced by International Maritime 
Organization restrictions on ships could 
be of the order of 0.5 W/m2, thus much 
larger than the aerosol forcing (0.079 W/m2) 
estimated in the IPCC formulation 
(see above).

Sea Surface Temperature

Sea surface temperature is indicative 
of heat stored in the ocean’s upper “mixed 
layer,” which is characterized by a single 
temperature because of continual turbu-
lent stirring by wind and waves. Thus, sea 
surface temperature change is a good 
diagnostic to assess the effect of climate 
forcings over the ocean. The zonal-mean 

Figure 8. Absorbed Solar Radiation anomaly (W/m2) in 2020-23.**

Sidebar 6. �e 2020-23 anomaly of Absorbed Solar Radiation is +3.2 W/m2 in the North Paci�c (15-60°N, 120-
240°W) and +2.8 W/m2 in the North Atlantic (15-60°N, 5-80°W). �ese regions are 10.1% and 6.3% of global area, 
so, if increased Absorbed Solar Radiation in these regions were entirely an e�ect of decreased aerosols, it would 
contribute a global forcing of 3.2 × 0.101 + 2.8 × 0.063 = 0.5 W/m2. Removing land areas from these two boxes 
reduces the Absorbed Solar Radiation anomaly to 0.42 W/m2. �is amount would be larger, if it were not for 
cooling and increased cloud cover in the “global warming hole” region southeast of Greenland. �e relative cooling 
there is due to slowdown of North Atlantic’s overturning ocean circulation,48 which is a northward �ow of warm 
water in upper ocean layers with a deep southward return �ow of cold water. Cooling of the “warming hole’ region 
induces increased cloud cover there (see Figures 6a and 8b in the paper “Ice Melt”49) that exceeds and hides the 
e�ect of decreased ship aerosols.
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(i.e., average around the world at each 
latitude) Sea Surface Temperature 
anomaly relative to 1951-1980 climatol-
ogy (Figure 10)53 contains a strong 
imprint of the Absorbed Solar Radiation 
anomaly at 30-60°N and reveals a clear 
global picture. The large global warming 
in 2023 is a combination of a moderate54 
tropical El Niño and additional warm-
ing that is largest at middle latitudes in 
the Northern Hemisphere. We interpret 

the additional warming as mainly the 
effect of reduced human-made aerosols, 
especially aerosols produced by ships. The 
ship aerosol effect is greatest in the North 
Pacific and North Atlantic because that 
is where ship-produced sulfate aerosols 
exceeded natural aerosols (Sidebar 5), 
but ship aerosols have some effect over 
most of the world ocean. We show below 
that natural climate forcings in 2022-
2023 also made a contribution to the 

appearance of an unprecedented spike 
in global warming.

Sea surface temperatures will decline 
as the tropics moves into its La Niña 
phase, but we expect cooling to be lim-
ited, as it was after the 2015-16 El Niño 
(Figure 11). Temperature will not decline 
to pre-El Niño levels because Earth is far 
out of energy balance,55 with more energy 
coming in than going out and with the 
vast majority of the excess energy being 

Figure 9. Zonal-mean Absorbed Solar Radiation anomaly (W/m2).**

Figure 10. Zonal-mean Sea Surface Temperature anomaly (°C).**
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stored as heat in the ocean. Earth’s energy 
imbalance is measured by the combina-
tion of CERES satellite instruments44 
(which measure change of the imbal-
ance) and 4,000 deep-diving Argo floats55 
distributed around the ocean (which cal-
ibrate the satellite data by measuring 
change of ocean heat content over a 
decade). A revealing picture is provided 
by the zonal-mean energy balance at the 
top of the atmosphere over the ocean 
(Figure 12). Most of the increased energy 
uptake occurs in the extra-tropics of the 
Northern Hemisphere. Earth’s global 
energy imbalance was 0.6, 1.11, and 1.36 
W/m2 in 2001-2014, 2015-2019, and 
2020-2023, respectively. The imbalance 
over 30-60°N ocean was 0.67, 1.41, and 
2.56 W/m2 in the same periods.

The location and timing of changes in 
Earth’ energy balance and sea surface tem-
perature support our interpretation that 

decreasing ship emissions are a major 
cause of the recent increase of Earth’s 
energy imbalance and accelerated  
global warming. Our interpretation is at 
odds with that of the United Nations 
Intergovernmental Panel on Climate 
Change (IPCC). This issue must be illu-
minated because of implications for cli-
mate sensitivity, climate forcings, and 
policies that will be needed to maintain 
a climate similar to that in which civili-
zation developed and thrives.

Marriage of Aerosol Forcing 

and Climate Sensitivity

IPCC’s56 estimate of aerosol forcing 
(Figure 3) is updated through 2023 by 
Forster et al.57 (Figure 13). Aerosol pre-
cursor emissions increased rapidly after 
World War II, as fossil fuel use grew. 

Global sulfur emissions reached 120 mega-
tons of SO2 by 1970 and stayed near that 
level until 2005 (Sidebar 8). Sulfur emis-
sions in the United States began to decline 
in the 1970s due to the Clean Air Act58 
based on concern about acid rain, but 
decreasing aerosols in developed countries 
were largely compensated by growing 
emissions around the world until early in 
the 21st century. We expect, contrary to 
the IPCC, that aerosol forcing is more non-
linear, i.e., small emissions in relatively 
pristine air have an outsized effect. This 
expectation is supported by our conclu-
sion that the moderate emission reduc-
tion (about 10 megatons of SO2) due to 
ship fuel regulations (Sidebar 8) altered 
aerosol forcing by as much as 0.5 W/m2.

As a contrast to IPCC’s aerosol forcing 
scenario, we consider aerosol scenarios, 
A and B (Figure 13), which approximate 
the Matrix and OMA aerosol models of 

Figure 11. Global and 30-60°N Sea Surface Temperature anomalies.**

Figure 12. Zonal-mean Earth energy balance over ocean (W/m2).**
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Figure 13. Aerosol forcing scenarios (AR6 = Sixth Assessment Report,  
Aerosols A simulates aerosol microphysical processes, Aerosols B is based simply 

on aerosol mass. See Notes 57 and 62 at end).

Sidebar 7. IPCC’s formulation for aerosol forcing18 is close to linear in global precursor emissions, i.e., proportionate 
to global emissions (Figure SM1 in Supplementary Material). �us, IPCC’s aerosol forcing is near its maximum 
value of about −1.3 W/m2 by 1970 and stays near that value until 2005 (Figure 13).

Bauer et al.62 Matrix (Aerosols A) explic-
itly models aerosol microphysical pro-
cesses, so we might hope that it is more 
realistic than OMA (Aerosols B), which 
is simply based on aerosol mass. The 
Bauer aerosol models use the same CEDS 
(Community Emissions Data Systems)59 
emission data employed by IPCC, but we 
believe the Bauer models more realisti-
cally capture the nonlinearity of the aero-
sol effect on clouds, i.e., the fact that 
aerosols emitted into a pristine environ-
ment have a greater effect on clouds than 
aerosols emitted into air that is already 
heavily polluted.63 The models agree that 
IPCC understates aerosol forcing: aerosol 
forcing increases until 2005, when a 
“turning point”64 is reached mainly due 
to emission reductions in China during 
2006-2014.65 The continued increase of 
aerosol forcing in 1970-2005 has major 
ramifications for understanding of cli-
mate sensitivity.

Aerosol forcing and climate sensitivity 
are each important and should be 

independent issues, but, due to the 
absence of global aerosol and cloud mea-
surements needed to calculate the aerosol 
forcing accurately, aerosol forcing and 
climate sensitivity were wedded in an 
inappropriate shotgun marriage. We now 
seek to disentangle and expose their rela-
tionship with simple computations under-
standable to a broad audience. That goal 
requires that we first take a fresh look at 
the classic climate problem: how much 
will Earth warm if atmospheric CO2 is 
doubled?

Global Temperature Response 

to Doubled CO2

Global climate models (GCMs) are 
complex, requiring supercomputers for 
climate simulations. Modeling activity 
is well organized – Climate Model 
Intercomparison Projects (CMIPs) are 
conducted prior to the IPCC reports 
– but young researchers note that 

heavy emphasis on GCMs tends to 
crowd out a well-balanced focus on 
underpinning science issues, critical 
thinking, theoretical comprehension, 
and communication.67 In addition, the 
complexity of GCMs places lead cli-
mate modelers in a position of expert 
gatekeepers to knowledge about cli-
mate, and their focus on complex mod-
els limits the public’s understanding of 
climate change.

As a partial antidote, we suggest a 
simple calculation that is more amena-
ble to understanding. It involves two 
steps. First, we need the Global 
Temperature Response to an instant 
doubling of atmospheric CO2 for a 
range of plausible climate sensitivities. 
Second, we use these response curves 
for simple calculation of global tem-
perature change due to known climate 
forcings of the past century. Results 
provide insights about climate sensitiv-
ity, aerosol forcing, and causes of the 
unusual global warming in 2023-2024.

https://doi.org/10.1080/00139157.2025.2434494


 ENVIRONMENT 19JANUARY/FEBRUARY 2025 WWW.TANDFONLINE.COM/VENV 

Global Temperature Response to 
doubled CO2 was chosen by Prof. Jule 
Charney, chair of a pioneering study of 
climate sensitivity,23 as a tool to study 
climate change.68 It was an astute choice, 
allowing primitive global models – that 

were just budding half a century ago – 
to be used for computations that helped 
illuminate issues in climate physics. The 
doubled CO2 studies were conducted 
for an idealized case in which the 
world’s ice sheets were imagined to be 

unchanging. The effect of climate 
change on ice sheets is a crucial issue, 
but the complications of ice sheet 
change needed to wait until there was a 
better understanding of the atmosphere 
and ocean.

Sidebar 8. Use of aerosol precursor emissions and aerosol modeling to de�ne aerosol forcing is fraught because 
emissions are poorly known and aerosol-cloud modeling is primitive. �ere is consensus that CEDS (Community 
Emissions Data Systems)59 emission data are more realistic than EDGAR (Emissions Database for Global 
Atmospheric Research)60, but CEDS data used for CMIP6 and AR6 (IPCC Sixth Assessment Report) were 
inaccurate for Asia.61 Revised CEDS data reduce organic carbon, black carbon, and SO2 emissions from China 
about 50% in 2014 decreasing global emissions 5-10%. Restrictions on ship fuels in 2020 reduced ship emissions 
an estimated 71%, which is 15% of CEDS 2019 emissions or 7% of the peak emissions in the 1970s.

Figure S8. SO2 Emissions in current CEDS (Community Emissions Data 
Systems) data.**

Sidebar 9. �e issue we raise – that IPCC understates aerosol forcing – exposes an unadvertised feature of global 
climate model (GCM) simulations: unmeasured aerosol forcing is a variable parameter that lets GCMs match 
observed global warming for a wide range of climate sensitivities.66 For example, if IPCC were correct that aerosol 
forcing was nearly constant from 1970 to 2005, the climate sensitivity required to match the observed rate of global 
warming is near 3 °C for doubled atmospheric CO2. However, if global aerosol forcing continued to increase a�er 
1970, observed global warming implies a higher climate sensitivity, as quanti�ed below.

It is easy to see how the climate modeling community was led initially to low estimates of climate sensitivity and 
aerosol forcing. First, the sensitivity of early GCMs averaged near 3 °C for doubled CO2 because cloud microphysics 
was absent in the models and the resulting cloud feedback was moderate. Second, aerosol forcing used in GCMs 
was small, largely via direct aerosol scattering of sunlight, for which the forcing is linear in aerosol amount. �e 
concept that aerosols modify clouds existed, but realistic modeling of aerosol-cloud interactions in GCMs was 
beyond the state of the art. Climate sensitivity near 3 °C for doubled CO2 and small aerosol forcing that increased 
little a�er 1970 produced global warming in the past century consistent with observed warming.
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Climate response to doubled CO2 
forcing is now routinely calculated for 
GCMs to calibrate a model’s sensitivity 
– and the results reveal important climate 
physics. The doubled CO2 Global 
Temperature Response of the most recent 
fully-documented GCM69,70 of the 
Goddard Institute for Space Studies, 
dubbed GISS (2020), has sensitivity 
∼3.4 °C, as shown in Figure 14 (in blue) 
along with an earlier model of sensitivity 
2.6 °C (in green), and a response esti-
mated for 4.5 °C sensitivity (in orange). 
The long timescale of the temperature 
responses – representative of today’s cli-
mate models and presumably of the real 
world – are a consequence of the ocean’s 
great thermal inertia.

About 40% of the eventual (equilib-
rium) warming is achieved in 10 years, 
60% in 100 years, and 90 percent in 1,000 
years.71 The early response is largest over 
continents, where the response is not 
held down tightly by the ocean’s great 
thermal inertia.

The long delay of climate in achieving 
its equilibrium response is both a curse 
and a blessing. The problem is that the 
public responds to threats that it sees and 
feels today, not to future threats per-
ceived by scientists; thus, a great amount 
of future warming may be built up before 
actions required to stem climate change 

are undertaken. On the other hand, 
delayed response provides humanity 
time to alter climate forcing so that the 
equilibrium warming – or even the 100-
year warming – and the most consequen-
tial consequences may never occur. The 
delayed climate response, actions to 
address it, and the effect of these actions 
are a prodigious topic that we can only 
introduce in our discussion below.

Climate Forcing Scenarios

To calculate global temperature, we 
must first specify the forcing scenario. On 
the century time scale, greenhouse gases 
(GHGs) and aerosols are dominant forc-
ings, as other forcings are either negligible 
in magnitude or oscillatory with little long-
term effect. The growth rate of GHG forc-
ing (Figure 15) reached 0.4 W/m2 per 
decade by 1970 and neared 0.6 W/m2  
per decade by 1980, when the growth rate 
of methane slowed and the Montreal 
Protocol began to reduce the growth of 
trace gases that threatened the strato-
spheric ozone layer.73 IPCC projections of 
future GHG growth rates (yellow region in 
Figure 15) are discussed below under 
Policy Implications. RCP = Representative 
Concentration Pathway, these are IPCC 
scenarios; RCP2.6 requires CO2 emissions 

start declining by 2020 and go to zero by 
2100; RCP 4.5 is a “moderate” scenario in 
which emissions peak around 2040 and 
then decline; RCP 8.5 is a worst-case sce-
nario in which emissions continue to rise 
throughout the twenty-first century.

IPCC data has GHGs as the sole cause 
of rapid global warming during 1970-
2005, with aerosol forcing nearly con-
stant over that period. Climate forcing 
with IPCC aerosols thus grew during 
1970-2005 about 0.5 W/m2 per decade 
(Figure 16a) based on GHG growth 
(Figure 15). In contrast, with the Aerosol 
A and B scenarios (Figure 13) the 
GHG + Aerosol forcing grows only 0.2-
0.3 W/m2 per decade during 1970-2005 
and then accelerates (Figure 16b). The 
1970-2005 period with contrasting forc-
ings thus allows us to examine the issue 
of climate sensitivity.

In addition, although solar and volca-
nic forcings have little effect on long-
term trends, we want to know if they play 
a role in the unusual 2023-24 global 
warming. Thus, we include recent change 
of these natural forcings (lower right cor-
ners of Figure 16) based on satellite data. 
Effects of the January 2022 Hunga volca-
nic eruption were too small to stand out 
above other sources of variability, but a 
comprehensive analysis16 concluded that 
cooling by Hunga aerosols exceeded 

Figure 14. Global Temperature Response to 2 × CO2.**
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warming by water vapor injected into the 
stratosphere by the volcano as well as 
induced ozone changes. We use the 
well-observed 1991 Pinatubo eruption to 
define the time scale for aerosol forma-
tion and removal from the stratosphere 
(Sidebar 3), with the forcing for Hunga 
an order of magnitude smaller, based on 
SO2 injection amounts.

We approximate Ship Aerosol Forcing 
– for clarity and due to lack of informa-
tion – as an instant +0.5 W/m2 forcing 
added on 1 January 2020. Part of the forc-
ing may have been added in January 2015 
by emission limits in coastal North 
America and Northern Europe, if those 
led to changes of fuel use on the open 
ocean. Limits imposed in July 2010 and 
January 2012 may have had a small effect 
(Sidebar 5), but the main Ship Aerosol 
Forcing change occurred in January 2020.

Global Temperature Scenarios

Global temperature change can be 
calculated in seconds because climate 
responds mainly to the planetary energy 
imbalance, with less dependence on forc-
ing mechanisms. Thus, knowledge of the 
forcing magnitude and the doubled CO2 
temperature response suffices for the cal-
culation. Further, dependence of the 
response on a specific forcing can be 
accounted for via an “efficacy” factor.74 
Temperature change is obtained with a 
single equation – the most elementary in 
Isaac Newton’s calculus – in an intuitive 
calculation that requires no advanced 
mathematics training to understand (see 
Note 75 at end). Validity of this tempera-
ture calculation rests on the assumption 
that the ocean general circulation is not 
altered by the climate forcing. Fixed 

ocean circulation should be accurate 
enough for the past century, but there are 
signs that overturning circulations (see 
Notes 48, 95, 96 at end) in the North 
Atlantic and Southern Oceans are now 
both on the verge of major disruptions 
that, if allowed to proceed, will dramati-
cally alter future climate, as discussed 
below under “The Point of No Return.”

Climate forcings of Figure 16 and the 
calculation (see Note 75 at end) yield 
global temperature change. GHGs and 
global temperature have been accurately 
measured since the 1950s, making post-
1950 temperature relative to 1951-1980 
(Figure 17) best-suited76 for testing the 
ability of alternative aerosol histories to 
capture the 1970-2005 global warming 
rate. The conclusion is that all three aero-
sol forcing scenarios of Figure 13 can fit 
observed 1970-2005 warming and 

Figure 15. Annual growth of greenhouse gas forcing and various IPCC  
climate forcing scenarios.72

Figure 16. Climate forcing scenarios.**
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produce at least moderate warming 
acceleration, but they require succes-
sively higher doubled CO2 sensitivities: 
about 3- 3.5 °C, 4.5 °C and 6 °C, for the 
IPCC, Aerosols A, and Aerosols B sce-
narios, respectively.77 Aerosol scenarios 
could be tweaked in each case to obtain 
arbitrarily close fit to observed tempera-
ture, but there is no point to do that. The 
main conclusion is that modern tempera-
ture change does not provide a tight con-
straint on climate sensitivity because 
aerosol forcing is not measured; however, 
if aerosol forcing is nonlinear (as in 
Aerosols A and B), IPCC (and thus most 
of the scientific community) has under-
estimated climate sensitivity.

