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Part 1

Chapter 7 - The Earth’s Energy
Budget and Climate Feedback

1 Earth’s Energy Budget

1.1 Overview of Earth’s Energy Budget

The Earth’s energy budget represents the balance between incoming solar radiation and
outgoing energy from the Earth system. Since AR5 (Fifth Assessment Report), the mea-
surement of energy accumulation in the Earth system has become a robust indicator of
climate change.

The global energy inventory provides a more stable metric for assessing climate trends com-
pared to Global Surface Air Temperature (GSAT), which exhibits more variability. Increased
confidence in energy accumulation estimates is due to:

o Improved observational records.

o Better closure of the sea level budget.

Energy accumulation will continue until at least the end of the 21st century, even under
strong mitigation efforts. The primary manifestations of energy accumulation will be:

e Ocean warming.

« Continued sea level rise through thermal expansion (high confidence).

1.2 Quantification of Energy Accumulation

1.2.1 Global Energy Inventory Increase

e 1971-2006: 282 ZJ (2.82 x 10?® Joules).

o 2006-2018: 152 ZJ (1.52 x 10?3 Joules).

1.2.2 Earth’s Energy Imbalance

e 1971-2006: 0.50 W /m?2 (Watts per square meter) [0.32 to 0.69 W/m?].

e 2006-2018: 0.79 W /m? [0.52 to 1.06 W/m?].



1.2.3 Energy Distribution Across Climate System Components

» 91% absorbed by the ocean (dominant contributor).
» 5% contributes to land heating (revised from 3% in AR5).
o 3% used in ice melting.

e 1% warms the atmosphere.
Improved observational techniques include:

» Better inventory analysis of heat uptake.
o (Cross-validation between satellite data and in situ observations.

 Strengthened assessment compared to AR5 (high confidence).

1.3 Improved Closure of the Global Energy Budget

Advancements since AR5 have improved estimates of energy flows in the climate system.
Key improvements include:

« More precise estimates of Effective Radiative Forcing (ERF).

« Better understanding of climate system radiative response.

« More reliable estimates of observed energy accumulation (1971-2018).

1.3.1 Comparison of Energy Gain Estimates

+ Based on ERF range: 340 ZJ (3.40 x 10%* Joules) [47 to 662 ZJ].

« Based on climate response estimates: 340 ZJ (3.40 x 10% Joules) [147 to 527 ZJ].

« Observation-based independent assessment: 284 ZJ (2.84 x 10?* Joules) [96 to 471
ZJ].

These estimates align well with the estimated energy imbalance from 1850-1900 (high con-
fidence).

1.4 Trends in Surface Solar and Thermal Radiation

1.4.1 Decline (Dimming) in Solar Radiation

« Observed from the 1950s to 1980s (high confidence).

« Partial recovery (brightening) recorded at many sites after the 1980s (high confi-
dence).

e Not a localized effect or measurement error.



1.4.2 Factors Influencing These Trends

Anthropogenic aerosol emissions (medium confidence).

Multi-decadal cloud variability may have played a role.

1.4.3 Changes in Surface Thermal Radiation

1.5

Increased downward and upward thermal radiation observed in recent decades.
Attributable to increased greenhouse gas (GHG) concentrations.

Associated with warming and moistening of the surface and atmosphere
(medium confidence).

Key Takeaways

Earth’s energy imbalance is increasing, with strong evidence of continued energy
accumulation.

The ocean is the primary energy sink, followed by land, ice melting, and atmo-
spheric warming.

Improved observational data and energy budget closure provide more accurate
assessments than AR5.

Surface radiation changes are influenced by aerosols and cloud variability.

Continued warming is inevitable, with ocean heat uptake driving long-term sea
level rise.

2 Effective Radiative Forcing (ERF)

2.1

2.2

Key Concepts

Effective Radiative Forcing (ERF): Introduced in AR5, ERF is a measure of
the change in Earth’s energy balance due to external drivers (e.g., greenhouse gases,
aerosols). It is more closely related to temperature response than previous metrics like
stratospheric-temperature adjusted radiative forcing.

Tropospheric Adjustments: Changes in atmospheric temperatures, clouds, and
water vapor are now quantified for their impact on ERF.

