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Abstract. The concept of "radiative
::::::::
Radiative" or "rapid" adjustments refers

::::
refer to the response of the climate system to an

instantaneous radiative forcing, independent of surface temperature changes. These adjustments can occur over time scales

from hours (e.g.aerosol-cloud-interactions
:
,
:::::::::::
aerosol-cloud

::::::::::
interactions) to months (e.g.,

:
stratospheric temperature changes)or

even longer, making it challenging to distinguish adjustments from feedbacks over longer time scales. Despite variations in

definitions, understanding these processes is essential for advancing climate modelling.5

Adjustments to radiative forcing are an important yet uncertain component of climate forcings. However, disentangling

adjustment and feedback mechanisms ,
:::::

often
:::::::::::

overlapping
::::
with

::::::::
feedback

::::::::::::::::::
mechanisms–making

::::
their

:::::::::
separation

:
in realistic

scenarios remains highly challenging. Therefore, analysis of more controlled experiments can shed light onto different kinds

of adjustment mechanisms, improve understanding and can be an important contribution on our way to more realistic scenarios

::::::::::
challenging.

:::::::::
Controlled

:::::::::
simulation

::::::::::
experiments

:::
can

::::
thus

::::
help

:::::
isolate

::::::::::
adjustment

::::::::
processes

:::
and

:::::::
improve

::::::::::::
understanding

:::::::
relevant10

::
to

::::
more

::::::::
complex

::::
cases

:
like volcanic eruptions or the current

::::::
ongoing

:
climate change.

The abrupt-solm4p experiment within
::
of

:
the Cloud Feedback Model Intercomparison Project (CFMIP)as ,

:
part of the 6th

Coupled Model Intercomparison Project (CMIP6),
:
simulates an instantaneous 4% reduction in the solar constant , starting

from a pre-industrial run
::::
state on 1 January 1850. This study analysed

:::::::
analyses

:
changes in climate variables, cloud properties,

and radiative fluxes over
:::::
across

:
different time scales (hours, days, months and up to 150 years) to understand adjustment15

processes
::::::
identify

:::::::::
adjustment

:::::::::::
mechanisms

:::
and

:::::::::::
characteristic

::::::::::
fingerprints

::
to

:
a
:::::::::
shortwave

::::::
forcing

:::::::
scenario.

Four models were evaluated, showing initial rapid cooling, particularly
::::
show

:::::
rapid

::::::::::
adjustments

:::
of

:::::::::::::::::
3.57± 0.46Wm−2,

::::::::
offsetting

:::::
∼35%

:::
of

:::
the

:::::
initial

:::::::
forcing.

::::::
Distinct

:::::
local

:::::::
patterns

::::::
include

:::::
initial

:::::
rapid

::::::
surface

:::::::::::::::::
cooling—especially over Antarctica

and the southern hemisphere, slowing down
:::::::
Southern

:::::::::::
Hemisphere.

:::::::::::
Stratospheric

:::::::
cooling

:::::
slows the polar night jet, disrupting

::::::
disrupts

:
the polar vortexand increasing

:
,
:::
and

::::::::
increases

:
Arctic cloud cover. During ,

:::::::
causing

::::
local

:::::::::
warming.

::::::
Within

:
the first20

month, the troposphere cools down faster
::::
more

:::::::
quickly than the ocean surface, decreasing vertical stability and increasing

::::::::
enhancing

:
cloud cover over ocean, while the opposite effect happens in the tropics over land. This in turn affects land-sea-circulation.

On longer time scaleswe find robust changes of cloudiness
::::::
oceans,

:::::
while

::::::
tropical

::::
land

:::::::
regions

:::::
show

:::
the

:::::::
opposite

:::::::
change.

:::
On

:::::::
monthly

::::
time

:::::
scales,

:::::
high

:::::
clouds

::::
shift

:::::::::
downward

::::
due

::
to

::::::
reduced

:::::::::
convective

:::::::
heating.

1



1 Introduction25

The state of the Earthclimate is determined by the
::::::
Earth’s

::::::
climate

::
is
::::::::

governed
:::

by
:
radiative fluxes entering and leaving the

atmosphere. In a steady-state system incoming and outgoing radiative energy fluxes are equal and the energy budget
:::::
fluxes

:::
are

::::::::
balanced,

::::::::::
maintaining

::
an

::::::::::
equilibrium of the Earth climate systemis in balance. In case of any perturbation of the energy budget

(radiative forcing)
::
to

:::
this

:::::::
balance,

::::::
known

::
as

::
a

:::::::
radiative

::::::
forcing, the climate system reacts by heating or cooling, which leads to a

new balance of energy fluxes on time scales of centuries. Different processes in the climatesystem
:
’s
::::::::
response,

:::::
called

:::::::::
feedbacks30

::
or

::::::::::
adjustments,

:
either enhance or dampen the Earth’s capability to reach a new equilibrium. Such processes act either

:::::::::
Feedbacks

::
act

:
in response to global mean surface temperature change , and typically on longer time scales, the so-called feedbacks, or

they
:::
and

::::::::
typically

:::
take

:::::
place

::::
over

:::::
years

::::
and

::::::::
centuries.

::
In

::::::::
contrast,

::::::::::
adjustments

::::::
happen

::
in
::::::

direct
:::::::
response

::
to
::

a
::::::
forcing

::::::
agent,

are independent of surface temperature change and mostly act
:::::
evolve

:
on shorter time scales of days, weeks and months , the

so-called adjustments
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Andrews and Forster, 2008; Gregory and Webb, 2008; Sherwood et al., 2015). Radiative adjustments of35

the atmosphere to an external forcing are of particular interest to the scientific community and a growing number of studies

::::
have

::::
been

:::::::::
conducted

:
on the subject is conducted (Gregory et al., 2004; Zelinka et al., 2013; Myhre et al., 2013; Sherwood

et al., 2015; Smith et al., 2018; Forster et al., 2021b; Quaas et al., 2024). By introducing radiative adjustments into the forcing-

feedback-framework as part of the effective radiative forcing (ERF, Myhre et al., 2013), the resulting ERF is a better predictor

of implied global surface temperature change, i.e.
::::
since

::
it

::
is more independent of the kind of forcing agent (Andrews and40

Forster, 2008; Gregory and Webb, 2008). However, this approach requires a precise estimate of ERF, which comprises the

instantaneous radiative forcing (IRF) as well as (radiative or rapid) adjustments (RA), which are prone to high uncertainty,

especially in case of cloud adjustments (Andrews and Forster, 2008).

The total global mean radiative imbalance at the top of atmosphere (TOA) N̄(t) can be written as

N̄(t) = IRF +RA+
X

i

λi∆T̄ (t) (1)45

where the sum over the feedback parameters λi accounts for the different sources of feedbacks.

Short-term RA comprise all adaptations of the atmosphere to a radiative forcing, that are independent of a
::::::::
Although

::::
RAs

:::
are

:::::::
formally

::::::::::
independent

::
of global mean surface temperature change(Andrews and Forster, 2008; Gregory and Webb, 2008; Sherwood et al., 2015)

. However, local changes of surface temperature ,
:::::
local

::::::::::
temperature

:::::::
changes and consequential atmospheric adjustments can

contribute a considerable amount to the overall RA (Quaas et al., 2024). In many cases, these adjustments happen
:::::::::::
Furthermore,50

::::::
despite

:::::
many

::::::::::
adjustments

:::::::::
happening on time scales from hours to days , in case of precipitation and cloud adjustments, but

::::
(e.g.

::::::::::
precipitation

::::
and

:::::::
changes

::
in

:::::
some

:::::
cloud

::::::::::
properties), adjustments of the stratosphere, cryosphere or vegetation can take

months to years (Forster et al., 2021b; Stjern et al., 2023). This leads to an overlap of adjustment and feedback time scales,

which makes it difficult to disentangle both. Moreover, adjustments are often confounded by climate variability in magnitude,

making it very hard to detect them in observations.55
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This is further complicated by the transient nature of most forcing processes happening in the Earth climate system, like the

gradual increase of CO2 from anthropogenic sources in the atmosphere. In contrast to that

::
To

::::::::::
circumvent

::::
these

::::::
issues, climate models allow the application of instantaneous forcings , that exceed climate variabil-

ity and are kept constantfor longer time scales allowing for
:
,
:::::::::
facilitating

:
a better analysis of adjustments and feedbacks. A

common experiment using global climate models is the instantaneous two- or fourfold increase of the atmospheric CO2 con-60

centration (e.g., Gregory et al., 2004; Colman and McAvaney, 2011; Kamae and Watanabe, 2012; Zelinka et al., 2013; Andrews

et al., 2015) in order to predict long-term consequences of anthropogenic climate change as well as short-term adjustments.

Special focus has been on adjustments of cloud optical properties and cloud fraction, since they are an important source of

uncertainty in climate models. Reducing short-term uncertainty of cloud adjustments could also reduce uncertainty of long-term

predictions (Andrews and Forster, 2008; Nam et al., 2018). Several studies have found a positive shortwave adjustment in 2x65

or 4xCO2-simulations due to the reduction of cloud fraction in tropical and mid-latitudes associated with decreased relative

humidity in reaction to the warming of the lower troposphere (e.g., Gregory and Webb, 2008; Colman and McAvaney, 2011).

However, these simulations are often highly idealised, using fixed sea-surface temperatures or omitting the existence of

continents (aqua-planet-simulations). In order to compare and validate such results with observations , a natural forcing is

required , that is applied nearly instantaneously and is of sufficient strength. Volcanic eruptions are considered such so-called70

"natural laboratories" (e.g., Malavelle et al., 2017; Christensen et al., 2022). During large volcanic eruptions ,
::::
Large

::::::::
volcanic

:::::::
eruptions

:::::
emit huge amounts of aerosols are emitted into the atmosphere in a very short time frame of hours. If transported

up to the stratosphere, depending on the location and season of the volcanic eruption, the aerosol can form a scattering layer

around the globe
:::::
global

:::::::::
scattering

::::
layer

:
with a lifetime of up to one to three years (Myhre et al., 2013). This way, volcanic

eruptions exert a radiative forcing , that is approximately comparable to the instantaneous forcing that usually only models75

can realise. However, examining volcanic eruptions includes other challenges. The initial forcing is very localised and only

after a few months the aforementioned scattering layer is formed around the globe. Depending on the location of the volcano,

the strength of the manifold adjustment mechanisms and the distribution of the stratospheric aerosol layer varies. Hence, time

scales of different adjustments might still overlap. Therefore, before analysing adjustments to a realistic volcanic eruption,

it can be helpful to further simplify the problem.
:
A
:::::::

reduced
:::::

solar
:::::::
constant

:::::::
forcing

:::
can

:::::
serve

:::
as

:
a
:::::::::
simplified

::::::::
analogue

::
to

::
a80

::::::::::
stratospheric

:::::::
volcanic

:::::::
aerosol

:::::
layer,

::
as

::::
both

::::::
reduce

:::
the

::::::
amount

::
of

:::::::::
shortwave

::::::::
radiation

:::::::
reaching

:::
the

::::::::::
troposphere.

:

In this study, we thus examine the results of the abrupt-solm4p experiment, which is part of the Cloud Feedback Model

Intercomparison Project (CFMIP) as part of the 6th Climate Model Intercomparison Project (CMIP6) (Eyring et al., 2016;

Webb et al., 2017). The output of four global climate models, which participated in this experiment, is available. The simulation

reduced the solar constant instantly
::
In

:::
the

::::::::::
simulations

:::
the

::::
solar

:::::::
constant

::::
was

:::::::
reduced

:
by 4%

:::
and

::::
kept

:::::::
constant

::
at

:::
this

:::::
value.85

This can be regarded as a simplified analogue for an aerosol scattering layer. Both, volcanic
:::::::
Volcanic

:
eruptions and a reduced

solar constant
:::
both

:
lead to a reduced incoming shortwave flux at the surface, even if stratospheric adjustments are expected to

differ. Hence, similar adjustment patterns are expected for both types of forcing, when the scattering sulfate layer distributes

over the whole globe with time. Several studies
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:::::
There

::::
have

::::
been

:::::::::
numerous

::::::
studies

::::
that analysed the reaction of the Earth climate system to a number of different forcing90

agents(e.g., Gregory et al., 2004; Smith et al., 2018), however
:
so

:::
far

::::::::::::::::::::::::::::::::::::::
(e.g., Gregory et al., 2004; Smith et al., 2018),

::::::::
However

only few studies quanti�ed radiative adjustments after solar forcing and took a closer look at the speci�c processes happening

in response to solar forcing (e.g., Salvi et al., 2021; Virgin and Fletcher, 2022; Aerenson et al., 2024).

Radiative adjustments to solar forcing in sum typically counteract the initial forcing (e.g., Smith et al., 2018; Russotto

and Ackerman, 2018; Virgin and Fletcher, 2022; Aerenson et al., 2024). Most of this is attributed to decreased temperature95

of
:::
the troposphere, stratosphere and land surface, which leads to a reduction in longwave radiation lost to space. The effect

is partially offset by the reduction of water vapour in the atmosphere, following the Clausius-Clapeyron relationship, and

thereby an increase in outgoing longwave radiation. Moreover, Smith et al. (2018) derive a positive adjustment due to change

in surface albedo.
::::::::::
Furthermore,

::::::::::
differential

::::::
heating

::
of

::::
sea

:::
and

::::
land

::::::
surface

::::
can

::::
lead

::
to

:::::::
changes

::
in

:::::::::
circulation

:::::::
patterns,

::::::
which

:::::
affects

:::::::::::
precipitation

:::
and

:::::
cloud

:::::::::
properties.

:::
On

::::::
longer

::::
time

:::::
scales

::::
also

:
a

::::::
change

::
in

:::::::::
vegetation

:::::
might

:::::::
happen,

:::
but

:
is

:::
not

:::::::
subject

::
of100

:::
this

:::::
study

:::
and

:::
no

::::::
further

::::::
analysis

::::
was

:::::::::
performed

::::
here.

:

However, when analysing rapid adjustments due to changes in cloud properties, the studies �nd contradictory results.
::::
This

:
is

:::
in

:::::::::
accordance

::::
with

:::
an

::::::
overall

::::
high

::::::::::
uncertainty

::::::
linked

::
to

:::::
cloud

::::::::
property

:::::::
changes

::
in

::::::
climate

:::::::
models.

:::::::::
Reducing

:::::::::
short-term

:::::::::
uncertainty

::
of

:::::
cloud

::::::::::
adjustments

:::::
could

:::
also

::::::
reduce

:::::::::
uncertainty

::
of

:::::::::
long-term

:::::::::
predictions

::::::::::::::::::::::::::::::::::::::
(Andrews and Forster, 2008; Nam et al., 2018)

:
.

::
In

::::
case

::
of

::::
solar

:::::::
forcing Smith et al. (2018) and Virgin and Fletcher (2022) �nd cloud adjustments that counteract the initial105

solar forcing. In response to a+2% solar constant forcing, Smith et al. (2018) describe an increase in cloud fraction in the

boundary layer, a reduction of cloud fraction in the free troposphere, a small increase in cloud fraction at around100hPaand

a decrease above this level. This is very similar to our �ndings, although of the opposite sign, since we examined the response

to a reduction of solar constant. Using radiative kernels, Smith et al. (2018) show that cloud changes lead to negative long-

and shortwave effects, but with high model disagreement in the shortwave effects. In response to a+2% solar forcing, Virgin110

and Fletcher (2022) �nd that the shortwave component is dominated by changes in the boundary layer clouds, while changes

in the troposphere contribute more to the longwave effects. In contrast to this, Aerenson et al. (2024) �nd cloud adjustments

that further amplify the initial solar forcing. In response to a+4% solar constant forcing, they �nd an overall positive cloud

radiative adjustment, which is strongest, where low-cloud fraction is reduced. The two main mechanisms are changes in cloud

fraction and cloud optical depth, which they �nd are of opposite sign in case of solar forcing. Moreover, short- and longwave115

effects tend tocanceleachotherout
:::::::
partially

::::::::::
compensate

::::
each

::::
other, but shortwave effects are slightly stronger. Hence, in total,

positive shortwave effects due to decreased cloud fraction dominate the overall cloud adjustments. However, they �nd that the

participating models do not agree on the signs of cloud adjustment effects and the uncertainty of the total effect is high.

Even though the studies describe similar changes in cloud properties, the derived cloud radiative adjustments differ depend-

ing on the applied method and models used. This demonstrates, how radiative effects of cloud property changes are still one120

of the major sources of uncertainty in climate models, even in highly idealised solar forcing scenarios.
:::::
Hence,

::::
this

:::::
study

::
is

:::::::::
particularly

::::::::
interested

:::
in

::::::::::
adjustments

::
of

:::::
cloud

::::::::
properties

::::
and

:::::::::::
characteristic

:::::::
patterns

::
in

:::::::
response

::
to

:::::::::
shortwave

:::::::
forcing.

::::::
CFMIP

:::::::
provides

:::::::
outputs

::::
from

:::::
+4%

::::
solar

:::::::
constant

:::::::
(solp4p)

::
as

::::
well

::
as

:::::
� 4%

::::
solar

:::::::
constant

::::::::
(solm4p).

::::::
Using

::::
both

::::::::::
experiments

:::::
would

:::::::
increase

:::
the

:::::::
amount

::
of

::::
data

::::::::
statistics

:::::
could

:::
be

:::::
based

:::
on.

:::::::::
However,

::
as

::::
e.g.

