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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
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the EEI and atmospheric feedbacks, and so the analysis will benefit from output

from satellite cloud observation simulators. The Tier 1 request would consist

only of an ensemble of AMIP-style simulations, while the Tier 2 request would

encompass uncertainties in the applied forcing, atmospheric composition, single

and all-but-one forcing responses. We present some preliminary results and invite

participation from a wide group of models.

KEYWORDS

CMIP6, climate modeling, earth’s energy balance, aerosols, cloud feedbacks, AMIP

1. Introduction

The Earth’s Energy Imbalance (EEI) refers to an imbalance

between how much solar radiant energy is absorbed by Earth and

how much thermal infrared radiation is emitted to space (Stephens

et al., 2012; Trenberth and Cheng, 2022; von Schuckmann et al.,

2023). Assuming constant atmospheric composition, a positive EEI

would imply increasing global mean temperature, sea level rise,

further heating within the ocean and land, andmelting of snow and

sea ice (Masson-Delmotte et al., 2021). As such, EEI is a key metric

for detecting ongoing anthropogenic climate change and assessing

the causes (e.g., Hansen et al., 1988, 2005). Climate models have

long predicted that the increases in well-mixed greenhouse gases

would cause an increasing net energy imbalance for the planet, a

prediction that was borne out with the observed increases in ocean

heat content (e.g., Levitus et al., 2001; Meehl et al., 2005; Donohoe

et al., 2014; von Schuckmann et al., 2016; Hakuba et al., 2021; Cheng

et al., 2022). Over the period 1970-2020, the EEI is estimated to have

been 0.48± 0.1W m−2 (von Schuckmann et al., 2023), with a clear

acceleration seen over the last two decades (Figure 1).

In effect, EEI represents the net heating acting on the climate

system—it is the difference between total climate forcing and the

climate system’s response to the forcing (Hansen et al., 2011). The

EEI is driven by increasing CO2 and other GHGs as well as changes

in aerosols and feedbacks associated with temperature, water

vapor, cloud, and surface albedo changes. Continued increases in

greenhouse gases and a reversal in recent aerosol forcing trends has

led to an acceleration of the forcing of climate change (Quaas et al.,

2022). In principle, accelerated climate forcing should increase

EEI, but over decadal and shorter timescales appreciable internal

climatic variations potentially offset or augment the anthropogenic

forcing impacts. Given the societal implications of climate system

changes associated with a positive EEI, it is imperative that we

accurately monitor and understand EEI along with the components

of the climate system that influence it.

The most direct way of observing EEI is through satellite

measurements, which provide excellent spatial and temporal

coverage and therefore are a useful means of tracking variations

in EEI over a range of time–space scales. However, the absolute

accuracy of satellite radiometers is insufficient to quantify the

annual EEI to 0.1 Wm−2 accuracy (Barkstrom and Louis Smith,

1986). The Clouds and the Earth’s Radiant Energy System (CERES)

team adjusts the satellite shortwave (SW) and longwave (LW) TOA

fluxes within uncertainty so that the EEI is consistent with a 10-year

in-situ EEI value derived from climate system heat content changes

FIGURE 1

Comparison of overlapping one-year estimates at 6-month intervals

of net top-of-the-atmosphere annual energy flux from the CERES

Energy Balanced and Filled (EBAF) Ed4.2 product (solid red line) and

an in situ observational estimate of uptake of energy by Earth

climate system (solid blue line). Dashed lines correspond to least

squares linear regression fits to the data (updated from Loeb et al.,

2021 to the end of 2022).