ERF for Greenhouse Gases

. Carbon Dioxide (CO,):



2.3

2.4

1.

o ERF for a doubling of CO, (compared to 1750 levels): 3.93 & 0.47 W m 2
(larger than in ARS).

 Adjustments include physiological effects on vegetation (high confidence).

« Contribution to total anthropogenic ERF (1750-2019): 2.16 [1.90 to 2.41] W
-2
m—2.

Methane (CH,):

« ERF contribution: 0.54 [0.43 to 0.65] W m2.

o Slightly increased due to improved spectroscopic treatments, partially offset by
tropospheric adjustments (high confidence).

Nitrous Oxide (N;0O):

« ERF contribution: 0.21 [0.18 to 0.24] W m2.
Halogenated Species:

« ERF contribution: 0.41 [0.33 to 0.49] W m 2.
Ozone (O3):

« ERF contribution: 0.47 [0.24 to 0.71] W m 2.

o Increased since AR5 due to revised precursor emissions and better accounting for
stratospheric effects.

Stratospheric Water Vapor (from CH, oxidation):

o Contributes to the total ERF of greenhouse gases.

Total Anthropogenic ERF (1750-2019)

2.72 [1.96 to 3.48] W m? (increased by 0.43 W m 2 compared to AR5).
Breakdown of Increase:
— 40.34 W m™2: Increased atmospheric concentrations of well-mixed greenhouse
gases (including halogenated species) since 2011.

— 40.15 W m2: Upward revisions of radiative efficiencies.

— 40.10 W m2: Re-evaluation of ozone and stratospheric water vapor ERF.

Other Contributions to Anthropogenic ERF

Aerosols:

« Total ERF (1750-2014): —1.3 [-2.0 to —0.6] W m 2 (medium confidence).

« Aerosol-Cloud Interactions (ERF,;): —1.0 [-1.7 to —0.3] W m ? (medium
confidence).

« Aerosol-Radiation Interactions (ERFg;): —0.3 [-0.6 to 0.0] W m2
(medium confidence).



o Increased magnitude but reduced uncertainty compared to AR5 due to improved
modeling and observational analyses.

2. Surface Reflectance Changes:

+ Land-use change: —0.20 [-0.30 to —0.10] W m 2 (medium confidence).

« Deposition of light-absorbing particles on ice and snow: +0.08 [0 to 0.18] W
m 2 (low confidence).

« Contrails and aviation-induced cirrus: 40.06 [0.02 to 0.10] W m2 (low con-
fidence).

Anthropogenic Emissions (1750—2019)

« Total ERF from greenhouse gases and precursors: 3.84 [3.46 to 4.22] W m 2.

— 3.32 [3.03 to 3.61] W m 2 Well-mixed greenhouse gases.

— Remainder: Ozone and stratospheric water vapor.

2.5 Key Changes Since AR5

e Increased ERF Estimates:

— Due to higher greenhouse gas concentrations, revised radiative efficiencies, and
better accounting for ozone and stratospheric water vapor.

e« Aerosol ERF:

— More strongly negative than in AR5, with improved confidence due to multiple
lines of evidence.

e Ozone ERF:

— Increased due to revised precursor emissions and better stratospheric accounting.

Confidence Levels

 High Confidence: CO, adjustments, methane adjustments, aerosol-cloud interac-
tions.

e« Medium Confidence: Total aerosol ERF, surface reflectance changes.

o Low Confidence: Light-absorbing particles on ice/snow, contrails, and aviation-
induced cirrus.



2.6

Summary

ERF is a critical metric for understanding climate change drivers.

Greenhouse gases dominate anthropogenic ERF, with CO, being the largest contribu-
tor.

Aerosols have a cooling effect, partially offsetting greenhouse gas warming.

Improved modeling and observational data have reduced uncertainties in ERF esti-
mates since ARS5.

3 Climate Feedbacks and Sensitivity

3.1

3.2

Cloud Feedback and its Role in Climate Sensitivity

Cloud feedback is positive, meaning it amplifies human-induced warming (high
confidence).

Since AR5, advances in cloud process understanding have:

— Increased confidence in cloud feedback estimates.

— Reduced uncertainty in cloud feedback by ~50%.
Low-altitude clouds over subtropical oceans:

— Previously the largest source of uncertainty.