:::::::::::::::::::
Aerenson et al. (2024)

:::::
found,

:::::::
response

:::
to
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::::::
positive

::::
and

:::::::
negative

::::
solar

:::::::
forcing

::::
does

:::
not

::::
only

:::::
differ

:::
in

::::
sign,

:::
but

::
it

::::
also

:::::
shows

::::::::
different

::::::
patterns

::::
due

::
to

::::::::::::
non-linearities

::::
and125

:::::::::
dependence

:::
on

:::
the

::::
base

::::
state.

::::::
Hence,

:::
for

:::
this

:::::
study,

:::
we

:::::::
decided

::
to

::::
only

::::
look

::
at

::::
rapid

::::::::::
adjustments

::
to

:
a
::::::::
reduction

::
in

:::::
solar

:::::::
constant

::::::::
(solm4p),

:::::
which

::
in

::
a

::::
later

:::
step

:::::
could

:::
be

::::::::
compared

::
to

::::::::::
adjustments

::
to

:::::::
volcanic

:::::::
forcing.

:

Reduced solar constant simulations are also of interest for the increasing number of solar radiation modi�cation (SRM)

studies, that often aim to balance the forcing due to anthropogenic emissions of CO2 by reducing the absorbed solar radiation

(e.g., Bala et al., 2008; Cao et al., 2015; Schmidt et al., 2012; Huneeus et al., 2014; Russotto and Ackerman, 2018). Having130

a better understanding of not only the long-term effects of SRM methods, but also knowing about short-term adjustments,

can improve the risk assessment of these endeavours. In these scenarios, not only the global meandevelopment
:::::::
evolution

:
of

climate variables, but also, if not even more, local processes are of high importance. Especially short-term adjustments of

clouds and precipitation can lead to local droughts or �oods, with possibly important effects for local communities.Hence,a

betterunderstandingof adjustmentsto certaintypesof forcing,will notonly reducetheuncertaintyof long-termpredictionsof135

climatemodelsbutalsoimproveshort-termforecast.

There are several methods to quantify radiative adjustments in climate models. On the one hand, the linear regression method

(Gregory et al., 2004)
:
,
:::::
based

:::
on

:::
Eq.

::
1, allows for a simultaneous determination of ERF, equilibrium climate sensitivity (long-

term trend) and climate feedback parameter (
P

� i ). In order to derive radiative adjustments from ERF, knowledge of the

instantaneous forcing is necessary. For most forcing agents, it is possible to diagnose the IRF by separate radiative transfer140

modelling. However, the regression method is only feasible for the global mean and it relies on the assumption, that all rapid

adjustments happen, while the global mean surface temperature change is still zero. This is an oversimpli�cation, as inert

systems like cryosphere or vegetation might still adjust to the initial forcing, while global mean surface temperaturealready

begins
::
has

:::::::
already

:::::
begun

:
to change.

On the other hand, the �xed surface temperature method (Hansen et al., 2005) or rather �xed-sea-surface temperature (SST),145

which is easierto implementin globalclimatemodels(Forster et al., 2016), is
:::::::::
�xed-SST)

::
is widely used and has the advantage

of suppressing feedbacks
::::::::::::::::
(Forster et al., 2016). This allows for the disentanglement of adjustments and feedbacks. However,

this method arti�cially suppresses adjustments of ocean surface temperature and introduces unrealistic land sea contrast, which

hinders a realistic estimate of circulation adjustments. Andrews et al. (2021) showed a signi�cant difference in ERF depending

on whether only sea surface temperature or all surface temperature was kept to zero. Possible adjustments to localized warming150

or cooling, cannot be simulated in this kind ofsetups
::::
setup, although in some concepts they are considered adjustments relevant

to TOA ERF (Quaas et al., 2024).

The simulations analysed in this study apply an instantaneous solar forcing that is kept constant, while allowing the whole

climate system to adapt in a fully coupled general circulation model. The regression method was used to quantify ERF and RA,

but non-linear behaviour was found for the �rst 4-10 years, when the more inert systems like ocean, cryosphere or vegetation155

still adjust to the forcing, while global mean surface temperature change starts to dampen TOA effective �ux imbalance.

Nevertheless, this model setup allows us to examine adjustment processes on time scales of hours, days and months, where,

as we show, TOA effect �ux change is still dominated by adjustment processes rather than temperature mediated change.
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In a reducedsolarconstantexperimentavarietyof adjustmentprocessescanbeanalysed.Thermodynamicalanddynamical

adjustmentsduetocoolingorheatingof theatmosphere,butalso,visiblein theanomalyof surfaceandatmospherictemperature,160

leadto changesin pressuresystemsandcirculationpatterns.Changesin cloudpropertiesandprecipitationduringthe�rst hours

area result.On longertime scalesalsoa changein vegetationmight happen,but is not subjectof this studyandno further

analysiswasperformed.An importantfocusof this studyarecloud adjustments,which evenin this simpleexperimentare

clearly thesourceof highestuncertainty.Theaim of this studyis to identify typical responsepatternsaswell asglobalmean

radiativeadjustmentsto solarforcing.165

Section 2 contains a more detailed description of the experiment setup as well as an overview of the available data. Section

3 �rst shows the results of the classical regression method by Gregory et al. (2004), in order to quantify ERF and RA. It then

discusses, how time scales of hours, days and months are dominated by adjustment processes,to proceed
:::
and

::::::::
examines

:::::
TOA

:::::::
radiative

:::::
�uxes

::::
and

:::::
cloud

:::::::
radiative

:::::
effect

::::::::
anomaly.

::::::::::
Afterwards,

:
it

::::::::
proceeds with a closer analysis of adjustment processes of a

number of different climate variables. These include surface and atmospheric temperature, relative humidity, vertical velocity170

and cloud fraction.In the end,we takea closerlook on the radiative�ux anomaliesand�nally analysecloud adjustments

by examiningadjustmentsin the cloud radiativeeffect.Section 4 discusses the results of this study in the context of studies

that have been conducted on adjustments to solar forcing in recent years and discusses the limitations of the dataset and the

approach. Section 5 contains a summary and provides an outlook on how thisstudies
:::::
study's

:
�ndings can contribute to future

research in the �eld of radiative adjustments.175

2 Methods

In the solm4p-experiment, the solar constant is reduced instantaneously by4 %and kept constant at96 %of the solar constant

of the control run (pi-Control). It branches off the pi-Control simulation on 1 January 1850. No other forcing is considered in

the experiment. The diagnostics of four models, which participated in this experiment, are available: IPSL-CM6A-LR, CESM2,

CanESM5 and MRI-ESM2-0 (further information provided in Table 1). For each model one experiment run corresponding to180

one pre-industrial control run (piControl) is provided. While some models provide 3-hourly output for several parameters,

CESM2 only provides daily data. In case of vertically resolved atmospheric cloud fraction, only monthly data was available

from all four models. More information on the four models, including their horizontal and vertical grid spacing is provided in

Table 1.

For all variables examined in this study, the difference attributable to the reduction in solar constant was calculated for each185

parameter by subtracting the piControl-run from the solm4p-run for each point in time and space.

Following Stjern et al. (2023), four different time scales were considered: the �rst 100 hours, the �rst 30 days, the �rst year

and the following years until 150 years after the onset of forcing. For the �rst time scale (up to 100 hours) 3-hourly data was

used, when available, else daily data was used. For the second time scale (days 5–30) daily averages were used, for the third

time scale (months 2–12) monthly data was used and for the long-term development (years 2–150) yearly means were plotted.190
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The transitions between the plots of different time scales often display a small jump, because the next frequency does not

contain the lastdatapoint
:::
data

::::
point

:
of the preceding frequency, but an average.

For all time scales the global mean was calculated for each model. Moreover, a multi-model mean was calculated by �rst

interpolating all models to the time axis of the MRI-ESM2-0 model. This model was chosen as reference, because it provided

the most extensive database for the abrupt-solm4p experiment. If not all models provided data of the same frequency, the195

highest available resolution was plotted for each model, respectively and for the multi-model mean, the other models were

interpolated to the 3-hourly time axis of MRI-ESM2-0.

In addition to the temporal development of global means, a geographical distribution of the respective parameter was plotted,

averaging over the respective time scales. For the mean of the �rst three time scales, all time steps were averaged, while for

the fourth time scale only the years 120-150 after the onset of forcing were averaged to obtain an estimate for the long-term200

new approximate equilibrium state. For the global distribution, a multi-model mean was calculated by interpolating the other

models to the CanESM5 horizontal grid, which was the coarsest out of the four models.

Besides the grid spacing, also the height levels varied between the models in case of the atmospheric cloud fraction data.

For the other climate variables, all models used the same 19 height levels. In case of cloud fraction, the other models were

interpolated to the CanESM5 pressure axis.205

In order to account for uncertainty, the multi-model standard deviation was plotted together with the temporal development

of multi-model global mean. In case of global distributions of anomalies, areas were dotted in which less than three of four

models agreed on the sign of anomaly.

To analyse differences in land and sea surface response, some climate variables, e.g. relative humidity, were averaged only

over ocean and only over land. This was done by applying a land-sea-mask, based on the CanESM5 grid, before performing210

the zonal averaging.

This study focuses on cloud adjustments and the cloud radiative effect, which was calculated from the difference between

simulation runs with clouds (all-sky) and a second radiative transfer calculation for each step without clouds (clear-sky), both

provided by each of the four models. Then, the total cloud radiative effect anomaly at TOA was calculated as the combined

effect of solar (shortwave) and terrestrial (longwave) radiation changes due to cloud changes.215

The linear regression method introduced by Gregory et al. (2004) was applied for a number of TOA �uxes, in order to

estimate their in�uence on the overall ERF. For that purpose, the yearly global mean of the respective TOA �ux change was

plotted over the yearly global mean of near-surface temperature change and a linear regression was used, which determined

the intercept with the TOA �ux axis.

3 Results220

In order to estimate the rapid adjustments to a4% solar constant reduction, we applied the regression method developed by

Gregory et al. (2004) to the solm4p-CFMIP data. The results are shown in the following section. We then move on to examine

different time scales after the onset of forcing and motivate, how the �rst three time scales (hours, days and months) are

7



CanESM5 CESM2 IPSL-CM6A-LR MRI-ESM2-0

Full name Canadian Earth Sys-

tem Model version 5

Community Earth

System Model 2

Institut Pierre-Simon

Laplace - Climate Model

6A -Low resolution

Meteorological Re-

search Institute Earth

System Model Version

2.0

Reference Cole et al. (2019) Danabasoglu (2020) Boucher et al. (2018) Yukimoto et al. (2020)

Grid size

(lon x lat)

128 x 64 288 x 192 144 x 143 320 x 160

Pressure levels

(Pa)

8 (daily)

19 (monthly)

8 (daily)

19 (monthly)

8 (daily)

19 (monthly)

8 (daily)

19 (monthly)

Cloud height

levels

49 (atmosphere hy-

brid sigma pressure

coordinate (unitless))

32 (atmosphere hy-

brid sigma pressure

coordinate (unitless))

79 (pressure levels (Pa)) 80 (atmosphere hybrid

sigma pressure coordi-

nate (unitless))
Table 1. Information on the four models for which output was available from the CFMIP abrupt-solm4p-experiment.

dominated by rapid adjustments, while the fourth time scale shows the long-term adaptation and is therefore dominated by

surface temperature mediated processes. Afterwards, we analyse the response of different climate variables like temperature,225

humidity and cloudproperties
::::::
fraction

:
on the different time scales and�nally examinehow theseclimatevariablesin�uence

topof atmosphere�uxes andthecloudradiativeeffect
:::::::
identify

:::::::::::
characteristic

:::::::::
adjustment

:::::::
patterns

::
of

:::::
these

:::::::
variables.

3.1 Effective radiative forcing and rapid adjustment estimate

We applied a linear regression to the yearly global means of TOA radiative budget change (� TOA budget
::
or

::
N

:::::::::
following

:::
Eq.

:
1) and near surface temperature change (� T) of the four available models.230

The results are shown in Fig. 1a togetherwith thesameplotsfor theindividualTOA budgetcomponents.

The TOA radiative budget anomaly shows the expected behaviour for all four models, starting with negative values for

� T = 0 and then approaching a new radiative balance. Thedevelopmentis mostly linear, however,especiallyfor the �rst

10 yearsall modelsexhibit a slightly steeperslopethanin long term.This deviationcould eitherbe interpretedasradiative

adjustmentsdevelopingas long as a decadeor it might suggest,that the overall relation between� T and TOA radiative235

budgetanomalychangesafter abouta decade,dueto the inertia of the ocean.The multi-model mean IRF was estimated as

the difference between downward and upward shortwave anomaly for the �rst month after onset of forcing (shortest output

frequency available for all models). The intercept of the linear regressions with the y-axis provides the ERF and the difference

between ERF and IRF yields the RA. Multi-model mean ERF and RA are given at the bottom of the �gure and are also provided

in Table 2. The negative IRF of approximately� 10W m� 2 is reduced by radiative adjustments of3:6W m� 2, resulting in an240

ERF of 6:4W m� 2. While some models, like CanESM5 and IPSL-CM6A-LR, simulate a strong temperature decrease in

8



response to the radiative forcing, CESM2 and MRI-ESM2-0 reach a new equilibrium at a signi�cantly weaker change in

surface temperature.

:::
The

:::::::::::
development

::
is

::::::
mostly

::::::
linear.

:::::::::
However,

::::::::
especially

:::
for

::::
the

::::
�rst

::
10

:::::
years

:::
all

:::::::
models

::::::
exhibit

::
a

::::::
slightly

:::::::
steeper

:::::
slope

:::
than

:::
in

:::
the

::::
long

:::::
term.

::::
This

::::::::
deviation

:::::
could

:::::
either

:::
be

:::::::::
interpreted

:::
as

:::::::
radiative

::::::::::
adjustments

::::::::::
developing

:::
on

::::
time

:::::
scales

:::
as

::::
long245

::
as

:
a
:::::::
decade,

::::::
similar

:::
to

:::
the

:::::::::::::::
ocean-atmosphere

:::::::::::
adjustments

:::::
found

:::
by

::::::::::::::::::::
Rugenstein et al. (2016),

:::
or

:
it
::::::

might
:::::::
suggest

:
a
:::::::
change

::
in

:::
the

::::::
relation

::::::::
between

::::
� T

:::
and

:::
N ,

::::
with

:::
the

:::::
deep

:::::
ocean

::::
heat

::::::
uptake

::::::::::
dominating

:::
the

::::::::::
SST-pattern

:::::
after

:
a

::::::
decade

:::
of

:::::::
forcing,

:::::::
changing

::::
the

::::::
overall

:::::
ocean

::::
heat

::::::
uptake

:::::::
ef�cacy

:::::::::::::::::::
(Andrews et al., 2015).

::::::
Other

::::::
studies

::::
like

::::::::::::::::::::::
Gregory and Webb (2008)

:::::
found

::::::
similar

::::::::::::
non-linearities

:::
and

::::::::
attributed

:::::
those

::
to

::::::::
shortwave

:::::
cloud

:::::::
radiative

:::::::
effects.

::
In

:::
this

:::::
study

:::
the

:::::::::::
non-linearity

:::
was

:::::::::::
predominant

::
in

:::
the

::::::::
clear-sky

::::::::
shortwave

::::::::::
component

::::
over

::::::
ocean,

:::
but

:::
no

::::::
further

:::::::
analysis

::::
was

:::::::::
conducted,

:::
as

:::
this

:::::
study

:::::::::::
concentrates

:::
on

:::
the250

:::::::::
adjustment

::::::::
processes

::::::
during

:::
the

:::
�rst

::::
year

::::
after

:::::
onset

::
of

:::::::
forcing.

Analogous to the total TOA radiative budget,also the yearly meanof the
:::::
linear

::::::::::
regressions

::::
were

::::
also

::::::::::
performed

:::
for

::
the

::::::
single

:
components of the TOA budget, i.e. downward shortwave �ux change�sw #

all sky :::::
�sw #, upward shortwave �ux

change�sw "
all sky :::::

�sw " and upward longwave �ux�lw "
all sky , wereplottedagainstthesurfacetemperaturechangeandlinear

regressionswereappliedin Figures1b,1cand1d.Again
:::::
�lw "

::::
(Fig.

:::
A1

::
in

:::
the

::::::::::::
Supplements).

:::::::::::::
Approximating

::
the

::::::::::::
instantaneous255

:::::::
response

::
of

:::
the

:::::::::
respective

::::::::
radiative

::::::::::
components

:::
as

:::
the offsets after one month of simulationweremarkedasred crossesto

provideinsight into the contributionto overall RA ,
:::
the

::::::::::::
contributions of the singleradiativecomponents. The multi-model

meaninterceptsof the linear regressionwith theradiative�ux axis
::::::::::
components

::
to

:::
the

::::::
overall

::::
IRF

:::
and

:::::
ERF

:::
can

::
be

:::::::::
estimated

:::
and are shown intherespective�gures aswell asin Table 2.As determinedby theexperimentconditions,� sw# (Fig. 1b) is

held constantover the whole experimenttime. However,a seasonalvariationoccursduethe elliptical orbit of the Earthand260

producesasmalloffsetbetweenthe�rst monthvalue(January)andtheyearlymeanvalues.Thisoffsetis consideredaspartof

theIRF not theRA.

