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worldwide plastics 

production in 2017:

344 million tons*


*Association of Plastics Manufacturers

http://cityofdavis.org/
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Weight of  8.10 billion people: 
5.11 x 10^11 kilograms, 

0.51 gigatons 
https://www.worldometers.info/
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Weight of  8.10 billion people: 
5.11 x 10^11 kilograms, 

0.51 gigatons 

In 2021 humans emitted  
36.4 gigatons of  carbon 

https://www.statista.com/statistics/276629/global-co2-emissions/ 

https://www.worldometers.info/

https://www.statista.com/statistics/276629/global-co2-emissions/


What is the source of  all these recent CO2 emissions?

Unless noted otherwise, all figures in this talk are 
adapted from  IPCC_AR6_FullReport_2022
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Where does all that CO2 go?

10.9 ± 0.9 GT yr-1 were emitted 
from human activities

31% stored by terrestrial vegetation 

23% taken up by oceans

46% accumulated in the 
atmosphere 

2019



CO2  in the future:  
our choices 



Unless noted otherwise, all figures in this talk are 
adapted from  IPCC_AR6_FullReport_2022
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Umbrella@earth  is an example of  changes in “radiative forcing”
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Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 4 | Time-series of surface forcing. a, Time series of observed spectrally
integrated (520–1,800 cm21) CO2 surface radiative forcing at SGP (in red)
with overlaid CT2011 estimate of CO2 concentration from the surface to an

altitude of 2 km (grey), and a least-squares trend of the forcing and its
uncertainty (blue). b, Power spectral density of observed CO2 surface radiative
forcing at SGP. c, As for a but for the NSA site. d, As for b but for the NSA site.
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Figure 4 | Time-series of surface forcing. a, Time series of observed spectrally
integrated (520–1,800 cm21) CO2 surface radiative forcing at SGP (in red)
with overlaid CT2011 estimate of CO2 concentration from the surface to an

altitude of 2 km (grey), and a least-squares trend of the forcing and its
uncertainty (blue). b, Power spectral density of observed CO2 surface radiative
forcing at SGP. c, As for a but for the NSA site. d, As for b but for the NSA site.
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Figure 4 | Time-series of surface forcing. a, Time series of observed spectrally
integrated (520–1,800 cm21) CO2 surface radiative forcing at SGP (in red)
with overlaid CT2011 estimate of CO2 concentration from the surface to an

altitude of 2 km (grey), and a least-squares trend of the forcing and its
uncertainty (blue). b, Power spectral density of observed CO2 surface radiative
forcing at SGP. c, As for a but for the NSA site. d, As for b but for the NSA site.
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We are more likely to commit suicide when it is hot…



Which means 9,000-40,000 additional suicides
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Mumbai: 21 million 
Shanghai: 28.4 million 
Alexandria: 5.6 million





https://www.antarcticglaciers.org/glacier-processes/glacial-lakes/glacial-lake-outburst-floods/



https://www.antarcticglaciers.org/glacier-processes/glacial-lakes/glacial-lake-outburst-floods/









600,000 injury deaths 2013-2019



600,000 injury deaths 2013-2019



Additional deaths due to climate change….



Additional deaths due to climate change….



Additional deaths due to climate change….



Summary



Summary
• The atmosphere is changing



Summary
• The atmosphere is changing

• The change is due to our combustion



Summary
• The atmosphere is changing

• The change is due to our combustion
• Radiative forcing connects the change to temperature



Summary
• The atmosphere is changing

• The change is due to our combustion
• Radiative forcing connects the change to temperature

• Earth has managed carbon on geological timescales



Summary

• Economic models connect the 
atmosphere to our future changing 
climate and its consequences

• The atmosphere is changing

• The change is due to our combustion
• Radiative forcing connects the change to temperature

• Earth has managed carbon on geological timescales



Summary

• Economic models connect the 
atmosphere to our future changing 
climate and its consequences

• The atmosphere is changing

• The change is due to our combustion
• Radiative forcing connects the change to temperature

There are urgent consequences

• Earth has managed carbon on geological timescales



• Average temperatures: rising 

• Inequality: rising 

• Sea level: rising, flooding 

• Glaciers: retracting, flooding 

• Behavior: changing: violence, migration 

• Ice on the arctics: declining 

• Extreme weather: increasing 

• Biological consequences would take another seminar!