— Now better understood due to climate models, satellite observations, and
explicit cloud simulations.

— Strong evidence that these clouds amplify global warming.
Net cloud feedback estimate:

— 0.42 W/m?°C [range: —0.10 to +0.94 W /m?2°C].
— A net negative cloud feedback is very unlikely (high confidence).

Combined Radiative Feedbacks and Climate Sensitivity

All known radiative feedbacks (physical, biogeophysical, and non-CO bio-
geochemical) amplify the base climate response (Planck temperature response)
(virtually certain).

Net feedback parameter:

— Estimated as —1.16 W/m?°C [range: —1.81 to —0.51 W /m?2°C].

— Slightly less negative than inferred from the Equilibrium Climate Sensi-
tivity (ECS) assessment.

Key feedback contributions:

10



— Water vapor + lapse rate feedback is the largest contributor to warming.

— Cloud feedback remains the largest source of uncertainty.

« State dependence of feedbacks:

— As global temperatures increase, feedbacks become less negative (meaning
they amplify warming more).

o Ice-sheet feedback on long timescales:

3.3

3.4

— Very likely positive.

— Promotes additional warming over millennia as ice sheets adjust to forcing
(high confidence).

Radiative Feedbacks and Multi-Decadal Climate Evolution

Cloud radiative feedbacks are expected to become less negative (more am-
plifying) over multi-decadal timescales.

Equilibrium Climate Sensitivity (ECS) is now assessed to be higher than
inferred in AR5 due to:

— Changes in surface warming patterns.

— Updated historical temperature, effective radiative forcing (ERF), and
Earth’s energy imbalance estimates.

— Improved consistency between different ECS estimation methods (high
confidence).

Equilibrium Climate Sensitivity (ECS) Estimates

Best estimate of ECS: 3°C.

Likely range: 2.5°C to 4°C.

Very likely range: 2°C to 5°C.

It is virtually certain that ECS is larger than 1.5°C.
Advancements since ARS5:

— More precise ECS estimates based on:

*x Feedback process understanding.
x+ Instrumental record data.
x Paleoclimate reconstructions.

x Emergent constraints from climate models.
Findings on ECS upper bound:
— ECS values below 1.5°C are ruled out.

— Values above 5°C cannot be excluded, but have medium confidence.

11



3.5

3.6

3.7

Transient Climate Response (TCR) Estimates

Best estimate of TCR: 1.8°C.
Likely range: 1.4°C to 2.2°C.

Very likely range: 1.2°C to 2.4°C (high confidence).

CMIP6 vs. CMIP5 Models and Their Sensitivity Estimates

CMIP6 models show higher mean ECS and TCR values than CMIP5.
They also have a wider range than the best estimates provided in this assessment.
Possible explanations for these differences:

— Changes in extra-tropical cloud feedbacks.

— Improved representation of cloud biases in models (medium confidence).
Effects on warming projections:

— CMIP6 models project a wider range of future warming than assessed
best estimates.

— Some high-ECS CMIP6 models show inconsistencies with:

* Recent observed global temperature trends.

+ Paleoclimate data.

Summary of Key Findings

Cloud feedback is positive and amplifies warming (~0.42 W /m?°C), with
reduced uncertainty since ARS5.

All radiative feedbacks amplify warming, with water vapor + lapse rate
feedback being the strongest.

Cloud feedback remains the largest source of uncertainty in climate projec-
tions.

ECS best estimate = 3°C, likely range = 2.5°C to 4°C, very likely range =
2°C to 5°C.

TCR best estimate = 1.8°C, likely range = 1.4°C to 2.2°C.

CMIP6 models show higher ECS/TCR values than CMIP5, with some incon-
sistencies in extreme models.

Future research should refine ECS constraints, particularly on the upper
bound.
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4 Climate Response

4.1

4.2

4.3

Human-Forced Global Surface Air Temperature (GSAT)
Change

Total GSAT change from 1750 to 2019:
— 1.29°C [range: 0.99 to 1.65°C].

— Based on emulator-based estimates, constrained by historical GSAT, ocean
heat content, ERF, ECS, and TCR.

Breakdown of GSAT change components:

— Well-mixed greenhouse gases (GHGs): +1.58°C [range: 1.17 to 2.17°C]|
(high confidence).