In contrast,� sw" (Fig. 1c) exhibits a clear approximatelylinear relation to � T. All models simulate an instantaneous

response of� sw"
:::::
�sw "

::
of

::::::
around

::::::::::
� 4W m� 2

:
in reaction to the reduction of solar constant(red cross), depending on the

planetary albedo.However,the contributionof � sw" to the ERF is morenegativethanthis initial value(
:::
This

::
is

::::::::::
considered265

::
to

::
be

:
a
::::
part

::
of

:::
the

::::
IRF,

:::::
since

::
it

:
is

:::
an

:::::::::
immediate

:::::::
response

:::
to

:::
the

:::::
initial

::::
solar

:::::::
constant

:::::::::
reduction,

:::
not

::::::::
requiring

:::
any

:::::::::::
atmospheric

:::::::
changes.

::::::::
However,

:::
the

:::::
�sw "

:::::
ERF

:::::::::
component

::
is � 6:3W m� 2), indicating shortwave radiative adjustments of� 6:3W m� 2 �

(� 4)W m � 2 = 2 :3W m� 2. All modelsdisplaya deviationfrom the overall linear behaviourduring the �rst decade.Other

studieslike Gregory and Webb (2008)foundsimilarnon-linearities.However,in theirstudiesthosewereattributedtoshortwave

cloudradiativeeffects,while we foundthesourceof thisnon-linearityto bein theclear-skyshortwavecomponentoverocean,270

which is linked to short-termchangesin sea-iceextentand snow cover, but were not further analysedin this study. The

respectiveinterceptsareprovidedin Table2.

Figure1dshowsthesamelinearregressionfor upwardlongwaveradiationanomaly(� lw " ).
:
In

:::::::
contrast

::
to

::::
that,

:::
no

::::::::
longwave

::::::::::
contribution

::
to

:::
the

:::
IRF

::
is

:::::::
expected

::::
and

::::::
models

::::
show

:::
no

:::::
initial

:::::::
response

::
of

::::::
�lw " . All models simulate a clear linear relationship

between� lw "
:::::
�lw "

:
and� T with an intercept of around� 1W m� 2, which is the longwave adjustment. Hence, theupward275

::
the

:
longwave component contributes about1=3 to the overall RAs, while the shortwave RAs make up the other2=3. In contrast

9



Figure 1.Linear regression plots for yearly global mean TOA radiative�ux anomalies
:::::
budget

::::::
anomaly

:
in W m � 2 vs. change in yearly global

mean surface temperature (� T ). Plottedare(a)
::::::::
Increasing

:::::::
saturation

::
of

:
theTOA radiativebudget,(b) thedownwardshortwave�ux atTOA,

(c) theupwardshortwave�ux atTOA and(d) theupwardlongwave�ux atTOA
:::::
colours

:::::::
indicates

:::::::
temporal

:::::::::
development.Therespectiveinitial

offsetsafteronemontharemarkedasa redcross.

to theupwardshortwavecomponent,thereis nosystematicdeviationfrom linearbehaviourin thelongwavecomponentduring

the�rst decade.

The same method was applied to the cloud radiative effect anomaly (�CRE TOA ) and itslong- andshortwave
::::
short-

::::
and

::::::::
longwave components (�CRE TOA ;sw and�CRE TOA ;lw ), respectively.

::::
(Fig.

::
A2

::
in

:::
the

::::::::::::
Supplements).

:
If an approach, similar280

to the IRF-ERF approach is applied and theinstantaneousCRE
:::::
initial

::::::::::
�CRE TOA is subtracted from the intercept, as it is

purely a cloud masking effect, the remaining cloud adjustment is3:3W m� 2 � 2W m� 2 = 1 :3W m� 2, mostly stemming from

�CRE TOA ;sw , which is a substantial contribution to the overall RA of3:6W m� 2. Hence, we �nd that cloud adjustments

counteract parts of the initial solar forcing as was found by several other studies (Smith et al., 2018; Salvi et al., 2021; Virgin

and Fletcher, 2022).However,theuncertainty
:::
The

::::::
reason

::
for

:::
the

:::::::
positive

::::::::
shortwave

:::::
cloud

:::::::::
adjustment

::::::
found

::
in

:::
this

:::::
study

:::::
might285

::
be

:::
the

:::::::
decrease

:::
of

::::::
tropical

:::::
cloud

:::::
cover

:::
in

:::
the

::::::::
boundary

:::::
layer,

::
as

:::
the

:::::::
location

::
of

::::::
strong

:::::::
positive

::::::::::::
�CRE TOA ;sw:::::::

(shown
::
in

:::
the

:::::::::::
Supplements,

:::
Fig.

::::
A4)

:::::
often

::::::::
coincides

::::
with

::::::::
decreased

:::::
cloud

:::::
cover

::
at

:::::::
850hPa

::::
(Fig.

::::
10).

::::::::
However,

:::
our

::::::::
approach

::::
does

:::
not

:::::
allow

::
for

::
a

:::::::::::
quanti�cation

::
of

::::::
single

:::::::::::
contributions

::
to

:::
the

::::::
overall

:::::
cloud

::::::::::
adjustments.

:::::::::
Moreover,

:::
the

:::::::::
uncertainty

::
of

:::::
cloud

::::::::
radiative

:::::
effect

:::::::
anomaly is high andno clearpatternemerged,becausemodels disagreed on the sign of slope of the linear �ts. The intercepts

for the cloud radiative effect anomaly and its components are also provided in Table 2.290

3.2 Rapid adjustments on different time scales

In this study,we areinterestedin rapidadjustmentstosolarforcing in fully coupledclimatemodels
::
the

:::::::::
following

::::::
section

:::
we

::::::
analyse

:::
the

::::::::
temporal

::::::::::
development

::
of

:::::
TOA

:::::::
radiative

::::::
budget

::::::::
anomaly

:::
and

::
its

:::::::::::
components,

::
as

::::
well

::
as

::
of

:::
the

:::::::
surface

::::::::::
temperature

:::::::
anomaly.

::::
The

:::
aim

::
is

::
to

::::::
better

:::::::::
understand

:::
the

:::::::::::
contributions

::
of

:::
the

:::::
single

:::::::::::
components

::
to

:::
the

::::
total

::::
TOA

::::::
budget

::::::::
anomaly

:::
and

:::
its
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TOA �ux anomalies ERF component
::::::::::
contribution (W m � 2)

:::
RA

::::::::::
contribution

:::::::
(W m � 2)

total
:
�

::::
TOA

:::::::
radiative budget -6.42� 0.49

:::
-3.57

::
�

::::
0.46

swdownward(all-sky)
:::::
�sw # -13.62� 0.02

:::
0.44

::
�

::::
0.01

swupward(all-sky)
:::::
�sw " -6.25� 0.59

:::
-2.17

::
�

::::
0.51

lw upward(all-sky)
:::::
�lw " -0.96� 0.16

:::
-0.72

::
�

::::
0.21

CREtotal
:::::::::
�CRE TOA 3.33� 0.73

:::
1.26

::
�

:::
0.72

:

CREnetsw
:::::::::::
�CRE TOA ;sw 3.0� 0.59

:::
1.06

::
�

::::
0.56

CREnetlw
:::::::::::
�CRE TOA ;lw 0.33� 0.19swupward(clear-sky) -3.42

::
0.2

:
� 0.77

:::
0.16

lw upward(clear-sky)-0.63� 0.07swupward(clear-skyocean)-3.16� 1.02swupward(clear-sky,land)-0.08� 0.28height

Table 2.Multi-model-mean intercepts of different TOA �uxes derived via regression method
::::
(ERF

:::::::::
contribution

::
in

:::::::
W m � 2)

:::
and

::
its

:::::::
deviation

:::
from

:::
the

:::::
initial

:::::::
response

::::
(RA

:::::::::
contribution

::
in

:::::::
W m � 2)

::::::::
calculated

::
as

::
the

::::::::
difference

:::::::
between

::::
linear

::::::::
regression

:::::::
intercept

:::
and

:::
the

::::
�rst

:::::
month

::::::
response

:::
(�

:::
IRF

::::::::::
contribution).

:::::::::
interaction

::::
with

::::::
surface

::::::::::
temperature

:::::::
change.

::
In

:::::::
contrast

:::
to

:::
the

:::::
linear

:::::::::
regression

:::::::
method,

::
in

:::
this

:::::::
section

:::
we

::::
look

::
at

::::::::
temporal295

:::::::::::
developments

::::
over

:::
the

::::
�rst

:::::
hours,

::::
days

::::
and

::::::
months,

:::
in

::::
order

::
to

:::::
learn

::::
more

:::::
about

:::
the

:::::::::
underlying

:::::::::::
adjustments.Hence,

3.2.1
::::::::
Temporal

::::::::::::
development

::
of

::::::
� TOA

:::::::::
radiative

::::::
budget

::::
and

:::
� T

:::::
Figure

::
2

::::::
shows

:::
the

::::::
global

:::::
mean

::
of

:::
the

:::::
three

:::::::::::
components

::
of

:::
the

:::::
TOA

::::::::
radiative

::::::
budget,

:::::::::
downward

::::
and

:::::::
upward

:::::::::
shortwave

:::
�ux

::::::::
anomaly

::::::
(�sw #

::
in

::::::
orange,

:::::::
�sw " )

:::
and

:::::::
upward

::::::::
longwave

::::
�ux

:::::::
anomaly

:::::::
(�lw " ),

:::::::
together

:::::
with

:::
the

::::
TOA

::::::::
radiative

::::::
budget

:::::::
anomaly.

::::::
Fluxes

:::
are

::::::
de�ned

:::::::
positive

::::::::::
downwards,

::
so

:::
that

::::::
added

::
up,

:::
the

:::::
three

:::
�ux

:::::::::
anomalies

::::
yield

:::
the

::::
total

::::
TOA

::::::
budget

::::::::
anomaly.300

::::
Only

::::::::::::
MRI-ESM2-0

:::::::
provided

:::::
TOA

::::::::
shortwave

:::::::
radiative

::::::
�uxes

::
as

::::
daily

::::
data,

:::::
while

:::
the

:::::
other

::::
three

::::::
models

::::
only

::::::::
provided

:::::::
monthly

::::
data.

::::::
Hence,

:::
Fig.

::
2

::::
only

:::::
shows

:::
the

::::::
results

::
of

:::
one

::::::
model

:::
for

::::::::
shortwave

::::
�ux

::::::::
anomalies

::::
and

::
the

::::
total

:::::
TOA

::::::
budget

:::::::
anomaly

:::
for

:::
the

:::
�rst

::::
two

::::
time

:::::
scales.

::::
The

::::::
upward

::::::::
longwave

::::::::
radiative

:::
�ux

::::
was

:::::::
provided

::
as

:::::
daily

:::::
output

:::
by

::
all

::::::
models

::::
and

:
is

::::::
plotted

:::::::::::
accordingly.

:::::
�sw #

:::::::
anomaly

::::::
shows

:::
the

::::::::
reduction

::
of

:::
the

:::::
solar

::::::::
constant.

::
It

::::
stays

:::::::
constant

:::::
over

::
all

::::
time

::::::
scales

:::
and

::::
only

::::::::
displays

:
a

::::::
yearly305

:::::::
periodic

:::::::
deviation

::::
due

::
to

:::
the

:::::::
elliptical

:::::
orbit

::
of

:::
the

::::
Earth

::::::
around

:::
the

::::
sun.

::
It

::
is

:::
the

::::
same

:::
for

::
all

::::
four

:::::::
models,

:::::
since

:::
the

:::::::::
underlying

:::::::::
assumption

::
of

:::
the

::::::::::::
abrupt-solm4p

:::::::::
experiment

::
is

::
an

::::::::::::
instantaneous

:::
and

:::::::
constant

::::::::
reduction

::
of

:::
the

::::
solar

:::::::
constant

::
by

::::
4 %,

::::::::::::
corresponding

::
to

:
a

:::::::
decrease

::
of

:::::::::
downward

:::::::::
shortwave

::::
�ux

::
by

:::::::::::
� 13W m� 2.

:

::
As

::::::::
described

:::::::
before,

:::::
�sw "

::::::
shows

::
an

:::::::::::
instantaneous

::::::::
reaction,

:::::
which

::
is

::::
part

::
of

::::
IRF,

:::::
since

::
it

::
is

:
a

::::::
change

::
in

:::::
TOA

::::::::
radiation

::
in

::::::
reaction

:::
to

::::::
forcing,

:::::::
without

:::
any

:::::::
changes

::
in

:::::::::::
atmospheric

::::
state.

::::::
Hence,

:::
the

::::
IRF

::
is

:::
the

::::
sum

::
of

::::::::
incoming

:::
and

::::::::
outgoing

:::::::::
shortwave310

:::::::
anomaly

::
at

:::::
t = 0

::::
and

::
is

::::::
around

:::::::::::
� 10W m� 2

:::::::::
according

::
to

:::::::::::
experimental

:::::::
design.

::::::
�sw "

:::::
shows

::::
�rst

:::::::
changes

:::::
after

:::
10

:::::
days,

:::::::
although

:::
no

::::
clear

:::::
trend

:::
can

:::
be

::::::::::
recognised.

::::
This

::
is

:
a
::::::::
reaction

::
to

:::::::
changes

::
in

::::::
surface

:::::::
albedo,

:::::::::
beginning

::::
after

:::::::
roughly

::
10

:::::
days

:::
and

::::::
mostly

:::::::::
connected

::
to

::::::::
increased

::::::::
snowfall

::::
over

::::
land

::
in

::::
high

::::::::
northern

::::::
latitude

::::
and

::::
�rst

:::::::
changes

::
in

:::::
snow

:::::
cover

::::
and

:::
sea

:::
ice

:::::
extent

::
in

::::::::::
Antarctica.

:::::::::::
Furthermore,

:::::::
changes

::
in

::::::
cloud

:::::::::
properties,

::::::::
beginning

:::::
after

:
a
::::

few
::::::
hours,

::::::::
in�uence

:::::
�sw "

:::::
over

:::
the

::::
�rst

::::::
month,

:::
but

::::
there

::
is

:::
not

::::
one

::::::::::
dominating

:::::::
process,

:::
but

:::::
rather

::
a

:::::::
complex

::::::::
interplay

::
of

::::::::::
mechanisms

::::
that

:::::
result

::
in

:::
the

::::::
global

:::::
mean315
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Figure 2.
::::
Global

:::::
mean

:::::::
anomaly

::
of

:::::::
radiative

::::
�uxes

::
at

::::
TOA

::
in

:::::::
W m � 2

::
for

::::
four

:::::::
different

::::
time

::::
scales

::::
after

:::::
onset

::
of

:::::
forcing

::::
(100

:::::
hours,

:::
30

::::
days,

::
12

::::::
months,

:::
150

:::::
years).

::::::
Plotted

:::
are

::
the

::::::::
downward

::::::::
shortwave

:::
�ux

:::::::
anomaly

:
at

::::
TOA

:::::::
(orange),

:::
the

::::::
upward

:::::::
shortwave

:::
�ux

:::::::
anomaly

::
at

::::
TOA

::::::
(brown),

:::
the

::::::
upward

:::::::
longwave

:::::::
anomaly

::
at

::::
TOA

:::::
(olive)

:::
and

:::
the

::::::
effective

::::
�ux

::::::
anomaly

::
at

::::
TOA

::::
(red).

:::::::
Shading

:::::
around

:::
the

:::::::::
multi-model

:::::
mean

::::
shows

::::::::::
multi-model

:::::::
standard

:::::::
deviation.

::
If

:::::::
available,

:::
the

::::::
results

::
for

:::
all

:::
four

::::::
models

::::
(thin

::::
lines)

:::::
were

:::::
plotted

:::::::
together

:::
with

:::
the

::::::::::
model-mean

::::
(thick

::::
line).

::
In

:::::::
addition

::
to

:::
that,

:::
the

::::::::::
instantaneous

:::::::
radiative

:::::
forcing

:::::
(IRF)

:
is

::::::
plotted

::
as

:
a

::::
grey

::::::::
dash-dotted

::::
line.

::::::
Upward

:::::
�uxes

::::
were

::::::::
multiplied

::
by

:::::
�(� 1),

::::
such

:::
that

:::
the

::::
three

::::::
radiative

::::
�ux

:::::::
anomalies

:::::::
(orange,

::::
olive

:::
and

::::::
brown)

:::
add

::
up

::
to

::
the

:::::::
effective

:::
�ux

:::::::
anomaly

::
at

::::
TOA

::::
(red),

:::::
which

::
is

::
the

::::
same

::
as

:::
the

::::
black

:::::
curve

::
in

:::
Fig.

::
4.

:::::::
temporal

:::::::
change.

::::
Over

:::
the

:::
�rst

:::::
year,

:::::
albedo

::::
and

:::::
cloud

::::::::
properties

:::::
show

::::::::
signi�cant

::::::::
changes.

:::::::::::
Nevertheless,

:::
the

::::::
upward

:::::::::
shortwave

:::::::
anomaly

::::
stays

::::::::
relatively

::::::::
constant,

:::::::::
indicating

:::
that

:::
the

:::::::
different

:::::::
climate

:::::::
variables

::::
and

::::
local

:::::::::
variability

::::::::::::
approximately

::::::
cancel

:::
out

::::
each

::::::
other's

:::::::::
shortwave

:::::::
radiative

:::::::
effects.