Summary

• Economic models connect the 
atmosphere to our future changing 
climate and its consequences

• The atmosphere is changing

• The change is due to our combustion
• Radiative forcing connects the change to temperature

There are urgent consequences

• Earth has managed carbon on geological timescales



“What keeps you 
up at night?” 

….  
calculus 

….





noise-induced tipping events…  
for instance drought events causing 
sudden dieback of the Amazon 
rainforest….





bifurcation tipping events
e.g.,  collapse of the thermohaline 
circulation in the Atlantic Ocean 
…a critical level in the forcing is reached. 









Atlantic Meridional Overturning Circulation 

https://science.howstuffworks.com/
environmental/earth/oceanography/amoc-

news.htm
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“What keeps you 
up at night?” 

Answer:  
calculus, 

and 
justice
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Observed sea-level trends are known to arise from the combined
influences of internal variability due to natural variations aris-
ing within the climate system and the forced response (FR), de-
fined as the climate response driven by forcings external to the cli-
mate system, such as from natural (i.e., volcanic) or anthropogenic
aerosols, or from increases in greenhouse gas concentrations (14).
Studies aimed at disentangling the FR from internal variability on
regional scales have been previously attempted. In the Indo-Pacific
region, diagnostic assessments have largely attributed observed
trends to internal variability (15, 16). On a global scale, the relative
contributions of forced and internal variability remain somewhat
unclear, although many studies have concluded that altimeter-era
trends are likely dominated by internal variations (6, 14, 15, 17),
while others have suggested the possible emergence of the FR in
the Southern Ocean (7). Studies looking at regional time of emer-
gence based on multimodel archives show strong dependence on
region (2, 6) and a benefit in removing patterns of internal vari-
ability (11), but they have yet to identify a clear emergence of major
features. Considerable uncertainty surrounding these finding per-
sists, however, as contrasts within multimodel archives include both
internal variability and structural contrasts between models, with
few means of separating the two (6, 7). As such, estimates of internal
variability derived from multimodel ensembles may be inflated, as
the representation of internal variability in the archives is often poor
(18). Lastly, it is also not possible in these archives to assess the time-
varying character of the FR, since they include few ensemble
members for individual models, and it is often assumed that trends
through the 21st century are a suitable estimate, further intro-
ducing error into the estimation of FR emergence for short periods,
such as the satellite record, as discussed below.
From a purely empirical standpoint, the fact that the spatial

pattern of observed trends (Fig. 1) in many ways resembles the sea
surface temperature (SST) anomalies that accompany the El Niño–

Southern Oscillation and Pacific Decadal Oscillation (19) supports
the viewpoint that observed trends arise largely from internal var-
iability. It is also known that strong variations in those modes oc-
curred during the altimeter era (11, 20, 21), again suggesting a
strong role. A challenge for diagnostic assessments arises, however,
if the spatial pattern of internal modes resembles the pattern of
long-term change, as disentangling them during altimeter era re-
mains a challenge (21). To address this challenge, techniques for
assessing the time of emergence of climate signals from internal
variability have been explored for a range of variables, including
temperature (22), rainfall extremes (23), and sea level (6, 7). Often,
a pattern scaling approach is adopted, whereby the long-term trend,
such as spanning the 20th and 21st centuries, is used to estimate the
FR, as doing so provides a strong signal relative to the noise of
internal variability. This approach does not, however, provide a
means for estimating the time-varying character of the FR and
thereby, introduces error when applied to discrete time periods. In
the context of sea-level changes in the altimeter era, this assump-
tion is particularly problematic; strong transient changes in forcing
are known to occur during the era from changes in total anthro-
pogenic aerosol emissions, their regional distributions, and natural
forcings, such as those associated with the eruption of Mt. Pinatubo
in 1991, the effects of which persisted for at least a decade (24).
Climate models can be useful in estimating these effects; however,
multimodel archives also do not allow for direct estimation of the
FR on decadal timescales due to model structural contrasts (25).
Here, to address these challenges, an alternative approach is taken
using “large ensembles” (LEs) of climate model simulations.