— Ozone (O ) changes: +0.23°C [range: 0.11 to 0.39°C| (high confidence).

— Aerosol effects: —0.50°C [range: —0.22 to —0.96°C] (medium confidence).

— Surface reflectance changes (land-use change, light-absorbing particles
on ice/snow): —0.06°C [range: —0.15 to 4+0.01°C]| (medium confidence).

— Solar + volcanic activity changes: —0.02°C [range: —0.06 to +0.02°C]|
(medium confidence).

Uncertainties in Future Climate Projections

ECS and TCR uncertainties are the largest contributors to uncertainty in
global temperature projections under moderate to high greenhouse gas emis-
sions.

For net zero CO scenarios, uncertainty is driven by:
— ERF uncertainties in aerosols and other short-lived climate forcers.

Ocean heat uptake is a smaller but still significant source of uncertainty on cen-
tennial timescales (high confidence).

Consistency of GSAT Projections Across Climate Indicators

The historical and future GSAT ranges are internally consistent with the as-
sessed:

— GHG Effective Radiative Forcing (ERF).
— Equilibrium Climate Sensitivity (ECS).
— Transient Climate Response (TCR).

Accuracy of climate emulators:

— Best estimate of GSAT change (1850-1900 to 1995—-2014) is reproduced
within 5%.

— Very likely range reproduced within 10%.

13



4.4

4.5

4.6

Polar Amplification and Arctic vs. Antarctic Warming

Arctic warms faster than the Antarctic due to differences in radiative feed-
backs and ocean heat uptake (high confidence).

Polar amplification is stronger than in AR5, supported by:
— Better agreement between model simulations and paleo observations.
Arctic warming trends:

— Will continue to exceed the global average over the 21st century (high
confidence).

Antarctic warming trends:

— Slower warming than the Arctic due to Southern Ocean upwelling.
— Even at equilibrium, Antarctic warming is expected to be lower.

— Antarctic amplification will emerge over centennial timescales, but low
confidence in emergence within the 21st century.

Global Warming Potentials (GWP) and Temperature-Change
Potentials (GTP)

Updated estimates for methane (CH ) and nitrous oxide (N O):

— Slightly lower than in AR5 due to revised lifetime and indirect chemical
effects (medium confidence).

Carbon cycle response included for non-CO gases:

— Lower than AR5 estimates, but high confidence in its inclusion and
methodology.

New Emissions Metric Approaches (GWP* and CGTP)

New approaches (GWP*, CGTP) account for short-lived vs. long-lived
gases more accurately.

Better suited for estimating GSAT response from aggregated emissions over
time.

Comparison of metric approaches:

— Using GWP* or CGTP leads to better temperature estimates.

— Standard GWP (100-year values) leads to inconsistencies across differ-
ent multi-gas pathways.

14



4.7 Net Zero GHG Emissions and Temperature Stabilization

e Choice of emissions metric affects net zero GHG calculations and final tem-
perature outcome.

e« Temperature outcomes after net zero emissions:

— Net zero CO and declining non-CO forcing prevents further human-
caused warming.

— Net zero GHG (GWP-100 metric):

* Leads to peak warming followed by cooling (depends on sequencing of
short-lived and long-lived species).

— Net zero GHG (CGTP or GWP*):

+ Leads to temperature stabilization (high confidence).

4.8 Summary of Key Findings

e« Human-forced GSAT increase from 1750 to 2019 is 1.29°C, dominated by
GHGs, with cooling from aerosols and land use.

e Uncertainty in ECS and TCR dominates temperature projection uncer-
tainty under continued emissions scenarios.

e Arctic warming continues to exceed global average; Antarctic amplification
expected on long timescales.

 Revised methane and nitrous oxide metrics reflect improved estimates of
lifetimes and indirect effects.

« New emissions metrics (GWP*, CGTP) improve estimation of GSAT re-
sponse to multi-gas emissions.

e« Net zero CO emissions stabilize temperatures, while metric choice affects
temperature evolution post-mitigation.

5 Earth’s Energy Budget, Climate Feedbacks, and Cli-
mate Sensitivity

5.1 Introduction and Advances Since AR5

o This chapter assesses major physical processes affecting Earth’s energy budget
and climate system.

o The Top-of-Atmosphere (TOA) energy budget determines the net energy en-
tering or leaving the climate system.

e Three primary ways to monitor TOA energy budget changes:

— Satellite observations of radiative fluxes at TOA.