::::
Over

::::::
longer

::::
time

::::::
scales,

:::
the

:::::::::::
multi-model

:::::
mean

::
of

:::::::
upward

::::::::
shortwave

::::
�ux

::::::::
anomaly

::::::::
decreases,

:::::::
changes

:::
its

::::
sign

::::::
around

::
50

:::::
years

::::
after

:::::
onset

::
of

:::::::
forcing

:::
and

::::::::
continues

::
to

::::::::
decrease

::
up

:::::
until

:::
150

::::::
years.

::::::::
However,

:::
the

::::::::
individual

::::::
model

::::
runs

::
do

::::
not

::::
agree

:::
on

:::
the

::::
sign

::
of

:::
the

::::::::
anomaly

:::
on

::::
these

::::::
longer

::::
time

::::::
scales.

::::
This

::
is

::::
due

::
to

::::::::
opposing

:::::
signs

::
in320

::::
high

:::::::
latitudes

:::
and

:::::::
tropical

:::::::
regions,

:::
and

:::
the

::::::
models

::::::::
disagree,

::::::
which

:::::
region

:::::::::
dominates

:::
the

:::::
global

:::::
mean

:::::
effect

::::
(see

::::::
Figure

:::
A3

::
in

::
the

::::::::::::
Supplements).

:::::
This

:
is

::
a

:::::::::
signi�cant

::::::::
difference

::
in

:::
the

::::
long

:::::
term

::::::::
prediction

::
of

:::
the

:::::::
models,

:::
but

::::
was

:::
not

::::::
further

:::::::
analysed

:::::
here,

::::
since

:::
this

:::::
study

::
is

:::::::
focused

::
on

:::::
short

::::
term

::::::
effects.

:

::
In

:::::::
contrast

::
to

:::
the

::::::::
shortwave

::::::
�uxes,

:::::
there

:::
are

::
no

:::::::::
immediate

::::::
effects

::
of

:::
the

::::::::
reduction

:::
of

:::
the

::::
solar

:::::::
constant

:::
on

:::
the

::::::
�lw " .

::::
This

:
is

:::::::::
expected,

::::::
because

::
it

::
is

::::::
closely

::::::
linked

::
to

:::::::
changes

::
in

:::::::
surface

:::
and

:::::::::::
atmospheric

::::::::::
temperature,

::::::
which

::::
need

:::::
some

::::
time

::
to

::::::
adapt.325

::::::
Similar

::
to

::::::
�sw " ,

::::::
�lw "

:::::::
displays

::::
�rst

:::::::
changes

::::::
around

:::
10

::::
days

:::::
after thesurfacetemperaturebeginsto adaptfromthe onset

of forcing, therebypossiblyoverlying adjustmentsof the atmosphereto the forcing with temperaturemediatedeffects
:
.
::
It

::
is

:::::
overall

:::::::
slightly

::::::::
increased

::::
over

:::
the

:::::::::
following

::::
days

:::
and

::::
only

::::::::::
temporarily

:::::::
changes

:::
its

::::
sign.

::::
The

::::::::::
multi-model

:::::
mean

::::::
always

:::::
stays

:::::::
positive,

::::::::
indicating

::
a

::::::::
reduction

::
in

:::
the

::::::
amount

::
of

:::::::::
longwave

:::::::
radiation

::
to

::::::
space,

::::::
because

:::
the

::::::::::
atmosphere

:::
and

:::::::
surface

::::::
reduce

::::
their

::::::::::
temperature

::
in

:::::::
reaction

::
to

::
the

:::::::
reduced

::::::::
incoming

:::::
solar

::::::
energy

:::
(the

::::::
Planck

::::::
effect).

::::
This

:::::
effect

::::::::
continues

::::
and

::
all

::::::
models

::::::::
simulate330

:
a

::::::
further

:::::::::
increasing

:::::
�lw "

::
for

::::::
longer

::::
time

::::::
scales.

:::
The

:::::
TOA

:::::::
radiative

::::::
budget

:::::::
anomaly

::
is

::::::
overall

::::::::
negative

:::
due

::
to

:::
the

:::::::
negative

:::::::
forcing

:::
and

::::::::::
corresponds

::
to

:::
the

::::
IRF

::
at

:::::
t = 0 .

::
It

::
is

::::::::
dominated

:::
by

:::
the

::::::::
shortwave

::::::
effects

:::
on

:::
the

::::
time

:::::
scales

::
of

:::::
hours

:::
and

:::::
days,

:::
but

::
in

:::
the

::::::
course

::
of

:::::::
months,

:::
the

:::::::::
increasing

::::::::
longwave

:::
gain

::::::
slowly

:::::::
reduces

:::
the

::::
TOA

:::::::::
imbalance

::::
until

::
it

:::::::::
approaches

::
a

:::
new

:::::::
balance

::::
over

:::
the

::::::::
following

:::::::
decades

:::
and

::::::::
centuries.
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Figure 3. Global mean of near surface temperature anomaly inK for four different time scales after the onset of forcing (100 hours, 30

days, 12month
:::::
months, 150 years). The results of the four participating models are plotted (cyan: CESM2, orange: CanESM5, blue: IPSL-

CM6A-LR and green: MRI-ESM2-0) together with a multi-model mean (red, bold) and multi-model standard deviation (shaded area around

multi-model mean). For the fourth timescale, the y-axis has been adjusted to account for the stronger changes on longer time scales.

The
::::::::
Analogous

:::
to

:::
the

::::
TOA

::::::::
radiative

::::
�ux

:::::::::
anomalies,

:::
the

:
global mean near surface temperature anomaly

:::
� T is shown in335

Fig. 3. It startsto become
:::::::
becomes increasingly negative immediately after the onset of forcing due to decreased absorption of

shortwave radiation. Theglobalmeannearsurfacetemperaturedecrease
:
at

:::
the

:::::::
surface.

::::
� T is of the order of0:25K over the

the
:::::::
� 0:25K

::::
over

:::
the

:
�rst month, continuouslygrowing to values> 1K

::::::::
decreasing

::
to

::::::
values

:::::::
< � 1K after four months. The

four participating models agree well
::
on

:::
the

:::::
global

:::::
mean

::::
� T

:
during the �rst yearin termsof this globalaverage, but differ in

their long-termsurfacetemperaturechange
:::
� T , depending on themodels

:::::::
model's climate sensitivity.340

Changesof theglobalmeansurfacetemperatureof morethan1K leadto changesof theTOA radiativeforcing.

3.2.2
:::::::::
Simulated

::
vs.

::::::::::
calculated

::
�

:::::
TOA

::::::::
radiative

::::::
budget

::
In

:::
this

::::::
study,

:::
we

:::
are

::::::::
interested

:::
in

::::
rapid

:::::::::::
adjustments

::
to

::::
solar

:::::::
forcing

::
in

:::::
fully

:::::::
coupled

::::::
climate

:::::::
models.

:::
In

:::::
those

:::::::
models,

:::
the

::::::
surface

::::::::::
temperature

::::::
begins

::
to

:::::
adapt

::::
from

::::
the

::::
onset

:::
of

:::::::
forcing,

::::::
leading

::
to

::
a

:::::::
possible

:::::::
overlap

::
of

::::::::::
adjustments

::::
and

::::::::::
temperature

:::::::
mediated

::::::
effects

::::::::::
(feedbacks).

:
345

However, when calculating the TOA�ux anomaly
::::::
budget

:::::::
anomaly

:::
N via Eq. 1 by multiplying thesurfacetemperature

change
:::
� T

:
with the feedback parameter

:
�

:
and adding the ERF, both derived from the linear regression in Sect. 3.1, a sig-

ni�cant disagreementbetweencalculatedTOA effective �ux anomalyandsimulated TOAeffective �ux anomalybecomes

apparent
:::::
budget

::::::::
anomaly

::::
(Fig.

::
2)

::::
and

::::
TOA

::::::
budget

::::::::
anomaly

::::::::
calculated

:::
via

::::
Eq.

:
1

::::::::
becomes

:::::::
apparent

:::
on

:::
the

::::::
shorter

::::
time

:::::
scales.

Figure 4 shows the simulated TOAeffective�ux anomaly(
::::::
budget

:::::::
anomaly

::::::::
anomaly

:::::
(Nsim ::

in
:
black) together with theTOA350

�ux
:::::
surface

::::::::::
temperature

::::::::
mediated

::::
TOA

::::::
budget

:
anomaly calculated fromthesimulatedglobalmeansurfacetemperaturechange

and
::::
� T adding only the IRF (

::::::::
Ncalc ;IRF ::

in red) and the complete ERF (
::::::::
Ncalc ;ERF ::

in
:
blue) for the four different time scales.

During the �rst time scale no adjustments or feedbacks take place that wouldchangethe global meanTOA �ux anomaly

considerably
::::
lead

::
to

::::::::::
considerable

:::::::
changes

::
in

::
N . Hence, the red and black curves do not show a strong deviation.But

::::::::
However,
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on all other time scales there is a signi�cant offset betweenthetwo
::::
Nsim ::::

and
::::::::
Ncalc ;IRF . Especially for the time scales of days355

and months after the onset of forcing, the trend ofsurfacemediatedTOA �ux change
:::::::
Ncalc ;IRF :

cannot explain the trend of

thesimulatedTOA �ux anomaly
:::::
Nsim . For the fourth time scale, both model means show the same trend, but with a constant

offset. Whenadjustingthe surfacetemperaturemediatedTOA �ux changein Fig. 4 by the
:
,
:::::
which

:::::::::::
corresponds

::
to

:::
the

:
rapid

adjustments (blue curve)fromSect.3.1
::::
RA).

:::::
When

:::::::
adding

:::
the

:::
RA

::::
and

::::
IRF

:::::::
yielding

:::::::::
Ncalc ;ERF :::::

(blue), the long termtrend

:::::
trends of calculated and simulated TOA �ux changeagrees

::::
agree

:
well. However, the �rst three time scales show considerable360

deviations betweencalculatedandsimulatedTOA effective�ux changeandtemperaturemediated�ux changeis
::::
Nsim ::::

and

::::::::
Ncalc ;ERF ::::

and
:::::::
changes

::
in

::::::
surface

::::::::::
temperature

::::
are clearly not suf�cient to explain the simulated TOA�ux change.

:::::::
radiative

:::::
budget

:::::::::
variability.

:

Hence, we argue, that the �rst three time scales are dominated by adjustment processesand
:::::
while temperature mediated

changes only play a minor part. Clearly, this does not allow for a perfect distinction between adjustments and feedbacks,365

however,.
:::::::::
However, this approach has the advantage that no restrictions have to be made to surface temperature (e.g. �xed

SST experiments), which fail to capture all changes in circulation and no assumptions are made on the linearity of adjustment

processes, as is done in case of radiative kernels. This study aims to understand changes in the atmospheric state during the �rst

year after onset of forcing and based on the beforehand arguments, we assume this time scale to be dominated by adjustment

processes.370

::::::::::::
Unfortunately,

::::
only

:::
one

::::::
model

:::::::::::::
(MRI-ESM2-0)

::::::::
provided

::::
daily

:::::
TOA

:::::::
radiative

::::
�ux

::::
data.

:::::::::
Therefore,

::::::::
although

:
a
::::::::
deviation

:::
of

::::
Nsim ::::

and
::::::::
Ncalc ;ERF ::

is
::::::
clearly

:::::::
visible,

:
a

:::::
clear

::::::::
attribution

::
to

:::::
rapid

::::::::::
adjustments

::
to

:::
the

:::::::
forcing

::
is

:::::::
dif�cult,

::
as

:::::::
internal

:::::::::
variability

:::
can

:::
also

::::
lead

::
to

:::::::::
difference

:::::::
between

::::
Nsim::::

and
:::::::::
Ncalc ;ERF .

::::::::
However,

::
all

::::::
models

:::::::
provide

::::
data

:::
for

::
the

:::::::::
following

::::::
months

::::
after

:::::
onset

::
of

:::::::
forcing.

::::::::
Although

::::
there

::
is

:::::
some

::::::::
deviation

:::::::
between

:::
the

::::::
models

::::::
which

::
is

:::::
likely

::::::
caused

:::
by

::::::
internal

:::::::::
variability

:::::
there

:
is

::::
also

::
a

:::::::
common

:::::
trend

::::::::::::
(model-mean,

::::
thick

:::::
black

:::::
line),

::::::
which

:::::
cannot

:::
be

::::::::
explained

:::
by

:::
the

:::::::
changes

::
in

:::::::
surface

::::::::::
temperature

::
or

:::::::
surface375

:::::
albedo

::::
(not

:::::::
shown).

:::::::
Instead,

::::::::::
adjustments

::
in

::::::::::
atmospheric

::::::::::
temperature

::::::
pro�le,

:::::
water

::::::
vapour

:::
and

:::::
cloud

:::::::::
properties

::::
seem

::
to

:::
be

:::
the

:::::::::
dominating

::::::
source

::
of

:::::::::
variability

::::::
during

:::
the

:::
�rst

:::::
days

:::
and

:::::::
months.

::::::
Hence,

:::
the

:::::
TOA

::::::
budget

::::::::
variability

::
is

::
a

:::::
result

::
of

:
a
::::::::
complex

:::::::
interplay

::
of

::::::
several

:::::::::::
atmospheric

:::
and

:::::
cloud

::::::::
variables,

::::
with

:::::
partly

::::::::::::
compensating

::::::
effects.

::::::::
Changes

::
in

:::::
cloud

::::::::
properties

::::
have

:::::
been

:::::
found

::
to

::
be

::::
one

::
of

:::
the

:::::
major

:::::::
sources

::
of

::::::
model

::::::::::
uncertainty

::
on

:::
all

::::
time

::::::
scales.

::::::::
Reducing

:::
the

::::::::::
uncertainty

:::
on

::::
short

::::
time

::::::
scales

:::::
would

:::::
allow

:::
for

:
a

:::::
better

::::::::::::
quanti�cation

::
of

:::
the

::::
ERF,

:::::::
thereby

::::::::
improving

::::
long

::::
term

::::::::::
predictions.

:::::::::
Therefore,

:::
the

::::
aim

::
of

:::
this

:::::
study

::
is380

::
to

::::::
identify

:::::::::::
characteristic

:::::::
patterns

::
of

:::::
cloud

::::::::::
adjustment

::
in

:::::::
response

::
to

::
a

:::::::
negative

::::::::
shortwave

:::::::
forcing.

:

:::
The

::::
next

::::::
section

::::::::
analyses

:::
the

::::::::
temporal

:::::::::::
development

::
of

:::
the

:::::
cloud

::::::::
radiative

:::::
effect

:::::::
anomaly

::::
over

:::
the

:::::
three

::::::::::
adjustment

::::
time

:::::
scales

::
as

::::
well

::
as

:::
the

:::::
fourth

::::
time

:::::
scale

::::::::::
representing

:::
the

::::
long

::::
term

::::::::::
temperature

::::::::
mediated

::::::::
response.

:::
The

:::::
cloud

::::::::
radiative

::::
effect

::::
can

::
be

::
an

::::::::
indicator

::
to

:::::
cloud

:::::::::::
adjustments,

:::::
which

:::
are

:
a
:::::
major

::::::
source

::
of

::::::::::
uncertainty

::
in

::::::
climate

:::::::
models.

::::::::
However,

:::
the

:::::
cloud

::::::::
radiative

:::::
effect

:::
also

:::::::
includes

:::::::
changes

::
in

:::::
other

::::::::::
atmospheric

::::::::
variables

::::::
(cloud

::::::::
masking),

:::::
which

::
is

::::::::
discussed

::
in

:::
the

:::::::::
following

::::::
section.

:
385

3.2.3
:::::::::::
Adjustments

::
of

:::
the

:::::
cloud

:::::::::
radiative

:::::
effect

::
at

:::::
TOA
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Figure 4. Same as Fig.3
:
2, but for

:::::::
simulated

:::
and

::::::::
calculated TOAeffective�ux change

:::::::
radiative

:::::
budget

::::::
changes. Shown are TOA effective

�ux change, based on the simulated surface temperature change, only considering IRF (
::::::::
Ncalc ; IRF ,

:
red), the calculated TOA effective �ux

change considering IRF+RA (
::::::::
Ncalc ;ERF , blue) and the simulated TOA effective �ux change (

::::
Nsim , black).

Figure 5.
:::::
Global

::::
mean

:::
of

::::
TOA

:::::
cloud

:::::::
radiative

::::
effect

:::::::
anomaly

:::::::::::
(�CRE TOA ,

:::
red)

::
in

:::::::
W m � 2

:::
for

:::
four

:::::::
different

::::
time

:::::
scales

::::
after

:::::
onset

:
of

::::::
forcing

:::::
(100

:::::
hours,

::
30

:::::
days,

:::
12

::::::
months,

::::
150

:::::
years).

::::::::::
Additionally,

:::::::::
shortwave

:::
and

::::::::
longwave

::::
TOA

:::::
cloud

:::::::
radiative

:::::
effect

::::::::
anomalies

::::::::::::
(�CRE TOA ;sw :::

and
::::::::::::
�CRE TOA ;sw )

:::
are

:::::
shown

::
in

:::::
brown

:::
and

::::::
orange.

::::
Their

::::::::
respective

:::::::::
intermodel

::::::
standard

:::::::
deviation

::
is

:::::
shown

:::
as

::::::
shading

:::::
around

:::::::::
inter-model

:::::
means.