Sea Level in Climate Model LEs
Climate models are powerful tools for disentangling the FR from
internal variability, and as such, they play an essential role in the
interpretation of short satellite records and the attribution of ob-
served changes (24, 25). In the past decade, multimodel archives
(27, 28) have been used extensively to address a range of climate
issues, including sea-level rise (2, 6, 14). More recently, LEs of
climate model simulations have been produced to allow for the
separation of forced and internal variability, where the FR can be
computed directly from the ensemble mean simulated trend across
a given time period, as random internal variability averages out.
LEs are created when multiple simulations using a single climate
model are driven by an estimate of imposed forcings (e.g., external
influences on climate, such as solar variability, volcanic and an-
thropogenic aerosols, and greenhouse gas emissions) initiated with
different initial conditions. Unlike multimodel archives, the use of a
single model eliminates any contribution of model structural un-
certainty to its ensemble spread. When extremely small perturba-
tions are made to the initial conditions of such simulations (for
example, with a 10−14 °C change in atmospheric temperatures),
chaotic effects lead them to fully diverge in their atmospheric in-
ternal states within a few months (26). Such variations in the cli-
mate system subsequently accompany the underlying change in
climate state arising from external forcings. When a sufficient
number of individual simulations (typically ≥ 30) are performed in
this manner, their trends can be averaged together to directly
compute the FR (26). Here, this is done with the goal of resolving
the FR in sea level across the mid-20th century (1950–1975), the
altimeter era (1993–2018), the coming decades (2020–2045), and
the long-term (1950–2100). After the FRs are determined, the
distribution of its pattern correlations with individual ensemble
members is then derived and compared with analogous distribu-
tions derived from a control (i.e., unforced) simulation. When these
distributions become statistically distinct, the FR can be concluded
to have emerged. Notably, this is a distinct and somewhat more
sensitive definition of emergence than time series-based methods
examining the magnitude of trends relative to annual mean vari-
ance (22). However, the approach used here is arguably more
suitable to the science questions pertaining to the altimeter record
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Fig. 1. Regional sea-level trends from altimetry (millimeters year−1) from
1993 to mid-2018 (A) based on annual averages of raw AVISO estimates
(https://www.aviso.altimetry.fr/en/my-aviso.html) and (B) with the global
mean rate of rise removed. Also shown in A are the boundaries for the
Pacific, Atlantic, Indian, and Southern Oceans used for defining ocean basins
as defined in this analysis.
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Observed sea-level trends are known to arise from the combined
influences of internal variability due to natural variations aris-
ing within the climate system and the forced response (FR), de-
fined as the climate response driven by forcings external to the cli-
mate system, such as from natural (i.e., volcanic) or anthropogenic
aerosols, or from increases in greenhouse gas concentrations (14).
Studies aimed at disentangling the FR from internal variability on
regional scales have been previously attempted. In the Indo-Pacific
region, diagnostic assessments have largely attributed observed
trends to internal variability (15, 16). On a global scale, the relative
contributions of forced and internal variability remain somewhat
unclear, although many studies have concluded that altimeter-era
trends are likely dominated by internal variations (6, 14, 15, 17),
while others have suggested the possible emergence of the FR in
the Southern Ocean (7). Studies looking at regional time of emer-
gence based on multimodel archives show strong dependence on
region (2, 6) and a benefit in removing patterns of internal vari-
ability (11), but they have yet to identify a clear emergence of major
features. Considerable uncertainty surrounding these finding per-
sists, however, as contrasts within multimodel archives include both
internal variability and structural contrasts between models, with
few means of separating the two (6, 7). As such, estimates of internal
variability derived from multimodel ensembles may be inflated, as
the representation of internal variability in the archives is often poor
(18). Lastly, it is also not possible in these archives to assess the time-
varying character of the FR, since they include few ensemble
members for individual models, and it is often assumed that trends
through the 21st century are a suitable estimate, further intro-
ducing error into the estimation of FR emergence for short periods,
such as the satellite record, as discussed below.
From a purely empirical standpoint, the fact that the spatial

pattern of observed trends (Fig. 1) in many ways resembles the sea
surface temperature (SST) anomalies that accompany the El Niño–