15



— Observations of energy accumulation in the climate system.

— Surface energy flux observations.
e Scientific Advances Since ARS5:
— Improved quantification of changes in the global energy inventory and

Earth’s energy imbalance.

— Better understanding of adjustments to radiative forcing and aerosol-
cloud interactions.

— Refined approaches to climate feedbacks and their time evolution.
— Improved constraints on Equilibrium Climate Sensitivity (ECS).

— Advancements in emissions metrics, clarifying their relationship with tem-
perature policy goals.

5.2 Earth’s Energy Budget and Its Changes Over Time

The Earth’s energy budget represents major energy flows within the climate system.

Energy exchange at TOA:

— Energy enters as solar radiation (shortwave).
— Outgoing energy consists of:

* Reflected solar radiation.
* OQutgoing longwave radiation.

Anthropogenic forcing has led to a persistent energy imbalance:

— Key metric for global climate change rate.

— Driven by greenhouse gas accumulation, trapping heat that would otherwise
escape to space.

Present-day Energy Budget (Early 21st Century):

— Clouds play a major role in modulating global energy fluxes.

— Changes in clouds (aerosol-cloud interactions or cloud feedbacks) signifi-
cantly impact the climate system’s energy distribution.

5.3 Radiative Forcing and Climate Response

o Forcing-Response Energy Budget Framework:

— Used to assess individual contributions to surface temperature response.
— Central concept: Effective Radiative Forcing (ERF).

e Energy Budget Equation:
AN = AF + aAT

where:

16



— AN = Change in TOA net energy flux.
— AF = Effective radiative forcing (ERF).
— «a = Net feedback parameter.

— AT = Change in Global Surface Air Temperature (GSAT).

o Preferred radiative forcing measure: Effective Radiative Forcing (ERF),
which accounts for tropospheric and surface adjustments.

5.4 Climate Feedbacks and Sensitivity

e« Major Climate Feedbacks:

— Water Vapor Feedback: Positive feedback as warming increases atmospheric
moisture.

— Lapse Rate Feedback: Negative in tropics, positive at high latitudes.

— Surface Albedo Feedback: Reduction in ice and snow cover leads to
higher solar absorption (positive feedback).

— Cloud Feedback: Largest source of uncertainty, but generally positive.
o Equilibrium Climate Sensitivity (ECS):

— Defined as GSAT response to a doubling of CO .
— Best estimate: 3°C, with a likely range of 2.5°C to 4°C.

« Transient Climate Response (TCR):

— Short-term warming response under increasing CO .

— Best estimate: 1.8°C, with a likely range of 1.4°C to 2.2°C.

5.5 Polar Amplification and Regional Climate Changes

e Arctic warming faster than Antarctic due to:

— Differences in radiative feedbacks and ocean heat uptake.

— Greater sea ice loss enhances Arctic warming.
e Antarctic warming delayed due to:

— Southern Ocean upwelling.

— Heat absorption in deep waters.
o Polar amplification is well understood and observed:

— Arctic amplification will continue through the 21st century (high confi-
dence).

— Antarctic amplification expected on centennial timescales, but low con-
fidence for the 21st century.

17



5.6 Emissions Metrics and Climate Policy

« Updated Global Warming Potential (GWP) and Global Temperature-
Change Potential (GTP):

— Used to compare the climate impact of different greenhouse gases

(GHGsS).
— Updated estimates for CH and N O are slightly lower than ARS5.

o New Metrics (GWP* and CGTP):

— Account for short-lived vs. long-lived gases more effectively.

— Better suited for estimating GSAT response over time.
e Net Zero GHG Emissions and Temperature Stabilization:

— Net zero CO ensures no further warming.
— Net zero GHG (GWP-100) leads to temperature peak, then decline.

— Net zero GHG (GWP* or CGTP) leads to approximate temperature
stabilization.

6 Earth’s Energy Budget, Climate Feedbacks, and Cli-
mate Sensitivity

6.1 Climate Feedbacks and Their Role in Climate Sensitivity

o Feedback mechanisms influence how Earth’s energy balance adjusts to radiative
forcing.