Another test is the magnitude of 
global warming since preindustrial time, 
including the unique 2023 warming. 
Calculated temperatures for 1850-2024 
are provided in Figure SM4 (in 
Supplementary Material), but for clarity 
Figure 18 expands 21st century tempera-
ture. All three aerosol scenarios can reach 
1.6 °C warming in 2023, but IPCC aero-
sols require a high sensitivity that then 
could not match warming of the past 50 
years.78 The IPCC aerosol scenario and 
IPCC best estimate of climate sensitivity 
3 °C do not produce warming to +1.6 °C 

in 2023; most decidedly, they cannot pro-
duce +0.4 °C warming in 2023, even with 
the help of the modest, observed, El Niño 
that can only add a temporary +0.2 °C. 
This difficulty has led to consternation 
that “something is wrong.” In contrast, 
Aerosols A and B scenarios, with their 
associated climate sensitivities (∼4.5 and 
6 °C for 2 × CO2), the ship aerosol forcing, 
and a +0.2 °C El Niño, readily reach 
+1.6 °C current warming.

The warming detail needing explana-
tion is the +0.4 °C leap in 2023. We inter-
pret temperature change in the 2020s as 
being affected by the strong decline of the 
Pacific Decadal Oscillation (PDO) in 
2020-22, which temporarily hid the ship 
aerosol effect on global temperature. The 
PDO is a natural cycle of sea surface tem-
perature patterns in the Pacific with asso-
ciated cloud changes. Positive PDO has 
cloud cover that yields increased absorp-
tion of solar radiation by the ocean sur-
face (Figure 7). The PDO moved rapidly 
into negative values in 2020, which nor-
mally results in a negative anomaly of 
absorbed solar radiation, but the oppo-
site occurred. In contradiction to the 
PDO, absorbed solar radiation reached 
+6 W/m2 averaged over the North Pacific 
(Figure 7), this being, we suggest, at least 

in part the expected result of reduced 
ship aerosols. Ocean surface mixed layer 
and sea surface temperature in the North 
Pacific and North Atlantic rose steadily 
during the four years 2020-23 (Figures 8 
and 9) in the regions of maximum aero-
sol effect (Sidebar 5). By 2023, PDO had 
reached bottom (Figure 7) and no longer 
added to global cooling, so the effect of 
decreased aerosols began to show up in 
global temperature.

Conclusions from the global tempera-
ture calculations are substantial. IPCC’s 
calculated aerosol forcing and best esti-
mate for climate sensitivity are not con-
sistent with observed warming. Aerosols 
A and climate sensitivity 4.5 °C for dou-
bled CO2 are consistent with observed 
warming, which is encouraging because 
aerosols A is based on the newer Bauer 
model that simulates aerosol microphys-
ics and 4.5 °C sensitivity agrees well with 
glacial-interglacial climate oscillation in 
the past 800,000 years,1 the only paleo-
climate case with accurate knowledge of 
climate forcings in equilibrium climates, 
as required for empirical assessment of 
equilibrium climate sensitivity.79

Now we must look in more detail  
at global temperature change in the 
2020s, specifically asking whether the 

Figure 18. Global temperature change (°C) relative to 1880-1920.**

Figure 17. Global temperature change (°C) relative to 1951-1980.**

https://doi.org/10.1080/00139157.2025.2434494
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unprecedented global warming of 2023 
contains information that can help con-
firm or refute the large ship aerosol forc-
ing that we inferred from Absorbed Solar 
Radiation. The 2023 global warming was 
nominally the result of an El Niño, but 
can the El Niño alone explain the mag-
nitude of the warming?

Fingerprinting the Climate 

Acceleration Mechanisms

Interpretations of the 2023 warming 
are bookended by Raghuraman et  al.80 
and Schmidt.3 Raghuraman et  al. con-
clude that the 2023 warming is explained 
by the El Niño, while Schmidt concludes 
that the extreme warming cannot be 
explained by even the full array of mech-
anisms in global models. Raghuraman 
et al. note that the 2023 El Niño rose from 
a deep La Niña, so, despite the El Niño 
being modest, the Niño3.4 (equatorial 
Pacific temperature used to characterize 
El Niño status) change from 2022 to 2023 
was about as large as the Niño3.4 changes 
that drove the Super El Niños of 1997-
1998 and 2015-2016. They suggest that 
the change of annual mean global tem-
perature between 2022 and 2023 (0.28 °C, 
Figure 1) can be accounted for by El Niño 
warming. However, change of annual 
mean temperature (black squares in 
Figure 1) does not capture the magnitude 

of the 2023 warming, which is exposed 
by the 12-month running mean tempera-
ture (which includes the annual mean 
every December). The La Niña held 
down global temperature in 2020-2022, 
but the modest following El Niño cannot 
account for the remarkable 0.4 °C global 
warming. We conclude that Schmidt is 
partially right: something else important 
is occurring.

Here, like a detective who dusts a 
doorknob and lifts a fingerprint with 
clear adhesive tape, we extract finger-
prints of the mechanisms that caused the 
acceleration of global warming in two 
simple steps. The first step is to remove 
the long-term trend of global tempera-
ture (0.18 °C per decade) by subtracting 
it from the global temperature record 
since 1970. (The long-term trend is 
caused by the net greenhouse gas plus 
aerosol forcing.) What remains is the 
blue curve in Figure 19a, which is global 
temperature change due to other forcings 
and natural variability. The main source 
of natural variability is the tropical El 
Niño cycle, shown by the temperature 
anomaly in the tropical Niño3.4 region 
(red curve). Thus, as a second step, we 
subtract the El Niño variability from the 
blue curve,81 obtaining the green curve 
in Figure 19b.

Fingerprints in the green curve are 
apparent. Most obvious is the 0.3 °C 
global cooling caused by the Pinatubo 

volcanic eruption, but even the maxima 
of solar irradiance (a forcing of only ± 
0.12 W/m2, Figure 4) cause detectable 
warmings consistent with prior analyses.82 
The portion of the fingerprint of present 
interest is the decade-long anomaly that 
began in 2015 (Figure 19b) and grew to 
an astounding +0.3 °C in 2023, which we 
will associate mainly with ship aerosol 
forcing. This anomaly does not coincide 
with reduction of aerosol emissions in 
China, which began in the first decade of 
the century but left a still highly polluted 
atmosphere in China.

How much global warming is expected 
today from a ship aerosol forcing added 
five years ago (January 2020), for our esti-
mate of a 0.5 W/m2 forcing? A 0.5 W/m2 
CO2 forcing yields 0.2 °C warming (Figure 
14).84 But what is the efficacy of an ocean-
only forcing relative to global CO2 forcing? 
To evaluate that, we ran GCM climate  
simulations with uniform forcing over  
the ocean (Figure SM3, Supplementary 
Material), finding an efficacy 77% the first 
year, 93% the second year, and 100% by the 
third year.85 Thus, global warming for  
0.5 W/m2 ship forcing today is 0.2 °C. 
Raghuraman et al. are correct that the 2023 
El Niño rise from a deep La Niña makes 
the 2023 El Niño effect similar to the 1997 
and 2015 El Niños (Figure 19a), but that 
leaves an enormous 0.3 °C global warming 
to explain. The Sun is now near maximum 
irradiance, a min-to-max forcing of  

Figure 19.  Detrended global and Niño3.4 temperatures (°C) and difference.83
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0.24 W/m2 (Figure 4). Doubled CO2 forc-
ing of 4 W/m2 yields warming of 1-1.5 °C 
in five years (Figure 14), which we must 
reduce by the ratio of solar and CO2 forc-
ings (0.24/4), yielding a solar cycle warm-
ing of 0.06-0.09 °C and leaving just over 
+0.2 °C warming to explain. Our estimated 
0.5 W/m2 ship aerosol forcing yields 
+0.2 °C warming in 2024. Thus, the global 
warming anomaly in 2023-2024 is 
accounted for well and supports our esti-
mated ship aerosol forcing.

Reconciling Our Analysis and 

Aerosol Models

How can we reconcile our estimate of 
0.5 W/m2 for ship aerosol forcing with 
the six aerosol modeling studies men-
tioned above,41,42 which are in mutual 
agreement that the global ship aerosol 
forcing is small, in the range 0.07-0.15 
W/m2? Let’s first summarize our alterna-
tive analysis of the aerosol forcing and 
then suggest an approach to resolve the 
large difference.

Our initial estimate of the ship aero-
sol forcing was based on the precise 
CERES satellite data, calibrated abso-
lutely with Argo float data.44,55 The 
CERES data show that Earth’s albedo 
(reflectivity) decreased 0.5% since 2010, 
corresponding to a 1.7 W/m2 global 
average increase of Absorbed Solar 
Radiation. Based on the spatial and 
temporal coincidence of the increased 
absorption with regions where the 
effect of ship aerosols should be largest –  
the North Pacific and North Atlantic – 
we infer a Ship Aerosol Forcing of ∼0.5 
W/m2, an order of magnitude larger 
than follows from the IPCC aerosol for-
mulation. We also show that the albedo 
feedbacks due to reduced high latitude 
snow and ice constitute no more than 
0.15 W/m2, so there is plenty of room 
in the 1.7 W/m2 to also accommodate 
the cloud feedback implied in the shift-
ing of climate zones identified by 
Tselioudis et  al.24,86 Sea surface tem-
peratures (SSTs) support our interpre-
tation. SSTs are rising fastest where the 
aerosol forcing is largest, in the North 
Pacific and North Atlantic, and they are 
rising at low latitudes where aerosol 

forcing is widespread, even though 
smaller.

How can we explain the small aerosol 
forcing produced by aerosol-cloud mod-
els? Aerosol-cloud modeling involves 
complex microphysical interactions and 
is still at a primitive stage. Perhaps there 
is pressure to get “the right answer:”66 
ship aerosol emissions are a small frac-
tion of total human-made emissions, so 
the ship aerosol forcing must be small to 
avoid contradicting the authoritative 
IPCC assessment (see Sidebar 5). 
Scientific reticence87,1 may also come into 
play, a preference to move cautiously 
toward an answer that differs from that 
of recognized authority.

Priority in physics is given to obser-
vations, which here is global monitoring 
of aerosol and cloud particle microphys-
ics and cloud macrophysics. As noted 
above (in Aerosol and Cloud Particle 
Microphysics), a relevant instrument is 
being tested on a current NASA mission, 
but adequate monitoring requires long-
term observations of specific data by 
several instruments.31 Aerosol and cloud 
changes are needed to evaluate climate 
forcings and climate sensitivity, which 
thus warrants a dedicated satellite mis-
sion, so that needed information will be 
available in the future as climate change 
rises toward the pinnacle of public inter-
est. Radiation balance (CERES) observa-
tions must be continued with a new 
satellite and Argo data need to be 
expanded, especially around Antarctica 
and Greenland (see below).

There is a danger of “being too late” 
with policy-relevant information. Thus, 
we also make an effort to define a near-
term ship aerosol footprint that will help 
verify, or disprove, our inference of a 
large ship aerosol forcing as soon as 
possible.

Ship Aerosol Footprint: Near-

Term Climate Prediction

Ship aerosol forcing should have an 
indelible footprint that will be obvious 
soon: SSTs (sea surface temperature) and 
global temperature will remain abnor-
mally high. The ship aerosol effect is 
largest in the North Pacific and North 

Atlantic where human-made sulfate 
aerosols dominate over natural aero-
sols, but ship emissions are substantial 
at low latitudes in both hemispheres. 
Global SSTs, and thus global surface 
temperature, should remain high even 
during the next La Niña. Global warm-
ing of 0.2 °C from ship aerosol reduc-
tion will grow slowly beyond year 5 of 
forcing initiation (Figure 14), but it will 
prevent global temperature from fall-
ing much below +1.5 °C relative to pre-
industrial (late 19th century) time. 
Thus, our prediction is that global tem-
perature averaged over the El Niño/ 
La Niña cycle has already reached the 
+1.5 °C threshold.

These high SSTs constitute a heavy 
footprint for people. Increased SSTs are 
indicative of rising heat content of the 
ocean’s wind-mixed surface layer, which 
provides energy for stronger storms with 
more extreme rainfall amounts. The rote 
explanation that “warming of 1 °C allows 
the air to hold 7% more water vapor” is 
not a full explanation of storm intensifi-
cation and climate impact. Water vapor’s 
fueling of storms – thunderstorms, tor-
nadoes, and tropical storms – is a main 
factor causing more extreme storms and 
floods.88 A paper89 attached to the first 
author’s congressional testimony in 1989, 
describing research by a team of eight 
scientists, concluded that global warming 
increases “moist static energy”90 near 
Earth’s surface and causes a larger por-
tion of rainfall to be in more powerful 
thunderstorms that rise to greater 
heights, as opposed to gentler rainfall 
from stratiform clouds. Also, increased 
heat content in the ocean’s surface layer 
provides energy for rapid tropical storm 
intensification and drives stronger, wet-
ter, storms.

Our main conclusions – that climate 
sensitivity is higher and aerosol forcing 
is greater than in IPCC’s best estimates 
– add to the climate threat. Nevertheless, 
the climate system’s slow response allows 
the possibility to avoid the “point of no 
return,” the point when disastrous cli-
mate change would run out of humanity’s 
control. A happy ending – with resto-
ration of a propitious climate – requires 
an understanding of this greatest cli-
mate threat.
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The Point of No Return

Tipping points are a big concern in 
popular and scientific discussion of cli-
mate change. The most dire belief is that 
today’s accelerated warming is a sign of 
runaway feedbacks that are pushing cli-
mate beyond multiple tipping points, 
thus causing global warming accelera-
tion that threatens eventual collapse of 
civilization. Our analysis does not sup-
port such beliefs. Instead, we find that 
observed acceleration of global warming 
is caused by a human-made climate 
forcing: reduction of atmospheric aero-
sols, especially aerosols produced by 
commercial shipping.

Climate feedbacks are real; paleocli-
mate evidence shows that “fast” feed-
backs (water vapor, clouds, and sea ice) 
amplify climate sensitivity from 1.2 °C91 
for doubled CO2 with no feedbacks to 
as much as 4-5 °C, i.e., these well-
known feedbacks more than triple the 
equilibrium climate response. However, 
equilibrium climate response is slowed 
by the ocean’s thermal inertia. For 
example, warming from the 2020 
reduction of ship aerosols is one-third 

complete after five years; the next third 
requires a century and the final third 
requires millennia. The mechanism 
that causes continued slow warming is 
Earth’s energy imbalance – thus the 
additional warming will never occur, if 
we reduce net climate forcing to restore 
Earth’s energy balance.

Tipping points92 are also real. Some 
feedbacks can pass a point such that the 
process accelerates and causes amplify-
ing climate feedback. For example, 
global warming may melt Arctic per-
mafrost, releasing large amounts of 
greenhouse gases to the atmosphere. Or 
heating and drying of the Amazon rain-
forest may reach a point that the rain-
forest is not self-sustaining, with fires 
releasing much of the carbon stored in 
the forest. Many tipping point processes 
are reversible if Earth cools, but the 
recovery time varies and may be long 
for some feedbacks.

The most threatening tipping point 
– the Point of No Return – will be 
passed when it becomes impossible to 
avoid catastrophic loss of the West 
Antarctic ice sheet with sea level rise of 
several meters. Large areas in China, 

the United States, Bangladesh, the 
Netherlands, island nations, and at 
least half of the world’s largest cities 
would be substantially submerged, an 
irreversible result on any time scale 
that people care about. Rising seas 
would be accompanied by increasing 
climate extremes that are already 
emerging at global temperature of only 
+1-1.5 °C.93 Emigration from populous 
coastal areas and other vulnerable/
disaster-prone regions would add to 
emigration from increasingly inhospi-
table low latitudes. Sea level would not 
stabilize after West Antarctica col-
lapses: there is at least 15-25 m (50-80 
feet) of sea level in Antarctic and 
Greenland ice in direct contact with the 
ocean. The last time Earth was at +2 °C 
relative to preindustrial time – in the 
early Pliocene – sea level was 15-25 m 
(50-80 feet) higher than today. Sea level 
change takes time, so coastlines would 
be continually retreating.

Clearly, we must avoid passing the 
Point of No Return. Learning how we can 
do that requires understanding how the 
ice sheets, ocean, and atmosphere work 
together.

Super typhoon.
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Ice Sheet, Ocean, Atmosphere 

Interactions

The IPCC reports dismiss shutdown 
of the overturning ocean circulation and 
large sea level rise on the century time 
scale as low probability, even for high 
emission scenarios. How did they reach 
that conclusion? Models with a specific 
modeling approach. Climate models are 
an essential tool because there is no nat-
ural precedent for rapid human-made 
climate forcing. A complete global cli-
mate model includes the ice sheets, 
ocean, and atmosphere. Dynamic ice 
sheets are the most recent of these com-
ponents to be modeled in detail and are 
the most challenging due to the wide 
range of spatial scales: from small-scale 
action of freeze-thaw cycles in breaking 
up ice to large-scale movement of ice 
sheets over land surface and sea floor 
terrain. Global climate models are sup-
posed to allow realistic interactions 
among the ice sheets, ocean and atmo-
sphere, but if one of these components is 
not simulated well, it affects the others.

Twenty years ago, the first author 
(JEH) had discussions with field glaciol-
ogists94 who were frustrated with IPCC 
reports and models that they believed 
portrayed ice sheets as unrealistically 
lethargic.95 Their concerns were based 
mainly on observed effects of water – on, 
within, under, and at the edges of the ice 
sheets – that could speed the movement 
and disintegration of the ice. Concern 
that ice sheet models were too “stiff ”  
led to an alternative perspective on ice 
sheet stability95 based on Earth’s energy 
balance and feedbacks among the ocean, 
ice, and atmosphere; this perspective 
suggested that ice sheets are more mobile 
in the real world than in ice sheet models. 
Support for this perspective was provided 
by paleoclimate data, which revealed 
oscillations of ice sheet size that could  
not be produced by existing ice sheet 
models.49

Integrated modeling – with ice 
sheets, ocean, and atmosphere all 
included in one model – is one approach 
that should be, and is, being pursued. 
But if it is the only approach, there is a 
danger that it will be slow to achieve 
real-world dynamic realism. A comple-
mentary approach is to use well-tested 

atmosphere-ocean climate models with 
testable assumptions for ice sheet behav-
ior. The objective is to compare the 
model results with reality in hopes of 
learning things about ice sheet behavior 
and future climate impacts. This latter 
modeling approach was pursued with 
the Goddard Institute for Space Studies 
climate model, but first it was necessary 
to address fundamental issues about 
ocean models, which have their own 
uncertainties.