Southern Oscillation and Pacific Decadal Oscillation (19) supports
the viewpoint that observed trends arise largely from internal var-
iability. It is also known that strong variations in those modes oc-
curred during the altimeter era (11, 20, 21), again suggesting a
strong role. A challenge for diagnostic assessments arises, however,
if the spatial pattern of internal modes resembles the pattern of
long-term change, as disentangling them during altimeter era re-
mains a challenge (21). To address this challenge, techniques for
assessing the time of emergence of climate signals from internal
variability have been explored for a range of variables, including
temperature (22), rainfall extremes (23), and sea level (6, 7). Often,
a pattern scaling approach is adopted, whereby the long-term trend,
such as spanning the 20th and 21st centuries, is used to estimate the
FR, as doing so provides a strong signal relative to the noise of
internal variability. This approach does not, however, provide a
means for estimating the time-varying character of the FR and
thereby, introduces error when applied to discrete time periods. In
the context of sea-level changes in the altimeter era, this assump-
tion is particularly problematic; strong transient changes in forcing
are known to occur during the era from changes in total anthro-
pogenic aerosol emissions, their regional distributions, and natural
forcings, such as those associated with the eruption of Mt. Pinatubo
in 1991, the effects of which persisted for at least a decade (24).
Climate models can be useful in estimating these effects; however,
multimodel archives also do not allow for direct estimation of the
FR on decadal timescales due to model structural contrasts (25).
Here, to address these challenges, an alternative approach is taken
using “large ensembles” (LEs) of climate model simulations.

Sea Level in Climate Model LEs
Climate models are powerful tools for disentangling the FR from
internal variability, and as such, they play an essential role in the
interpretation of short satellite records and the attribution of ob-
served changes (24, 25). In the past decade, multimodel archives
(27, 28) have been used extensively to address a range of climate
issues, including sea-level rise (2, 6, 14). More recently, LEs of
climate model simulations have been produced to allow for the
separation of forced and internal variability, where the FR can be
computed directly from the ensemble mean simulated trend across
a given time period, as random internal variability averages out.
LEs are created when multiple simulations using a single climate
model are driven by an estimate of imposed forcings (e.g., external
influences on climate, such as solar variability, volcanic and an-
thropogenic aerosols, and greenhouse gas emissions) initiated with
different initial conditions. Unlike multimodel archives, the use of a
single model eliminates any contribution of model structural un-
certainty to its ensemble spread. When extremely small perturba-
tions are made to the initial conditions of such simulations (for
example, with a 10−14 °C change in atmospheric temperatures),
chaotic effects lead them to fully diverge in their atmospheric in-
ternal states within a few months (26). Such variations in the cli-
mate system subsequently accompany the underlying change in
climate state arising from external forcings. When a sufficient
number of individual simulations (typically ≥ 30) are performed in
this manner, their trends can be averaged together to directly
compute the FR (26). Here, this is done with the goal of resolving
the FR in sea level across the mid-20th century (1950–1975), the
altimeter era (1993–2018), the coming decades (2020–2045), and
the long-term (1950–2100). After the FRs are determined, the
distribution of its pattern correlations with individual ensemble
members is then derived and compared with analogous distribu-
tions derived from a control (i.e., unforced) simulation. When these
distributions become statistically distinct, the FR can be concluded
to have emerged. Notably, this is a distinct and somewhat more
sensitive definition of emergence than time series-based methods
examining the magnitude of trends relative to annual mean vari-
ance (22). However, the approach used here is arguably more
suitable to the science questions pertaining to the altimeter record
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Fig. 1. Regional sea-level trends from altimetry (millimeters year−1) from
1993 to mid-2018 (A) based on annual averages of raw AVISO estimates
(https://www.aviso.altimetry.fr/en/my-aviso.html) and (B) with the global
mean rate of rise removed. Also shown in A are the boundaries for the
Pacific, Atlantic, Indian, and Southern Oceans used for defining ocean basins
as defined in this analysis.
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Observed sea-level trends are known to arise from the combined
influences of internal variability due to natural variations aris-
ing within the climate system and the forced response (FR), de-
fined as the climate response driven by forcings external to the cli-
mate system, such as from natural (i.e., volcanic) or anthropogenic
aerosols, or from increases in greenhouse gas concentrations (14).
Studies aimed at disentangling the FR from internal variability on
regional scales have been previously attempted. In the Indo-Pacific
region, diagnostic assessments have largely attributed observed
trends to internal variability (15, 16). On a global scale, the relative
contributions of forced and internal variability remain somewhat
unclear, although many studies have concluded that altimeter-era
trends are likely dominated by internal variations (6, 14, 15, 17),
while others have suggested the possible emergence of the FR in
the Southern Ocean (7). Studies looking at regional time of emer-
gence based on multimodel archives show strong dependence on
region (2, 6) and a benefit in removing patterns of internal vari-
ability (11), but they have yet to identify a clear emergence of major
features. Considerable uncertainty surrounding these finding per-
sists, however, as contrasts within multimodel archives include both
internal variability and structural contrasts between models, with
few means of separating the two (6, 7). As such, estimates of internal
variability derived from multimodel ensembles may be inflated, as
the representation of internal variability in the archives is often poor
(18). Lastly, it is also not possible in these archives to assess the time-
varying character of the FR, since they include few ensemble
members for individual models, and it is often assumed that trends
through the 21st century are a suitable estimate, further intro-
ducing error into the estimation of FR emergence for short periods,
such as the satellite record, as discussed below.
From a purely empirical standpoint, the fact that the spatial