(Johnson et al., 2016) and then applies the same adjustments to the

entire satellite record (Loeb et al., 2009, 2018). Temporal changes

in satellite EEI are thus independent of changes in the in-situ EEI

estimates, allowing direct comparisons between satellite and in-

situ interannual and multidecadal EEI changes since 2000. Recent

studies have found a doubling in the EEI between 2005 and 2019

in both satellite and in situ data records (Figure 1) (Loeb et al.,

2021). Climate simulations involving a limited subset of models

suggest that these trends cannot be explained by internal variability

alone, but also require the contribution from anthropogenic forcing

(Raghuraman et al., 2021). However, the climate models examined

so far seem to underestimate the trends by half–particularly in the

short-wave. Unfortunately, the Coupled Model Intercomparison

Project (Phase 6) (CMIP6) protocol only uses observed forcings

to 2014 (for AMIP runs, and Shared Socioeconomic Pathways

(SSP) projections thereafter for the coupled simulations), so a

broader model investigation into recent EEI trends with a larger

set of models that use up-to-date drivers is not currently possible.

Furthermore, many of the forcings and observations used to drive
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the model simulations have been substantially updated since the

CMIP6 inputs were defined.

In this paper, we propose a new model intercomparison,

CERESMIP, that focuses on atmosphere-only simulations using

updated SSTs, forcings and emissions from 1990 to 2021. The prime

focus will be on comparing model and CERES-observed EEI and

atmospheric feedbacks to assess our understanding of the processes

driving observed EEI changes and evaluating model performance.

The Tier 1 request will consist only of an ensemble of AMIP-style

simulations, while the Tier 2 request will encompass uncertainties

in the applied forcing, atmospheric composition, single forcings

and leave-one-out responses. Since clouds play such a critical role in

explaining recent observed EEI changes, output from satellite cloud

observation simulators will be critical along with TOA and surface

radiative fluxes.

1.1. CERES data

SinceMarch 2000, data from the Clouds and the Earth’s Radiant

Energy System (CERES) project has provided time series of TOA

and surface radiative fluxes along with the associated cloud, aerosol,

surface, and meteorological properties for a range of time and

space scales (Wielicki et al., 1996; Loeb et al., 2016a,b). Here

we use TOA fluxes from the CERES Energy Balanced and Filled

(EBAF) Ed4.2 product, which provides monthly mean TOA and

surface SW, LW and net radiative fluxes on a 1◦ × 1◦ grid

along with imager-derived cloud properties. The EBAF product

is generated using CERES and imager instruments on the Terra,

Aqua and NOAA-20 satellites. CERES EBAF data have been used

to quantify recent changes in EEI (Loeb et al., 2021) and to

infer contributions from forcings and feedbacks to the observed

trends/changes in SW and LW radiation through combined use of

CERES and radiative transfer model calculations and atmospheric

and climate model simulations (Kramer et al., 2021; Raghuraman

et al., 2021).

Uncertainties in TOA flux trends for a given period are due

to internal variability in the climate system, which depends upon

the length of the record, and systematic error in the data record

itself. The latter depends upon the calibration stability of the

instruments used as well as how consistently the data product is

generated throughout the record (i.e., algorithms, ancillary input

data, sampling, etc.). Following the methodology described in

Loeb et al. (2022), we estimate the 95% trend uncertainty due to

internal variability for global monthly mean anomalies between

2001 and 2021 to be 0.24, 0.22, and 0.21 Wm−2 dec−1 for SW, LW

and NET, respectively (Table 1). Systematic errors are determined

by comparing the individual time series from the CERES Terra

and Aqua instruments, as provided in the CERES SSF1deg Ed4.1

product, which provides gridded monthly mean TOA fluxes. As

shown in Table 1, the absolute value of the Terra-Aqua trend bias

is < 0.05 Wm−2 dec−1, and the 95% confidence interval (CI) in

the trend difference is < 0.2 Wm−2 dec−1. Thus, for the 20-year

period considered, the trend uncertainty due to internal variability

dominates the overall trend uncertainty (though more so for SW

than for LW trends). We expect the trend uncertainty due to

internal variability to decrease as the CERES record gets longer.

EBAF Edition 4.2 is the latest version of the product. For TOA

fluxes, the main difference with Edition 4.1 is the introduction of

CERES Flight Model 6 (FM6) instrument on NOAA-20 starting in

March 2022. Prior to this date, CERES instruments on Terra and

Aqua are used in all EBAF product versions. Since the equatorial

crossing times for Terra and Aqua are no longer held fixed, CERES

FM6 is continuing the EBAF record to mitigate against any possible

spurious trends associated with the drifting Terra and Aqua orbits.

