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Historical Aerosol and GHG forcings: based on CMIP6
Radiative Forcing
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Percentage of aerosol forcing in relation to GHG forcing                    Bauer et JAMES, 2022

2022

§ Aerosols ability to 
counterbalance GHG forcing 
on the global scale is today 
below the level of the 
beginning of the last 
century.

§ During peak aerosol years, 
aerosols balanced up to 
80% of GHG forcings

§ By the end of this century, 
2100, aerosols 
counterbalance GHG 
between 0% -5%  

§ Dramatic drop in relevance 
of aerosol forcing in the 
past 20 years.

§ Individual SSP almost 
irrelevant.

Before 1900 forcings too small in order to 
show meaningful % changes
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Timing of maximal Aerosol Forcing:

Direct aerosol forcing

In-Direct aerosol forcing

RFari follows 
aerosol loads and 
(not shown AOD) 

RFaci maximal 
impact does 
occur later than 
max RFari 
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Question to sort out here:

How do the changing trends in Aerosol and GHG forcing impact EEI.



Prior studies looking at CMIP models and EEI:

shows positive SW and negative LW differences in the central Pacific, and differences of the opposite sign in
the western Pacific (Figures 3a and 3c). These patterns are consistent with an eastward shift in the location of
tropical convection during the 2015/2016 El Niño event. The marked SW and LW tropical differences largely
cancel, however, and are thus less prominent in the regional distribution of net flux differences (Figure 3e).
Large positive net flux differences appear off the west coasts of the Americas since cancellation between SW
and LW is weaker there.

The flux difference pattern for the mean of the seven CMIP6 models is similar to CERES (Figures 3b, 3d, and
3f). Like CERES, the CMIP6 mean SW flux decreases in the region of large SST increase off the west coast of
North America (Figure 3b). However, the magnitude of the decrease is weaker than CERES. Results for the
individual models show that CanESM5 and HadGEM3 produce SW flux decreases that are larger than the
seven‐model mean and occur in the same location as CERES (Figure S3). Large decreases also occur for
IPSL‐CM6A and CESM2, but the locations differ from CERES. The SW flux decrease with SST off the west
coast of North America is qualitatively consistent with other satellite studies that found a negative correla-
tion between low‐cloud cover and SST from passive (McCoy et al., 2017; Myers & Norris, 2015; Qu et al.,
2015; Yuan et al., 2018) and active sensors (Cesana et al., 2019; Myers & Norris, 2015).

In the tropics, the locations of negative SW and positive LW anomalies in the South Pacific Convergence
Zone (SPCZ) and Maritime Continent, and positive SW and negative LW anomalies in the central Pacific,
coincide with CERES (Figures 3a–3d). However, the magnitudes of the CMIP6 model anomalies are larger
than CERES both for the seven‐model mean (Figures 3a and 3b) and most of the models individually
(Figures S3 and S4). The CMIP6 model mean reproduces the large positive net downward flux anomalies
off the west coast of North America and along the equator seen in CERES (Figures 3e, 3f, and S5).

When averaged globally, all CMIP6 models except ECHAM6.3 show negative SW and positive LW upward
flux differences between the post‐hiatus and hiatus periods, consistent with CERES (Figure S6). The
ECHAM6.3 model underestimates the magnitude of negative SW differences associated with decreases in
low clouds off the west coast of North America and convection over the western tropical Pacific yet shows
strong positive SW (and negative LW) differences in the central tropical Pacific and over North America,
resembling a slight geographical shift of tropical convection in the zonal direction (Figures S3e and S4e).