pattern of observed trends (Fig. 1) in many ways resembles the sea
surface temperature (SST) anomalies that accompany the El Niño–

Southern Oscillation and Pacific Decadal Oscillation (19) supports
the viewpoint that observed trends arise largely from internal var-
iability. It is also known that strong variations in those modes oc-
curred during the altimeter era (11, 20, 21), again suggesting a
strong role. A challenge for diagnostic assessments arises, however,
if the spatial pattern of internal modes resembles the pattern of
long-term change, as disentangling them during altimeter era re-
mains a challenge (21). To address this challenge, techniques for
assessing the time of emergence of climate signals from internal
variability have been explored for a range of variables, including
temperature (22), rainfall extremes (23), and sea level (6, 7). Often,
a pattern scaling approach is adopted, whereby the long-term trend,
such as spanning the 20th and 21st centuries, is used to estimate the
FR, as doing so provides a strong signal relative to the noise of
internal variability. This approach does not, however, provide a
means for estimating the time-varying character of the FR and
thereby, introduces error when applied to discrete time periods. In
the context of sea-level changes in the altimeter era, this assump-
tion is particularly problematic; strong transient changes in forcing
are known to occur during the era from changes in total anthro-
pogenic aerosol emissions, their regional distributions, and natural
forcings, such as those associated with the eruption of Mt. Pinatubo
in 1991, the effects of which persisted for at least a decade (24).
Climate models can be useful in estimating these effects; however,
multimodel archives also do not allow for direct estimation of the
FR on decadal timescales due to model structural contrasts (25).
Here, to address these challenges, an alternative approach is taken
using “large ensembles” (LEs) of climate model simulations.

Sea Level in Climate Model LEs
Climate models are powerful tools for disentangling the FR from
internal variability, and as such, they play an essential role in the
interpretation of short satellite records and the attribution of ob-
served changes (24, 25). In the past decade, multimodel archives
(27, 28) have been used extensively to address a range of climate
issues, including sea-level rise (2, 6, 14). More recently, LEs of
climate model simulations have been produced to allow for the
separation of forced and internal variability, where the FR can be
computed directly from the ensemble mean simulated trend across
a given time period, as random internal variability averages out.
LEs are created when multiple simulations using a single climate
model are driven by an estimate of imposed forcings (e.g., external
influences on climate, such as solar variability, volcanic and an-
thropogenic aerosols, and greenhouse gas emissions) initiated with
different initial conditions. Unlike multimodel archives, the use of a
single model eliminates any contribution of model structural un-
certainty to its ensemble spread. When extremely small perturba-
tions are made to the initial conditions of such simulations (for
example, with a 10−14 °C change in atmospheric temperatures),
chaotic effects lead them to fully diverge in their atmospheric in-
ternal states within a few months (26). Such variations in the cli-
mate system subsequently accompany the underlying change in
climate state arising from external forcings. When a sufficient
number of individual simulations (typically ≥ 30) are performed in
this manner, their trends can be averaged together to directly
compute the FR (26). Here, this is done with the goal of resolving
the FR in sea level across the mid-20th century (1950–1975), the
altimeter era (1993–2018), the coming decades (2020–2045), and
the long-term (1950–2100). After the FRs are determined, the
distribution of its pattern correlations with individual ensemble
members is then derived and compared with analogous distribu-
tions derived from a control (i.e., unforced) simulation. When these
distributions become statistically distinct, the FR can be concluded
to have emerged. Notably, this is a distinct and somewhat more
sensitive definition of emergence than time series-based methods
examining the magnitude of trends relative to annual mean vari-
ance (22). However, the approach used here is arguably more
suitable to the science questions pertaining to the altimeter record