Note the analyses in this paper only use data through the end of

2021 and are unaffected by this change.

1.2. Existing CMIP6 simulations

The most recent round of coordinated climate model

simulations come from the CMIP6 (Eyring et al., 2016; Durack

et al., 2018). Within the suite of specified experiments of relevance,

there are the historical coupled simulations (from 1850 to 2014)

(e.g. Miller et al., 2021), projected coupled simulations (2015

onwards) using various Shared Socioeconomic Pathways (SSPs)

(e.g., Nazarenko et al., 2022), and “AMIP” simulations (from 1979

to 2014) which use the observed sea surface temperature (SST) and

sea ice concentration (SIC) to drive the atmospheric components

of the coupled models. These have been used recently to compare

to the CERES data (Raghuraman et al., 2021; Stephens et al., 2022).

Unfortunately, the crossover date between historically-

informed simulations and storyline-based scenarios (1/1/2015)

falls in the middle of the CERES timeseries. In particular, the

AMIP-style simulations, which allow the models to follow the

prescribed El Niño/Southern Oscillation (ENSO) patterns, do not

go past 2014. The coupled simulations are continuous across this

point (going smoothly from historical to SSP-related projections),

but in the coupled historical or future simulations, modeled ENSO

behavior is not tied to the observed time history of ENSO. Given

the relative shortness of the CERES trends (∼2 decades), the

specific time-history of ENSO will impact both the interannual

and long term trends in TOA radiation fluxes, particularly the

regional patterns. Furthermore, the single forcing experiments

used in DAMIP are for coupled models only, and have not been

performed for the AMIP simulations, limiting the analysis that

can be done to breakdown the individual drivers. Additionally,

many key input forcing datasets have been revised since they were

developed for CMIP6, and these have yet to be used with most

state-of-the-art models.

We note that the comparisons of CERES data with any of the

CMIP models are slightly compromised by the incomplete energy

budgets in the models. This includes missing changes in mountain

glaciers, ice sheets and ice shelves, which in the real world have been

melting (Slater et al., 2021) and thus have contributed to the EEI,

while in the models these are generally assumed fixed. Similarly,

there has been a heat flux into the land surface (below the modeled

soil layers) that is also not included in most models (Cuesta-Valero

et al., 2021). Smaller magnitude issues include missing accounting

for non-renewable waste heat input, or potential non-conservation

errors. We estimate that this could lead to a systematic difference of

a couple of hundredthsWm−2dec−1 in the EEI trends, which while

small, are not totally negligible (von Schuckmann et al., 2023).
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TABLE 1 Estimated TOA flux trend uncertainties for 2001–2021 due to internal variability in the data and systematic error.

Internal
variability

Systematic error (Terra–Aqua trend

di�erence Wm−2dec−1)

All

CI Bias CI Total

SW 0.24 0.011 0.057 0.058 0.25

LW 0.22 0.032 0.17 0.17 0.28

NET 0.21 −0.043 0.13 0.14 0.25

Uncertainties correspond to a 95% confidence interval (CI). “Total” systematic error and “All” are determined by summing individual error terms in quadrature.

1.3. Updates to input data sets

Since the CMIP6 input data sets (covering 1850–2014)