Stefan Rahmstorf, the world-leading 
expert on the ocean’s overturning circula-
tions,96 described a tendency of ocean 
model development to produce models 
that are unrealistically stable.97 A related 
concern about ocean models was their 
widespread tendency to produce exces-
sive small-scale mixing of ocean proper-
ties. As we have already discussed, the 
excessive mixing of surface heat anoma-
lies caused global models to under-
estimate (negative) aerosol forcing.98 
Another effect of excessive mixing is to 
increase stability of the ocean model 
against possible shutdown of the over-
turning circulation. When freshwater 

from melting ice sheets is injected into 
the ocean surface layer it reduces the 
density of the salty surface mixed layer. 
The density reduction tends to decrease 
the amount of cold, salty, dense water 
that sinks toward the ocean floor in polar 
regions in winter; if the density reduction 
is sufficient, it can even shut down the 
overturning circulation. Ocean models 
with excessive, unrealistic, mixing tend 
to homogenize the water and prevent 
shutdown. Special effort was made to 
eliminate unphysical mixing in the 
Goddard Institute for Space Studies atmo-
sphere-ocean climate model.99 This model 
was used for climate simulations for the 
20th and 21st centuries, and a paper was 
submitted for publication in 2015.

Ice Melt, Sea Level Rise, and 

Superstorms

The full title of the submitted 
paper,100 “Ice melt, sea level rise, and 
superstorms: evidence from paleo-
climate data, climate modeling, and 
modern observations that 2 °C global 

Exhaust from cargo ships includes aerosols.
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warming is highly dangerous,” summa-
rized our strategy to assess the danger 
of passing the Point of No Return. 
Insight based on combining information 
from paleoclimate studies, climate mod-
els, and ongoing climate change is essen-
tial to obtain early, reliable, assessment 
of climate change. The paper passed 
extensive peer review and was published 
in 2016.101

This “Ice Melt” paper paints a picture 
of Eemian climate (120,000 years ago) of 
relevance to climate change today. 
Eemian global temperature was about 
+1 °C relative to the preindustrial 
Holocene.102 Mid-Eemian sea level was 
about the same as today and the Antarctic 
and Greenland ice sheets were similar to 
their present sizes. Late in the Eemian 
period,103 sea level rose several meters 
within a century, the rapid rise being 
recorded in the rate that coral reef-build-
ing “backstepped” toward the shore in 
response to the rising seas.104 It is likely 
that the added sea level was from collapse 
of the West Antarctic ice sheet because 

that ice sheet sits on bedrock hundreds 
of meters below sea level, making it vul-
nerable to ocean warming and rapid 
disintegration.

Late Eemian climate also featured 
shutdown of the North Atlantic over-
turning circulation, as revealed by ocean 
cores of seafloor sediments.105 Shutdown 
of this ocean circulation short-circuits 
interhemispheric transport of heat by the 
global ocean conveyor,106,107 which  
normally transports a huge amount of 
heat – 1,000 trillion watts – from the 
Southern Hemisphere into the Northern 
Hemisphere. That heat amounts to 4 W/m2  
of energy averaged over the Northern 
Hemisphere, but it is mostly concen-
trated in the North Atlantic region, 
which is thus warmer than expected for 
its latitude. When the ocean conveyor 
shut down, that heat stayed in the 
Southern Ocean, where it may have con-
tributed to collapse of the West Antarctic 
ice sheet. Meanwhile, in the North 
Atlantic region, there was evidence of 
powerful storms. This picture of the 

Eemian, if filled out in finer detail108 
including the sequencing of events, may 
help us anticipate where our present cli-
mate is headed, if effective actions are not 
taken to halt and reverse human-made 
climate change, restoring relatively stable 
Holocene climate.

Climate simulations in “Ice Melt” 
were carried out with a climate model 
that passed crucial tests such as having 
deepwater formation at several locations 
close to the Antarctic coast, a test that 
many other models failed. In the climate 
projections, it was assumed that growth 
of ice sheet melt would be nonlinear, 
based on paleoclimate data showing that 
sea level on occasion rose several meters 
in a century. Freshwater fluxes into the 
ocean were estimated as 360 Gt/year  
(a gigaton, Gt, is one billion tons) in the 
Northern Hemisphere and 720 Gt/year 
in the Southern Hemisphere in 2011 with 
doubling times for these rates being 
either 10 years or 20 years. The largest 
freshwater source is melting of ice 
shelves, the tongues of ice that extend 

Amazon forest �re.
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from the ice sheets into the ocean.109 The 
range of doubling times for freshwater 
injection – 10 years to 20 years – was 
based on limited observations, but still 
seems to be an appropriate estimate. 
Observations that help improve this esti-
mate are needed.110

Our climate simulations led to the stag-
gering conclusion that continued growth 
of ice melt will cause shutdown of the 
North Atlantic and Southern Ocean over-
turning circulations as early as midcen-
tury and “nonlinearly growing sea level 
rise, reaching several meters in 50-150 
years.”111 These results contrast sharply 
with IPCC conclusions based on global 
climate models. Growing freshwater 
injection in the Ice Melt model49 already 
limits warming in the Southern Ocean 
by the 2020s with cooling in that region 
by midcentury. In contrast, models that 
IPCC relies on have strong warming in 
the Southern Ocean. Observed sea sur-
face temperature is consistent with 
results from the Ice Melt model,49 but 
inconsistent with the models that IPCC 
relies on (Figure 20).112

Earth’s temperature only reached the 
Eemian level, +1 °C, about a decade ago 
and is now already at +1.5 °C. It’s crucial 

that we understand the implications of 
this warming for today’s young people 
and for their children and grandchildren. 
We must understand it well enough, soon 
enough, that we can avoid handing them 
a planet headed irrevocably to the Point 
of No Return, with ice sheets headed for 
collapse and sea level out of humanity’s 
control.

Long-Term Climate Change

Are the United Nations and public 
well-informed about the status of long-
term climate change? The Secretary 
General of the UN in the past few years 
has made increasingly frantic statements 
about the urgency of actions to stem 
global warming, but in the context of 
unrealistic appraisal of the possibility of 
achieving the goal of the Framework 
Convention on Climate Change. Frank 
admission of the status of climate change 
and the implausibility of limiting global 
warming to a level below 2 °C with the 
present policy approach is needed. 
Realistic assessment is needed to help 
evaluate the actions that are needed to 
provide the best chance to attain and 

preserve a propitious climate and envi-
ronment for today’s young people and 
their descendants.

Global temperature leaped up in the 
past two years, passing the +1.5 °C level, 
and it will continue to rise for at least the 
next few decades, with natural oscilla-
tions about the human-made long-term 
change. The recent acceleration of the 
global warming rate should not last long. 
That acceleration is driven mainly by a 
unique forcing, the forcing of about 0.5 
W/m2 caused by reduction of sulfur 
emissions from commercial ships, not by 
runaway feedbacks or climate tipping 
points.113 Our Faustian debt is not paid 
off by any means; the warming due to 
reduction of ship aerosols is only one-
third complete, but the second and third 
portions will occur over a century and a 
millennium, which gives humanity time 
to take action. Potential additional reduc-
tion of aerosols, mainly of continental 
sources, is about 1 W/m2 according  
to IPCC, but more likely in the range 
1.5-2 W/m2 for all aerosol sources, 
including wood and other biomass burn-
ing.1 Although that is large forcing and 
large potential warming, if the world 
were to return to a pristine pre-human 

Costs of climate change: a�ermath of Hurricane Helene near Biltmore Village in Asheville, North Carolina.
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atmosphere, nothing approaching com-
plete return is plausible with a human 
population of billions that is still grow-
ing. Burning of wood and other biofuels 
will continue for the foreseeable future 
and human-caused forest and grass fires 
are likely to grow as climate extremes 
increase. We need to measure aerosol 
changes better, but additional aerosol 
changes seem unlikely to be a major drive 
for climate change in the next few decades.

Thus, continued global warming will 
depend mainly on fossil fuel emissions 
(Figure 21b).114,115 The resulting green-
house gas climate forcing (Figure 15) is 
now increasing almost 0.5 W/m2 per 
decade, an amount that dwarfs changes of 
other climate forcings, including aerosols. 
Ever since the Kyoto Protocol was achieved 
in 1997, it has been hoped that voluntary 
goals for emission reductions would slow 
the growth of global emissions as needed 
to avoid dangerous climate change. In fact, 
global emissions accelerated, demonstrat-
ing that short-term economic self-interest 
trumps concern about long-term degrada-
tion of the global commons. The gravity of 
the situation is shown by Figure 15, which 
compares reality with the greenhouse gas 

scenario (RCP2.6) designed by IPCC to 
limit global warming to less than +2 °C. 
Annual growth of greenhouse climate 
forcing is now more than double the 
amount in IPCC’s target scenario, which 
was never realistic because it relied on an 
assumption of massive carbon capture at 
powerplants with permanent burial of the 
captured CO2. Carbon capture at the giga-
ton scale does not exist; the estimated 
annual cost of CO2 extraction is now $2.2-
4.5 trillion dollars per year,116 and the gap 
between the IPCC scenario and reality is 
rising rapidly (Figure 15). Such hypothet-
ical large-scale carbon capture will not 
happen in anything near the required 
timeframe.

Imaginary, implausible, scenarios are 
harmful. Misleading plans for “net zero” 
emissions by midcentury – while present 
policies guarantee that high fossil fuel 
emissions will continue – disguise failure 
to face reality. How is it that the United 
Nations advisory structure appears to be 
so oblivious of real-world energy needs 
and the time scale on which fossil fuel 
emissions will realistically be brought 
down? Contrary to hype of some envi-
ronmental organizations, fossil fuels are 

not a narcotic pushed on the public by an 
evil industry; they are a convenient con-
densed form of energy that has helped 
raise the standard of living in much of the 
world. The realpolitik is: as long as the 
global commons are available as a free 
dumping ground for pollution, most 
nations with fossil fuel reserves will 
exploit those reserves. A radical change 
of global climate policy is needed, as dis-
cussed in our final section below.

Given this grim picture, what is our 
basis for optimism? Why do we believe 
that it is realistic to avoid passing the 
Point of No Return? Our optimism is 
based on the growing interest of young 
people in the condition of the world that 
they and their descendants will live in, 
and in their conviction that they should 
follow the science. The scientific 
approach, as we will explain, has poten-
tial to lead to a radical change of policy.

Global Justice: Policy 

Implications

Global emissions will remain high and 
climate will pass the Point of No Return, if 

Figure 20. Sea Surface Temperature anomaly 15 November 2024 (°C).**
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the atmosphere continues to be a free 
dumping ground for fossil fuel emissions. 
Current emissions are coming more and 
more from nations with emerging econo-
mies, such as China and India, but climate 
change is caused by cumulative (total his-
torical) emissions 117,118 (Figure 22b), for 
which the United States and Europe are 
the largest contributors. This responsi-
bility becomes even more apparent in 
per capita contributions to cumulative 
emissions (Figure 23b, based on 2020 
populations). The per capita cost of 
removing prior emissions, as needed to 
restore Holocene climate, is shown on the  
right-hand scale of Figure 23b, based on 
the most optimistic (low end) cost esti-
mate.116 This large cost provides one 
measure of the scale of the climate 
problem.

Global injustice of the present polit-
ical approach to climate change is obvi-
ous. Intergenerational injustice is clear: 
young people and their descendants 
will suffer consequences of climate 
change that was initiated and left 
unchecked by older generations. 
International injustice is also manifest, 
as many nations – especially those at 
low latitudes and low elevation – will 
be hit hardest by climate change, 
despite having little responsibility  
for climate change. The Framework 
Convention on Climate Change – over-
seen by the United Nations with annual 
COP (Conference of the Parties) meet-
ings and supported by the Inter-
governmental Panel on Climate Change 
(IPCC) – was supposed to stem climate 
change so as to minimize these global 

injustices, but it has been ineffectual. 
Why? We assert that this political 
approach has not followed the path dic-
tated by science. There is evidence that 
young people are fed up with this inef-
fectual political approach and wish to 
follow the science, as we can illustrate 
with important examples.

The most fundamental need is for a 
rising price on carbon emissions, which 
is the essential underlying policy 
needed to guide the world to a prosper-
ous clean-energy future. Economic  
scientists overwhelmingly agree119 that 
a simple rising carbon fee (tax), col-
lected at domestic fossil fuel mines and 
ports of entry, with 100% of the funds 
distributed120 uniformly to the public as 
“dividends,” is the most effective  
and socially just way to implement a 
carbon fee. Low-income and most  
middle-income people would gain 
financially, with the dividend exceeding 
their increased energy costs. Student 
body presidents at colleges and univer-
sities in all 50 states in the U.S. agreed 
to “follow the science” and support 

carbon fee and dividend.121 Later 700 
high school student leaders from all 50 
states endorsed this approach.122

A second example of following the 
science is also informative. Although a 
rising carbon fee is the underlying 
requirement to phase out carbon emis-
sions, it is not sufficient. Governments 
also must assure that adequate car-
bon-free technology is available. Yet, 
rather than supporting competition 
among alternative energies, most gov-
ernments chose to support innovation 
and development only of “renewable” 
energies, a political “solution” that 
serves to hamstring future generations 
by slowing the transition away from 
fossil fuels.123 Buried deep in IPCC 
reports is information that nuclear 
power has the smallest environmental 
footprint of major energy sources, but 
politics caused a failure to develop 
modern nuclear power (Sidebar 10). It 
takes time to drive down the costs of 
new technology – as demonstrated by 
solar and wind power – but there is 
still, if barely, time for additional 

Figure 21. Global energy consumption (a) and CO2 emissions (b).**
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nuclear power to be brought on-line to 
provide the firm (available 24/7) energy 
needed to complement renewables, 
including the ability to provide high- 
temperature energy required by heavy 
industry. It may be just in time to help 
us avoid passing the Point of No Return.

Nuclear power warrants a further 
comment because it stands as a warn-
ing about the next big issue in climate 
change policy, which we will discuss 
next. Opposition to nuclear power was 
“successful” in blocking development 
of nuclear power for several decades, 
thus excluding modern nuclear power 
from the toolbox to deal with climate 
change. Given the absence of low-cost, 
ultrasafe, modern nuclear power in the 
21st century, fossil fuels were the prac-
tical option for firm electric power as 
the complement to intermittent renew-
able energy. Thus, there has been a 

long delay in phasedown of fossil fuel 
emissions in developed nations and a 
vast infrastructure of fossil fuel pow-
erplants and high-carbon industry was 
built, especially in emerging econo-
mies. In turn, as Figure 15 so vividly 
illustrates, global temperature in excess 
of +2 °C was locked in, absent purpose-
ful actions to affect Earth’s energy 
imbalance.

Purposeful Global Cooling

Today’s older generations – despite 
having adequate information – failed to 
stem climate change or set the planet on 
a course to avoid growing climate disas-
ters. And they tied one arm of young 
people behind their back by supporting 
only renewable energies as an alternative 
to fossil fuels. Now, as it has become clear 

that climate is driving hard toward the 
Point of No Return, there are efforts to 
tie the other arm of young people behind 
their back. We refer to efforts to prohibit 
actions that may be needed to affect 
Earth’s energy balance, temporarily, 
while the difficult task of reducing green-
house gases is pursued as rapidly as  
practical – namely Solar Radiation 
Modification (SRM). Purposeful global 
cooling with such climate interventions 
is falsely described as “geoengineering,” 
while, in fact, it is action to reduce geo-
engineering. Humanmade climate forc-
ings are already geoengineering the 
planet at an unprecedented, danger-
ous, rate.

We, the authors – who range in expe-
rience from young people just beginning 
our careers to older scientists who have 
spent half a century in research aimed at 
better understanding of Earth’s climate 

Figure 22. CO2 emissions in 2022 (left) and cumulative 1750-2022 (right).**

Figure 23. CO2 emissions per capita in 2022 (left) and1750-2022 (right).**
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– are concerned about the danger of 
again “being too late” in informing the 
public about actions that may be needed 
to preserve the marvelous world we 
inherited from our parents. We do not 
recommend implementing climate inter-
ventions, but we suggest that young peo-
ple not be prohibited from having 
knowledge of the potential and limita-
tions of purposeful global cooling in their 
toolbox. We do not subscribe to the opin-
ion that such knowledge will necessarily 
decrease public desire to slow and reverse 
growth of atmospheric greenhouse gases; 
on the contrary, knowledge of such 
research may increase public pressure to 
reduce greenhouse gas amounts.

Given that global temperature is 
already +1.5 °C, given Earth’s present 
energy imbalance of about +1 W/m2 (see 
below), given the evidence that climate 
sensitivity is high, given the expectation 
of at least moderate additional reduced- 
aerosol warming, and given the prospect 
of additional greenhouse gas emissions 
(Figure 21), we conclude that the world 
is headed to temperatures of at least 
+2-3 °C. If such global warming occurs 
and persists, it will push the climate sys-
tem beyond the Point of No Return, lock-
ing in sea level rise of many meters and 
worldwide climate change, including 
more powerful storms and more extreme 
floods, heat waves, and droughts. Given 
the difficulty of achieving consensus on 
policy actions, research is needed during 
the next decade to define the climate sit-
uation better and the efficacy of potential 
actions to minimize undesirable climate 
change. For that purpose, the United 
Nations IPCC approach, heavily empha-
sizing global climate modeling, is insuf-
ficient. Observations and research are 

needed to better understand effects of the 
ocean and atmosphere on ice sheets, as is 
a focused effort to understand rapid sea 
level rise during the Eemian period. 
Research on purposeful global cooling 
should be pursued, as recommended by 
the U.S. National Academy of Sciences.126 
Solar Radiation Modification to counter 
global warming was suggested by Mikhail 
Budyko127 in 1974 and later by Paul 
Crutzen.128 Their idea is to mimic the 
cooling effect of a volcano by injecting 
sulfates into the stratosphere. A benefit 
of such aerosol cooling was revealed in 
climate simulations129 in which aerosols 
equivalent to the Pinatubo volcanic injec-
tion were added over the (1) entire globe, 
(2) Southern Hemisphere, (3) Southern 
Ocean and Antarctica, or (4) Antarctica 
(Figure SM5, Supplementary Material). 
The aerosols cool the Southern Ocean at 
depth (Figure 24) in mirror image of 
ocean warming caused by greenhouse 
gases. The importance of this finding is 
the implied effect on processes that 
determine ice sheet stability (Sidebar 11).