Southern

Indian Paci!c Atlantic

A

B

Fig. 1. Regional sea-level trends from altimetry (millimeters year−1) from
1993 to mid-2018 (A) based on annual averages of raw AVISO estimates
(https://www.aviso.altimetry.fr/en/my-aviso.html) and (B) with the global
mean rate of rise removed. Also shown in A are the boundaries for the
Pacific, Atlantic, Indian, and Southern Oceans used for defining ocean basins
as defined in this analysis.
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Observed sea-level trends are known to arise from the combined
influences of internal variability due to natural variations aris-
ing within the climate system and the forced response (FR), de-
fined as the climate response driven by forcings external to the cli-
mate system, such as from natural (i.e., volcanic) or anthropogenic
aerosols, or from increases in greenhouse gas concentrations (14).
Studies aimed at disentangling the FR from internal variability on
regional scales have been previously attempted. In the Indo-Pacific
region, diagnostic assessments have largely attributed observed
trends to internal variability (15, 16). On a global scale, the relative
contributions of forced and internal variability remain somewhat
unclear, although many studies have concluded that altimeter-era
trends are likely dominated by internal variations (6, 14, 15, 17),
while others have suggested the possible emergence of the FR in
the Southern Ocean (7). Studies looking at regional time of emer-
gence based on multimodel archives show strong dependence on
region (2, 6) and a benefit in removing patterns of internal vari-
ability (11), but they have yet to identify a clear emergence of major
features. Considerable uncertainty surrounding these finding per-
sists, however, as contrasts within multimodel archives include both
internal variability and structural contrasts between models, with
few means of separating the two (6, 7). As such, estimates of internal
variability derived from multimodel ensembles may be inflated, as
the representation of internal variability in the archives is often poor
(18). Lastly, it is also not possible in these archives to assess the time-
varying character of the FR, since they include few ensemble
members for individual models, and it is often assumed that trends
through the 21st century are a suitable estimate, further intro-
ducing error into the estimation of FR emergence for short periods,
such as the satellite record, as discussed below.
From a purely empirical standpoint, the fact that the spatial

pattern of observed trends (Fig. 1) in many ways resembles the sea
surface temperature (SST) anomalies that accompany the El Niño–

Southern Oscillation and Pacific Decadal Oscillation (19) supports
the viewpoint that observed trends arise largely from internal var-
iability. It is also known that strong variations in those modes oc-
curred during the altimeter era (11, 20, 21), again suggesting a
strong role. A challenge for diagnostic assessments arises, however,
if the spatial pattern of internal modes resembles the pattern of
long-term change, as disentangling them during altimeter era re-
mains a challenge (21). To address this challenge, techniques for
assessing the time of emergence of climate signals from internal
variability have been explored for a range of variables, including
temperature (22), rainfall extremes (23), and sea level (6, 7). Often,
a pattern scaling approach is adopted, whereby the long-term trend,
such as spanning the 20th and 21st centuries, is used to estimate the
FR, as doing so provides a strong signal relative to the noise of
internal variability. This approach does not, however, provide a
means for estimating the time-varying character of the FR and
thereby, introduces error when applied to discrete time periods. In
the context of sea-level changes in the altimeter era, this assump-
tion is particularly problematic; strong transient changes in forcing
are known to occur during the era from changes in total anthro-
pogenic aerosol emissions, their regional distributions, and natural
forcings, such as those associated with the eruption of Mt. Pinatubo
in 1991, the effects of which persisted for at least a decade (24).
Climate models can be useful in estimating these effects; however,
multimodel archives also do not allow for direct estimation of the
FR on decadal timescales due to model structural contrasts (25).
Here, to address these challenges, an alternative approach is taken
using “large ensembles” (LEs) of climate model simulations.