were finalized around 2017 (Durack et al., 2018), there has

been significant progress on improving the historical record

through the removal of inhomogeneities, improvements in process

modeling, and implementing corrections. Additionally, there

are new observations available that cover the period 2015 to

the present. The key dataset updates that are relevant are

the ocean forcings (SST and SIC) (used for the AMIP-style

simulations), and the emissions of short-lived climate forcers

(notably reactive gases and aerosols). There are also updates

to the GHG, solar, volcanic and land use/land cover data sets

which however are not likely to be significantly different from

the scenario extensions. Post-2014 observations will include the

impacts of the 2015/2016 El Niño event (and subsequent La

Niña events), the 2017/2021 Canadian wildfires, the 2019/20

Australian wildfires, the 2020 Californian wildfires, volcanic events

through 2021 (GlosSac v2.2, Kovilakam et al., 2023), and the

2020–2021 impacts of COVID-related restrictions (Jones et al.,

2021). Updates to the source data for solar variability and the

associated inputs like irradiance, particle fluxes etc. are available

from LASP (Coddington et al., 2019) and are being prepared for

CMIP use (for instance, they have already been updated to 2019

for the CCMI effort https://solarisheppa.geomar.de/solarisheppa/

ccmi2022).

Improvements in the SST datasets have been documented

in the transition from HadSST2 (the basis for the SST fields

in HadISST1, which were used to drive AMIP simulations in

CMIP6) to HadSST4 (Kennedy et al., 2019), the source of SSTs

in the HadISST2 dataset (Titchner and Rayner, 2014). This has

led to up to 50% higher trends, particularly in the Southern

Hemisphere over the period 1990–2019 as the inhomogeneities

between buoy data and engine intake data have been mitigated.

Preliminary updates to HadISST2.x are underway, and we

anticipate that data through to the end of 2021 will be fully

available soon.

Anthropogenic emissions of short-lived climate forcings

are collated through the Community Emission Data System

(CEDS) (Hoesly et al., 2018). Updates to these data through 2019

(v_2021_04_21, released in April 2022), using updated energy data,

country inventories, technology factors etc. have resulted in lower

black carbon and organic carbon emissions from 1990 onwards,

lower non-methane hydrocarbon emissions, and lower NOx and

SO2 from Asian sources after 2010 (see https://github.com/JGCRI/

CEDS/blob/master/documentation/Version_comparison_figures_

v_2021_04_21_vs_v_2016_07_16(CMIP6)pdf). Further updates to

the end of 2021 are anticipated by mid-2023 which will encompass

the regional responses to COVID restrictions and the Australian

wildfires of 2019/2020, and mandated shifts in marine shipping

emissions. Another known issue with the CMIP6 forcings was the

change in frequency of biomass burning data in 1990s which in

some models with a high sensitivity to aerosols, caused a spurious

warming (Fasullo et al., 2022; Heyblom et al., 2022).

The CMIP working group have recently set up

a Forcing Task Team, who plan to deliver up-dated

historical forcings (through to 2021) in 2024, and

thereafter update them annually (https://wcrp-cmip.org/

cmip7-task-teams/forcings/) using the revised inputs

described here.

2. Proposed CERESMIP experimental
protocol

The CERESMIP activity is proposed to remedy the issues

discussed above efficiently and with minimal computational

overhead (Table 2). The Tier 1 request is particularly simple, while

the optional Tier 2 simulations allow for a deeper exploration

of the specific attribution to particular forcings, the impact of

internal variability and radiative feedbacks, and an exploration

of the impact of uncertain forcing. For models that cannot

use, or prefer not to use, interactive atmospheric composition

we will supply aerosol mass and ozone concentration fields,

initially derived from the GISS models, to the community,

consistent with the CEDS emissions and the other forcings

(including solar and volcanic ozone effects), though this will

necessarily lag the release of the emission data. These fields

will inevitably be biased or deficient in some way, and so

we will solicit additional estimates from other groups that

run with interactive emissions that could be used as an

alternative forcing.

As proposed, the CERESMIP activity will be an “in-between”

CMIP project, since it will use the atmospheric components of

models that were submitted to CMIP6, with only updated forcings

for the CERES period, thus avoiding the overhead of additional

DECK or historical coupled runs. This relatively low cost activity

can therefore happen prior to the next full round of CMIP which

is not slated to start until ∼2026. Given the importance of the

science questions raised by the recent divergence of models and
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TABLE 2 CERESMIP coordinated model experiments.