There are numerous recent modeling 
studies, on the effect of stratospheric 
aerosols, including a strong reminder135 
that a high greenhouse gas scenario such 
as RCP8.5 creates such great warming 
and melting that aerosol intervention  
will almost surely be fruitless in the end. 
Our Figure 15 is a shocking revelation 
that real-world greenhouse gases are 
increasing at nearly the RCP8.5 rate. 
Policy must focus on reducing actual 
greenhouse gas emissions to a steeply 
declining growth rate relative to RCP8.5 
(Figure 15). Solar Radiation Modification 
(SRM) – whether via stratospheric aero-
sols or otherwise – should be considered 
only as a possibility to address temporary 

overshoot of safe global temperature 
while atmospheric greenhouse gases are 
reduced as rapidly as practical. With that 
caveat, numerous studies, e.g., 136,137 sug-
gest that stratospheric aerosols have 
potential to reduce the risks of Antarctic 
ice loss and sea level rise. However, it 
must be borne in mind that the greatest 
uncertainty is in ice sheet response to 
changing climate. Ice sheet modeling is 
still so primitive that it is difficult to have 
confidence in these modeling stud-
ies, per se.

Modeling limitations are why we sug-
gest comparable emphasis on paleocli-
mate studies, climate modeling, and 
modern observations of ongoing changes. 
In the latter category, there is the global, 
natural experiment of cooling by strato-
spheric aerosols provided by the 1991 
Pinatubo volcanic eruption, which 
spread aerosols into both hemispheres. 
The maximum negative forcing was 
about −3 W/m2, more than enough to 
offset Earth’s present energy imbalance 
of 1-1.5 W/m2 and cause global cooling. 
Such negative forcing, if maintained for 
years, would cause reversal of fast feed-
backs, including regrowth of sea ice area. 
Major effects of the brief Pinatubo forc-
ing included global cooling in the next 
two years that peaked at 0.3 °C and a 50% 
reduction138 in the growth rate of atmo-
spheric CO2 that lasted about three years. 
Negative effects included a temporary 
reduction of stratospheric ozone139 in the 
tropics and adverse changes of precipita-
tion patterns.140

Tropospheric aerosols are a suggested 
alternative cooling mechanism.141 The 
inadvertent global experiment arising 
from the sudden restriction on sulfur 
content of ship fuels is analogous to the 

Sidebar 10. Based on construction materials (steel, concrete, etc.) for a nuclear power plant and cost of nuclear 
fuel, nuclear energy could be among our least expensive energies, but it is not at this time. Many governments, 
especially states in the U.S., required utilities to have “renewable portfolio standards” rather than “clean energy 
portfolio standards,” thus providing an unlimited subsidy to renewable energy for decades, stunting investment in 
nuclear power. Disinformation played a role in opposition to nuclear power, e.g., in the emphasis of danger in 
“nuclear waste.” Nuclear waste is contained and has caused little problem, especially in comparison to waste from 
other energy sources; even old technology nuclear power demonstrably saved millions of lives.124 In addition, 
exaggerated danger of tiny amounts of nuclear radiation are used by nuclear power opponents to require regulations 
that slow nuclear construction and increase costs.125

https://doi.org/10.1080/00139157.2025.2434494
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Pinatubo experiment. Based on our anal-
ysis, this ship experiment indicates the 
potential for a large cooling effect via 
tropospheric aerosols. The environmen-
tal impact of spraying salty sea water into 
the air with the intention of seeding 
clouds may generate less concern than 
some other cooling mechanisms, but 
much more scientific and engineering 
research is needed to explore the topic.142

Investigations of purposeful global 
cooling occasionally raise a concern of 
a potential threat it might pose to ambi-
tion to reduce emissions. This hypoth-
esis is often called moral hazard. This 
concern is largely contested in research 
on individuals,143,144,145 but we take it 
seriously. Importantly, whether moral 
hazard plays out should depend on  
how SRM is framed, e.g. as a panacea or 
get-out-of-jail card vs. a complemen-
tary mea sure. SRM must be presented 
as an auxiliary tool that could help 
reverse some of the damage already  
set in motion by the fossil fuel  
industry and irresponsible politics. The 

environmental movement and aca-
demia have a huge responsibility in 
steering public debate on SRM, which 
they have largely shunned to date.

However, even in the worst case, if 
SRM would in some degree distract from 
GHG cuts, it still may be a risk worth 
taking, given the limited potential that 
greenhouse gas reductions alone now 
have for avoiding some catastrophic cli-
mate impacts. If, as for us, the main con-
cern is with limiting climate disasters and 
subsequent human suffering, then the 
mere possibility of moral hazard is not 
per se a strong/valid reason for rejecting 
SRM research.

The main ethical issues here are (1) 
whether the climate impacts that are 
already unavoidable even with the most 
stringent emission scenario (not to men-
tion with worse and more likely scenar-
ios) are acceptable for those who are 
doomed to bear them; (2) whether SRM 
might help avoid some of these impacts, 
and how this benefit would compare to 
the possible side effects of the given SRM; 

and (3) how much SRM may distract 
from the main challenge of greenhouse 
gas reduction. There is a need for analysis 
that compares the risks and benefits of 
purposeful global cooling scenarios 
against scenarios with no such cooling. 
This comparative risk analysis is typically 
absent in objections to SRM research; in 
a similar vein, proponents of SRM 
research should appreciate valid con-
cerns about the moral hazard hypothesis 
and deal with it in a comparative “risks 
vs. risks” framework. Although public 
perception research is nascent, it must be 
noted that it shows stronger support for 
SRM in the Global South than in the 
Global North, probably because of 
younger average age and greater expo-
sure to climate hazards.146,147,148

There is no expectation of purposeful 
global cooling in the near-term. For now, 
what is needed is a strengthened resolve 
to transition away from fossil fuels  
and adequate funding to assist nations  
presently suffering climate disasters. 
Countries most responsible for climate 

Costs of climate change: extreme drought in what was once agricultural land.
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change will be expected to provide fund-
ing. Recognition of a growing obligation 
may encourage phasedown of relevant 
emissions. These issues are complex, but 
now unavoidable.

In any event, based on the discussion 
in this article, we believe it is likely that 
purposeful global cooling would be more 
helpful than not for limiting disastrous 
climate impacts. However, international 
agreement on such actions is undesirable 
until the risks and benefits of SRM are 
better established, and unlikely before 
there is better understanding of the sci-
ence as well as evidence of extreme, 

undeniable, climate change that per-
suades the public of the common sense 
and desirability of action. That requires 
time, probably decades. Thus, it is 
important to be aware of likely near-term 
climate change, and to have the data 
needed to interpret the climate change.

The Next Decade or Two

Are the public and United Nations 
well-informed? Not if judged by asser-
tions that global warming can be kept 
“well below 2 °C,” the goal of the Paris 
Agreement,149 without purposeful 

global cooling (in addition to phase-
down of greenhouse gas emissions). 
Intergovernmental Panel on Climate 
Change (IPCC) scenarios that achieve 
that target, such as RCP2.6 in Figure 15, 
are implausible. We also conclude that 
IPCC underestimated cooling by human-
made aerosols, and, largely as a result of 
that, IPCC’s best estimate of climate sen-
sitivity (3 °C for doubled CO2) is also an 
underestimate. More realistic assessment 
of the climate situation will be needed 
during the next decade or two, if the 
world is to finally comes to grips with 
climate change reality.

Sidebar 11. Ice shelves adhered to the Antarctic continent extend down the side of the continent to depths as great as 
2 km in the Southern Ocean, where they provide the strongest buttressing force130 holding the ice sheet in place. Ice 
shelves are the “cork” that prevents rapid expulsion of Antarctic ice into the Southern Ocean – especially the vulnerable 
West Antarctic ice, which rests on bedrock below sea level.131 �e rapid Eemian sea level rise likely was preceded by 
melting of Antarctic ice shelves. Today, ice shelves around Antarctica are again melting, with the melting accelerated 
by slowdown of the ocean overturning circulation. �e overturning is driven by cold, salty water near the Antarctic 
coast that sinks to the ocean �oor, compensated by rising, warmer water; this circulation is an escape valve for deep 
ocean heat. Global warming today is increasing ice melt around Antarctica, freshening and reducing the density of 
the upper ocean, thus reducing the overturning circulation49 and escape of ocean heat to space during the cold 
Antarctic winter. Based on a conservative estimate110 of observed ice melt in 2011 and a 10-year doubling time for the 
melt rate, a global climate model yields a 30% slowdown of the overturning circulation in 2025,132 consistent with 
observational data.133 �us, today the ocean surface layer around Antarctica is freshening and cooling (Figure 3, 
Cheng et al.),134 but the ocean below is warming. Purposeful aerosol cooling recharges this overturning Antarctic 
circulation, allowing deep ocean heat to escape to the atmosphere and space and cooling the ocean at depth while 
warming much of the thin surface layer as the upwelling deep-ocean heat melts sea ice (Figure 24).

Figure 24. Change of internal ocean temperature (°C) after 40 years.**
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Global Temperature

Global warming has accelerated. The 
warming rate of 0.18 °C per decade in 
1970-2010 was less than greenhouse 
gases alone would have caused because 
aerosol cooling was growing. The warm-
ing rate increased as aerosol cooling 
stopped growing and warming got a big 
upward kick with reduction of ship aero-
sols. Further warming from that ship 
aerosol change will be slower, but if 
greenhouse gas forcing continues to grow 
(there is no evidence of a slowdown), the 
new global warming rate will be greater 
than in 1970-2010. Thus, the next year 
may provide a wake-up call: global tem-
perature will remain above +1.5 °C at the 
end of 2024 and, at most, barely fall 
below +1.5 °C in 2025. Continued high 
temperature will support our ship aerosol 
forcing estimate of 0.5 W/m2. Sea surface 
temperature will remain abnormally high, 
providing fuel for powerful storms and  
extreme rainfall. The 12-month running- 
mean global temperature150 (Figure 1) is 
the single most informative temperature 
diagnostic, but zonal-mean sea surface 
temperature (Figure 10) is pregnant with 
more information that helps us interpret 
climate change. A declining solar irradi-
ance may dampen warming for several 
years, but global warming in the next two 
decades is likely to be about 0.2-0.3 °C 
per decade, leading to global temperature 
+2 °C by 2045.

Greenhouse Gas Climate Forcing

The projected warming rate could 
slow if the growth rate of greenhouse 
gases slowed, but there is no evidence of 
that. The overwhelming drive for con-
tinuing climate change is the growth of 

greenhouse gases, mainly CO2, but also 
CH4 (methane) and N2O (nitrous oxide), 
as shown in Figure 25. The climate forc-
ing caused by the added gases, Figure 15, 
is the crucial diagnostic, showing that 
there has been no progress in bringing 
down the growth rate of greenhouse gas 
forcing. The gap between reality and the 
growth rate required to keep global 
warming less than +2 °C is so great (see 
Figure 15) that it is now implausible to 
keep warming under that target without 
purposeful cooling actions, in addition 
to reducing greenhouse gas amounts. 
This is the diagnostic most indicative of 
progress, or lack of progress, in efforts to 
slow global warming. The gases must 
decline in amount to yield negative 
growth of the greenhouse forcing in 
Figure 15, if we are to keep global warming 
close to or below 2 °C. Methane briefly 
reached negative growth in the first decade 
of the 21st century (Figure 25b) as its nat-
ural sink (chemical destruction in the 
atmosphere) exceeded its sources (wet-
lands, fossil fuel mining, agriculture, and 
waste disposal). The reversal is probably 
in part from increased leakage in mining, 
but also increased emissions from wet-
lands as a result of warming, i.e., a climate 
feedback.

Earth’s Energy Balance

The ultimate arbiter of where climate 
is headed is Earth’s energy imbalance – 
as long as more energy is coming in than 
going out, Earth will continue to get 
warmer. Accurate energy balance data 
(Figure 26) require both precise satellite 
measurement44 of radiation change and 
absolute calibration of this change via 
accurate measurement of ocean heat 

content change.55 The principal satellite 
instruments (CERES: Clouds and the 
Earth’s Radiant Energy System) measur-
ing Earth’s radiation balance has had 
remarkable longevity, but it is now near 
the end of its lifetime as the two NASA 
satellites carrying CERES are expected 
to reach the end of their lifetimes in 
2026. The importance of these data for 
understanding climate change implies 
that replacement satellite instruments 
deserve high priority. There needs to be 
an overlap of measurements by the 
newer and older instruments for the 
sake of calibration and a continuous 
record. Although there are plans for new 
instruments, it is unclear whether they 
will be in time for data continuity. If data 
overlap with CERES is not achieved, a 
new calibration with Argo will be 
required, which will require at least a 
decade of measurements.

The Point of No Return

The greatest climate threat is probably 
the danger of the West Antarctic ice sheet 
collapsing catastrophically, raising sea 
level by several meters and leaving the 
global coastline in continual retreat for 
centuries. The West Antarctic ice sheet is 
vulnerable to collapse because it is a 
marine ice sheet sitting on bedrock hun-
dreds of meters below sea level. There is 
evidence that it collapsed during the 
Eemian period – the last interglacial 
period that was warmer than the inter-
glacial period that we live in – and now, 
with the rapid warming of the past 50 
years, Earth is as warm as it was during 
the Eemian. The process of ice sheet col-
lapse is believed to be initiated by a 
warming ocean melting the ice shelves 

Figure 25. Annual increase of global atmospheric CO2, CH4, and N2O.**
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that extend from the ice sheet into the 
ocean, providing a buttress for the ice 
sheet. Those ice shelves are now melting 
because the ocean is warming. We do not 
know how far the ice shelf melting must 
reach before ice sheet collapse becomes 
inevitable. IPCC analysis of this matter 
has focused on global climate models 
that incorporate ice sheets, but the ice 
sheet models are primitive and unable to 
realistically model climate and ice sheet 
collapse that occurred in the Eemian.

The problem of West Antarctic ice 
sheet collapse is complicated because it 
may be related to – spurred by – shut-
down of the North Atlantic overturning 
circulation, which is part of a global 
ocean conveyor that normally transports 
heat from the Southern Ocean into the 
Northern Hemisphere. When the North 
Atlantic Overturning circulation shuts 
down, that heat stays in the Southern 
Hemisphere where it can contribute to 
Antarctic ice melt. Some climate simula-
tions for the 20th and 21st centuries that 
include growing ice melt from Greenland, 
small surrounding island ice caps, and 
decreasing sea ice find shutdown of the 
overturning North Atlantic circulation as 

early as the middle of the 21st century.49 
Recent statistical analysis of ongoing 
changes in the North Atlantic concur that 
shutdown of the overturning circulation 
could occur around mid-century, under 
current greenhouse gas emission scenar-
ios.151 Ice sheet mass balance studies 
including satellite-measured gravity data 
indicate that the rate of mass loss from 
the Greenland and Antarctic ice sheets 
has not increased during the past 20 
years, as we quantify and discuss in the 
Supplementary Material. Ice sheet mass 
and ice shelf mass are distinct and, at 
least for a time, their changes may even 
be in opposite directions because increas-
ing snowfall over the ice sheets with 
global warming increases ice sheet mass 
but does not alter the changing rate at 
which ice shelves are melting and provid-
ing freshwater to the polar oceans, as we 
have noted and discuss more in the 
Supplementary Material. It remains to be 
seen how the recent rapid increase of 
global warming from just over +1 °C to 
+1.5 °C will affect both the ice sheets and 
the ice shelves.

Point of No Return research deserves 
greater attention than it has received. There 

is evidence that global climate models 
IPCC has relied on do not realistically rep-
resent the possibility of shutdown of the 
North Atlantic Overturning Circulation,1,96 
nor do they simulate the rapid sea level 
changes that occur in the paleoclimate 
record.49 A more powerful research 
approach would give emphasis to paleocli-
mate analysis and to observations of ongo-
ing climate changes at least comparable to 
global climate modeling, although all three 
of these need to be integrated into compre-
hensive analysis. What was the sequence of 
events during the Eemian? We must try to 
date the events in both hemispheres on a 
common timescale. How exactly are the ice 
shelves changing today? We need to be 
making observations that provide knowl-
edge of ice shelf conditions versus time, 
comparable to the information that we 
have for quantities observed from space.

Epilogue

Young people feel anxiety about cli-
mate change and their future. A survey152 
of 10,000 16-to-25-year-olds in ten nations 
found that 60% were “very worried” or 
“extremely worried.” Two-thirds of them 
felt that governments are failing them, 
and, specifically, that governments are not 
acting according to science. Are they on 
to something? How could they get that 
impression? They see shootings in their 
schools. They see growing wars in the 
world. They see climate changing. In all 
cases, they see innocent people suffering 
with ineffectual government response. Yet 
they have faith in science. They ask: 
what is the truth? They do not want a sug-
ar-coated answer: “Oh, don’t worry, you 
will all be wealthy soon, so you can take 
care of the problems.” They see that their 
parents are struggling, not becoming 
wealthy. Instead, governments borrow 
money from young people, leaving them 
with the obligation to pay off the debt. Yet 
young people want to work for a bright 
future and they ask of science: what is the 
big picture, the long story?

Failure to be realistic in climate assess-
ment and failure to call out the fecklessness 
of current policies to stem global warming 
is not helpful to young people. The life of 
the first author (JEH) covers the period in 

Figure 26. Earth’s radiation balance.**
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which policy constraints developed. With 
the permission of the coauthors, the rest of 
this epilogue describes his perception of 
why policies do not serve the best interests 
of the public. The developments refer to the 
United States, but they are relevant to many 
nations.

The United States was ill-prepared for 
war when it entered World War II in 1941, 
but before the war was over the country 
had built a powerful, successful, military. 
The nation used its influence to help estab-
lish the United Nations and rules-based 
international bodies that promoted free 
trade and raised living standards in much 
of the world. The U.S. maintained a strong 
military, given the perceived threat of the 
Soviet Union, but President Dwight 
Eisenhower, in his 1961 Farewell Address, 
warned of danger in “the military-indus-
trial complex.” The draft of that speech153 
– with input from his brother, Milton, then 
President of Johns Hopkins University – 
referred to the military-industrial-congres-
sional complex, but the President deleted 
“congressional” before delivering his address 
on national television. When Milton asked 
about the omission, Eisenhower explained 
“It was more than enough to take on the 
military and private industry. I couldn’t 
take on the Congress as well.” The public 
wishes he had. The public knows that 
Washington is a swamp of special interests, 
with huge negative effect on the public’s 
best interest.