Sea Level in Climate Model LEs
Climate models are powerful tools for disentangling the FR from
internal variability, and as such, they play an essential role in the
interpretation of short satellite records and the attribution of ob-
served changes (24, 25). In the past decade, multimodel archives
(27, 28) have been used extensively to address a range of climate
issues, including sea-level rise (2, 6, 14). More recently, LEs of
climate model simulations have been produced to allow for the
separation of forced and internal variability, where the FR can be
computed directly from the ensemble mean simulated trend across
a given time period, as random internal variability averages out.
LEs are created when multiple simulations using a single climate
model are driven by an estimate of imposed forcings (e.g., external
influences on climate, such as solar variability, volcanic and an-
thropogenic aerosols, and greenhouse gas emissions) initiated with
different initial conditions. Unlike multimodel archives, the use of a
single model eliminates any contribution of model structural un-
certainty to its ensemble spread. When extremely small perturba-
tions are made to the initial conditions of such simulations (for
example, with a 10−14 °C change in atmospheric temperatures),
chaotic effects lead them to fully diverge in their atmospheric in-
ternal states within a few months (26). Such variations in the cli-
mate system subsequently accompany the underlying change in
climate state arising from external forcings. When a sufficient
number of individual simulations (typically ≥ 30) are performed in
this manner, their trends can be averaged together to directly
compute the FR (26). Here, this is done with the goal of resolving
the FR in sea level across the mid-20th century (1950–1975), the
altimeter era (1993–2018), the coming decades (2020–2045), and
the long-term (1950–2100). After the FRs are determined, the
distribution of its pattern correlations with individual ensemble
members is then derived and compared with analogous distribu-
tions derived from a control (i.e., unforced) simulation. When these
distributions become statistically distinct, the FR can be concluded
to have emerged. Notably, this is a distinct and somewhat more
sensitive definition of emergence than time series-based methods
examining the magnitude of trends relative to annual mean vari-
ance (22). However, the approach used here is arguably more
suitable to the science questions pertaining to the altimeter record
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Fig. 1. Regional sea-level trends from altimetry (millimeters year−1) from
1993 to mid-2018 (A) based on annual averages of raw AVISO estimates
(https://www.aviso.altimetry.fr/en/my-aviso.html) and (B) with the global
mean rate of rise removed. Also shown in A are the boundaries for the
Pacific, Atlantic, Indian, and Southern Oceans used for defining ocean basins
as defined in this analysis.
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Observed sea-level trends are known to arise from the combined
influences of internal variability due to natural variations aris-
ing within the climate system and the forced response (FR), de-
fined as the climate response driven by forcings external to the cli-
mate system, such as from natural (i.e., volcanic) or anthropogenic
aerosols, or from increases in greenhouse gas concentrations (14).
Studies aimed at disentangling the FR from internal variability on
regional scales have been previously attempted. In the Indo-Pacific
region, diagnostic assessments have largely attributed observed
trends to internal variability (15, 16). On a global scale, the relative
contributions of forced and internal variability remain somewhat
unclear, although many studies have concluded that altimeter-era
trends are likely dominated by internal variations (6, 14, 15, 17),
while others have suggested the possible emergence of the FR in
the Southern Ocean (7). Studies looking at regional time of emer-
gence based on multimodel archives show strong dependence on
region (2, 6) and a benefit in removing patterns of internal vari-
ability (11), but they have yet to identify a clear emergence of major
features. Considerable uncertainty surrounding these finding per-
sists, however, as contrasts within multimodel archives include both
internal variability and structural contrasts between models, with
few means of separating the two (6, 7). As such, estimates of internal
variability derived from multimodel ensembles may be inflated, as
the representation of internal variability in the archives is often poor
(18). Lastly, it is also not possible in these archives to assess the time-
varying character of the FR, since they include few ensemble
members for individual models, and it is often assumed that trends
through the 21st century are a suitable estimate, further intro-
ducing error into the estimation of FR emergence for short periods,
such as the satellite record, as discussed below.
From a purely empirical standpoint, the fact that the spatial

pattern of observed trends (Fig. 1) in many ways resembles the sea
surface temperature (SST) anomalies that accompany the El Niño–