« Types of feedbacks:

— Positive feedback: Increases temperature response (e.g., water vapor feedback).
— Negative feedback: Dampens temperature response (e.g., lapse rate feedback
in the tropics).
o Equilibrium Climate Sensitivity (ECS):
— Defined as the GSAT response to a doubling of CO concentration from
pre-industrial levels.

— Formula:
AFoc02

(%

ECS = —
where:

x AFy,c00 = Effective radiative forcing for CO doubling.
x a = Net climate feedback parameter.

« Effective ECS vs. True ECS:

— Effective ECS approximates the true ECS but is based on transient climate
states.

— True ECS is rarely estimated in climate models due to long equilibrium timescales.

18



6.2 Transient Climate Response (TCR) and Cumulative Emis-
sions Impact

« TCR measures transient warming in response to CO increase at 1% per year
until doubling (70 years).

e TCR excludes feedbacks that affect CO concentration directly.
« Transient Climate Response to Cumulative Emissions (TCRE):

— Defined as warming per 1000 GtC of CO emissions.

— Depends on carbon cycle processes and TCR.

6.3 Earth’s Energy Budget and Observed Imbalance

e Virtually all incoming and outgoing energy is in the form of radiation at the
TOA.

o« Components of Earth’s energy exchange:

— Incoming shortwave (solar) radiation.
— Outgoing radiation:

* Reflected solar radiation.

*x Outgoing longwave radiation.

« Anthropogenic forcing has caused a persistent imbalance in the TOA radiation
budget.

« Earth’s Energy Imbalance (EEI):

— Defined as net incoming energy at TOA.
— Key indicator of global climate change rate.

— Primarily driven by greenhouse gases, trapping heat in the climate system.

6.4 Present-Day Energy Budget and Role of Clouds

e Clouds modulate global energy fluxes.
o Effects of clouds on energy budget:

— Reduce outgoing longwave radiation (trapping heat).

— Reflect incoming solar radiation (cooling effect).
 Removing clouds hypothetically:

— 47 W /m? less solar radiation reflected to space.
— 28 W/m? more thermal radiation emitted to space.

— Net result: Earth would warm substantially if there were no clouds.

19



6.5

6.6

6.7

Observed Changes in Earth’s Energy Budget

Changes in TOA radiation budget have been tracked by satellites since
2000.

Key observations from CERES (Clouds and the Earth’s Radiant Energy
System):

— Energy gain during La Nina years (less outgoing radiation).
— Energy loss during El Nino years (more outgoing radiation).

Long-term trends:

— Increasing surface upwelling thermal radiation suggests a stronger green-
house effect.

— Decreasing reflected shortwave radiation indicates reduced aerosol cooling
and sea ice loss.

Since 1985, Earth’s energy imbalance has increased significantly due to rising

GHGs.

Contributions to the Global Energy Inventory

The global energy inventory quantifies total energy gained in the climate
system.

Components of energy accumulation:

— Ocean heat uptake (~91%).

— Land heating (~5%).

— Cryosphere heating (melting ice, ~3%).
— Atmosphere warming (~1%).

Total Earth energy gain (1971-2018):

— 434.9 ZJ (Zettajoules, 10*! Joules).
— 91% of energy gain is in oceans, mainly in deep water (>700m depth).

Effective Radiative Forcing (ERF) and Climate Response

ERF measures energy gained or lost by Earth after an imposed change
(e.g., GHGs, aerosols).

Three types of radiative forcing;:

— Instantaneous Radiative Forcing (IRF): Direct change in TOA radiation.

— Stratospherically Adjusted Radiative Forcing (SARF): Includes temper-
ature adjustment in the stratosphere.
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— Effective Radiative Forcing (ERF): Includes rapid adjustments in tropo-
sphere and clouds.

ERF is the preferred metric as it accounts for both stratospheric and tropo-
spheric adjustments.

Summary of Key Findings

Earth’s energy imbalance is increasing, primarily due to greenhouse gases.
Clouds play a significant role in modulating global energy fluxes.

Oceans store ~91% of the excess energy, followed by land, ice, and atmo-
sphere.

The global warming signal is clearer in ocean heat content than GSAT due
to variability.

ERF provides a better estimate of climate response than traditional radia-
tive forcing metrics.