John F. Kennedy, in campaigning for the 
Presidency of the U.S. in 1960, received 
rousing support on university campuses 
when he proposed a Peace Corps to pro-
mote world friendship, and he gave the 
Peace Corps high priority when he assumed 
office in 1961. Kennedy was promptly 
introduced to the “deep state” when he let 
the Central Intelligence Agency orchestrate 
an invasion of Cuba by Cuban exiles, which 
ended in fiasco at the Bay of Pigs; Kennedy 
was angry at the CIA, but blamed himself 
for accepting their plan. In 1963 President 
Kennedy gave a surpassing “Peace 
Speech”154 that led to a nuclear test ban 
treaty with the Soviet Union, and, shortly 
before his assassination in November 1963, 
decided on a specific plan to withdraw 
from Vietnam regardless of the military 
situation there.155 If Kennedy had served 
eight years instead of 2 years and 10 
months, perhaps America would have 

followed a different path, but, instead, the 
United States now has a military presence 
in almost too many nations to count.156

The path followed by the United States 
after JFK’s assassination was not chosen by 
the American people, who, in fact, have a 
distaste for meddling in the internal polit-
ical affairs of other nations. As a NASA 
post-doc in 1967 and 1968, I worked in a 
Columbia University building a short dis-
tance from where students protested the 
Vietnam war and Columbia involvement 
in war-related research. Most Americans 
accept the need for a strong military, but 
not the continuous pursuit of global mili-
tary hegemony with interference in the 
internal affairs of other nations. The origin 
and continuation of a militaristic approach 
with frequent, often secret, support of 
“regime changes” in nations deemed 
unfriendly to our interests – as opposed to 
Kennedy’s greater emphasis on being “as a 
city upon a hill,”157 a positive example with 
the eyes of all people on us – is important 
for understanding why effective actions to 
preserve climate are not being taken and 
how this can be changed.

Now let’s summarize emergence of cli-
mate change science and the world’s polit-
ical response.

Charles David Keeling158 initiated pre-
cise measurements of atmospheric CO2 in 
1958, confirming that humanity was chang-
ing our atmospheric composition. During 
the 1960s and 1970s concern grew about 
possible impacts on climate, culminating in 
the 1979 Charney report23 that concluded 
climate sensitivity was likely in the range 
1.5-4.5 °C for doubled atmospheric CO2, 
thus implying large potential climate 
change. Paleoclimate data supported high 
climate sensitivity, favoring a sensitivity in 
the upper half of Charney’s range.159 
Observed, ongoing, global warming added 
to concerns, leading to adoption of the UN 
Framework Conven tion on Climate 
Change4 at the Rio Earth Summit in 1992 
and the Kyoto Protocol160 in 1997, with the 
objective of limiting changes of atmospheric 
composition, so as to avoid dangerous 
human-made interference with climate.

Subsequently, every year for three 
decades, the nations of the world have gath-
ered for the annual Conference of the 
Parties (COP), duly noting the growing 
climate threat. Nations duly promise to take 
action to reduce their emissions, and each 

year (barring a pandemic or global reces-
sion) global emissions actually grow 
(Figure 21). Why? Fossil fuels are a marvel-
ous, condensed energy source that raises 
living standards. As long as their waste can 
be dumped into the global commons, the 
atmosphere, without paying a fee for the 
cost to society, they will continue to be used 
and the climate problem will remain 
unsolvable. There are still plenty of fossil 
fuels in the ground. Individuals and nations 
will not readily give up the benefits that 
fossil fuels can bestow.

Cost of Carbon

Governments, almost universally, try to 
limit carbon emissions with some “cap-
and-trade” scheme. For example, a cap may 
be placed on emissions from some activity, 
with allowances to emit distributed or sold 
accordingly. If a business or nation cannot 
stay within its cap, it can purchase the right 
to emit from someone else. Or the business 
or nation can “offset” its emissions via an 
activity such as planting trees or, suppos-
edly, helping another business or nation 
reduce its emissions. The problem is that 
the offsets are often hokey, hard to verify, 
or actions that are needed anyhow, actions 
that should be additional, not offsets.

In 2008-2009, Peter Barnes and I, 
respectively, tried to persuade the U.S. 
Congress that “cap-and-dividend” and 
“fee-and-dividend, (Sidebar 12) were much 
superior to cap-and-trade. Barack Obama, 
who had warned of a “planet in peril” in his 
2008 campaign, missed a golden opportu-
nity with the financial crisis that existed 
when he took office. Congress had to 
approve legislation to deal with the crisis. 
Obama could have included fee-and-divi-
dend in the legislation, but, instead, he 
treated climate as a separate matter. I went 
to Washington to testify to the Ways and 
Means Committee of the U.S. House of 
Representatives, but there seemed to be 
stronger voices behind the scenes pushing 
the Waxman-Markey bill, which grew to 
several thousand pages.

Senator John Kerry, who would shep-
herd the legislation through the Senate for 
President Obama, listened patiently to my 
explanation of the superiority of fee-and- 
dividend approach, which is an underlying 
policy that makes all other actions to reduce 
emissions more effective and work faster. It 

https://www.bostonreview.net/articles/galbraith-exit-strategy-vietnam/#:~:text=Conclusion-,John%20F.,were%20winning%2C%20supported%20this%20decision.
https://www.bostonreview.net/articles/galbraith-exit-strategy-vietnam/#:~:text=Conclusion-,John%20F.,were%20winning%2C%20supported%20this%20decision.
https://www.youtube.com/watch?v=uD8N4JQy7cw
https://www.jfklibrary.org/learn/about-jfk/historic-speeches/the-city-upon-a-hill-speech
https://www.jfklibrary.org/learn/about-jfk/historic-speeches/the-city-upon-a-hill-speech
https://www.columbia.edu/~jeh1/mailings/2009/20090226_WaysAndMeans.pdf
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would be hard to reverse because 70% of the 
public receives more in their dividend than 
they pay in increased costs (wealthy people 
with large carbon footprints lose money, but 
they can afford it) and it could readily be 
made global via border duties on products 
from countries without a carbon fee, which 
would pressure them to have their own car-
bon fee. “That may be best,” Senator Kerry 
said, but he insisted that he could not get the 
votes for it; each congressperson needed the 
opportunity to add pages to the bill (legis-
lation). That is why every bill with substan-
tial funding is long and requires several days 
to write; the congresspeople are obtaining 
input from special interests who provided 
them “campaign” money and adding them 
to the legislation.

The Waxman-Markey bill failed to pass, 
as it was opposed by the fossil fuel industry. 
I went to a dozen other countries to talk 
about climate change, including the need 
for fee-and-dividend, but I found that the 
power of special interests is not unique to 
the United States. Back in the U.S. at an 
event in San Francisco, with California 
Governor Jerry Brown in the front row 
about to give me some award, I described 
Brown’s plans for cap-and-trade legislation 
as “half-assed* and half-baked” (*my 
mother’s favorite description of a foolish 
plan). The high-society audience gasped, 
but Jerry Brown laughed good-naturedly 
and said that his climate plan was “pretty 
darned good.” My double criticism was that 
the plan was both ineffectual and could not 
grow, as the resulting increased energy cost, 
with no dividend for the public, would 
eventually lead to resistance.

That is harsh criticism of government 
leaders, which I reached reluctantly. When 
I first went to Washington and capitals of 
other nations, my impression of legislators 
was positive: most elected officials are intel-
ligent, concerned, and articulate. However, 
when politicians propose policies to 

address climate change, they commonly 
choose complex, expensive, ineffective pol-
icies – policies preferred by special inter-
ests, rather than policies defined by the best 
scientific analysis. Before discussing this 
fundamental problem further, let’s consider 
one more, related, essential topic.

East-West Cooperation and Nuclear 

Power

Climate simulations reported by the 
IPCC (Intergovernmental Panel on Climate 
Change) in the 1990s, including those with 
greenhouse gas emissions consistent with 
Kyoto Protocol163 goals, all yielded global 
warming well above 2 °C. That result did 
not generate consternation, perhaps 
because early IPCC reports ignored paleo-
climate data and thus did not recognize the 
dangers in 2 °C global warming, but the 
large warmings led my colleagues and I to 
define an “alternative scenario.”164 Our idea 
was to rapidly reduce non-CO2 climate 
forcings and slowly reduce fossil fuel CO2 
emissions over 50-100 years, thus keeping 
warming under 2 °C. That result would 
require cooperation between the major 
CO2 emitters – the United States, China 
and India – none of whom were required 
by the Protocol to reduce emissions; the 
U.S. did not ratify the Protocol and China 
and India were classified as developing 
countries, who were not required to reduce 
emissions yet. I obtained funding from a 
philanthropist165 for workshops166 in 2002 
and 2005 at the East-West Center in 
Hawaii, where scientists from the U.S., 
Europe, China and India discussed the 
alternative scenario and related science. 
The workshop established scientist-to- 
scientist connections that were useful, even 
if governments paid little attention and did 
not work together.

Those connections came into play in 
February 2014 after I was invited by the 

Kissinger Institute on China and the United 
States to join the U.S. Ambassador to China 
at a symposium in Beijing with the prom-
ising title: “New Type of Major Power 
Relationship.” The symposium covered two 
topics where China-U.S. cooperation is 
essential: climate and human health/infec-
tious disease.167 The Chinese experts were 
convened by the think tank of China’s State 
Council. My presentation168 was blunt: 
without a major direction change, the 
world was headed to climate disaster. As 
the nation most responsible for ongoing 
climate change and the nation with the 
largest current emissions, we should work 
together. Our Chinese hosts responded by 
showing their budding efforts to build huge 
solar panel and windmill factories. As we 
toured large cities my asthma succumbed 
to air pollution (Sleepless in Ningbo)169 and 
I stayed up at night to write a summary of 
our collective crime against young people 
and nature.170 Large city mayors told us that 
their CO2 emissions were skyrocketing 
because coal was their only option for base-
load energy (available 24/7) to complement 
intermittent renewable energy. They had 
no plans to invest in nuclear power.

China and the U.S. have shared interest 
in stabilizing climate and reducing pollu-
tion. Faster progress in nuclear technology 
is possible if we work together. A workshop 
was needed to explore the potential, so I 
initiated correspondence with nuclear 
experts, leading to a workshop in Hainan, 
China, in 2015, where a range of ideas were 
discussed. The main barriers to nuclear 
power – high cost and slow construction 
– could be addressed by mass construction 
analogous to aircraft manufacture or by 
shipyard construction of floating power 
plants. Product-type licensing could 
address slow regulatory approvals. Nuclear 
reactors can be built to operate at high tem-
perature, allowing use for industrial pro-
cesses that now rely on fossil fuels, but 

Sidebar 12: Carbon Fee and Dividend. In 2008 I proposed “Carbon Tax and 100% Dividend”161 (changing the 
name to “fee and dividend” in 2009) as an alternative to the “cap and dividend” approach promoted by Peter 
Barnes.162 �e tax (fee) would be collected at the fossil fuel source – domestic mines or ports of entry – so no 
carbon escapes the rising fee. �e funds would be added uniformly to debit cards of all legal residents (monthly or 
quarterly). Economic studies show that fee and dividend drives CO2 emissions down rapidly. It has since been 
endorsed by 28 Nobel Prize-winning economists, all living federal reserve chairs, 15 former Chairs of the President’s 
Council of Economic Advisers, and more than 3500 economists in the U.S.
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needed nuclear development was dormant 
for decades. Our workshop paper171 
describing potential China/U.S. collabora-
tion noted that governments and industry 
must balance interests in cooperation and 
competition, but the climate threat should 
help find ways to overcome the obstacles.

The world is finally beginning to realize 
that nuclear power is needed to address 
climate change. At the United Nations 
COP29 meeting in Baku, 31 nations,172 
including the United States, pledged to 
work together toward tripling nuclear 
power capacity by 2050. However, the 
United States and China are not cooperat-
ing to speed development of modern 
nuclear technology that would drive down 
carbon emissions of both nations, as a 
result of constraints that the United States 
has placed on technology transfer. How did 
we get to this point, where we seem to give 
such low priority to the future of young 
people and their descendants? There is one 
more overarching topic that I must men-
tion, but only briefly. I will try to discuss it 
more clearly in the last chapters of my over-
due book, Sophie’s Planet.

Science and the Media

I am a political independent in part 
because, it seems to me, that provides the 
best chance of looking at problems without 

an initial preference about the answer. An 
answer, however, is only useful to the extent 
that one can communicate it accurately. 
That communication is difficult, if the 
media has a preferred answer. Let me illus-
trate with examples from the topics dis-
cussed in this section.

I continued to advocate fee-and- 
dividend not only because almost all 
economists agree that it is most effective 
underlying policy – it is also socially just. 
Wealthy people have a large carbon foot-
print, so they lose money, while 70% of the 
public come out ahead. Thus, fee-and-div-
idend helps address growing wealth dispar-
ities that exist in most countries. (All the 
money collected within a country stays 
within that country – it is just redistributed 
in a way that encourages all people to 
reduce their carbon footprint. If developing 
countries are compensated by the major 
polluting countries – as has been agreed – 
developing countries will come out ahead 
as global carbon emissions decline.) I was 
surprised that President Obama allowed 
his administration to push cap-and-trade, 
an approach that benefits Wall Street and 
special interests. I wondered if this was 
related to the revolving door that existed 
between Wall Street, Ivy League universi-
ties, and Washington. So, I wrote an article 
Sack Goldman Sachs Cap-and-Trade173 in 
hopes it would find its way to Obama. The 

article pointed out that big banks with 
skilled trading units lobbied for cap-and-
trade with the anticipation of making bil-
lions of dollars. Where would that money 
come from? Increased energy prices for 
consumers. It could not be claimed that 
trading helped consumers, as studies 
showed that cap-and-trade would be less 
efficient than a carbon tax or fee-and- 
dividend.

I was encouraged to write an op-ed to the 
New York Times, pleased when it was 
accepted, and shocked when I saw what was 
published. Without informing me, the 
Times editors changed the title of the op-ed 
from “Sack Goldman Sachs” to “Cap and 
Fade,” which meant the opposite of what I 
was trying to convey. Incredibly, on the same 
day the Times published two articles by 
Krugman. One, an op-ed opposite mine, 
began “Action on climate, if it happens, will 
take the form of “cap and trade.” Period. A 
news article by Krugman noted that the car-
bon cap would generate several hundred 
billion dollars, which was just the amount 
that Obama needed for health reform. A 
third article by Krugman, published on his 
blog simultaneously with the newspaper, 
was titled “Unhelpful Hansen.” He claimed 
that I advocated a carbon tax, which the 
public would never accept, and he scolded 
me to leave the matter to economists. He did 
not mention the dividend or the fact that 

LNG tanker with a lot of exhaust including aerosols maneuvering in an o�shore gas terminal.
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fee-and-dividend is revenue neutral, with 
the government not gaining one thin dime.

Krugman’s blog generated hundreds of 
responses, many of them supporting me. 
One of them compared Krugman to 
Colonel Nicholson in the “Bridge on the 
River Kwai,” explaining what he meant by 
that.174 The experience forced me to notice 
just how biased the New York Times is 
toward leftwing policies. It was little conso-
lation when, several year later, more than 
3,500 economists came out in favor of car-
bon fee-and-dividend, as well as 28 Nobel 
Prize-winning economists, all living federal 
reserve chairs, and 15 former Chairs of the 
President’s Council of Economic Advis-
ers.175 Nevertheless, despite this consensus 
among economists, when President Biden 
had an opportunity to include revenue-neu-
tral fee-and-dividend in legislation that 
Congress would certainly pass to address 
the covid pandemic, he chose not to include 
it, even though it would have provided 
financial assistance to people who needed 
it most, without contributing to inflation. 
Instead, large subsidies were provided  
for specific infrastructure including car-
bon-free energies, all via deficit spending, 
i.e., money borrowed from young people 
and future generations. With a touch that 
would make George Orwell smile, the bill 
was titled “Inflation Reduction Act.”

That legislation, albeit at great cost, 
addresses a long overdue need for invest-
ment in clean energy technology. It attempts 
to ensure the longevity of progress via finan-
cial investments in regions where people are 
most skeptical of government programs. 
But the impact on global emissions will be 
small, as U.S. emissions were already headed 
down, and the heavy-handed top-down 
approach is likely to generate backlash in an 
increasingly polarized society. We are hav-
ing great difficulty in addressing fundamen-
tal needs that almost everyone agrees upon. 
More than half a century ago at the 
University of Kansas, Robert F. Kennedy 
gave a talk focused on the need to end the 
war in Viet Nam and eliminate childhood 
poverty in the United States, but he included 
the following poignant paragraph: “But 
even if we act to erase material poverty, 
there is another greater task, it is to confront 
the poverty of satisfaction - purpose and 
dignity - that afflicts us all. Too much and 
for too long, we seemed to have surrendered 
personal excellence and community values 

in the mere accumulation of material 
things. Our Gross National Product, now, 
is over $800 billion dollars a year, but that 
Gross National Product – if we judge the 
United States of America by that – that 
Gross National Product counts air pollution 
and cigarette advertising, and ambulances 
to clear our highways of carnage. It counts 
special locks for our doors and the jails for 
the people who break them. It counts the 
destruction of the redwood and the loss of 
our natural wonder in chaotic sprawl. It 
counts napalm and counts nuclear war-
heads and armored cars for the police to 
fight the riots in our cities. It counts 
Whitman's rifle and Speck's knife, and the 
television programs which glorify violence 
in order to sell toys to our children. Yet the 
gross national product does not allow for 
the health of our children, the quality of 
their education or the joy of their play. It 
does not include the beauty of our poetry 
or the strength of our marriages, the intel-
ligence of our public debate or the integrity 
of our public officials. It measures neither 
our wit nor our courage, neither our wis-
dom nor our learning, neither our compas-
sion nor our devotion to our country, it 
measures everything in short, except that 
which makes life worthwhile. And it can tell 
us everything about America except why we 
are proud that we are Americans."

Less than three months later, on 6 June 
1968, Robert F. Kennedy was assassinated. 
Robert F. Kennedy, in working in President 
John F. Kennedy’s administration, devel-
oped an understanding of the “deep state” 
and the underlying problem that 
Eisenhower was reluctant to describe. 
Special financial interests, with their influ-
ence on Congress, provide the fuel not only 
for the military industrial complex and 
endless wars, but for many other problems. 
The assassinations of both Kennedys were 
a big setback to hopes of addressing the 
basic problem. Today, with rising crises 
including global climate change, we have 
reached a point where we must address the 
problem of special interests.