Southern Oscillation and Pacific Decadal Oscillation (19) supports
the viewpoint that observed trends arise largely from internal var-
iability. It is also known that strong variations in those modes oc-
curred during the altimeter era (11, 20, 21), again suggesting a
strong role. A challenge for diagnostic assessments arises, however,
if the spatial pattern of internal modes resembles the pattern of
long-term change, as disentangling them during altimeter era re-
mains a challenge (21). To address this challenge, techniques for
assessing the time of emergence of climate signals from internal
variability have been explored for a range of variables, including
temperature (22), rainfall extremes (23), and sea level (6, 7). Often,
a pattern scaling approach is adopted, whereby the long-term trend,
such as spanning the 20th and 21st centuries, is used to estimate the
FR, as doing so provides a strong signal relative to the noise of
internal variability. This approach does not, however, provide a
means for estimating the time-varying character of the FR and
thereby, introduces error when applied to discrete time periods. In
the context of sea-level changes in the altimeter era, this assump-
tion is particularly problematic; strong transient changes in forcing
are known to occur during the era from changes in total anthro-
pogenic aerosol emissions, their regional distributions, and natural
forcings, such as those associated with the eruption of Mt. Pinatubo
in 1991, the effects of which persisted for at least a decade (24).
Climate models can be useful in estimating these effects; however,
multimodel archives also do not allow for direct estimation of the
FR on decadal timescales due to model structural contrasts (25).
Here, to address these challenges, an alternative approach is taken
using “large ensembles” (LEs) of climate model simulations.

Sea Level in Climate Model LEs
Climate models are powerful tools for disentangling the FR from
internal variability, and as such, they play an essential role in the
interpretation of short satellite records and the attribution of ob-
served changes (24, 25). In the past decade, multimodel archives
(27, 28) have been used extensively to address a range of climate
issues, including sea-level rise (2, 6, 14). More recently, LEs of
climate model simulations have been produced to allow for the
separation of forced and internal variability, where the FR can be
computed directly from the ensemble mean simulated trend across
a given time period, as random internal variability averages out.
LEs are created when multiple simulations using a single climate
model are driven by an estimate of imposed forcings (e.g., external
influences on climate, such as solar variability, volcanic and an-
thropogenic aerosols, and greenhouse gas emissions) initiated with
different initial conditions. Unlike multimodel archives, the use of a
single model eliminates any contribution of model structural un-
certainty to its ensemble spread. When extremely small perturba-
tions are made to the initial conditions of such simulations (for
example, with a 10−14 °C change in atmospheric temperatures),
chaotic effects lead them to fully diverge in their atmospheric in-
ternal states within a few months (26). Such variations in the cli-
mate system subsequently accompany the underlying change in
climate state arising from external forcings. When a sufficient
number of individual simulations (typically ≥ 30) are performed in
this manner, their trends can be averaged together to directly
compute the FR (26). Here, this is done with the goal of resolving
the FR in sea level across the mid-20th century (1950–1975), the
altimeter era (1993–2018), the coming decades (2020–2045), and
the long-term (1950–2100). After the FRs are determined, the
distribution of its pattern correlations with individual ensemble
members is then derived and compared with analogous distribu-
tions derived from a control (i.e., unforced) simulation. When these
distributions become statistically distinct, the FR can be concluded
to have emerged. Notably, this is a distinct and somewhat more
sensitive definition of emergence than time series-based methods
examining the magnitude of trends relative to annual mean vari-
ance (22). However, the approach used here is arguably more
suitable to the science questions pertaining to the altimeter record

Southern

Indian Paci!c Atlantic

A

B

Fig. 1. Regional sea-level trends from altimetry (millimeters year−1) from
1993 to mid-2018 (A) based on annual averages of raw AVISO estimates
(https://www.aviso.altimetry.fr/en/my-aviso.html) and (B) with the global
mean rate of rise removed. Also shown in A are the boundaries for the
Pacific, Atlantic, Indian, and Southern Oceans used for defining ocean basins
as defined in this analysis.
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