Figure 2. Deseasonalized anomalies in global mean TOA SW upward flux for CERES and each of the seven CMIP6 mod-
els considered in Table 1. Thin lines correspond to monthly anomalies; thick lines are 12‐month running averages.
Correlation coefficients (r) between model and observed monthly anomalies are also shown.
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Prior studies looking at CMIP models and EEI:

Raghuraman et al, 2021

CERESMIP: 
Looking at EEI in new versions of CMIP models 
using updated forcings until 2022, allowing 
analysis of 20 year CERES record.
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The Clouds and the Earth’s Radiant Energy System (CERES) project has now

produced over two decades of observed data on the Earth’s Energy Imbalance

(EEI) and has revealed substantive trends in both the reflected shortwave and

outgoing longwave top-of-atmosphere radiation components. Available climate

model simulations suggest that these trends are incompatible with purely internal

variability, but that the full magnitude and breakdown of the trends are outside

of the model ranges. Unfortunately, the Coupled Model Intercomparison Project

(Phase 6) (CMIP6) protocol only uses observed forcings to 2014 (and Shared

Socioeconomic Pathways (SSP) projections thereafter), and furthermore, many

of the ‘observed’ drivers have been updated substantially since the CMIP6 inputs

were defined. Most notably, the sea surface temperature (SST) estimates have

been revised and now show up to 50% greater trends since 1979, particularly

in the southern hemisphere. Additionally, estimates of short-lived aerosol and

gas-phase emissions have been substantially updated. These revisions will likely

have material impacts on the model-simulated EEI. We therefore propose a

new, relatively low-cost, model intercomparison, CERESMIP, that would target

the CERES period (2000-present), with updated forcings to at least the end of

2021. The focus will be on atmosphere-only simulations, using updated SST,

forcings and emissions from 1990 to 2021. The key metrics of interest will be

Frontiers inClimate 01 frontiersin.org
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FIGURE 2

2001–2021 linear trends [from observations (EBAF Ed4.2, black), single runs (dots) and ensemble mean (with 95% uncertainty on the linear

regression) for GISS-E2.1/2-G. E2.1 configurations. AMIP (orig, red) and AMIP (new, green) trends are for the available period (2001–2014 and

2001–2019, respectively)]. The new AMIP simulation uses the same composition as NINT and the original AMIP simulations but with updated SST and

SIC. Note that NINT, OMA, and MATRIX correspond to physics variations in the CMIP6 database [NINT = GISS-E2.1-G p1 (10 runs), OMA = p3 (E2.1,

10 runs; E2.2, 5 runs), MATRIX = p5 (E2.1, 5 runs)]. (A) Is the net radiative imbalance trend, while (B) shows the shortwave and longwave trends

independently. Positive fluxes are downward at the TOA.

variations in model physics as well, which further motivates the

need for an organized intercomparison.

4. Planned analysis

The highest priority for the analysis is to see whether the results

from the multi-model ensemble (MME) (Exp. 1.1) continue to

exhibit a significant discrepancy with the observations, both in

the long-wave and short-wave components and regionally as well

as globally. We will also look for potential correlations to model

sensitivity (all else being equal, higher climate sensitivity would

imply a higher EEI for the same GHG trajectory), and aerosol

effects. Subsequently, we will be able to assess the importance of the

specific weather realization (using Exps. 1.1 and 1.2), particularly

in the extra-tropics. Furthermore, using the MME we may be able

Frontiers inClimate 07 frontiersin.org

Schmidt et al. 10.3389/fclim.2023.1202161

FIGURE 2

2001–2021 linear trends [from observations (EBAF Ed4.2, black), single runs (dots) and ensemble mean (with 95% uncertainty on the linear

regression) for GISS-E2.1/2-G. E2.1 configurations. AMIP (orig, red) and AMIP (new, green) trends are for the available period (2001–2014 and

2001–2019, respectively)]. The new AMIP simulation uses the same composition as NINT and the original AMIP simulations but with updated SST and

SIC. Note that NINT, OMA, and MATRIX correspond to physics variations in the CMIP6 database [NINT = GISS-E2.1-G p1 (10 runs), OMA = p3 (E2.1,

10 runs; E2.2, 5 runs), MATRIX = p5 (E2.1, 5 runs)]. (A) Is the net radiative imbalance trend, while (B) shows the shortwave and longwave trends

independently. Positive fluxes are downward at the TOA.

variations in model physics as well, which further motivates the

need for an organized intercomparison.