Experiment
name

Description Tier Start
year

End
year

Ensemble
size

Notes

1. Combined forcings atmospheric simulations

1.1 amip All forcings (single run) with observed

SST/SIC

1 1990 2021 3+ As C‘MIP6 AMIP but with

updated forcings.

1.2 amip-nudge All forcings (single run, nudged winds)

with observed SST/SIC

2 1990 2021 1

1.3 amip-nat Natural forcings (solar+ volcanic+

orbital) with observed SST/SIC

2 1990 2021 3+ AMIP SST/SIC and natural

forcings only. All other

boundary conditions set to

1850.

2. Single forcing atmospheric simulations

2.1 amip-ghg Well-mixed greenhouse-gas-only

simulations with observed SST/SIC

2 1990 2021 3+ AMIP SST/SIC and

WM-GHG forcings only. All

other boundary conditions set

to 1850.

2.2 amip-aer Anthropogenic-aerosol-only

simulations with observed SST/SIC

2 1990 2021 3+ AMIP SST/SIC and aerosol

forcings only. All other

boundary conditions set to

1850.

2.3 amip-slcf Anthropogenic changes in short-lived

climate forcings (for use with models

including interactive composition) with

observed SST/SIC

2 1990 2021 3+ AMIP SST/SIC and SLCF

only (by emission). All other

boundary conditions set to

1850.

2.4 amip-sst Observed SST/SIC change only 2 1990 2021 3+ AMIP SST/SIC only. All other

boundary conditions set to

1850.

3. All-but-one atmospheric simulations

3.1 amip-noghg As with amip, but no changes in

well-mixed GHGs

2 1990 2021 3+ All AMIP forcings except with

WM-GHGs set to 1850 levels.

3.2 amip-noaer As with amip, but no changes in aerosols 2 1990 2021 3+ All AMIP forcings except with

aerosols set to 1850 levels.

3.3 piclim-histall As with amip, but using fixed

pre-industrial SST/SIC

2 1990 2021 3+ All historical forcings with

SST/SIC fixed at PI (∼1850)

conditions.

Forcings are those defined by CMIP6 (Eyring et al., 2016; Durack et al., 2018; Miller et al., 2021) with updates as described in the text. Variations and uncertainties in historical forcings may be

explored by submitting additional atmospheric simulations identified with a different f-tag to the database and documenting the forcings used. Note that there is no requirement for groups to

complete all, or indeed any, of the tier 2 experiments in order to participate.

observations, we think that this should be tackled as early as

possible by groups that have an interest.

2.1. Tier 1 experiment

We propose that model groups perform, at minimum, a three-

member AMIP-style experiment (Exp. 1.1) with existing models

and updated forcings for the period 1990–2021. We propose

starting the experiments in 1990 to allow for a decade of spin-

up from the initial conditions taken from existing AMIP-style

simulations within the CMIP6 protocol, to reduce the impact of

drifts in upper-stratospheric or land surface properties over the

target period of 2001–2021. Internal tropospheric variability in

AMIP-style simulations is a little lower than in coupled simulations

since the sequence of ENSO variations is fixed, but can have a

significant impact on the global mean TOA fluxes since the mid-to-

high latitude circulation is not tightly coupled to the SST forcing.

For instance, in the GISS-E2.1 model, the standard deviation of

EEI across the AMIP-style ensemble for a single year is 0.12 Wm−2

(compared to 0.35 Wm−2 in the coupled model). A three-member

ensemble reduces the uncertainty in the estimate of the forced trend

significantly, and with a higher number of ensemble members, the

estimate would be tighter still. We note that this experiment is also

feasible for higher resolution weather or seasonal forecast models

that were used in HighResMIP (similar to highres-present) or did

not contribute to CMIP6 at all.

2.2. Tier 2 experiments

For modeling groups that would like to help deepen the

understanding of the radiative flux trends, the Tier 2 experiments

allow for an exploration of dynamical and forcing uncertainties.