Why am I optimistic that we can suc-
ceed? Young people have demonstrated an 
extraordinary ability to affect politics with-
out taking any money from special inter-
ests. That was obvious in the ascendancy of 
Barack Obama is 2008 and the surprising 
strength of Bernie Sanders in 2016. Social 
media provide the ability to communicate 

at little cost. The essential requirement is 
an effective, knowledgeable political party 
that takes no money from special interests. 
The two major political parties in the 
United States have tried to wall themselves 
off from competition, but the obstacles they 
throw up can be overcome. A crucial place 
to start is ranked voting, which assures that 
no person loses their vote; they need vol-
unteers. Even prior to formation of an 
effective third party, ranked voting incen-
tivizes bi-partisan behavior and counters 
polarization. We should be eager at the 
opportunity to save not only our demo-
cratic system, but our climate and all that 
entails for humanity and nature. This con-
versation will need to be continued.
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ture in 1851 is the product of the forcing added in 
1851 (expressed as a fraction of 2 × CO2 forcing) x 
TC (year 1). Global temperature in 1852 is the sum 
of two terms, the �rst term being the forcing added 
in 1851 × TC (year 2) and the second term being the 
forcing added in 1852 × TC (year 1) – and so on for 
successive years. An equation for this is 

TG  TC(t) =  (t - t) [dFe (t)/dt] dtò ′ ′ ′ ′
× × .

TG is our “Green’s function” estimate of global 
temperature and dFe is the forcing change per unit 
time divided by the doubled CO2 forcing of 4 W/
m2. Integration begins when Earth is in near ener-
gy balance, e.g., in preindustrial time. �e 5000-
year run of the GISS (2020) model used in the 
Pipeline paper1 for was a bit of an outlier for TC(t) 
in the �rst year, e.g., Earth’s energy imbalance 
(EEI), which was initially 4 W/m2, decreased rap-
idly to 2.7 W/m2 averaged over year 1. For our 
present paper, we made 5 more 2 × CO2 runs and 
used the ensemble-mean to de�ne a smooth TC(t). 
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semble mean, but for year 1 the ensemble average 
EEI is 3.0 W/m2. Also, the ensemble-mean warm-
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(2020) single model runs had multi-decadal vari-
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mate for 4.5 °C Global Temperature Response to 
2 × CO2 is obtained by multiplying the 3.4 °C 
Global Temperature Response by a scale factor that 
allows the 4.5 and 3.4 responses to begin to in-
crease similarly at time t = 0, but diverge on a 
decadal time scale toward their equilibrium re-
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Supplementary Material 1 

Supplementary Material for “Global Warming has Accelerated”1 (Acceleration) is organized as: 2 

(1) A perspective based on Acceleration, “Ice melt, sea level rise and superstorms”2 (Ice Melt) and 3 

“Global warming in the pipeline”3 (Pipeline). (2) Figures SM1-SM8, mentioned in the main text, 4 

but placed here to limit the paper size. (3) Additional data sources for figures in the main text. 5 

An Alternative Perspective on Global Warming 6 

Acceleration,1 Ice Melt,2 and Pipeline3 each employ comparable emphasis on paleoclimate data, 7 

global climate modeling, and modern observations of ongoing climate processes. We describe this 8 

as an alternative perspective because it differs from that of IPCC, which places heavier emphasis 9 

on global climate models (GCMs), especially simulations for the recent, human-affected era and 10 

its projection into the future. Such global modeling is essential because no natural climate forcing 11 

has increased as rapidly as the human-made forcing. However, there is also merit in a perspective 12 

that adds comparable emphasis on the other major sources of information.  13 

This alternative perspective leads to a conclusion that continued rapid growth of humanmade 14 

climate forcings will cause shutdown of the Atlantic Meridional Overturning Circulation (AMOC) 15 

likely within 20-30 years, and multimeter sea level rise in the lifetime of today’s young people. 16 

AMOC shutdown and large sea level rise stand out because they are irreversible on any time scale 17 

that people care about; they differ from other “tipping points,”4 many of which may be reversible 18 

via global cooling. AMOC shutdown and large sea level rise – if they are allowed to occur – are 19 

not reversible on a time scale less than several centuries. The question is how close we are to the 20 

“point of no return,” when it becomes impossible to prevent these consequences. The urgency of 21 

better understanding is highlighted by a recent study of the Ditlevsens,5 which finds empirical 22 

information that the North Atlantic is headed toward AMOC shutdown this century.  23 

AMOC shutdown and sea level rise are related. AMOC shutdown short-circuits the ocean 24 

“conveyor,”6,7 the global ocean currents that transport heat, salt, and nutrients. In its normal mode 25 

of operation,8 the ocean conveyor transports heat from the Southern Hemisphere into the Northern 26 

Hemisphere, especially into the North Atlantic, where it helps9 keep Europe much warmer than 27 

would be expected, given its high latitude. If the conveyor shuts down, that heat will stay in the 28 

Southern Ocean, helping to melt the West Antarctic ice sheet, the biggest threat to sea level. So, 29 

do the Ditlevsen study5 and Ice Melt2 simulations imply that AMOC shutdown and large sea level 30 

rise are now inevitable? Not so fast; the story is complicated. Shutdown of AMOC and its cousin 31 

in the Southern Ocean (Antarctic Bottom Water Formation, or SMOC, the Southern Meridional 32 

Overturning Circulation) are complicated. The drive for shutdown depends not only on the rate of 33 

meltwater (freshwater) injection on the ocean surface, increased precipitation, and warming of the 34 

ocean’s upper layer, but also on increased storminess and, thus, increased ocean mixing. 35 

Acceleration of global warming is a game changer, however, which will make it more difficult to 36 

avoid both AMOC shutdown and large sea level rise. Suddenly, +1.5°C global temperature has 37 

been reached and +2°C is on the horizon. This sudden warming is likely to have impacts in the 38 

next 5-10 years that need to be reliably interpreted. If appropriate observations are made, climate 39 

science will be in a better position to provide guidance about actions required to avoid harmful 40 

climate impacts, especially shutdown of the AMOC and large sea level rise. 41 

https://doi.org/10.1080/00139157.2025.2434494
https://acp.copernicus.org/articles/16/3761/2016/acp-16-3761-2016.pdf
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Ice Melt and AMOC 42 

Data on ice melt deserve more attention. Forcings that drove AMOC and SMOC shutdowns in the 43 

climate model2 were (1) growth of greenhouse gases (GHGs), and (2) growth of freshwater 44 

injection onto the North Atlantic and Southern Oceans. GHG forcing, in fact, has continued to 45 

grow at a high rate, shockingly close to the extreme IPCC scenario RCP8.5 (Figure 15). Thus, the 46 

issues requiring better data and understanding are the magnitude of freshwater injection and the 47 

ability of global climate models (GCMs) to simulate AMOC and SMOC shutdown. 48 

Freshwater injection rates. After Ice Melt appeared, a paper10 was published contradicting the 49 

conclusion that AMOC (Atlantic Meridional Overturning Circulation) could shut down this 50 

century. The 15 authors, from leading climate modeling groups, used 21 climate projections from 51 

eight “…state-of-the-science, IPCC class…” GCMs to conclude that “…the probability of an 52 

AMOC collapse is negligible. This is contrary to a recent modeling study [Hansen et al., 2016] 53 

that used a much larger, and in our assessment unrealistic, Northern Hemisphere freshwater 54 

forcing… According to our probabilistic assessment, the likelihood of an AMOC collapse remains 55 

very small (<1% probability) if global warming is below ~5K… ”.10 What was their 56 

“probabilistic” assessment? They took their ensemble of model results as if it were the probability 57 

distribution for the real world, an approach commonly employed by IPCC. IPCC then blackballed 58 

the Ice Melt paper, not mentioning it in its AR6 report. The indictment of Ice Melt was accepted 59 

by the wider research community; papers on AMOC or SMOC ignore Ice Melt or refer to it 60 

parenthetically with a statement that freshwater injection rates used in the Ice Melt paper were 61 

unrealistically large. 62 

Ice Melt assumed freshwater injection in 2011 of 360 Gt/yr on the North Atlantic Ocean and 720 63 

Gt/yr on the Southern Ocean. Injection was assumed to increase exponentially with a doubling 64 

time of 10 or 20 years (and decrease toward earlier time with “halving time” 10 or 20 years). 65 

Observed mass loss from Greenland and Antarctica grew in the decade prior to 2011 with about a 66 

10-year doubling time (Fig. 30 in Ice Melt), which was one reason to assume continued growth. 67 

Another reason is that sea level in the Eemian period (about 120,000 years ago) went up at least a 68 

few meters in less than a century, as shown by the rate at which coral reef building “backstepped” 69 

toward the shoreline as sea level increased.11 Such rapid sea level rise requires a characteristic 70 

change time much less than a century; this occurred in the Eemian, even though the forcing was  71 

weak and changed slowly; the present human-made forcing is larger and increasing much faster. 72 

Here we show that the initial (2011) forcings that drove AMOC and SMOC shutdowns in Ice Melt 73 

were of a realistic magnitude; indeed, they were an underestimate. Melting did not continue to 74 

grow as fast in the decade 2015-2024, but that slowdown is likely temporary and the freshwater 75 

injection averaged over the past two decades was accurate. Future melt rates should grow, given 76 

the recent 0.5°C leap of global temperature, the doubling of Earth’s energy imbalance in the past 77 

decade,12 and ice sheet feedbacks; as the melt season lengthens and becomes warmer with more 78 

rainfall, lower parts of the ice sheet will become wetter, darker, and lower in altitude. It is 79 

important to track and understand changes of freshwater injection. Change does not occur along a 80 

smooth curve; it’s a bumpy ride, as we will show in cases with available data.  81 

  82 
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Figure SM9. Greenland and Antarctica Ice Mass Changes13,14 83 

 84 

The largest term usually associated with increased freshwater injection onto the North Atlantic is 85 

Greenland melt estimated from ice sheet mass loss measured by the GRACE gravity satellite. 86 

GRACE yields a freshwater injection of about 250 Gt/year (Fig. SM9). Based on GRACE data 87 

through 2014, mass loss increased with a doubling time of 10 years for both Greenland and 88 

Antarctica (Fig. 30 of Ice Melt).2 However, ice sheet mass loss did not continue to grow at such a 89 

high rate after 2014; instead, Antarctica even gained mass in some years (Fig. SM10). This is not 90 

surprising – over most of the ice sheets, during most of the year, the temperature is below freezing 91 

and increased precipitation on a warming planet accumulates on ice sheets. Thus, we must take 92 

account of increased snowfall in interpretation of ice sheet mass changes measured by GRACE.15 93 

Most increased snowfall originates with evaporation at lower latitudes, with little effect on the 94 

ocean’s salinity in the region of deepwater formation. Thus, snowfall increase above the 95 

preindustrial snowfall rate should be deleted from GRACE-measured ice sheet mass in calculating 96 

the ice sheet contribution to freshwater injection.16 Figure SM11 provides a useful indication of 97 

enhanced snowfall. The largest mass losses in Antarctica occur in January and February, which are 98 

summer months equivalent to July and August in the Northern Hemisphere. In recent years, since 99 

the decline of Southern Ocean ice cover, summer mass loss of the Antarctic ice sheet is followed 100 

promptly by a large mass gain. Warmer air masses containing more water vapor than in the 101 

preindustrial atmosphere cause increased snowfall. Such increased snowfall occurs even in 102 

summer months when the ice sheet is losing mass; most of the ice sheet is below freezing in the 103 

summer and substantial snowfall accumulates at altitude. 104 

Figure SM10. Greenland and Antarctica Ice Mass Change Rate (Gt/year)17 105 

 106 
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Figure SM11. Greenland and Antarctica Monthly Mass Changes13,14  107 

 108 

Surface mass balance calculations are needed, for both Greenland and Antarctica, to account for 109 

changes of precipitation. For that purpose, Figure SM12, from Bamber et al.18 is a helpful picture 110 

of freshwater fluxes into the Arctic and the North Atlantic from Greenland’s drainage basins and 111 

Eurasian rivers. Triangle sizes are proportional to 1961-1990 reference period fluxes. Bamber et 112 

al. calculate Greenland runoff with a regional climate model (forced at its boundaries by 113 

reanalyses of ECMWF, European Centre for Medium-Range Weather Forecasts) and solid ice 114 

discharge (iceberg flux) from estimates of ice stream flux at 37 drainage basins, with the flux gate 115 

being the ice sheet grounding line, i.e., the place where the ice enters the ocean. In Figure SM12 116 

these 37 drainage basins are lumped into five drainage basins that empty into the Arctic Ocean 117 

(AO), Nordic Seas (NS), Irminger Sea (IS), Labrador Sea (LS) and Baffin Bay (BB). The  118 

Figure SM12. Freshwater fluxes from Greenland and Eurasian Rivers18 119 

  120 
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percentages in Figure SM12 are the increases of freshwater flux from 1961-1990 to 1992-2010. 121 

The sum of the increases for the five basins is 330 Gt/yr.19 Thus, (1) the increased freshwater flux 122 

from Greenland alone yields approximately the flux increase assumed in the Ice Melt paper (360 123 

Gt/yr in 2011). However, there are three additional, significant, contributions to growing 124 

freshwater injection: (2) in the Northern Hemisphere, melting of glaciers and ice caps outside of 125 

Greenland, (3) in both polar regions, reduction of the volume of ice shelves, and (4) especially in 126 

the Northern Hemisphere, reduction of the volume of sea ice not captured in today’s GCMs.  127 

A minimum estimate of freshwater source (2), glaciers and ice caps outside Greenland, is provided 128 

by GRACE data. Averaged over 2002-2019, the gravity data yield an annual mass loss from 129 

Arctic glaciers and ice caps of 164 ± 24 Gt/yr, with larger values in recent years.20 About half of 130 

this is from Iceland, Svalbard, and the Canadian Archipelago, which would affect the salinity of 131 

the upper layers of the North Atlantic in regions of deepwater formation within several years. This 132 

freshwater source is larger, if the glaciers or ice caps include submarine ice (whose melt is not 133 

captured by GRACE). A conservative estimate for the glacier and ice cap freshwater source in 134 

2011 is 75 Gt/yr, with the source continuing to grow after 2011. 135 

Freshwater source (3), the changing volume of ice shelves, provides almost the entire growth of 136 

freshwater injection for Antarctica. The estimate in Ice Melt of 720 Gt/yr for Antarctica was based 137 

in part on the Antarctic ice shelf mass loss rate of 2765 Gt/yr (1500 Gt/yr from basal melt and 138 

1265 Gt/yr from calving) during 2007-2008 estimated by Rignot et al.21 and similar estimates by 139 

Depoorter et al.22 Combining these recent melt rates with an estimated preindustrial Antarctic 140 

snowfall rate of 2000 Gt/yr and the assumption of preindustrial equilibrium of continental 141 

snowfall and coastal ice discharge16 led to the 720 Gt/yr estimate for mass loss of ice shelves in 142 

2011. A remarkable independent check was provided by Rye et al.,23 who found that coastal 143 

freshwater injection had a detectable (2 mm) effect on the slope of sea level away from the 144 

continent. They inferred an increase of 430 Gt/yr in ice shelf melt over a 20-year period, and they 145 

noted that it was a lower bound on the increase of ice shelf melt rate, which must have begun to 146 

increase prior to the satellite data, consistent with the fact that Antarctic bottom water formation 147 

and the global volume of Antarctic bottom water was already declining at least since 1980.24 148 

Greenland also has declining ice shelf volume. Greene et al. (2024)25 made a comprehensive study 149 

of Greenland glacier terminus positions for the period 1985-2022, finding that the Greenland ice 150 

sheet lost 5,091 ± 72 km2 of its area to secular glacier terminus retreat, which corresponds to 1,034 151 

± 120 Gt of ice loss beyond the steady-state calving rate that would be necessary to maintain 152 

constant areal extents of the ice sheet. The ice sheet area was relatively constant until the late 153 

1990s, followed by a loss of 42 Gt/yr since January 2000. Specific events, such as huge calvings 154 

from the Petermann Gletscher in 2010 and 2012 (which totaled 380 km2 of ice shelf and reduced 155 

the ice shelf length from 81 to 46 km), can affect even decadal mass balance trends, but Greene et 156 

al. conclude that overall the ice shelf mass loss has continued “without any marked slowdown.”  157 

This Greene et al. estimate is a lower limit on the ice shelf mass loss rate, for two reasons. First, it 158 

does not include thinning of remaining ice shelves. Second, it does not include mass loss from 159 

submerged ice adhered to Greenland below sea level, a loss that must be occurring, given the 160 

warming oceans around Greenland. Nevertheless, the Greene et al. data indicate the freshwater 161 

source from shrinking ice shelves did not continue to grow exponentially in the past decade.  162 
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Figure SM13. Sea Ice Extent at Months of Minimum & Maximum Ice Cover26 163 

 164 

Instead, ice shelf mass loss continued at a high rate. Before we compare total real-world 165 

freshwater injection with the amount assumed in the Ice Melt simulations, we must estimate 166 

freshwater source (4), reduction of sea ice volume not captured in global climate models (GCMs).  167 

Figure SM13 shows sea ice area. Freshwater injection from declining sea ice, in principle, is 168 

computed by GCMs, but, in practice, most GCMs – including the GISS model used in Ice Melt – 169 

do not get a realistic, large, sea ice volume reduction. Arctic sea ice volume in the real world27 170 

decreased more than 6000 km3 in the decade leading up to 2011,28 yielding a freshwater injection 171 

of the order of 500 Gt/yr. Some of this sea ice loss occurred directly in the North Atlantic, and 172 

most Arctic sea ice reduction contributes to freshening of the North Atlantic, as the principal 173 

gateway for Arctic surface circulation into the North Atlantic is via the Fram Strait (between 174 

Greenland and Spitsbergen), which feeds into the East Greenland Current and East Icelandic 175 

Current (e.g., Fig. 1 of Clotten et al.29). Sea ice loss in the Arctic Basin reduces the salinity of 176 

water transported into the North Atlantic, which is likely one reason that the salinity of the North 177 

Atlantic is at its lowest level in modern records. 178 

Our estimates for the four North Atlantic freshwater sources from ice melt are 330, 75, 50, and 50-179 