4. Planned analysis

The highest priority for the analysis is to see whether the results

from the multi-model ensemble (MME) (Exp. 1.1) continue to

exhibit a significant discrepancy with the observations, both in

the long-wave and short-wave components and regionally as well

as globally. We will also look for potential correlations to model

sensitivity (all else being equal, higher climate sensitivity would

imply a higher EEI for the same GHG trajectory), and aerosol

effects. Subsequently, we will be able to assess the importance of the

specific weather realization (using Exps. 1.1 and 1.2), particularly

in the extra-tropics. Furthermore, using the MME we may be able

Frontiers inClimate 07 frontiersin.org

GISS Model E2.1/2 diversities in Simulating EEI

Schmidt  et al Front clim 2023



GISS Model updates: GISS E3.1

NASA GISS E3.1:
- brand new version including new model physics, cloud microphysics, turbulence scheme, 
etc.
- 1 st version with new physics and interactive tracer scheme, gases and aerosol 
microphysics (MATRIX)

Forcings:
- Sea Temperature and Sea Ice boundary conditions, PCMIP (here)  HadISST  (later)
- GHG until 2022
- CEDS Short lived climate forcer emissions until 2019 (const. thereafter) 2022 update 
coming end of this year (S. Smith, personal communication)
- Solar, volcanic, land-surface etc… 



GISS Model updates: GISS E3

Model tuning in E3

• 45 parameters 
• 36 observational targets 
(including uncertainty!) 

• Latin hypercube sampling 

• 450 simulations for 1 year 

• ML emulator to efficiently search 
parameter space 

• Iterative process including 
updating of priors and inclusion of 
SCM and LES results
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GCM parameters

Better physics and tuning make big improvements in skill

CERES AbsSW 
Big improvements in marine 
cirrus, total cloud cover and 
precipitable water vapor

Impact of 
parameter on 
targets

Elsaesser et al in prep.



GISS E3.1 Model updates: Aerosol – Cloud processes
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This study:
NASA GISS E3.1 Model:
- Composition climate simulations, using MATRIX
- 2 x 2.5 resolution, 62 vertical layers (test version)
- Years simulated 1995 – 2022
- Base simulations, and single forcing experiments

Forcings:
- Sea Temperature and Sea Ice boundary conditions, PCMDI (here)  HadISST  (later)
- GHG until 2022
- CEDS Short lived climate forcer emissions until 2019 (const. thereafter) 2022 update coming end of this year (S. Smith, 
personal communication), Biomass Burning until 2016 
- Solar, volcanic, land-surface etc… 

Satellite data:
- CERES EBAF  vs. 4.2
- MODIS: AOD, Collection 6 Dark Target and Deep Blue combined product
- TERRA based Cloud droplet number concentrations (David Painemal, LARC)
- MAC - LWP (Elsaesser et al J. of Clim. 2017): The Multisensor Advanced Climatology of Liquid Water Path
- MAC – Precip. Water vapor
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2001–2021 linear trends [from observations (EBAF Ed4.2, black), single runs (dots) and ensemble mean (with 95% uncertainty on the linear
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10 runs; E2.2, 5 runs), MATRIX = p5 (E2.1, 5 runs)]. (A) Is the net radiative imbalance trend, while (B) shows the shortwave and longwave trends
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variations in model physics as well, which further motivates the

need for an organized intercomparison.

4. Planned analysis

The highest priority for the analysis is to see whether the results

from the multi-model ensemble (MME) (Exp. 1.1) continue to

exhibit a significant discrepancy with the observations, both in

the long-wave and short-wave components and regionally as well

as globally. We will also look for potential correlations to model

sensitivity (all else being equal, higher climate sensitivity would

imply a higher EEI for the same GHG trajectory), and aerosol

effects. Subsequently, we will be able to assess the importance of the

specific weather realization (using Exps. 1.1 and 1.2), particularly

in the extra-tropics. Furthermore, using the MME we may be able
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Not really apples to apples:
60N/60S
2004-2022 average.
Model had ozone forcing 
hiccup in 2001

      CERES

      MATRIX E3.1



Summary:
• New updated forcings reproduce previously found results: Models underestimate 

the observed trends in Earth Energy Imbalance. Improved trends in SW and LW all 
sky fluxes, but still similar bias in Net. Net all sky trend about half in model 
compared to CERES, but at least for the right reasons. 