Exp. 1.2 uses nudged winds (from a reanalysis project such as

MERRA-2 [Gelaro et al., 2017] or ERA5 [Hersbach et al., 2020]) to
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see the impacts of having the atmospheric circulation more closely

pinned to observations. Exp 1.3 is focused on providing a contrast

between the all-forcing simulations and the natural-only drivers

(these will include solar forcing, volcanic activity and possibly

orbital changes, if they are standard for the corresponding historical

simulations). Any of these experiments can be redone using

alternative forcing sets to explore, for instance, aerosol uncertainty,

using the ‘f ’ designation in the #ripf simulation descriptor [see

Taylor et al. (2018) for details].

The remaining sets of experiments (Exp. 2.x and 3.x) will be

used for the attribution of changes by forcings. We propose a small

number of single and all-but-one forcing AMIP-style experiments

that disentangle the major roles of greenhouse gases, aerosols,

and feedbacks (Andrews, 2014; Marvel et al., 2016). Note that

we anticipate that there will be interactions among the different

forcings, and therefore we do not necessarily anticipate the results

of the, for example, GHG-only experiments, will be equal to the

amip minus the noGHG runs (Lunt et al., 2021). Further subsets

of forcings can also be considered by modeling groups that are so

inclined. The inclusion of single-forcing and all-but-one forcing

experiments will allow the extent of the non-linearity of responses

to forcings to be assessed.

The key experiments are atmospheric simulations with

changing SST/SIC; changes in well-mixed greenhouse gases (Exp.

2.1); changes in tropospheric aerosols (Exp 2.2); changes in land

use/land cover (Exp 2.3); and, for models that have interactive

composition, runs with changes in all short-lived climate forcing

emissions (Exp. 2.4) (all other forcings kept constant at pre-

industrial levels). An additional Tier 2 experiment is proposed

(Exp. 2.5) where we force the model only with SST/SIC which is

an excellent way to diagnose the climate feedback contribution to

the EEI (Andrews et al., 2022). The complementary experiments

(amip with all-forcings-but-one) (i.e. Exp. 3.1 and 3.2) will help

diagnose interactions between the forcings. Finally, Exp. 3.3 is a

standard simulation that will allow the effective radiative forcing

of the updated inputs to be calculated if there are existing piclim

simulations from previous CMIP6 efforts. Uncertainties in the

drivers (or in the atmospheric composition more generally) can be

explored using “forcing”-variants in the CMIP database.

2.3. Diagnostic requests

The requested diagnostics are a subset of the basic CMIP6

historical output. Notably, we request only the monthly

atmospheric diagnostics (the Amon table), relevant parts of

the sea ice diagnostics (SImon) and, due to the interest in cloud

feedback responses, the CFmon table. For models with interactive

composition, key diagnostics from the AERmon table will be useful

(including aerosol optical depth). Ideally, we would like to be

able to compare cloud responses in a uniform way across models

and against satellite observations and so we strongly recommend

the use of the CFMIP Observation Simulation Package (COSP)

(Bodas-Salcedo et al., 2011) and/or COSP2 (Swales et al., 2018) for

groups that are able to provide this. Details of the specific tables

can be found at https://github.com/PCMDI/cmip6-cmor-tables/

tree/master/Tables.

2.4. Timeline and diagnostic availability

Many updated inputs should be available in 2023, and we

anticipate preliminary results should be available by the end of

2023. Pointers to relevant input data sets and progress reports will

be available at https://data.giss.nasa.gov/CERESMIP. We plan to

convene an AGU session in December 2023 and a workshop in

conjunction with the CERES Science Team meeting in 2024 (date

TBD). Public data availability will be through the CMIP6plus effort

(as described in https://www.wcrp-climate.org/images/modelling/

WGCM/WGCM25/Day2_10_Durack_CMIP6_Update.pdf).

3. Preliminary results

Following on from recent papers using existing simulations

(Raghuraman et al., 2021; Loeb et al., 2022; Stephens et al., 2022), we

have analyzed a wider range of existing GISS ModelE simulations

using the GISS-E2.1-G and GISS-E2.2-G coupled models and

AMIP-style simulations with GISS-E2.1 atmospheric component

(Kelley et al., 2020; Rind et al., 2020). Additionally, we have

used GISS-E2.1 with updated SST/SIC (HadISST 2.3, through

to 2019) to redo an AMIP-style simulation (as per Exp. 1.1)

(with updated GHGs, but with constant aerosols from 2015 on).