:::::
Figure

::
5

:::::
shows

:::
the

::::::::
temporal

::::::::
evolution

::
of

:::
the

::::::
global

:::::
mean

:::::
cloud

:::::::
radiative

:::::
effect

::::::::
anomaly

::
at

::::
TOA

::::::::::::
(�CRE TOA )

:::
and

:::
its

:::::
short-

:::
and

::::::::
longwave

::::::::::
components

:::::::::::::
(�CRE TOA ;sw::::

and
:::::::::::::
�CRE TOA ;lw ).

:::
As

::::::::
described

::::::
before,

::::
only

::::::::::::
MRI-ESM2-0

::::::::
provided

::::
daily

:::::
data,

:::::
which

::
is

::::::
plotted

:::
for

:::
the

:::
�rst

::::
two

::::
time

:::::
scales.

:

::::::::::
�CRE TOA :

is
:::::::
positive

:::
for

::
all

::::
time

::::::
scales,

::::::::
indicating

:
a
:::::::
decrease

:::
of

::
the

::::::::
generally

:::::::
cooling

::::
effect

::
of

:::::::
clouds,

:::::::
partially

:::::::::::
counteracting390

::
the

::::::::
negative

::::::
forcing.

::::::::
However,

:::::
since

:::
this

:::::::
positive

:::::::
anomaly

::
is

:::::::
apparent

::::
from

:::
the

::::
�rst

::::
time

::::
step,

:::
the

:::::
initial

:::::
value

:
is

:::
not

::::::::::
attributable

::
to

::::::
changes

::
in

:::::
cloud

:::::::::
properties.

::
It

:::::
rather

:
is

::
a

::::
result

:::
of

:::::
clouds

:::::::
masking

:::::::
changes

::
in

:::
the

::::::::
clear-sky

::::::
budget.

::::
After

::::
�ve

::::
days

::::::::::
�CRE TOA

::::
starts

::
to

:::::::
deviate

::::
from

::
its

:::::
initial

:::::
value

::::
and

:::::
varies

::::
with

::
no

:::::
clear

::::::
pattern

::::::
during

:::
the

:::
�rst

::::::
month.

:::::::
During

:::
this

::::
time

::::::
period

:
it

:::::::
follows

::
the

:::::
same

::::::
shape

::
as

:::
the

::::
total

:::::
TOA

::::::
budget

::::::::
anomaly.

:::::::
Hence,

:::::::
changes

::
in

:::::
cloud

:::::::::
properties

:::::
seem

::
to

:::
be

:::
the

::::::::
dominant

::::::
source

:::
of

::::::::
variability

::
of

:::::
Nsim::::::

during
:::
the

::::
�rst

:::::::
months.

::::
This

::
is

:::::::::
supported

::
by

::::
the

:::
fact

::::
that

::::::
global

:::::
mean

::::
clear

::::
sky

:::::
�uxes

:::::
show

::::
near

::
to

:::
no395

::::::::
variability

::::::
during

:::
the

:::
�rst

::::
�ve

::::::
months

::::
(not

:::::::
shown).

::::
After

:::
six

:::::::
months,

:::
the

:::::
initial

::::::
forcing

::::::
moves

::::
from

:::
the

:::::::
southern

::::
high

::::::::
latitudes
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::
to

:::
the

:::::::
northern

::::
high

::::::::
latitudes.

::::
Due

::
to

:::::::
differing

:::::::
surface

::::::
albedo

::
on

:::
the

::::
two

::::::::::
hemispheres

::::
and

::::::::
therefore

:::::::
changes

::
in

:::
the

::::::::
clear-sky

::::
TOA

:::::::
radiative

:::::::
budget,

:::::
cloud

:::::::
masking

::
is

:::::::
expected

:::
to

::::::
change

::
at

:::
this

:::::
point.

:

::::::::::
�CRE TOA ::::::

further
::::::::
increases

::::
over

:::
the

:::::::::
following

:::::
years.

:::::
After

::::::
about

::
10

:::::
years

:::::::::::
�CRE TOA :::::::

remains
::::::::
relatively

::::::::
constant

::
at

::::::::
4W m� 2.

::
A

:::::
slight

::::::::::
decreasing

:::::
trend

::
is

::::::
visible

::
in

::::
the

::::::::::
multi-model

::::::
mean,

:::::
even

::::::
though

:::::
three

:::
out

:::
of

:::
for

::::::
models

::::::::
simulate

::
a400

::::::::::
stabilization

::
of

::::::::::
�CRE TOA ::::

for
:::::
longer

:::::
time

::::::
scales.

::::
This

::
is

::::
due

::
to

:::
the

::::::::::
continuous

:::::::
decrease

:::
of

::::::::::::
�CRE TOA ;lw ,

:::::::::
simulated

:::
by

::
the

::::::::::
CanESM5

::::::
model.

::::::::
Although

::::
this

::::::
model

:::::
shows

::::
the

::::::::
strongest

::::::::::
temperature

::::::::
decrease

:::
out

:::
of

:::
the

::::
four

:::::::
models,

::
it

::::
does

::::
not

:::::::::::
systematically

::::::
predict

:::
the

::::::::
strongest

:::::::
changes

::
in

:::::
other

:::::
cloud

:::::::::
properties.

::::::
Hence,

:::
the

:::::::::
continuous

:::::::
decrease

:::
of

::::::::::::
�CRE TOA ;lw :::::

likely

:
is

::
a

::::::
strong

:::::
cloud

:::::::
masking

::::::
effect

:::
that

:::::::::
dominates

:::::
over

:::
any

::::::::
possibly

:::::::
positive

::::::::::::
�CRE TOA ;lw ::::::

effects
::::
due

::
to

:::::::
changes

:::
in

:::::
cloud

::::::::
properties.

:
405

::::::::::::
�CRE TOA ;sw ::

is
::::::
overall

::::::
positive

:::
on

::
all

::::
time

:::::
scales

::::
and

::::::::
dominates

:::::::::::
�CRE TOA .

:
It

::::::
seems

::
to

::
be

:::
the

:::::
major

::::::
source

::
of

:::::::::
variability,

::::
while

:::::::::::::
�CRE TOA ;lw :::::

shows
:::
no

::::
clear

::::
sign

::::
over

:::
the

:::
�rst

:::::
three

::::
time

:::::
scales

::::
and

::::::
overall

:::
less

:::::::::
variability

::::
than

::::::::::::
�CRE TOA ;sw .

:

::
As

::::::::
discussed

:::::::
before,

::::::::
especially

::::::
signals

::::::
during

:::
the

::::
�rst

::::
days

::::
will

::::
also

::
be

:::::::::
in�uenced

:::
by

::::::
internal

:::::::::
variability.

:::::::::
However,

::
in

:::
the

:::
6th

:::::::::::::::
Intergovernmental

:::::
Panel

:::
on

:::::::
Climate

:::::::
Change

::::::
(IPCC)

::::::
report

::::::::::::
anthropogenic

:::::::
forcing

::
in

:::::
2019

:::
was

:::::::::
quanti�ed

::
to

:::
be

:::
of

:::
the

::::
order

::
of

::::::::::
2:7W m� 2

::::::::::::::::::
(Forster et al., 2021a).

:::::::::::::::::
Sippel et al. (2021)

::::::
showed

:::
that

::::
this

::::::
allows

:
a

::::::
robust

::::::::
detection

::
of

::::::
forced

::::::::
warming,410

::::::::::
signi�cantly

:::::::::
exceeding

::::::
climate

::::::::::
variability.

::::::
Hence,

:::
an

::::::::::::
instantaneous

::::::
forcing

:::
of

:::::::::::
� 10W m� 2,

::::::
which

::
is

::::
four

:::::
times

::::::::
stronger,

:
is

::::::::
expected

::
to

:::::
lead

::
to

::::::::::
adjustments

::::
that

::::::
exceed

:::::::
internal

:::::::::
variability.

::::::::::::
Nevertheless,

::
to

:::::::
account

:::
for

:::::::
possible

::::::
effects

:::
of

:::::::
internal

:::::::::
variability,

::
in

:::
the

::::::::
following

::::::
section

::
on

::::::::::::
characteristic

:::::::::
�ngerprints

:::
we

::::
only

:::::::
assume

:
a

:::::
signal

::
to

:::
be

:
a

:::::
rapid

:::::::::
adjustment,

::
if

:::::
three

:::
out

::
of

:::
the

:::
four

:::::::::::
participating

::::::
models

:::::
agree

:::
on

:::
the

::::
sign.

3.3
::::::::::::
Characteristic

::::::::::
adjustment

::::::::::
�ngerprints

:::
in

::::::
climate

:::::::::
variables415

:::
The

:::::::::
following

:::::::
sections

::::::
explore

::::
the

:::::::
response

:::
of

::::::
surface

::::
and

::::::::::
atmospheric

:::::::::::
temperature,

::
as

:::::
well

::
as

:::::::
relative

::::::::
humidity,

:::::::
vertical

::::::
velocity

::::
and

:::::
cloud

:::::
cover

::
in

:::::
order

::
to

::::::
identify

::::::::::::
characteristic

:::::::::
adjustment

::::::::::
�ngerprints

::
to

:::::::
reduced

::::::::
shortwave

::::::::
radiation

::::::::::
availability.

::::
Since

::::
the

:::::
global

:::::
mean

:::::
TOA

::::::
budget

:::::::::
variability

::
is

::
an

:::::
effect

:::
of

:
a
::::::::
complex

::::::::
interplay

::
of

::::::
several

::::::::
variables

::::
and

::::
local

:::::::
effects,

:::
the

::::::::
following

:::::::
sections

::::::::
examine

:::::
global

:::::::::::
distributions

:::
of

:::
the

::::::::::
beforehand

:::::::::
mentioned

:::::::::
variables,

::
in

:::::
order

::
to

::::::
better

:::::::::
understand

::::
the

:::::::::
underlying

:::::::::::
mechanisms.420

3.3.1 Adjustments of surface and atmospheric temperature

The effects of the reduction of the solar constant are visible in a variety of climate variables already a few hours after the onset

of the perturbation.

Figure 6 shows the geographical distribution of the near surface temperature anomaly averaged over the �rst three time scales

depicted in Fig. 3 (hours, days and months, respectively) and a fourth time scale averaged over the years 120–150 representing425

the long-term development.

During the �rst 100 hours the land surface responds to the forcing by cooling down, while the ocean surface temperature

stays approximately constant due to its higher heat capacity. The strongest cooling occurs over Antarctica, because of the

24 hour exposure to solar radiation at time of forcing onset (1 January). Areas of low heat capacity (e.g. Antarctica and
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Figure 6.Multi-model mean global distribution of near surface temperature anomaly inK averaged over four different time scales after onset

of forcing (100 hours, days 5–30, months 2–12, years 120–150). The multi-model mean was calculated by interpolating the other models to

the grid spacing of the CanESM5 model. Regions, where less than 3 of 4 models agreed on the sign of anomaly, are dotted. Note the different

scales of the colour bars for better contrast.

Sahara) generally exhibit a stronger surface temperature decrease compared to other regions on the same latitude, because430

the same amount of heat reduction will lead to stronger decrease in temperature. In contrast to the overall cooling of surface

temperature, the Arctic, which does not experience any solar forcing in January, warms up during the �rst hours and days

after onset of forcing. The reduced temperature gradient between the Tropics and the Arctic leads to a reduction in polar night

jet strength, which perturbs the polar vortex. Cold air outbreaks as well as warm air intrusions result in strong changes of

surface temperature over days and the �rst month. Intrusion of warm, moist air masses into Arctic latitudes increases cloud435

cover, which reduces the amount of longwave radiation lost to space, leading to local surface temperature rise.
::::::::
However,

:::
the

::::::::
individual

::::::
pattern

::
of

:::::::
surface

::::::::::
temperature

:::::::
increase

::::
will

::::::
depend

:::
on

:::
the

::::
base

::::
state

:::
of

:::
the

::::::::
respective

::::::
model.

:::::::
Hence,

:::::::
although

:::
all

::::::
models

:::::::
simulate

::
an

:::::::
increase

::
in

::::::
Arctic

:::::::::::
temperatures,

:::
the

:::::::
speci�c

:::::::
location

:::::
varies,

::::::
which

::::
leads

::
to

::::::
higher

:::::::::
uncertainty

::
in

:::
the

::::::
Arctic

:::::::
response

:::::::::
compared

::
to

:::::
other

:::::::
regions. Also the southern hemisphere shows a pattern of warming and cooling, however less

pronounced, due to the positioning of the forcing.440

After one year, Arctic ampli�cation begins to emerge as an overall stronger cooling of the surface over Arctic latitudes

compared to lower latitudes andtheAntarctica. The ocean surface starts to cool down, although the decrease is still smaller

compared to land surfaces.

The average over years 120–150 shows an overall cooling in all regions. Arctic Ampli�cation is apparent as a stronger

cooling over Arctic latitudes. North of Antarctica, where sea ice extent is increased compared to the piControl-runs, the surface445

cooling is slightly stronger compared to the land surface of Antarctica, due to more severe changes in surface properties

compared to the control run. The differences between land and sea surface are less apparent compared to the shorter time

scales because also the deeper ocean adapts to the new energy balance.

Figure 7 shows the zonal mean of atmospheric temperature anomaly averaged over time scales of hours, days and months

and the years 120–150, respectively.450

During the �rst 100 hours, the stratosphere cools down quickly, especially above Antarctica, where the radiative forcing is

strongest. Since the stratosphere is nearest to the source of forcing, the cooling of the stratosphere isparticularlystronger than
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Figure 7. Multi-model mean, temporal and zonal mean vertical pro�les of atmospheric temperature anomaly inK as a function of latitude

for four different time scales after onset of forcing (100 hours, days 5–30, months 2–12, years 120–150). Regions, where less than three out

of four models agree on the sign of anomaly, are dotted. Note the adjusted colour scales for the different time scales.

the cooling of the troposphere during the �rst hours and days. The cooling effects are strongest on the highest altitudes, where

a lot of
::::
most

::
of

:::
the

:
high frequency radiation is absorbed.

At the near surface layers, cooling above Antarctica is further ampli�ed, because the surface temperature drops rapidly,455

which reduces sensible heat �ux.

After one month atmospheric temperature change is highly variable in northern latitudes, due to the beforehand described

perturbation of the polar vortex. Warm air intrusions into Arctic latitudes strongly increase the atmospheric temperature in

surface near layers.

Over the �rst year, the troposphere adjusts to the solar forcing via an overall reduction of tropospheric temperature, especially460

in the mid and upper troposphere in the tropics. This patternis similar to thelong termpattern
::::::::
resembles

:::
the

::::::::
long-term

:::::::
climate

:::::::
response, where itproduces

:::::::::
contributes

::
to a lapse rate feedback. However, similar atmospheric temperature adjustmentswere

foundfor solarforcing experimentsby
::::
have

::::
been

::::::::::
documented

:::::
under

:::::
solar

::::::
forcing

::
in

:::::::::
�xed-SST

::::::::::
experiments

::
(e.g. Salvi et al.

(2021), for �xed SSTexperiments.
:
).

:::
In

:::::
these

:::::::::::
experiments,

::::
land

::::::
surface

:::::::::::
temperatures

::::
can

:::
still

::::::::
respond,

:::
but

::::
their

:::::::
change

::
is

:::::::
strongly

:::
tied

::
to

:::::::
nearby

:::::
ocean

:::::::::::
temperatures

:::::::
through

::::::::::
atmospheric

:::::::::
coupling.

::::::::::::
Consequently,

:::
this

:::::
limits

::::
any

:::::::::
substantial

:::::::
climate465

::::::::
feedbacks

::::
from

::::::::::
developing,

:::::::
leaving

::::::::::::
predominantly

::::
fast

:::::::::
adjustment

:::::::::
processes. This indicates thatthis patternalso

:::
the

::::::
pattern

:::::
found

::
in

:::
this

:::::
study

:
could be driven by changes in atmospheric absorption, humidity and convection in reaction to the forcing

itself, rather than being a surface temperature mediated effect. We discuss this point further when analysing the results for

humidity and cloud fraction.

On longer time scales the tropospheric temperature continues to decrease.While in the tropics,
::
In

:::
the

::::::
tropics this is most470

pronounced in the higher troposphere,
::::
while

:
at high latitudes the cooling is stronger in the lower troposphere, because the

characteristic atmospheric temperature pro�les in these regions react differently to a decrease in surface temperature.
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Figure 8. Same as Fig. 7 but for atmospheric relative humidity anomaly in%.

In higher latitudes, theuppertroposphere/lowerstratosphere(UTLS) isshiftedtowardsloweraltitudes(visiblewhencomparing

absoluteatmospherictemperaturesof solm4p-andpiControl-experiment)
:::::::::
tropopause

::::::::
descends. Hence, stratospheric vertical in-

crease of temperature starts at lower altitudes, which manifests as a warming at200hPaat the poles. At� 30� the stratosphere475

cools at all pressure levels.

3.3.2 Adjustments of humidity, vertical velocity and cloud fraction

Figure 8 shows the vertical distribution of zonal mean relative humidity anomaly. While speci�c humidity reacts to the cooling

air temperature by decreasing in the whole atmosphere, especially strong in the tropics and over all time scales
:::
(not

::::::
shown),

relative humidity displaysan overall increaseduring
:
a

::::::
pattern

:::
of

:::::::
increase

::::
and

::::::::
decrease.