• Problems caused by model and not forcings?
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Aerosol Impacts on EEI:

model aod
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CERES toa_sw_clr_c_mon
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Aerosol Impacts on EEI:
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Aerosol Impacts on EEI: Sensitivity Experiments

SW and LW TOA All−Sky Trends 60N−60S
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Summary:
• New updated forcings reproduce previously found results: Models underestimate 

the observed trends in Earth Energy Imbalance. Improved trends in SW and LW all 
sky fluxes, but still similar bias in Net. Net all sky trend about half in model 
compared to CERES, but at least for the right reasons. 

• Problems caused by model and not forcings?
• High latitude forcing dataset SIC evaluation needed.
• Aerosol results are preliminary, as we are waiting for updated emissions. Recent 

Biomass Burning events might change results.
• Correct AOD results lead to larger CDNC trends compared to TERRA CDNC by 

Painemal. Study sampling, and processes. 
• Aerosol impact on forcing slightly too high, and shows impact in EEI. 
• Overall expectation that we will be able to represent aerosol effects very well.



Sat mac Cloud Water Path Liquid
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Sat mac Column Water vapor

    2001     2006     2011     2016
year

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

kg
/m

^2

     0.396141

model pwv

    2001     2006     2011     2016
year

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

kg
/m

^2

     0.285834

E3amp_yr_05ccn

model and satpwv

    2001     2006     2011     2016
year

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

kg
/m

^2

MODIS slope s=     0.293452 per decade Model slope s=     0.216984 per decade Model − Satellite

−0.5 −0.4 −0.2 −0.1 0.1 0.2 0.4 0.5
delta

Precip. Water vapor trend: 
kg/m2/decade
averaged between 60N - 60S  

MAC:     0.40
MODEL: 0.29

Matches LW all sky bias

MAC-satellite                                MODEL                                       MODEL – MAC                        



Cloud Impacts on EEI:

LWP and Precipitable Water Vapor  Trends 60N−60S
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Summary:
• New updated forcings reproduce previously found results: Models underestimate 

the observed trends in Earth Energy Imbalance. Improved trends in SW and LW all 
sky fluxes, but still similar bias in Net. Net all sky trend about half in model 
compared to CERES, but at least for the right reasons. 

• Problems caused by model and not forcings?
• Aerosol results are preliminary, as we are waiting for updated emissions. Recent 

Biomass Burning events might change results.
• Correct AOD results lead to larger CDNC trends compared to TERRA cdnc by 

Painemal. Study sampling, and processes. 
• Aerosol impact on forcing slightly too high, and shows impact in EEI. 
• LWP and Precipitable water vapor show significant trends. The model only 

reproduces about 60% of the trend. 
• Updated aerosol emissions will only explain a small change to this bias.
• Studying more cloud trend behavior, and using more observational products.
• With the goal to understand cloud EEI effects by SST/SIC, GHG and SLCF behavior.



Lessons learned:
• New updated forcings (not fully updated yet) and model reproduce previously 

found results: Models underestimate the observed trends in Earth Energy 
Imbalance, but much better in individual LW and SW effects. We are on the 
right path!

Further analysis:

• Much deeper processes analysis needed for the brand new model E3.1
• Ozone, CCN, CDNC etc.
• Deeper understanding of cloud feedbacks caused by GHG vs SLCF
• Working with more observational products to evaluate trends.
CERESMIP:
• Still waiting for updated forcings until 2022
• Possibly starting sensitivity experiments at the beginning of CERES period? 
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