250 Gt/yr, a total 505-705 Gt/yr in 2011 (50 is a conservative estimate for ice shelves, given the 180 

two terms that are not included in Greene’s evaluation. 50-250 is a conservative estimate for sea 181 

ice loss, with the wide range due to uncertainty in how much sea ice loss in the Arctic basin 182 

contributes to reduced salinity in the North Atlantic. In GCM studies, excess real-world sea ice 183 

loss can be added in locations of observed sea ice diminution.). We conclude that freshwater 184 

sources in the North Atlantic in 2011 were underestimated by 50-100 percent in Ice Melt. This 185 

high freshwater injection rate is an appropriate estimate for the decade 2005-2014. In the next 186 

decade, 2015-2024, real-world freshwater injection did not increase exponentially; at most, the 187 

loss rate remained comparable to the prior decade, but, for the past two decades overall, the North 188 

Atlantic freshwater source employed in Ice Melt was realistic.  189 

The question is: will freshwater forcing now grow, as assumed in Ice Melt? We suggest below that 190 

the climate system is now poised for accelerated freshwater injection. However, discussion of the 191 

prospects for AMOC and SMOC shutdowns and large sea level rise requires that we also consider 192 

whether climate models are able to realistically simulate freshwater effects on AMOC and SMOC, 193 

even when the freshwater injection rate is known accurately. 194 
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Ability of GCMs to simulate AMOC and SMOC shutdown. There are at least two model issues 195 

that are likely to cause most GCMs to be less sensitive than the real world to freshwater injection; 196 

in other words, AMOC and SMOC may not shut down as easily in the models as in the real world. 197 

The first issue has long been articulated by Stefan Rahmstorf, initially in a paper by Hofmann and 198 

Rahmstorf (2009).30 The basic concern is with the many model parameters that must be set in the 199 

development of an ocean model, and specifically with modelers’ preference for a stable model, 200 

which may bias parameter selection. It is difficult, if not impossible, to quantify such an effect. 201 

The best approach is probably continual improvement of the models, including comparisons with 202 

as many relevant observations as possible. 203 

The second model issue is concern about excessive, unrealistic, mixing in ocean models. This 204 

excessive ocean mixing issue – unrealistic diffusion of ocean properties – was raised as early as 205 

2008,31 when the concern was the effect on inferred climate sensitivity and aerosol climate 206 

forcing. Mixing is also a crucial issue for AMOC and SMOC shutdown because excessive mixing 207 

makes it more difficult for freshwater injection to reduce the density of the ocean’s upper layer to 208 

the point required to halt the sinking of water from the upper layer ocean. Some excessive (i.e., 209 

unrealistic) mixing is almost inherent in ocean models because solution of the ocean dynamical 210 

equations via numerical finite differencing causes spatial diffusion of properties. Diffusion of 211 

“tracer” quantities, such as salinity, can be limited by use of high order differencing schemes, e.g., 212 

Prather’s second order moments method,32 but small-scale mixing assumptions (eddy diffusivity 213 

and mesoscale eddy parameterizations) are another source of uncertain mixing. Nevertheless, the 214 

mixing problem is one that can be addressed with current knowledge and computing power.  215 

The mixing issue was of special concern for Ice Melt simulations because of the model’s coarse 216 

resolution. The final simulation for the Ice Melt paper, with 2011 freshwater fluxes of 360 Gt/yr in 217 

the North Atlantic and 720 Gt/yr in the Southern Ocean, included improvements in the sub-grid-218 

scale calculations introduced by Max Kelley, which lead to realistic ocean stratification. It was 219 

shown (Fig. 19 in Ice Melt) that the model formed Antarctic Bottom Water along the Antarctic 220 

coastline in observed locations (especially in the Ross and Weddell Seas, but also off Adelie Land 221 

and Cape Darnley), despite the model’s coarse resolution and unlike most contemporary models, 222 

which produced deep water in the open Southern Ocean (Heuze et al.).33 The climate simulations 223 

with this model – assuming a 10-year doubling time for freshwater injection – caused shutdown of 224 

AMOC and SMOC by midcentury.2  However, there were indications that the real world was 225 

beginning to show effects of the freshwater injection – such as the absence of warming, or even 226 

slight cooling, in the Southern Ocean and southeast of Greenland – earlier than in the model. We 227 

suspected that the model was less sensitive than the real world because of the model’s coarse 228 

resolution (4°×5° in both atmosphere and ocean, with a 13-layer ocean).  229 

Thus, Craig Rye, as a post-doc at Columbia University and the Goddard Institute for Space 230 

Studies (GISS), carried out simulations with the then newest version of the GISS model (with 231 

ocean resolution 1°×1.25° and 40 layers). The experiments were limited to the simplest problem: 232 

an instantaneous 200 Gt/year (step-function) increase of freshwater injection on the Southern 233 

Ocean. This amount was smaller than the then current estimate of 300-800 Gt/yr for real-world 234 

freshwater injection, but it was large enough to provide a clear signal by averaging over a 20-235 

member ensemble of runs. The result was qualitatively consistent with the simulations in Ice Melt, 236 

but with a higher sensitivity. Injection of 200 Gt/year of freshwater was enough to constrain 237 
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warming of the Southern Ocean sea surface temperature and yield slight cooling just north of the 238 

winter sea ice region, consistent with empirical data (Fig. 20 of our present main paper). Increased 239 

sensitivity to freshwater injection with higher resolution is not surprising, as 4°×5° resolution is as 240 

large or larger than many polynyas, the regions of convective deepwater formation. Although a 241 

coarse resolution model adjusts to vertical instability with considerable realism, it is not surprising 242 

that the sensitivity is higher with a model resolving polynyas. Increased vertical resolution of the 243 

modeled ocean also contributes to higher sensitivity.  244 

The higher sensitivity to freshwater is relevant to deepwater formation in the North Atlantic, thus 245 

to AMOC. Based on only the above information, we might estimate that instead of the three 246 

doubling (factor of 8) increase of freshwater source in Ice Melt, two or even one doubling is likely 247 

enough to shut down AMOC. With the slower growth of ice melt suggested by observations, the 248 

net effect is that midcentury is still a good estimate for the time of AMOC shutdown, assuming 249 

that the only radiative climate forcing is continued high GHG emissions. However, there is no 250 

good reason why estimated future climate should be based on only the above information – it is 251 

possible to do much more realistic climate simulations now. 252 

An Alternative Modeling Approach 253 

Yogi Berra, it is claimed, was once asked directions for how to get to a distant place, and, after 254 

pondering for a while, he concluded: “you can’t get there from here.” The wisdom often hidden in 255 

remarks of the Yankee legend may be apropos. If we restrict our modeling to a standard approach, 256 

we may not reach needed answers in time to usefully advise humanity. 257 

A common modeling approach is to include as many relevant processes as practical in a 258 

comprehensive model, which has the merit of allowing various components of the climate system 259 

to interact. However, our knowledge and modeling ability for some parts of the climate system are 260 

limited, and a poorly simulated component can gum up the works, making model predictions 261 

unrealistic. Ice sheets are a case in point. It is argued34 that many sea level projections based on 262 

global climate models are implausible; some models even had sea level falling with increased 263 

warming. GCMs can realistically model increasing snowfall as a result of a warming atmosphere 264 

and ocean (with the increased snow causing the interior, high altitude, portion of an ice sheet to 265 

grow), but it is hard to model processes, including the ocean-atmosphere interactions, that cause 266 

the lower reaches of ice sheets to begin to disintegrate and release freshwater in a warmer world. 267 

Even sea ice modeling is difficult. There is a tremendous range in the projections of Arctic sea ice 268 

in different climate models.35 Sea ice modeling has been pursued since the 1960s, with realistic 269 

modeling always “just around the corner.”  270 

Sea ice modeling is hard. We know from data for the early Pliocene – when global temperature at 271 

most approached +2°C3 – that seasonal sea ice still occurred in the Arctic, but some regions near 272 

Greenland were as much as 5°C warmer than today.29 Unless the humanmade climate forcing is 273 

reduced, the Arctic is headed toward a much warmer state. Warm Pacific water is flooding over 274 

the Aleutian sill into the Arctic surface mixed layer and warm Atlantic water is increasing the 275 

temperature of the Arctic ocean beneath the surface mixed layer (see Fig. 17 of Polyakov et al.).36 276 

Climate modeling needs to include the freshwater injection from ice shelves and ice sheets. The 277 

CMIP6 models that inform IPCC AR6 cannot produce realistic temperatures in the Southern 278 

Ocean or the Arctic because they lack this freshwater source (Fig. 1 of Shu et al.;37 see also Fig. 5 279 
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Figure SM14. Arctic Sea Ice Volume, 1979-2024 (Polar Science Center)28280 

 281 

of the Cheng et al.38 2025 paper). We suggest that the seeming stability since 2010 of Arctic sea 282 

ice area (Fig. SM13) and volume (Fig. SM14 of the Polar Science Center)28 is in part a result of 283 

ice melt freshwater sources, including Arctic glaciers, ice caps, and ice shelves. From Greenland, 284 

Petermann Glacier had large calving events in 2010 and 2012 (Munchow et al.;39 Ciraci et al.40) 285 

and northern Greenland ice shelves are an increasing freshwater source (Khan et al.,41 Millan et 286 

al.,42 Narkevic et al.,43 and Zeising et al.44). 287 

Certainly, ice sheet and sea ice modeling coupled to GCMs should continue to be pursued with 288 

high priority, but as a complement to this approach it would be informative to also pursue 289 

modeling in which freshwater injection is based on observational data up to the present and 290 

projected forward with a small number of alternative assumptions (scenarios). The rationale for 291 

this approach is that the physics of deepwater formation is reasonably simple, but it depends on 292 

having the correct forcing, specifically accurate freshwater perturbation. It is also important to 293 

assure that the model does not have unrealistic mixing. There is no need to remove model 294 

components (such as sea ice and/or ice sheet modeling), just correct their calculated freshwater 295 

injection to match observations in the past and to yield desired future scenarios. 296 

We plan to pursue this approach, but if we are the only ones, our results may be ignored again. It 297 

would be more effective if a few modeling groups pursue such a modeling strategy. Also, it would 298 

be better if freshwater inputs for the past are defined by people with expertise in observations. If 299 

the past forcings are specified accurately and the future scenarios are well defined, comparisons of 300 

simulated climate with future observations – especially climate changes that occur in the near 301 

future – should yield helpful insights about the prospects for AMOC shutdown. 302 
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AMOC shutdown deserves special attention, because it likely constitutes the point of no return. 303 

The expected cold, stormy weather in the North Atlantic and northern Europe would be largely 304 

regional, but there also will be global effects. Large sea level rise is probably unavoidable, if 305 

AMOC shuts down. The global ocean conveyor circulation presently carries across the equator an 306 

amount of energy equal to 4 W/m2 averaged over the Northern Hemisphere, depositing most of the 307 

energy in the North Atlantic region. If that energy is instead left in the Southern Hemisphere as a 308 

result of AMOC shutdown, it will speed melting of Antarctic ice. Principal issues are thus the time 309 

scale over which effects will occur and what can be done to avoid AMOC shutdown. 310 

Storms and Ocean Stratification  311 

Storms and ocean stratification are affected by global warming, with practical implications. Higher 312 

sea surface temperatures (SSTs) and increased atmospheric water vapor create potential for more 313 

powerful tropical storms,45 tornadoes, and thunderstorms.1 The power dissipation of a wind storm 314 

increases as the cube of wind speed46 as does the monetary damage of storms.47,48 Precipitation 315 

and floods that accompany storms often have still greater practical impact. The relationship of 316 

these effects to climate forcings and to global temperature is not defined as well as it must be. 317 

Effects of +1.6C global temperature in the past year, with record SSTs, arguably were noticeable 318 

in 2024, but the period was too short for statistical confirmation. Given our interpretation of the 319 

recent leap in SSTs and global surface temperature, we expect temperature to hover about +1.5°C 320 

for several years – pushed down by La Nina and declining solar radiation, but upward by rising 321 

GHGs and the continuing effect of reduced aerosols – and then continue on its course toward 2°C. 322 

We are now living in the +1.5C world and we need to define the climate impacts better. 323 

Increased ocean stratification is a matter of concern. Increased stratification is expected49 with 324 

rising surface layer temperature, as the warmer surface water is less dense and thus less prone to 325 

mix with colder, deeper water. That is not a good thing, as the deeper water contains nutrients that 326 

must be mixed upward to support a healthy marine ecosystem. Upwelling of nutrient rich water 327 

does not occur uniformly over the ocean, but instead mainly at fronts50 – boundaries separating 328 

water masses with different properties. Movement toward the surface of cooler, nutrient-rich, 329 

water is thus facilitated at many locations, but increased stratification makes such upwelling less 330 

likely. GCM climate simulations driven by increasing GHGs (but without freshwater injection 331 

from melting ice) yield a long-term decline in ocean productivity, including, e.g., a 60% decline in 332 

North Atlantic fishery yields.51 333 

Sallee et al.52 find that the drive for ocean change must be more complex than simply increasing 334 

GHGs. They show that stratification is increasing over most low and middle latitude ocean areas, 335 

but so too is the ocean’s mixed-layer depth, the latter opposite of what is expected for GHG 336 

forcing alone. A likely explanation is higher wind speeds and thus increased turbulence in the 337 

ocean’s wind-stirred surface mixed-layer. Young and Ribal53 use satellite observations from 1985 338 

to 2018 to investigate trends in wind speed and wave height over the ocean; their Fig. 2 reveals a 339 

trend in wave height of about 1 cm/year over the entire Southern and North Atlantic Oceans, i.e., a 340 

33-year increase of 33 cm (13 inches) in wave height. These are just the regions where freshwater 341 

injection increased the eddy kinetic energy of the atmosphere in the Ice Melt GCM climate 342 

simulations. The model had been shown to do a good job of simulating atmospheric dynamics, so 343 

it may be worth repeating the brief relevant section of the Ice Melt paper: 344 
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3.9.2  21st Century storms 345 

 If GHGs continue to increase rapidly and ice melt grows, our simulations yield shutdown or major slowdown 346 
of the AMOC in the 21st century, implying an increase of severe weather.  This is shown by zonal mean 347 
temperature and eddy kinetic energy changes in simulations of Sec. 3.3-3.6 with and without ice melt (Fig. 21). 348 
Without ice melt, surface warming is largest in the Arctic (Fig. 21, left), resulting in a decrease of lower 349 
tropospheric eddy energy.  However, the surface cooling from ice melt increases surface and lower tropospheric 350 
temperature gradients, and in stark contrast to the case without ice melt, there is a large increase of mid-latitude 351 
eddy energy throughout the midlatitude troposphere.  The increase of zonal-mean midlatitude baroclinicity (Fig. 352 
21) is in agreement with the localized, North Atlantic-centered increases in baroclinicity found in the higher 353 
resolution simulations of Jackson et al. (2015)54 and Brayshaw et al. (2009).55 354 
 Increased baroclinicity produced by a stronger temperature gradient provides energy for more severe weather 355 
events.  Many of the most memorable and devastating storms in eastern North America and western Europe, 356 
popularly known as superstorms, have been winter cyclonic storms, though sometimes occurring in late fall or 357 
early spring, that generate near-hurricane force winds and often large amounts of snowfall (Chapter 11, Hansen, 358 
2009).56  Continued warming of low latitude oceans in coming decades will provide a larger water vapor 359 
repository that can strengthen such storms.  If this tropical warming is combined with a cooler North Atlantic 360 
Ocean from AMOC slowdown and an increase in midlatitude eddy energy (Fig. 21), we can anticipate more 361 
severe baroclinic storms.  Increased high pressure due to cooler high latitude ocean (Fig. 20) can make blocking 362 
situations more extreme, with a steeper pressure gradient between the storm’s low-pressure center and the 363 
blocking high, thus driving stronger North Atlantic storms. 364 
 Freshwater injection on the North Atlantic and Southern Oceans increases sea level pressure at middle 365 
latitudes and decreases it at polar latitudes (Figs. 20, S22), but the impact is different in the North Atlantic than 366 
in the Southern Ocean. In the Southern Ocean the increased meridional temperature gradient increases the 367 
strength of westerlies in all seasons at all longitudes. In the North Atlantic Ocean, sea level pressure increase in 368 
winter slows the westerlies (Fig. 20). Thus, instead of a strong zonal wind that keeps cold polar air locked in the 369 
Arctic, there is a tendency for a less zonal flow and thus more cold air outbreaks to middle latitudes. 370 

These effects are already beginning today and will increase as long as the low latitudes continue to 371 

warm, the Antarctic and Greenland ice sheets shed increasing amounts of cooling freshwater, and 372 

the North Atlantic proceeds toward AMOC shutdown. Caesar57 presents evidence that AMOC has 373 

been in decline and is at its weakest point in a millennium. Storms are getting stronger in the 374 

North Atlantic and the Southern Ocean, if we take wave height as a measure.53 Greater storminess 375 

at high latitudes increases ocean mixing and brings nutrients to the surface layer, overwhelming 376 

the stratification tendency that was projected51 based on GHG warming as the only forcing. This 377 

picture is consistent with the data of Yang et al.50 in which most equatorial hotspots are 378 

experiencing a decline in frontal upwelling and chlorophyll concentration, while most high-379 

latitude hotspots have increased frontal upwelling and chlorophyll concentration. 380 

Crucial Observations 381 

Earth is presently far out of energy balance – more energy coming in than going out – so global 382 

warming will continue and its effects will become more obvious. When the world is finally ready 383 

to take effective action to address climate change, it is important that we understand climate 384 

change to help define actions with the best chance of achieving effective results. That means that 385 

we must obtain observations essential for understanding of ongoing change. We limit discussion 386 

here to observations closely related to the main topics in our present paper, but, in fact, these are 387 

essential data for defining the big picture. Given what is at stake, it would be shocking if we do 388 

not continue crucial observations needed to understand ongoing climate change, the prospects for 389 

further change, and progress in restoring Earth’s energy balance.  390 
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Earth’s energy imbalance is a measure of how much we must do to halt global warming. As long 391 

as more energy is coming in than going out, the ocean will keep warming and ice will keep 392 

melting. Presently, we are acquiring accurate measurements of Earth’s energy balance, thanks to 393 

the combination of multiple CERES (Clouds and Earth’s Radiant Energy System) instruments in 394 

space and several thousand deep-diving Argo floats dispersed around the global ocean, with Argo 395 

heat content measurement providing absolute calibration for the CERES data. CERES data are 396 

being used for more than measuring Earth’s energy balance. In the absence of long-term 397 

monitoring of aerosol climate forcing – a very difficult task, requiring precise long-term 398 

monitoring of aerosol and cloud microphysics – CERES data have provided the best proxy for 399 

aerosol climate forcing, despite ambiguities in their use for that purpose. 400 

NASA’s CERES instruments have been remarkably long-lived, the initial launch being in 1999, 401 

but the satellites and instruments are well past their prime mission lifetime. A follow-on to 402 