::::::
During

:
the �rst 100 hours,apart480

from a decreasein
::::::
relative

::::::::
humidity

::::::::
increases,

:::::
apart

::::
from

:
southern tropical latitudes

:::
that

:::::
show

:
a
::::::::
decrease. During the �rst

month, an overall increasing pattern remains in the tropics, while higher latitudes show decrease. During the �rst year, the

high troposphere dries, while the middle tropospheric layers experience a moistening. The lower troposphere shows a regular

pattern of moistening and drying and only at� 65� the whole troposphere dries. The pattern further intensi�es on long-term

time scales.485

To further analyse the short-term adjustments of relative humidity, it makes sense to differentiate between trends on land

and over sea, since they react very differently to the forcing on short time scales due to their different heat capacities. Hence,

Fig. ??
:
9

:
shows the zonal means of relative humidity change for the �rst two time scales averaged over ocean (Fig.??

:
9a) and

land (Fig.??
:
9b) only. To investigate the effects of changing vertical atmospherical stability Fig.??

:
9

::::
also shows the same for

verticalvelocitychange.
::::::
change

::
of

::::::
vertical

:::::::
velocity

:::
(�

::::
wap)

::::::::
(averaged

::::
over

::::::
ocean

::
(c)

::::
and

:::
land

::::
(d)).

:::
As

::::
wap

::
is

::::::
de�ned

:::::::
positive490

::::::::::
downwards,

:::
red

::::::
colours

:::
of

::
�

::::
wap

:::::::
indicate

::
an

:::::::
increase

::
of

:::::::::
downward

:::::::::
movement

:::
or

:
a

::::::::
decrease

::
of

::::::
upward

:::::::::
movement

::::
and

::::
vice

::::
versa

:::
for

::::
blue

:::::::
colours.

Over
::
the

:
ocean, the lower troposphere cools down quicker than the sea surface on time scales of hours to days. This leads

to a decrease in vertical stability, which then increases convective activity, especially over tropical oceans (see Fig.??a
::
9c).
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Figure 9.
:::::
Zonal

::::
mean

::
of

::::::
relative

:::::::
humidity

:::::::
anomaly

::
in

::
%

::
for

:::
the

:::
�rst

::::
100

::::
hours

:::
and

::::
days

::::
5–30

::::::::::
(corresponds

::
to

:::
the

:::
�rst

:::
two

::::
time

:::::
scales

::
of

:::
Fig.

::
7)

:::::::
averaged

:::
over

:::::
ocean

::
(a)

:::
and

::::
land

:::
(b)

:::
only

:::
and

:::
the

::::
same

::::
plots

:::
for

:::::
vertical

:::::::
velocity

::::
(wap,

::::::
positive

:::::::::
downwards)

:::::::
anomaly

::
in

:::::::::
hPa day� 1

::::::
averaged

::::
over

:::::
ocean

::
(c)

:::
and

::::
land

:::
(d).

Increased convection dries the boundary layer, thereby reducing near surface speci�c humidity. In order to compensate for495

the de�cit in humidity, evaporation and thereby latent heat �ux increases,
:
which then results in an increase in surface relative

humidity (see Fig.??
:
9a) and precipitation in tropic latitudes.Cao et al. (2012)describedvery similar effects,althoughof

oppositesignfor 4xCO2 and+4% increaseof solarconstantexperiments.

Over land, vertical stabilitydoesnot showa clearsignandvery much depends on location, albedo and heat capacity of the

respective surface type. There is a strong reduction of convection over the tropics due to the reduced radiative forcing (see Fig.500

??b
::
9d) and resulting reduction in sensible heat �ux, especially over the Sahara, which

:
.

::::
This leads to trapping of moisture in

the boundary layer and an increase in relative humidity in surface near layers.
:::
(see

::::
Fig.

::::
9b).

:
Latent heat �ux is reduced in

equatorial regions and overall less moisture is transported into the higher troposphere, which reduces relative humidity in the

free troposphere (see Fig.??
:
9b).
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Figure 10.Same as Fig. 7 but for atmospheric cloud fraction anomaly in% on 49 pressure levels (the three other models were interpolated

to CanESM5 levels).
::::
Only

::::::
monthly

::::
data

:::
was

:::::::
provided.

::::::
Hence,

:::
the

:::
�rst

:::
time

:::::
scale

:::::
(hours

:::::
0-100)

:
is

:::::::
missing.

The signi�cant differences between land and ocean surface response are strongest during the �rst hours after onset of forcing,505

but they are still clearly visible during the �rst month and lead to changes in land-sea-circulation
:::
and

:::::::
moisture

::::::::
transport.

Zonalmeanof relativehumidityanomalyin % for the�rst 100hoursanddays5–30(correspondsto the�rst two timescales

of Fig. 7) averagedoverocean(a) andland (b) only.
::::::::::::::
Cao et al. (2012)

::::::::
described

::::::
similar

::::::
effects,

::::::::
although

::
of

::::::::
opposite

::::
sign

::
in

:::::::
response

::
to

::
a

:::::
+4%

:::::::
increase

::
of

:::::
solar

:::::::
constant

::::::::::
experiment.

:::::
After

::::
�ve

::::
days

::::
they

:::::
found

::
a

::::::::
decrease

::
of

::::::
relative

::::::::
humidity

:::
in

:::
the

::::::::
boundary

::::
layer

:::
of

:::
1%

::::
over

::::
land

::::
and

::
an

::::::::
increase

::
of

::::::
around

:::::
0.1%

::::
over

::::::
ocean.

:::::
This

::
is

:
a

::::::
similar

::::::::::
magnitude

::::::::
compared

::
to

::::
our510

:::::::
�ndings,

::::::::
however,

::::
with

:::
our

:::::::
approach

:::
we

::::
also

:::::
found

::
an

:::::::
increase

::
in

:::::::
surface

:::
near

:::::::
relative

:::::::
humidity

::
in

::::::::
response

::
to

:
a
:::::::
negative

:::::
solar

::::::
forcing,

::
as

:::
the

::::::
drying

::
of

:::
the

::::::::
boundary

:::::
layer

:::
due

::
to

:::::::
reduced

:::::::
stability

::
is

:::::::::::
compensated

::
by

::::::::
increased

:::::
latent

::::
heat

::::
�ux.

:

SameasFig. ??but for verticalvelocity (wap)anomalyin hPa day� 1.

For vertically-resolved atmospheric cloud fraction the four models only provided monthly data. Hence for the zonal mean

of atmospheric cloud fraction anomaly, shown in Fig. 10) no data was available for the �rst time scale and the �rst monthly515

mean was plotted as the "�rst 31 days" time scale. This is not fully identical to other plots of this kind, because, if available,

the daily data from day 5–30 was averaged, not including the �rst 4 days, while in case of the atmospheric cloud fraction, the

average of the whole month is plotted.

As expected, the atmospheric cloud fraction anomaly pattern in Fig. 10 is overall very similar to the pattern of relative

humidity in Fig. 8.520

During the �rst month, the atmospheric cloud fraction increases in the tropics over ocean, while it decreases over land.

However, the increase over
:::
the ocean dominates the zonal mean. Higher latitudes show a pattern of decreasing and increasing

cloud fraction, where circulation strength changes (also visible in the vertical velocity anomaly in Fig.??
:
9).

Over the �rst year, tropical regions experience the strongest negative radiative forcing leading to less absorption of shortwave

radiation in the troposphere and reduced convective heating from the lower troposphere. Because the colder air contains less525

water vapour, also the greenhouse effect is reduced, a positive feedback. This way, condensation levels are reached at lower
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altitude and high clouds shift downwards. This leads to a decrease in cloud cover at150hPaand an increase in cloud cover

around250hPa, mirroring the same effects in relative humidity. An exception of the overall increasing cloud fraction in the

troposphere is just above� 60� , where the subtropical jet stream strength is reduced, due to reduced temperature contrast

between mid- and high latitudes and weaker storm systems produce less dynamic lifting, reducing cloud formation in those530

regions.

On longer time scales, the overall pattern further intensi�es, as do atmospheric temperature and relative humiditypattern
::::::
patterns.

A distinct drying pattern in the relative humidity at the lower troposphere in the tropics (see Fig. 8), is not visible in the

atmospheric cloud fraction, because it appears at a height of generally low cloud cover.

3.3.3 Effectson the radiative budgetanomalyat TOA535

Figure 2 showsthe threecomponentsof the TOA radiative�ux anomaly,downwardand upwardshortwave�ux anomaly

(orangeandbrown)andupwardlongwave�ux anomaly(olive), togetherwith theeffective�ux anomalyat TOA (red,same

asblackcurvein Fig. 4). Fluxesarede�ned positivedownwards,sothataddedup, thethree�ux anomaliesyield theeffective

�ux anomaly.Only MRI-ESM2-0 providedTOA shortwaveradiative�uxes asdaily data,while theotherthreemodelsonly

providedmonthlydata.Hence,Fig. 2 only showstheresultsof onemodelfor shortwave�ux anomaliesandtheeffective�ux540

anomalyfor the �rst two time scales.Theupwardlongwaveradiative�ux wasprovidedasdaily outputby all modelsandis

plottedaccordingly.

Globalmeananomalyof radiative�uxes at TOA in W m � 2 for four differenttime scalesafteronsetof forcing (100hours,

30 days,12 month,150 years).Plottedare the downwardshortwave�ux anomalyat TOA (orange),the upwardshortwave

�ux anomalyat TOA (brown),theupwardlongwaveanomalyat TOA (olive) andtheeffective�ux anomalyat TOA (red).If545

available,theresultsfor all four models(thin lines)wereplottedtogetherwith themodel-mean(thick line). In additionto that,

the instantaneousradiativeforcing (IRF) is plottedasa greydash-dottedline. Upward�uxes weremultiplied by �(� 1), such

that the threeradiative�ux anomalies(orange,olive andbrown)addup to theeffective�ux anomalyat TOA (red),which is

thesameastheblackcurvein Fig. 4.

Thedownwardshortwave�ux anomalyshowsthereductionof thesolarconstant.It staysconstantoverall time scalesand550

only displaysa yearly periodicdeviationdue to the elliptical orbit of the Eartharoundthe sun. It is the samefor all four

models,sincethe underlyingassumptionof the abrupt-solm4pexperimentis an instantaneousandconstantreductionof the

solarconstantby 4 %, correspondingto adecreaseof downwardshortwave�ux by � 13W m� 2.

Theupwardshortwaveanomalyalsoshowsaninstantaneousreaction,becausetheplanetaryalbedoinitially staysthesame,

but the amountof incomingshortwaveradiationthat could be re�ected is reduced.This instantaneouseffect is part of the555

instantaneousradiativeforcing(IRF), becauseit is achangein TOA radiationin reactionto thereductionof thesolarconstant,

withoutanychangesin atmosphericstate.Hence,theIRF is thesumof incomingandoutgoingshortwaveanomalyat t = 0 and

is around� 10W m� 2 accordingto experimentaldesign.Theupwardshortwaveanomalyshows�rst changesafter10 days,

althoughnocleartrendcanberecognised.This is a reactionto changesin surfacealbedo(beginningafterroughly10daysand

mostlyconnectedto increasedsnowfalloverlandin highnorthernlatitudeand�rst changesin snowcoverandseaiceextentin560
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Antarctica)andcloudproperties(beginningaftera few hours,asdescribedabove).Althoughthereareclearchangesin albedo

andcloudliquid waterpathandalsovariationin cloudcoveroverthe�rst year,theupwardshortwaveanomalystaysrelatively

constant,indicating,thatthedifferentclimatevariablesandlocalvariability cancelouteachother'sshortwaveradiativeeffects.

Overlongertimescales,themulti-modelmeanof upwardshortwave�ux anomalydecreases,changesits signaround50years

after onsetof forcing andcontinuesto decreaseup until 150 years.However,the individual modelrunsdo not agreeon the565

signof theanomalyon theselongertimescales,dueto opposingeffectsin highandlow latitudes,discussedfurtherbelow.

In contrastto the shortwave�uxes, thereareno immediateeffectsof the reductionof the solar constanton the upward

longwave�ux. This is expected,becauseit is linked to changesin surfaceandatmospherictemperatures,which needsome

time to adapt.Similar to theupwardshortwave�ux anomaly,theupwardlongwave�ux anomalydisplays�rst changesaround

10daysaftertheonsetof forcing.It is overallslightly increasedoverthefollowing daysandonly temporarilychangesits sign.570

Themulti-modelmeanalwaysstayspositive,indicatinga decreasedlossof longwaveradiationto space,becauseatmosphere

andsurfacereducetheir temperaturesin reactionto the reducedincomingsolarenergy.This effectcontinuesandall models

simulatea further increasinglongwave�ux anomalyfor longer time scales.The effective �ux anomalyat TOA is overall

negativedueto thenegativeforcing andcorrespondsto theIRF at t = 0 . It is dominatedby theshortwaveeffectson thetime

scalesof hoursanddays,but in thecourseof month,theincreasinglongwavegainslowly reducestheTOA imbalanceuntil it575

approachesanewbalanceoverthefollowing decadesandcenturies.

FiguresA3a, A3b and A3c show the respectivegeographicaldistributionsof the TOA radiative �uxes. Becauseonly

MRI-ESM2-0provideddailydata,the�rst timescalesdoesnotdisplayamulti-modelmean,butonly thedataof theMRI-ESM2-0

model.For thefollowing 30days,theJanuarymodelmeanof all four modelswereaveraged.

FigureA3a clearlyshowstheunevendistributionof downwardshortwave�ux anomalydueto thechosenstartingpoint of580

the experimenton 1 January.As the regionof maximumsunexposuremovesfurther north during the following month,the

averagesoverthe�rst yearandthefollowing 120–150yearsthenshowtheexpectedsymmetricdistributionafterafull seasonal

cyclewith thestrongestforcing in thetropics.

Multi-modelmeanglobaldistributionof TOA radiative�uxes in W m � 2 averagedoverfour differenttimescalesafteronset

of forcing (100hours,31 days,months2–12,years120–150).Plottedare(a) thedownwardshortwaveradiative�ux anomaly585

at TOA, (b) the upwardshortwaveradiative�ux anomalyat TOA, (c) the upwardlongwaveradiative�ux anomalyat TOA

and(d) theeffectiveradiative�ux anomalyat TOA. For the�rst time scaleof (a), (b) and(d) only datafrom MRI-ESM2-0is

plotted,becauseothermodelsonly providedmonthlydata.Regions,wherelessthanthreeout of four modelsagreeon a sign

of anomalyaredotted.

Theupwardshortwave�ux in Fig.A3b re�ects thedistributionof theinitial forcing,but locally adaptedaccordingto surface590

or cloud albedo.EspeciallyAntarcticaand the region of the westerlieswith usually high cloud cover show the strongest

reductionin upwardshortwave�ux. Similar to severalotheraforementionedclimatevariables,theuncertaintyis high for the

following 30days.Only thereductionof upwardshortwave�ux in Antarcticaremainsrelativelyconstantduringthe�rst month,

dueto theunchangedsnowalbedo.In contrastto that,SouthAmericashowsanincreasedreductionin upwardshortwave�ux

comparedto the surroundingregionsandthe �rst time scale.Sincesurfacealbedoremainsrelatively constantover the �rst595
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month,this effect canbe attributedto changesin cloud propertiesin reactionto an overall drying andreducedascentover

tropical land areas.Hence,cloud liquid and ice waterpathsaredecreasedover SouthAmerica,coincidingwith an overall

decreasein speci�c humidity andtotal cloud fraction.This leadsto lessscatteringof downwardshortwave�ux andhence,

moreabsorptionby thesurface.Becauseof its comparablylow albedo(mostlygreenvegetation),theupwardshortwave�ux

is reducedandhence,the planetaryalbedois decreased.The oppositeeffect canbe seenin the Indian Ocean,whereliquid600

andice waterpathsaswell as total cloud fraction are increased,therebyincreasingplanetaryalbedo.During the �rst year,

the overall negativetrendof upwardshortwave�ux continues,with only local positiveanomalies,wheresurfacealbedoor

cloud propertiesarechanged.On longer time scales,the cooling of the surfaceleadsto seaice spreadingfurther to lower

latitudes,which stronglyincreasessurfacealbedoin the respectiveareas,leadingto positiveanomaliesin upwardshortwave

�ux. Similarsurfacealbedoeffectsarevisibleon land,wheresnowcoveris increased,especiallyin mountainareas.In contrast605

to that, increasedupwardshortwave�ux over oceanis linked to an increasein cloud fraction, liquid and ice water path.

Dependingonwhethertheincreasedueto increasedsurfacealbedoor cloudcover,or theoveralldecreasedueto thereduction

of incomingshortwaveradiationis stronger,the sign of the global meanupwardshortwave�ux anomaliesdiffers between

differentmodels.

FigureA3c showstheanomalyof upwardlongwaveradiative�ux. Overalldecreasingatmosphericandsurfacetemperature610

leadto a decreaseof outgoinglongwaveradiationwith time. However,this effect is partly compensatedby the reductionin

watervapour.This processis especiallyeffectivein thetropics,wherecoldertemperaturesleadto a reducedamountof water

vapour.This reducesthewatervapourgreenhouseeffectandtherebyopticaldepthof theatmosphere,which thenin turn can

result in a more effective radiativecooling. This can lead to slightly positive signalsin outgoinglongwaveradiationover

tropical landareas.Cloudpropertychangesfurtheramplify theseeffects.During the �rst two time stepsanomaliesaresmall615

andtheuncertaintyis high.Thefew strongersignalscoincidewith thebeforehanddescribedupwardshortwavesignalsdueto

cloud propertychanges.The longwaveeffectsoften partially counteractthe shortwaveeffects,becausean increasein cloud

liquid andicewaterpathwill leadto morere�ection of shortwaveradiation,butat thesametime,moreupwardlongwave�ux

is absorbed,therebydecreasingTOA upwardlongwave�ux. Over the�rst yearupwardlongwaveradiationfurtherdecreases

dueto thereductionof surfacetemperature,theso-calledPlanckeffect.It becomesthedominanteffecton longertime scales,620

clearlyshowingtheeffectof Arctic Ampli�cation asastrongercoolingin Arctic latitudes.Theonly exceptionis anincreasein

upwardlongwaveradiationnortheastof Oceania,wherecloudliquid andicewaterpatharereducedsigni�cantly, counteracting

surfacecoolingeffects.