Effective Radiative Forcing (ERF) and Climate Sen-
sitivity

ERF provides a more stable relationship between radiative forcing and temperature
response compared to SARF.

Land surface temperature responses are excluded to maintain consistency.

ERF variations exist among different climate models but remain within 10%.

Higher latitudes, particularly in the Northern Hemisphere, exhibit weaker feedback
and greater sensitivity.

Greenhouse Gases (GHGs)

High-resolution radiative transfer models provide improved accuracy in GHG assess-
ments.

Updated spectroscopic data enhance precision.
Notable updates include:

— Shortwave forcing from methane.
— Water vapor continuum adjustments.

— CO and N O absorption overlap refinements.
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9 Carbon Dioxide (CO,)
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11

SARF for CO revised from 3.71 W/m? (AR5) to 3.75 W/m?.
Tropospheric adjustments:

— Increased radiative forcing due to water vapor, clouds, and surface albedo.

— Offset by cooling from tropospheric temperature increase and land surface
changes.

Physiological Effects of CO :

— Influences vegetation transpiration and evapotranspiration.
— Alters surface albedo and cloud formation.
— Increases ERF by 10-13% (high confidence).

Historical Trends:

— CO concentration increased from 278 ppm (1750) to 410 ppm (2019).
— Historical ERF for CO revised to 2.16 + 0.26 W/m?2.

Methane (CH,)

SARF for methane revised due to improved spectroscopic data and shortwave absorp-
tion inclusion.

Climate models show a reduction in ERF due to:

— Tropospheric heating from shortwave absorption.

— Reduced upper tropospheric cloud amounts.
Updated Estimates:

— ERF revised from 0.48 + 0.10 W/m? (AR5) to 0.54 £ 0.11 W/m? (1750-2019).

— Methane’s impact includes increased tropospheric ozone and enhanced strato-
spheric water vapor.

Nitrous Oxide (N,O)

Tropospheric adjustments estimated at 7% 4 13% of SARF.
Low confidence in adjustment values but high confidence in total ERF.
Revised ERF: 0.21 + 0.03 W/m? (1750-2019).

N O contributes to ozone depletion, accounted for in emissions-based ERF calculations.

22



12 Halogenated Species

o Updated radiative efficiencies for various halogenated compounds.
e Quantified tropospheric adjustments for CFC-11 and CFC-12.

« ERF for halogenated species revised to 0.408 £+ 0.078 W/m?.

13 Ozone

o Pre-industrial to present-day ozone forcing estimated using climate models.
« ERF for ozone changes (1750-2019) estimated at 0.47 W/m?2.

o Uncertainty remains due to lack of direct pre-industrial ozone measurements.

14 Stratospheric Water Vapor

« SARF from methane-induced water vapor estimated at 0.09 W/m?2.

» Adjusted downward to 0.05 + 0.05 W/m? due to negative feedbacks.

15 Synthesis of GHG ERFs

« Total ERF for GHGs (1750-2019): 3.32 + 0.29 W /m?2.
o Increase of 0.49 W/m? compared to AR5, mainly from:

— CO: +0.27 W/m2.
— CH: +0.02 W/m2.
— N O: +0.02 W/m2,
— Halogenated compounds: +0.01 W/m?.

e Ogzone and stratospheric water vapor contributions increased ERF by 0.10 4+ 0.50
W /m?.

16 Aerosols

e Aerosols come from biomass and fossil fuel combustion.
o Effects:

— Increased scattering and absorption of solar radiation.

— Changes in cloud formation and longevity.

« Total aerosol ERF: —1.11 4+ 0.38 W /m?2.
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Aerosol-Radiation Interactions (ERFari)

Estimated at —0.3 £ 0.3 W /m? (medium confidence).

Some small negative adjustments are suggested by models.

Aerosol-Cloud Interactions (ERFaci)

Aerosols increase cloud droplet concentration, reducing effective radius and increasing
cloud albedo.

Estimated negative forcing of —0.7 £ 0.5 W/m? (medium confidence).

Summary of Key Findings

GHG ERFs have increased since AR5, with CO being the largest contributor.
Aerosol ERFs remain negative, offsetting some warming.
Stratospheric water vapor and ozone changes are significant but uncertain.

Improved models and observations provide better constraints, though uncer-
tainties remain.
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