Figure 2A shows that, consistent with previously reported results,

existing GISS CMIP6 coupled configurations have a trend in EEI

that is consistently about half what is inferred from CERES (∼0.2

Wm−2 dec−1), though the spread across ensemblemembers is large

(±0.06 to ±0.18 Wm−2 dec−1, 95% envelope, depending on the

configuration) as a function of the internal variability. The EEI

trends in the AMIP-style simulations (red) have a large uncertainty

due to the real world variations in ENSO and the shorter time

period. The updated AMIP-style run (green) with new SST/SIC files

shows a bigger discrepancy with the net observations (unsurprising

since outgoing longwave radiation will increase with the more

rapidly warming SST in the updated SST/SIC files), but we note that

this is a single run.

The coupled model configurations included in the figure

differ in their treatment of atmospheric composition. The Non-

INTeractive (NINT) configuration uses fixed time-varying ozone

and aerosol fields which do not vary with the climate simulation,

and which were derived from AMIP simulations using the

One-Moment-Aerosol (OMA) scheme and interactive gas-phase

chemistry (Miller et al., 2021). The MATRIX configuration uses

a more complex modal aerosol scheme and interactive chemistry

(Bauer et al., 2020). Trends in aerosol forcing differ between the

OMA and MATRIX simulations, with aerosols decreasing faster in

the MATRIX simulations (Bauer et al., 2022).

However, examining the breakdown of shortwave and

longwave components (Figure 2B) shows that these AMIP runs do

not match the shortwave component of the trends at all, though

the updated AMIP run has a better response in the longwave. The

coupled models, particularly the MATRIX simulations, have better

(but still deficient) shortwave trends and less of a discrepancy

in the longwave. These results underline the previously reported

potential discrepancy in EEI trends, and suggest that the results

are affected by the aerosol components, at least with the original

CMIP6 emissions. There may be important dependencies on
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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
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to extract the fingerprint of ENSO variation on the spatio-temporal

patterns of TOA radiative fluxes, and use that to get a clearer view

of the forced changes which should be more comparable to the

coupled model ensembles.

Results from Exp. 2 will allow for a fuller attribution of both

the EEI trends in the models (to GHGs, aerosols, natural forcings,

internal variability and cloud feedbacks), as well as providing

input data into an attribution study for the real trends using the

simulated regional fingerprints in long and shortwave fields and

an optimal detection and attribution technique (e.g., Gillett et al.,

2021). Combined with results from Exp 3., we will be able to extract

potential interactions between the drivers (such as the impact of

higher humidity due to global warming interacting with the aerosol

properties and effects driven from emissions). Additionally, to the

extent that calculations of implied regional ocean heat uptake (via

surface fluxes) are valid, particularly in the nudged simulations

(Exp. 1.3), we may be able to compare the results directly to the

regional observed ocean heat content change in observations.

The overall aim is to isolate issues that relate to forcings and

feedbacks that will guide both interpretation of the observations,

but also guide the development of climate models and their inputs.

This can only be achieved if the comparisons are as compatible

as possible.

5. Summary

We propose a short, low cost extension to the CMIP6 DECK

protocols to examine and attribute the increasing EEI seen in

the CERES and in-situ data since 2001. We welcome broad

contributions from all atmospheric modeling groups. The Tier 1

experiment is designed to be maximally accessible for the largest

number of modeling groups, while the Tier 2 experiments are very

similar (but lower cost) to experiments done within DAMIP and

LESFMIP (Smith et al., 2022). This is an excellent opportunity to

demonstrate the community need to move toward maintaining

and updating input data sets on a more regular basis, and to take

advantage of a new climate data record that has only recently

become long enough and well-characterized enough to serve as a

key target for model-data comparisons.
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