FigureA3d displaysthe global distributionof the effective�ux anomalyat TOA. During the �rst 100 hours,the reduced

downwardshortwave�ux is thedominatingin�uence on theTOA effective�ux andthedistributionof theshortwaveforcing625

is clearly visible. Short-termadjustmentsreducethe overall lossof energyat TOA only locally, e.g.whereprecipitationis

increasedin thetropics,whichcoincideswith changesin cloudproperties.Duringthe�rst month,thepatternremainsrelatively

unchanged.Only thestrongchangesin surfacetemperaturein highnorthernlatitudes,dueto theaforementioneddisruptionof

thepolarvortex,leadto a reductionin upwardlongwaveradiationlost to space.Sincetheregionis not directly in�uencedby
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thereducedsolarconstant,this longwaveeffectleadsto aslight increaseof theeffective�ux atTOA in highnorthernlatitudes.630

Over the �rst year,the TOA effective�ux anomalyis still dominatedby the reducedsolarconstant.Local effectsdueto

changesin cloud propertiesdo not havesigni�cant effectson the effective �ux at TOA, becauseshortwaveand longwave

effectscompensateeachother.

Onlongertimescales,theTOA effective�ux anomalyreachesanewbalanceandtheglobalmeananomalyapproacheszero.635

However,theglobaldistributionof TOA effective�ux anomalyshowsa signi�cant patternoverdifferentlatitudes,depending

on thestrengthof local short-andlongwaveeffects.ThePlanckeffectgenerallyactsagainstthe radiativeshortwaveforcing

by reducingthe upwardlongwaveradiation.Hence,the TOA effective �ux anomalyis positive,whereeither the reduction

in upwardlongwaveradiation is strongerthan the forcing or wherealso the upwardshortwave�ux anomalyis negative,

counteractingtheinitial forcing.640

3.3.3 Effectson the cloud radiative effectat TOA

Figure5 showsthetemporalevolutionof theglobalmeancloudradiativeeffectanomalyat TOA (�CRE TOA ) andits short-

andlongwavecomponent(�CRE TOA ;sw and�CRE TOA ;lw ). As describedbefore,only MRI-ESM2-0provideddaily data,

which is plottedfor the�rst two timescales.

Globalmeanof TOA cloudradiativeeffectanomaly(�CRE TOA , red)in W m � 2 for four differenttimescalesafteronsetof645

forcing(100hours,30days,12month,150years).Additionally,shortwaveandlongwaveTOA cloudradiativeeffectanomalies

(�CRE TOA ;sw and�CRE TOA ;sw) areshownin brownandorange.Their respectiveintermodelstandarddeviationis shown

asshadingaroundinter-modelmeans.

The global multi-modelmean(red) is positivefor all time scales,indicatinga decreaseof the generallycooling effect of

clouds,partially counteractingthenegativeforcing.However,sincethis positiveanomalyis apparentfrom the�rst time step,650

theinitial valueis notattributableto changesin cloudproperties.It ratheris aresultof cloudsmaskingchangesin theclear-sky

budget.After �ve days�CRE TOA startsto deviatefrom its initial valueandvarieswith noclearpatternduringthe�rst month.

During this timeperiodit follows thesameshapeasthetotalTOA budgetanomaly,hence,changesin cloudpropertiesseemto

bethedominantsourceof variability of theeffective�ux anomalyatTOA duringthe�rst months.This is supportedby thefact,

that global meanclearsky �uxes shownearto no variability during the �rst �ve months.However,the peakof �CRE TOA655

aroundsix monthcoincideswith a slight changein downwardshortwave�ux dueto the Earth'selliptical orbit, which also

resultsin a drop in clear-skyupwardshortwave�ux. Therefore,this is morelikely to bea maskingeffect,ratherthanpurely

attributableto changesin clouds,althoughsomesmallchangesarealsorecognisablein liquid andcloudwaterpath.Moreover,

aftersix month,theinitial forcingmovesfrom thesouthernhighlatitudesto thenorthernhighlatitudes.Dueto differing surface

albedoandthereforechangesin theclear-skybudget,cloudmaskingis expectedto changeat thispoint.660

After about 10 years�CRE TOA remainsrelatively constantat 4W m� 2 . A slight decreasingtrend is visible in the

multi-modelmean,eventhoughthreeout of for modelssimulatea constant�CRE TOA for longertime scales.This is due

to thecontinuousdecreaseof �CRE TOA ;lw , simulatedby theCanESM5model,which is not visible in anyothermodel.
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If cloud propertieswereto stayconstant,the purecloud maskingeffect would leadto a negative�CRE TOA ;lw , because

clouds would dampenthe Planck effect, which is the main processcounteractingthe negativeforcing. This dampening665

effectwould bestronger,thestrongerthesurfacetemperaturereductionwas.Changesin cloudpropertiescaneitherincrease

the dampening(e.g. due to an increaseof liquid or ice water path) or counteractthe dampening,if absorptionof upward

longwaveradiationby cloudsis reduced.Hence,thesign of �CRE TOA ;lw dependson whetherchangesin cloudproperties

cancompensatethecloudmaskingeffectof thePlanckeffector not.Only in caseof theCanESM5model,themaskingeffect

is muchstrongerthantheeffectsof cloudpropertychanges.Hence,it simulatesanegativelong-termtrendfor �CRE TOA ;lw .670

FigureA4 showstheglobaldistributionof thetotal�CRE TOA (Fig.A4c),aswell asitsshortwaveandlongwavecomponents,

�CRE TOA ;sw and�CRE TOA ;lw (Fig. A4aandA4b).

SameasFig. A3 but for (a) shortwaveand(b) longwaveand(c) total TOA cloudradiativeeffectanomaly(�CRE TOA ;sw ,

�CRE TOA ;lw and�CRE TOA ) in W m � 2.

Duringthe�rst 100hours,�CRE TOA ;sw is strongestonthesouthernhemisphere,wheretheshortwaveforcingis strongand675

cloudcoveris high.Hence,the increased�CRE TOA ;sw is mostlyaneffectof cloudmasking,ratherthancausedby changes

in cloud properties.The only exceptionis Antarctica,wherethe high snowalbedosuppressesany possibleshortwavecloud

radiativeeffects.In contrastto that,�CRE TOA ;lw remainsrelativelyunchangedandonly in thetropicssomestrongersignals

appear,roughly coincidingwith areasof increasedprecipitation,indicatingincreasedcondensationandbiggerdropletsthat

absorbmorelongwaveradiationandleadto a positive�CRE TOA ;lw . Vice versa,areasof decreasedtotal cloudfractionover680

centralAfrica, PeruandnorthernAustralialeadto negative�CRE TOA ;lw .

During the �rst month, �CRE TOA ;sw further strengthensand the beforehandmentioneddecreasein cloud liquid and

ice waterpathover SouthAmericaaswell as the oppositeeffect on the Indian oceanarevisible asareasof increasedand

decreased�CRE TOA ;sw , respectively.The sameregionsshowup in the �CRE TOA ;lw asregionsof strongersignal,but of

oppositesigndueto theaforementionedcompensationof short-andlongwaveeffects.Moreover,a regionof increasedcloud685

icewaterpathandcloudfractiononthewestcoastof Africa producesaclearsignalof decreasing�CRE TOA ;sw andincreasing

�CRE TOA ;lw , sincelessshortwaveradiationis scatteredandmorelongwaveradiationis transmittedto space.

Over the �rst year �CRE TOA ;sw remainsoverall positive,with a morehomogeneousdistributionover the globe,dueto

the morehomogeneousdistributionof the forcing after a completeseasonalcycle. Only Oceaniashowsa distinct decrease

of �CRE TOA ;sw andincreaseof �CRE TOA ;lw , whereall cloudproperties,analysedin this study,showa distinctreduction.690

However,asdescribedbefore,short-andlongwaveeffectscompensateeachotherin away,thatthechangesin cloudproperties,

mentionedabove,arenot visible in thetotal �CRE TOA .

On long-termtime scales,�CRE TOA ;sw showsa clearcorrelationwith increasedsurfacealbedoat high latitudes,leading

to a strongpositivemaskingeffect.Moreover,decreasedcloud liquid waterpath,e.g.over high latitudesandthe equatorial

Paci�c leadto increaseof �CRE TOA ;sw in theseregions,while an increasingcloud liquid waterpathover tropical oceans695

hasthe oppositeeffect. In contrastto that, �CRE TOA ;lw showsstrongercorrelationwith the cloud ice waterpathanomaly,

sinceice cloudshavea generallystrongerlongwaveeffect thanliquid clouds.In total, shortwaveeffectsareoverall stronger

andthus,dominate�CRE TOA , while longwaveeffectsonly appearatcertainlocationsof stronglongwaveanomalies.Hence,
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a separateconsiderationof short-andlongwaveeffectscanhelp to understandthe underlyingprocessesbetter,comparedto

only consideringthetotal �CRE TOA . Nevertheless,maskingeffectsimpedea cleardetectionof cloudadjustmentsbasedon700

thecloudradiativeeffect.

4 Discussion

The aim of this studyis
:::
was

:
to understand and analyse atmospheric processes that take place on time scales of hours, days and

months after the onset of a
::::::
negative

:
solar forcing. We did so using the output of four different climate models that participated

in the abrupt-solm4p experiment of CFMIP of CMIP6. These fully coupled simulations provide the opportunity to get a more705

realisticfew
::::
view

:
on rapid adjustments in the climate system, as all components of the climate system are allowed to react to

the forcing at the same time, rather than �xing (sea) surface temperatures. This allows for a more realistic interplay between

the different components, although a+4% solar
::::
� 4%

:::::
solar

:::::::
constant

:
forcing still needs to be considered a highly idealized

forcing compared to e.g. transient climate change.

Our approach is based on the assumption, that the short timescales of hours, days and months are dominated by rapid710

adjustments rather than by surface temperature mediated changes. We showed in Fig. 4 that for these three time scales, the

simulated change in surface temperature cannot explain the simulated change in TOA �uxes. Only when adjusting it by the

rapid adjustments found in the linear regression plots of Sect. 3.1, temperaturemediate
::::::::
mediated TOA �ux change and simu-

lated TOA �ux change start to coincide after around 4 years in model mean. This corresponds to the time, the linear regression

plots show non-linearities and is likely connected to adjustments of system with high inertia, like cryosphere and vegetation
:
,715

:::
that

::::::
happen

:::
on

:::::
longer

::::
time

::::::
scales or a delay in

::
the

:
response of the deeper ocean compared to the surface.

::::::::::
(SST-pattern

::::::
effect,

:::
e.g.

::::::::::::::::::
Andrews et al. (2015)

:
).

:
Since our study concentrates on adjustments during the �rst year, thesekind of adjustment

:::::
kinds

::
of

::::::::::
adjustments are not considered here.

Having
::
the

:
atmosphere, surface and deep ocean react to the forcing at the same time, poses the challenge of a possible

overlap of adjustments to the forcing and temperature mediated processes. Nevertheless, our �ndings do agree in many points720

with �ndings of other studies that applied a variety of different methods, often more restrictive compared to our approach,

which we discuss in the following.

Smith et al. (2018) analysed adjustments to �ve different forcing agents, among them a+2% solar forcing, using 11 GCMs

with �xed SST in combination with radiative kernels. Similar to our results, they found that in case of solar forcing, rapid

adjustmentsoverallreduce ERF. However, the adjustments we found using the linear regression method were overall stronger725

::
(�

:::::
35%

::
�

:::
5%

:::
of

::::
IRF)

:
in relation to the original forcing than they were in case of Smith et al. (2018)

::
(�

:::::
10%

::
�

::::
5%).

According to their �ndings, the change in surface, tropospheric and stratospheric temperature adjustment contribute the most

to counteracting the forcing. Our method does not allow a quanti�cation of the different effects in the same way, but we also see

a decrease in temperature for surface as well as atmospheric temperatures in global mean, which willreduces
:::::
reduce

:
the TOA

forcing. Theoverall atmospheric cooling leads to a reduction of speci�c humidity in the whole atmosphere, which reduces730

the warmingproperties
::::
effect

:
of water vapour in the atmosphere and is hence expected to increase TOA forcing, which is
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also shown in Smith et al. (2018). We �nd a very similar pattern of cloud fraction change to that reported by Smith et al.

(2018), though of opposite sign, since this study was based on a reduction of the solar constant. We calculated the anomaly of

cloud radiative effect in order to estimate the in�uence of cloud adjustments on the ERF. However, the cloud radiative effect

anomaly contains masking effectswhich hampers
:
,

:::::
which

:::::::
hamper the comparability with studies, that speci�cally quanti�ed735

cloud adjustments. Nevertheless, when assuming, that all initial signals in�CRE TOA can be attributed to masking, rather

than changes in cloud properties, this initial signal can be subtracted, leaving a more variable, but positive cloud adjustment,

like it was found by Smith et al. (2018).

Russotto and Ackerman (2018) conducted a study using G1 data from the geoengineering MIP (GeoMIP) of CMIP6, where

a fourfold CO2 increase is balanced by a matching decrease in solar constant. The decrease is between� 3:2% to � 5%, hence740

:::
thus

:
of similar magnitude as was used in the abrupt-solm4p experiment. That experimental setup avoids a long term change

in surface temperature. Hence, all signals are a mix of adjustments to the two different forcing agents. They �nd a signi�cant

cooling of the higher troposphere, as was shown in our results and a warming of the polar regions, which we also detected.

However, in their case it is probably linked to the so-called "residual polar ampli�cation", which can be seen in only CO2

forcing experiments and is of higher magnitude and higher SNR than the signal, found in this study. A signi�cant difference745

in the atmospheric temperature change is the stratospheric cooling, which is much stronger in the results of Russotto and

Ackerman (2018) due to adjustments to 4xCO2 because of the increased LW radiation to space (Manabe and Wetherald, 1975).

This effect is much stronger than the stratospheric cooling in response to solar forcing, which we see in our results. Although of

similar magnitude, cloud fraction changes in the G1 experiment seem to be dominated by adjustments to CO2, since Russotto

and Ackerman (2018) �nd opposite signals to what we found. This is supported by the �ndings of Smith et al. (2018), who750

estimate cloud adjustments to CO2 forcing to be twice as large as to a positive solar forcing with twice as strong IRF. However,

Smith et al. (2018) quanti�ed a positive solar forcing and Aerenson et al., 2024 show, that responses to positive and negative

solar forcing can differ, not only in sign, but also in strength and pattern.

Furthermore, for their solp4p experiment Aerenson et al. (2024) �nd an increasing cloud cover over tropical land regions,

decreasing cloud cover in higher latitudes over land and an overall reduction in cloud cover over ocean. We �nd similar patterns,755

though of opposite sign, as expected for a reduction of solar constant. The same is true for the CRE components they calculated

for a solp2p experiment. However, when applying their newly developed method, Aerenson et al. (2024)found
:::
�nd

:
an overall

positive cloud radiative adjustment to apositivesolarradiativeforcingof +4%of solarconstant
::::
solar

:::::::
constant

::::::
forcing, meaning

that clouds further increase the initial solar forcing rather than reducing it, mostly via their shortwave effects due to changes in

cloud fraction. This is the opposite effect compared to what was found by e.g. Smith et al. (2018) or Virgin and Fletcher (2022)760

and what our results indicate. Aerenson et al. (2024) show that there can be substantial differences in adjustments to positive and

negative solar forcing and linearity cannot be assumed. Nevertheless, they also �nd the opposite sign to Smith et al. (2018), who

also analysed positive solar forcing simulations. All studiesfound
:::::
report high uncertainty for cloud adjustments and, similar

to our study, Aerenson et al. (2024) only had data from four climate models they could base their analysis on. In their case

one model predicts negative cloud adjustments and only two models show signi�cantly positive adjustments. Moreover, their765

method combines �xed SST with fully coupled model runs in order to quantify adjustments to solar forcing. Several studies
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have shown, that the two approaches, although showing similar results, can also show deviations due to differences in e.g.

dynamical adjustments of land-sea-circulation. The approach of Aerenson et al. (2024) may mistakenly interpret CO2 forcing

offsets caused by the �xed SST method as adjustments to solar forcing.

All in all this disagreement shows how challenging a proper quanti�cation of cloud adjustments is and that they remain a770

source of high uncertainty in climate models.