CERES, Libera, is planned for launch in 2027, but there are no plans after that. There is danger of 403 

a discontinuity in the data. If there is no overlap of successive instruments, the calibration is lost, 404 

and stitching together a long-term becomes problematic. There is no persuasive evidence that 405 

adequate replacement instruments will be in space in time for data continuity. Given the 406 

importance of the data, it would make sense for others – e.g., the U.S., European Union, Japan and 407 

China – to work collaboratively to ensure continuity of data. Indeed, it would be useful in any case 408 

for more than one of these countries to obtain data, as a cross-check. 409 

The Argo deep-diving floats provide much more than an absolute measure of change in Earth’s 410 

energy balance (thus calibration of satellite data), their precise measurements of temperature and 411 

salinity are the backbone of global ocean observations. However, few measurements are being 412 

obtained in the regions essential to understand the ocean’s effect on the ice sheets: data on the 413 

continental shelves, in Greenland fjords, and inside ice shelf cavities. The technical capability to 414 

extend Argo measurements under ice and inside ice cavities now exists and needs to be deployed 415 

at scale in order to develop understanding and predictive capability for ice shelf melt rates and 416 

their impact on glacier evolution and sea level rise. The existing Argo program monitors most of 417 

the global ocean in an international cooperation involving many nations. The need is to expand the 418 

program to include data from the deeper ocean, and especially greater focus on the polar oceans, 419 

which will determine the future of both the ocean’s overturning circulations and sea level. 420 

In the past 10 years there were specific, limited, programs for Greenland (NASA’s Ocean Melting 421 

Greenland, OMG program) observations and an international cooperation to investigate the most 422 

vulnerable Antarctic ice – the Thwaites glacier – but these were limited programs that have ended. 423 

As global climate change is accelerating, it is important to follow up those studies, which can be 424 

done most comprehensively as an international cooperation. That cooperation should pay off as it 425 

helps us develop mutual understanding of where climate is headed and what needs to be done to 426 

achieve a bright future for today’s population and generations to come. 427 

  428 



13 

 

Figure SM15. Inferred Contributions to Reduced Earth Albedo  429 

 430 

Summary 431 

Danger of being too late. The great thermal inertia of the climate system – due to the massive 432 

global ocean – creates the danger of being too late because the public sees only limited climate 433 

change, so far, and thus does not prioritize the climate issue. The Pipeline paper (Global Warming 434 

in the Pipeline)3 revealed – with the help of paleoclimate data – that the eventual (equilibrium) 435 

climate response to today’s atmospheric greenhouse gases (GHGs) would be a nearly ice-free 436 

planet with coastlines very different than today. Achieving that equilibrium would require 437 

millennia, enough time for humanity and natural processes to draw down excessive greenhouse 438 

gases (GHGs) in the air, avoiding such an extreme fate. However, in fact, GHGs are continuing to 439 

increase at a rate about 10 times faster than any known case in Earth’s history. Humanity is 440 

hammering our planet with a force for change that Earth has never felt before. The great inertia of 441 

the climate system has limited the climate response so far, but as change accelerates, some critical 442 

responses of the planet may begin to run so fast that they become difficult, if not impossible, to 443 

control. That is the danger of “being too late.” 444 

Global warming acceleration. The Pipeline paper, based on paleoclimate data, concluded that 445 

equilibrium climate sensitivity is 4.8°C ± 1.2°C for doubled CO2, higher than the best estimate 446 

(3°C for doubled CO2) of IPCC (Intergovernmental Panel on Climate Change). Paleoclimate, 447 

because it actually achieves equilibrium climate changes, provides a reliable measure of climate 448 

sensitivity. Pipeline also concluded that restrictions imposed in 2015 and 2020 on aerosol 449 

precursor emissions from ships was likely a main cause of global warming acceleration. 450 

Our present Acceleration paper1 investigates these issues with more data. We confirm acceleration 451 

of global warming and conclude that the +1.5°C global temperature threshold (averaged over El 452 

Nino and coming La Ninas) has been breached. The GISS (Goddard Institute for Space Studies) 453 

analysis of 12-month running-mean global temperature reached +1.6°C relative to the 1880-1920 454 

mean in August 2024, and then began a slow decline to +1.56 at the end of 2024. If our estimated 455 

ship aerosol forcing of 0.5 W/m2 (several times larger than estimated by IPCC and aerosol 456 

modelers) is accurate, global temperature in the next few years will decline at most to ~1.4°C, but 457 

it may not even reach that. Earth’s large energy imbalance assures that warming will continue on a 458 

path to +2°C and beyond, unless extraordinary actions are taken to affect that imbalance. There is 459 

no need to wait a decade to confirm that the +1.5°C threshold has been reached.  460 
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A stunning observation that we focus on is decrease of Earth’s albedo (reflectivity) by about 0.5% 461 

in the 21st century, with most of the change occurring since 2010 (Fig. 6 in the main text). Sunlight 462 

incident on Earth averages 340 W/m2, so 0.5% is an increase of 1.7 W/m2 in the downward 463 

radiative flux at the top of the atmosphere. This increased downward flux is some combination of 464 

climate forcings and climate feedbacks. We use the geographical and temporal distribution of the 465 

change in Earth’s reflected sunlight to estimate a ship aerosol forcing of 0.5 W/m2 and an upper 466 

limit on ice/snow albedo feedback of 0.15 W/m2. That leaves (Fig. SM15) about 1 W/m2 for cloud 467 

feedback (which would be even larger if our estimate of ship aerosol forcing is too large). This 468 

large cloud feedback is consistent with the high climate sensitivity, 4-5°C for doubled CO2, that 469 

we find is necessary to match observed global warming of the past century. The high climate 470 

sensitivity inferred from global temperature change in the past century is consistent with climate 471 

sensitivity inferred from paleoclimate data in Pipeline. 472 

Leap of global temperature in 2023-2024. The unprecedented leap of global temperature in the 473 

past two years is fully accounted for, about equally, by the modest El Nino and the ship aerosol 474 

forcing, with a smaller contribution from the present solar maximum, as shown in Fig. 19. The 475 

suddenness of the warming spike is explained by the zonal-mean sea surface temperature in Fig. 476 

10: the North Atlantic and North Pacific Oceans warmed steadily beginning in 2020 while the 3-477 

year La Nina cooled the tropical Pacific. When the tropics turned from a strong La Nina to a 478 

modest El Nino in 2023, the full effect of both aerosol forcing and the tropical change appeared. 479 

Our estimated aerosol forcing is larger than calculated by aerosol-cloud models, but the modeling 480 

is primitive. Our estimate of the aerosol forcing is based on interpretation of changes in satellite-481 

measured radiation in the regions where ship aerosols dominate. A check on our interpretation will 482 

be provided by temperature change in the next few years as the tropics descend into their La Nina 483 

phase and solar irradiance declines. If our estimated aerosol forcing is accurate, we expect global 484 

temperature to hover about 1.5°C for a few years before resuming ascent to +2.0C within 20 years. 485 

The leap of global temperature to +1.5°C affects people and nature. Perhaps the most noticeable 486 

and consequential effects are on the frequency and severity of extreme events. The qualitative 487 

effect of global warming has been recognized at least since 1989: generally, wet gets wetter and 488 

dry gets drier, which is true both for the geographical distribution of changes and the temporal 489 

changes at a given location.58 Implications include: more extreme floods, stronger storms driven 490 

by greater absolute humidity and warmer sea surface temperatures, and more extreme heat waves 491 

and droughts – even regions with plentiful annual rainfall may experience “flash droughts” due to 492 

extreme temperatures. The effect for the ocean is salty gets saltier and fresher gets still fresher. 493 

Oceans are affected now by increased heating from both greenhouse gases and reduced aerosol 494 

and cloud shielding, so high average SSTs and ocean hotspots will continue. 495 

All this is not to blame the recent Los Angeles fires on global warming, although warming is one 496 

contributing factor. The amplitude of wet-dry climate oscillations is a relevant factor and shifting 497 

of climate zones59 is another. The tragedy can be blamed more on unwise development and poor 498 

governance, but even those, it is suggested,60 are not the principal, root cause of the problem, 499 

which is the role of special (financial) interests in creating poor governance. Nevertheless, the 500 

problem would be substantially mitigated if the world went back to a lower temperature, which, in 501 

fact, is essential if we wish to maintain shorelines close to their present locations, the existence of 502 

today’s coastal cities, and polar climates essential for many species. 503 
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Reactions to these papers. Given that our papers disagree with IPCC conclusions, it is not 504 

surprising that they generate reactions on social media. We generally have not responded, as it is 505 

very time consuming to respond and debate when we are outnumbered – it seems a better use of 506 

time to work on the next paper and include responses in it, if warranted, as we do here.  507 

The first reaction was that there was no significant acceleration of global warming. This is an issue 508 

where it seems best to let others and the real world provide the response.  509 

A second reaction was that, if there is acceleration, it is captured in the GCM simulations that 510 

IPCC employed, therefore accelerated global warming does not support of our assertion that IPCC 511 

underestimated ship aerosol forcing. That reaction exposes the problem with lumping CMIP/IPCC 512 

model results into a model fog, and then treating that fog as if it is a probability distribution for the 513 

real world or even a sharp tool useful for climate analysis. The problem in this case is that many of 514 

the models in the fog did not use the IPCC aerosol forcing. For example, the fog includes GISS 515 

model runs that used Susanne Bauer’s aerosol modeling, with both her Matrix and OMA aerosol 516 

models;61 the latter model has an even greater aerosol forcing change than the aerosol scenario that 517 

we employed. A subset of the model runs consisting of only those that use the IPCC aerosol 518 

forcing (not precursor emissions) would likely produce only a slight acceleration (due to growth of 519 

the annual GHG forcing in the past several years, which exceeds that in the prior two decades; see 520 

Fig. 15), much smaller than the observed acceleration of global warming. 521 

A third reaction was that our estimate of high climate sensitivity is an outlier. However, many 522 

recent climate sensitivity studies include a key role for an “emergent constraint.” What is an 523 

emergent constraint, you may ask? The emergent constraint on climate sensitivity emerges from a 524 

desire to keep global warming similar to observations. Our present paper shows that there is a one-525 

to-one relation between the trend of late 20th century aerosol forcing and the climate sensitivity 526 

required to match observed warming. Specifically, for the IPCC aerosol scenario, the climate 527 

sensitivity required to match observed warming is near 3°C for doubled CO2. If one accepts the 528 

IPCC aerosol scenario, the emergent constraint is that climate sensitivity cannot be far from 3°C 529 

for doubled CO2. Thus, given the one-to-one relation, the emergent constraint amounts to “if we 530 

assume that climate sensitivity is near 3°C for doubled CO2, we find that climate sensitivity is near 531 

3°C for doubled CO2.” Not many people question the IPCC aerosol scenario, leading to a seeming 532 

consensus that sensitivity is near 3°C for doubled CO2. However, as we show in the paper, there 533 

are reasons to believe that the real-world aerosol forcing change exceeds IPCC’s estimate. 534 

A fourth reaction, made in the New York Times and elsewhere, is that the current rapid warming 535 

falls within the range of all CMIP/IPCC climate simulations, so there is no good reason to believe 536 

that something is occurring outside of IPCC assumptions. This claim draws more attention to the 537 

big model range produced by CMIP/IPCC simulations and the assumption that it is a probability 538 

function for the real world. The problem is that the range is a combination of apples and oranges, 539 

as shown by the example above, but also of bananas and figs, because of a range of assumptions 540 

or treatments of different physical processes in the models – and, to be brutally honest, some 541 

pretty awful models. A scientist who wishes to help science writers understand the situation 542 

should do more than note that some model produces a response even more extreme than the real 543 

world; it would be more useful if the scientist looked at that model to see what caused the extreme 544 

response and assessed its plausibility.  545 
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Responsibility and opportunity. As scientists with at least qualitative understanding of the delayed 546 

response of climate to humanity’s heavy footprint, we recognize the danger of “being too late” and 547 

potentially leaving young people with “no way to get there from here.” And we feel the need to 548 

communicate this situation to the public more clearly. But we also know that more data are needed 549 

for better understanding of climate change and definition of actions that will be most effective in 550 

helping to find a path to a healthy planet and attractive world for future generations. 551 

We are where we are. The near future has become the critical time to develop and communicate 552 

understanding of ongoing climate change. We should take the inadvertent ship aerosol experiment 553 

as an opportunity to test our understanding. If our interpretation is correct, global temperature, and 554 

global sea surface temperatures in particular, will remain exceptionally high even as the world 555 

moves into the cool La Nina climate phase. Emerging climate impacts will be a chance to help the 556 

public understand what is happening. Despite growing disinformation wars, most of the public 557 

appreciates and places trust in objective science – that provides our opportunity to help young 558 

people.  559 
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Supplementary Figures SM1-SM8 560 

Figure SM1. Global SO2 Emissions and IPCC Aerosol Forcing 561 

 562 

IPCC aerosol forcing and CEDS SO2 emissions used in IPCC’s calculation of aerosol forcing 563 

almost coincide, revealing the minimal nonlinearity in IPCC’s aerosol forcing formulation. 564 

 565 

 566 

Figure SM2. Global Temperature Response and Earths Energy Imbalance 567 

 568 

The gold curves in Figure SM2 are the response of the GISS (2020) model to doubled CO2 forcing 569 

(see the paper “Global warming in the pipeline”).3 The blue curve for temperature is TC(t) used for 570 

Green’s function calculations. The first 60 years of the blue curve is the mean of five runs of the 571 

GISS(2020) GCM; the rest of the blue curve is a smoothing of the single 5000 year 2×CO2 run 572 

described in reference 1.  573 
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Figure SM3. Global Temperature Response to Ocean and 2×CO2 Forcings 574 

 575 

The GISS (2020) model was used, for our present paper, for 5-member ensembles of runs for 576 

increased solar irradiance and 2×CO2 forcings. Solar irradiance was increased only over the ocean 577 

by the equivalent of a 2% global increase of solar irradiance, i.e., the solar irradiance over the 578 

ocean was increased by the factor 0.02/0.7. In addition, because 2% solar and 2×CO2 forcings are 579 

not identical, we normalize the response to the solar forcing by the factor 4.11/4.52, which is the 580 

ratio of 2×CO2 and 2% solar forcings as evaluated from climate simulations with fixed SST 581 

[Tables 1 and 3 of J. Hansen et al., “Efficacy of climate forcings,” J. Geophys. Res.110 (2005): 582 

D18104]. The global warming for the ocean-only forcing is only 76% of the warming for 2×CO2 583 

in year 1 of the simulations (Figure SM3), but by year 3 the response with ocean-only forcing 584 

catches up to the response for CO2 forcing. 585 

Figure SM4. Global Temperature Change for Base Periods 1880-1920 (top row) 586 

and 1951-1980 (lower row) 587 

 588 

 589 

Figure SM4 provides the data for the full period of Green’s function calculations (1850-2025) for 590 

which shorter periods at higher temporal resolution are shown in Figures 17 and 18. 591 

http://pubs.giss.nasa.gov/abs/ha01110v.html
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Figure SM5. Stratospheric Aerosol Coverage in Four Simulations  592 

 593 

 594 

Figure SM6. Change of Surface Temperature After 40 Years 595 

 596 

The grey areas in Figure SM5 are the regions with stratospheric aerosols in four climate 597 

simulations. The global average aerosol amount is the same in all four cases as for the real-world 598 

Pinatubo volcanic eruption in 1991, which requires multiplying the aerosol opacity by 2, 6 and 14 599 

for experiments E2, E3, and E4. Note the surface warming around Antarctica, as the resurgence of 600 

the SMOC (Southern Meridional Overturning Circulation) melts sea ice around Antarctica. 601 
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Figure SM7. Clear-Sky Absorbed Solar Radiation, 2020-2023 vs 2000-2010 602 

 603 

 604 

Figure SM8. Clear-Sky Absorbed Solar Radiation, 2020-2023 vs 2000-2010 605 

 606 

Change of clear-sky Absorbed Solar Radiation in 2020-2023 relative to the first 10 years of 607 

CERES data (March 2000 – February 2010) for the entire globe (Figure SM7) and limited to the 608 

ocean and latitudes that largely exclude contributions from sea ice change (Figure SM8), but some 609 

change due to loss of sea ice exists near northeast Canada and Kamchatka. The effect of reduced 610 

aerosols east of China and increased aerosols near India is apparent. The global-mean contribution 611 

of these clear-sky changes, which is a measure of the direct aerosol forcing change, is +0.1 W/m2. 612 
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Additional Data Sources for Figures in Main Text 613 

Figure 3. Adapted from Figure 17(a) in the reference in main text Note 1 (Pipeline paper).  614 

Figure 5. Copy of Figure 11b in main text Note 14 reference.  615 

Figures 6, 8, 9, 12, and 26. Authors' calculations based on CERES_EBAF-TOA_Edition4.2 616 

database: https://ceres-tool.larc.nasa.gov/ord-tool/jsp/EBAFTOA42Selection.jsp  617 

Figure 7. Authors' calculations based on CERES_EBAF-TOA_Edition4.2 database above (for 618 

ASR) + https://www.ncei.noaa.gov/access/monitoring/pdo/  619 

Figures 10 and 11. Authors' calculations based on NASA GISS sea surface temperature analysis 620 

(using NOAA ERSSTv5 data): https://data.giss.nasa.gov/gistemp/zonal_means/  621 

Figures 14, 16-18. Authors' calculations for this paper using the methods described in the 622 

associated main text.  623 

Figure 20. Authors' download from University of Maine Climate Reanalyzer: 624 

https://climatereanalyzer.org/clim/sst_daily/ 625 

Figures 21-23. Authors' calculations based on main text Notes 114, 115 references.  626 

Figure 24. Authors' calculations using the GISS climate model. 627 

Figures 25 and S2. Authors' calculations based on Pipeline paper + 628 

https://gml.noaa.gov/ccgg/trends/data.html and https://gml.noaa.gov/aftp/data/hats/Total_Cl_Br/  629 

Figure S3. Authors' calculations + main text notes 16 and 17 references.  630 

Figure S4a. Copy of Figure 2a in main text Note 50 reference.  631 

Figure S4b. Copy of Figure 3 in main text Note 26 reference.  632 

Figure S5. Authors' calculations based on main text Note 43 reference.  633 

Figure S8. Authors' calculations based on CEDS v_2024_07_08 Release Emission Data: 634 

https://zenodo.org/records/12803197  635 
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