Salvi et al. (2021) conducted a study on adjustments, using idealized atmospheric heating experiments, which were then

�tted to the diagnosed heating curve of different forcing agents. This way, they found that the vertical center of mass, what

they call the "characteristic altitude" determines the cloud adjustments. Like Smith et al. (2018) and our study they found

negative cloud adjustments to in their case a+3% solar forcing. In their observed and �tted data they found a decrease in775

relative humidity and cloud fraction at around300and800hPa, which corresponds well with the increased cloud fraction we

�nd in these altitudes. There is some deviation in the UTLS region, where we �nd a signi�cant reduction in cloud fraction and

relative humidity, while Salvi et al. (2021) only diagnosed minor changes in cloud fraction and the �tted algorithm predicted

a decrease. This again could either be an effect of different methods, as Salvi et al. (2021) themselves attribute the deviation

to insuf�cient resolution of the vertically heating curves in these high altitudes. Nevertheless, some differences in response to780

positive and negative solar forcing can take place, like Aerenson et al. (2024) found, especially when considering non-linear

processes like phase changes in clouds.

Moreover, our study supports the �ndings of other studies like Kamae et al. (2019), that adjustments can also depend on

the season of initialization. The strong response in Arctic surface temperatures, which we attribute to a disruption of the polar

vortex
:
, is an effect of initializing the forcing in January.785

A challenge our study faced was the sparse dataset it is based on. Only four models participated in the solm4p experiment,

each providing one run. A higher number of models and ensembles would increase the reliability of our �ndings. However,

due to the strong nature of the forcing and since every model initialized the experiment from a different point in their piControl

runs, we do expect, that the four models cover different climate variability modes. Hence, an agreement of several models

on the sign of an adjustment effect and overall high model-mean anomalies indicate a signal that exceeds possible climate790

variability. For all analysed climate variables, the �rst month is the time scale with lowest agreement of the models on the

sign of the signal. This is to be expected, since responses will strongly depend on the position of e.g. pressure systems at the

moment of onset of forcing. For example, this becomes apparent in the Arctic surface temperature anomaly during the �rst

month,were
::::
where

:
all models simulated strong changes in surface temperature. We attribute those to a disruption of the polar

vortex, but the actual pattern differs between the models, since it will be in�uenced by the original state of
::
the

:
atmosphere.795

Nevertheless, Fig. 6 shows strong signals for several high latitude regions,were
::::
where

:
at least 3 out of 4 models agree on the

sign. Therefore, we interpret it as a rapid adjustment rather than a random signal due to climate variability
:::
and

::::::
expect

::
to

::::
�nd

::::::
similar

::::::
signals

::
for

:::::
more

:::::::
realistic

::::::
forcing

::::::::
scenarios

::::
like

:::::::
volcanic

::::::::
eruptions.

One surprising aspect of this study was the disagreement of the long term development of the models, especially when

examining cloud related variables. While the models agree well on the TOA budget anomaly, they differ in how the long-800

and shortwave components contribute to this and how the �uxes interact with changes in cloud properties. In a number of
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cloud variables and hence, in the cloud radiative effect anomalies, high latitudes and tropics show an opposite response and

the global mean signal is determined by the dominatingeffect
:::::
region, which differs between the models. Further investigation

into the single models and parametrization as well as possible tuning, would be necessary to understand the different outputs.

Though this was out of the scope of this study, it shows, how even climate models of the newest generation still struggle to805

simulate short and long term change of cloud properties and further research on the topic is necessary.

5 Conclusion

This study offers insights into the dynamics of short-term adjustments within the climate system in response to an instantaneous

radiative forcing. This was done through the analysis of the abrupt-solm4p experiment of CMIP6. By simulating a4 %reduction

in the solar constant, the experiment provides a valuable framework for understanding how the Earth climate system reacts to810

changes in solar energy input, especially on shorter time scales of days to month.

::::::::
Following

:::
the

::::::
linear

:::::::::
regression

::::::
method

:::::::::
developed

:::
by

::::::::::::::::::
Gregory et al. (2004),

:::
we

::::
�nd

:::::
rapid

::::::::::
adjustments

:::
of

:::::::::
3:6W m� 2

:::
in

:::::::
response

::
to

:::
an

:::::::::::
instantaneous

:::::::
negative

:::::
solar

::::::
forcing

::
of

:::::::::::
� 10W m� 2.

::::::
Other

::::::
studies

:::
like

::::::::::::::::
Smith et al. (2018)

::::
also

:::::
found

:::
that

::::
RA

::::::::::
counteracted

:::
an

:::::
initial

::::
solar

::::::
forcing

:::
but

::
of

:::::::
smaller

:::::::::
magnitude

::
(�

::::::
10%).

::::::::
However,

:::
the

::::::
amount

::
of

::::::::
reduction

::::::
differs,

:::::
based

:::
on

:::
the

::::::
method

::::
and

:::::::
number

::
of

:::::::::::
participating

:::::::
models.815

:::
For

:::
this

:::::
study,

::::
data

:::::
from

::::
fully

:::::::
coupled

:::::::
climate

::::::
models

::::
was

::::
used,

:::::::
leading

::
to

:
a
:::::::
possible

:::::::
overlap

::
of

:::::::::
adjustment

::::
and

::::::::
feedback

::::::::::
mechanisms.

::::::::
However,

::
it

:::
was

::::::
shown

:::
that

:::::::
surface

::::::::::
temperature

::::::
change

:::::
cannot

:::::::
explain

:::
the

::::::::
variability

::
of

:::
the

:::::
TOA

:::::::
radiative

::::::
budget

:::
over

:::
the

::::::
course

::
of

:::
the

::::
�rst

:::::
hours,

:::::
days

:::
and

:::::::
months.

:::::::
Instead,

:::
the

:::::
cloud

:::::::
radiative

:::::
effect

:::::::
anomaly

::::
was

:::::
found

::
to

::::::
closely

::::::
match

:::
the

::::
TOA

::::::
budget

:::::::::
variability,

:::::::::
indicating

:::::
cloud

::::::::
property

:::::::
changes

:::
to

::
be

::
a

:::::
major

:::::::::::
contribution

::
to

::::::
overall

:::::::::::
atmospheric

:::::::::::
adjustments.

::::::::
However,

:::
the

::::::
method

:::::::
applied

::
in

::::
this

:::::
study

:::
did

:::
not

::::::
allow

:::
for

:
a

::::::::::::
quanti�cation

::
of

:::::
cloud

:::::::::::
adjustments

::
at

:::::
TOA.

:::::::
Instead,

::::::
global820

:::::::::
distribution

:::::::
patterns

:::
of

:
a

:::::::
number

::
of

:::::::
climate

::::::::
variables

::::
were

::::::::
analysed

::
in

:::::
order

::
to

::::
�nd

:::::::::::
characteristic

:::::::
patterns

:::::::::::
(�ngerprints)

:::
of

::::::::::
atmospheric

::::::::::
adjustments

:::
that

:::::
could

::::
help

:::::::
explain

:::
the

:::::::::
underlying

:::::::::::
mechanisms.

The analysis reveals signi�cant alterations in various climate variables, including surface and atmospheric temperatures,

relative humidity and vertical velocity as well as a number of cloud properties. All models simulate decreasing atmospheric

and surface temperatures, beginning immediately after the onset of forcing in January.
:::
One

::::::::
exception

::::
was

::
an

:::::::
increase

::
of

::::::
Arctic825

::::::
surface

::::::::::
temperature,

::::::
which

:::
we

:::::::
attribute

:::
to

:
a

:::::::::
weakened

:::::
polar

::::
night

:::
jet

::::
and

::::::
thereby

:::::::::
disruption

::
of

:::
the

:::::
polar

::::::
vortex

::::::
leading

:::
to

:::::
warm

::
air

:::::::::
intrusions.

:
Signi�cant differences were found between the response of relative humidity over land and over ocean.

Over ocean, decreased vertical stability, due to a quicker cooling of the lower troposphere compared to the ocean surface,

leads to increased convection and thereby drying of the boundary layer, which is then compensated by an increased latent heat

�ux leading to an increase in relative humidity
:::
and

::::::::
mid-level

:::::
cloud

:::::
cover. Over land in the tropics, convection is reduced and830

moisture effectively trapped in the boundary layer, which leads to an increase of relative humidity in surface-near layers and a

decrease in relative humidity
:::
and

:::::
cloud

:::::
cover in the higher troposphere. This highlights the complex interactions and differences

between land and sea response. On time scales of months, overall lower temperatures lead to drying of the troposphere and the

decrease in solar energy in the tropics leads to a reduction of ascend, less convection and a descending high cloud layer.
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Inter-modelagreementof cloud variableswasoverall low. Generally,cloudsarea major sourceof uncertaintyin climate835

modelsdueto complexinteractionsof ahugenumberof variablesandnon-linearprocesses.Thiswasespeciallyobvious,when

analysingthe total cloud radiativeeffect anomaly.While the singleshort-and longwavecomponentsshowedcharacteristic

correlationwith a numberof cloud variableslike cloud liquid and ice water path, the total cloud radiativeeffect anomaly

is dominatedby cloud maskingeffects.Characteristicregionsof changingcloud propertiesover SouthAmerica and the

Indian oceanwerelessdiscerniblein the total cloud radiativeeffect anomaly,becauseshort-andlongwaveeffectspartially840

compensatedeachother . Therefore,a separateanalysisof short-and longwaveeffectscansupportprocessunderstanding.

A higher numberof modelsparticipatingin the experimentwould be bene�cial, in order to further reduceuncertainty.

Nevertheless,signi�cant signalswerefoundfor e.g.for atmosphericalcloudfractionandour�ndings wherein goodagreement

with otherstudieson thetopic.

The TOA rapid adjustmentswasquanti�ed via linear regressionandRA of 3:6W m� 2 were found, reducingthe initial845

radiativeforcingof 10W m� 2 by 36 %. Otherstudieslike Smith et al. (2018)alsofoundthatRA werecounteractinganinitial

solarforcing.However,theamountof reductiondiffers,basedon themethodandnumberof participatingmodels.

While other
:::::
While

:::::
other

:
experiments of CMIP6 are designed in a way, that in�uence of seasonal and climate variability

are reduced by using a number of different initialization dates, the abrupt-solm4p simulations use only one date (1 January).

This could be viewed as a limitation of this study. Nevertheless, if the scienti�c community strives for a validation of new850

discoveries about rapid adjustments in climate models with e.g. satellite measurements, more realistic simulations are crucial

in order to further improve state of the art climate models. This study showed that the positioning of the forcing can have

signi�cant in�uence on the resulting short-term adjustments, in this case, the disruption of the polar vortex and consequently

warming of the higher northern latitudes.

Moreover, the described adjustments to a reduced solar constant may resemble adjustments to more realistic forcing scenar-855

ios. After large volcanic eruptions a global stratospheric aerosol scattering layer can form a few months after the eruption. This

aerosol layer reduces the amount of shortwave radiation that reaches the surface, which could lead to similar adjustment effects

as simulated for a reduced solar constant. However, in case of the abrupt-solm4p experiment, the forcing is instantaneous and

constant, which makes it easier to differentiate between instantaneous forcing, short-term adjustments and long-term feedbacks.

Therefore, it is a useful tool on the way to a more in depth understanding of realistic forcing agents of more transient nature. By860

elucidating the short-term adjustments that occur in response to reduced solar radiation, essential insights can be provided that

can inform risk assessments associated with solar radiation management methods. Understanding these adjustments is vital for

anticipating potential local impacts, such as droughts or �oods, which can have signi�cant consequences for communities and

ecosystems.

In conclusion, this study identi�es several characteristic adjustment processes as well as a number of challenges related to the865

current approaches in quantifying adjustments. By integrating short-term adjustment processes into climate modelling efforts,

the scienti�c community can improve the accuracy of long-term climate predictions and develop more effective strategies for

addressing the challenges posed by climate change.
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Figure A1. Linear regression plots for yearly global mean TOA radiative �ux anomalies inW m � 2 vs. change in yearly global mean surface

temperature (� T ). Plotted are (a) the TOA radiative budget, (b) the downward shortwave �ux at TOA, (c) the upward shortwave �ux at

TOA and (d) the upward longwave �ux at TOA. The respective initial offsets after one month are marked as a red cross. Deepening colours

indicate temporal development.

Appendix A: Supplements

A1 Linear regression plots for components of TOA radiative budget

Analogous to the total TOA radiative budget, also the yearly mean of the components of the TOA budget, i.e. downward

shortwave �ux change�sw #
all sky , upward shortwave �ux change�sw "

all sky and upward longwave �ux�lw "
all sky , were plotted

against the surface temperature change and linear regressions were applied in Figures A1b, A1c and A1d. Offsets after one1000

month of simulation were marked as red crosses to provide insight into the contribution to overall RA of the single radiative

components. The multi-model mean intercepts of the linear regression with the radiative �ux axis are shown in the respective

�gures as well as in Table 2 of the main paper. As determined by the experiment conditions,�sw # (Fig. A1b) is held constant

over the whole experiment time. However, a seasonal variation occurs due the elliptical orbit of the Earth and produces a small
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Figure A2. Same as Fig. A1 but for Linear regression plots for yearly global mean �CRETOA (a) and its long- and shortwave components

�CRETOA;sw (b) and �CRETOA;lw (c).

offset between the first month value (January) and the yearly mean values. This offset is considered to be a part of IRF not the1005

RAs.

In contrast, ∆sw↑ (Fig. A1c) exhibits a clear approximately linear relation to ∆T . All models simulate an instantaneous

response of ∆sw↑ in reaction to the reduction of solar constant (red cross), depending on the planetary albedo.

Figure A1d shows the same linear regression for upward longwave radiation anomaly (∆lw↑). All models simulate a clear

linear relationship between ∆lw↑ and ∆T with an intercept of around −1Wm−2, which equals the longwave adjustment as1010

no instantaneous adjustments are expected.

The linear regression method was also applied to the cloud radiative effect anomaly ∆CRETOA and its short- and longwave

components (∆CRETOA;sw and ∆CRETOA;lw). The results are shown in Figure A2. Analogous to the TOA radiative flux

components contributions to ERF and RA were calculated and provided in Table 2 in the main paper.
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A2 Geographical distributions of � TOA budget and its components1015

Figures A3a, A3b and A3c show the geographical distributions of the TOA radiative flux anomalies shown in Fig. 2 of the

main paper. Since only MRI-ESM2-0 provided daily data, the first time scales does not display a multi-model mean, but only

the data of the MRI-ESM2-0 model. For the following 30 days, the January model mean of all four models were averaged.

Figure A3a clearly shows the uneven distribution of downward shortwave flux anomaly due to the chosen starting point of

the experiment on 1 January. As the region of maximum sun exposure moves further north during the following month, the1020

averages over the first year and the following 120–150 years then show the expected symmetric distribution after a full seasonal

cycle with the strongest forcing in the tropics.

The upward shortwave flux in Fig. A3b reflects the distribution of the initial forcing, but locally adapted according to surface

or cloud albedo. Especially Antarctica and the region of the westerlies with usually high cloud cover show the strongest

reduction in upward shortwave flux. Similar to several other aforementioned climate variables, the uncertainty is high for the1025

following 30 days. Only the reduction of upward shortwave flux in Antarctica remains relatively constant during the first month,

due to the unchanged snow albedo. In contrast to that, South America shows an increased reduction in upward shortwave flux

compared to the surrounding regions and the first time scale. Since surface albedo remains relatively constant over the first

month, this effect can be attributed to changes in cloud properties in reaction to an overall drying and reduced ascent over

tropical land areas. Hence, cloud liquid and ice water paths are decreased over South America, coinciding with an overall1030

decrease in specific humidity and total cloud fraction. This leads to less scattering of downward shortwave flux and hence,

more absorption by the surface. Because of its comparably low albedo (mostly green vegetation), the upward shortwave flux

is reduced and hence, the planetary albedo is decreased. The opposite effect can be seen in the Indian Ocean, where liquid

and ice water paths as well as total cloud fraction are increased, thereby increasing planetary albedo. During the first year,

the overall negative trend of upward shortwave flux continues, with only local positive anomalies, where surface albedo or1035

cloud properties are changed. On longer time scales, the cooling of the surface leads to sea ice spreading further to lower

latitudes, which strongly increases surface albedo in the respective areas, leading to positive anomalies in upward shortwave

flux. Similar surface albedo effects are visible on land, where snow cover is increased, especially in mountain areas. In contrast

to that, increased upward shortwave flux over ocean is linked to an increase in cloud fraction, liquid and ice water path.

Depending on whether the increase due to increased surface albedo or cloud cover, or the overall decrease due to the reduction1040

of incoming shortwave radiation is stronger, the sign of the global mean upward shortwave flux anomalies differs between

different models.

Figure A3c shows the anomaly of upward longwave radiative flux. Overall decreasing atmospheric and surface temperature

lead to a decrease of outgoing longwave radiation with time. However, this effect is partly compensated by the reduction in

water vapour. This process is especially effective in the tropics, where colder temperatures lead to a reduced amount of water1045

vapour. This reduces the water vapour greenhouse effect and thereby optical depth of the atmosphere, which then in turn can

result in a more effective radiative cooling. This can lead to slightly positive signals in outgoing longwave radiation over

tropical land areas. Cloud property changes further amplify these effects. During the first two time steps anomalies are small
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Figure A3. Multi-model mean global distribution of TOA radiative fluxes in W m�2 averaged over four different time scales after onset of

forcing (100 hours, 31 days, months 2–12, years 120–150). Plotted are (a) the downward shortwave radiative flux anomaly at TOA, (b) the

upward shortwave radiative flux anomaly at TOA, (c) the upward longwave radiative flux anomaly at TOA and (d) the effective radiative

flux anomaly at TOA. For the first time scale of (a), (b) and (d) only data from MRI-ESM2-0 is plotted, because other models only provided

monthly data. Regions, where less than three out of four models agree on a sign of anomaly are dotted.
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