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The early concept of cloud-climate feedback was formulated as involving solely cloud cover effects on planetary
radiation, separate from precipitation, and consistent with simple climate models. However, more than
50 years later, this concept continues to dominate analyses, especially of climate model performance, even
though multiple global data products now exist that quantify weather-to-decadal scale joint variations of
cloud properties, radiative fluxes, precipitation, surface energy and water fluxes, atmospheric and surface
properties, and the circulations of the atmosphere and ocean. A more complete, observation-based analysis
of cloud feedbacks on weather, seasonal and interannual scales is now possible. Results to date indicate that
the cloud-radiative feedback amplifies the positive cloud-precipitation feedback on the atmospheric circulation
from weather-to-annual time scales. Further analysis extensions are suggested.
. Introduction

In the 1970s growing attention was paid to the subject of cli-
ate variability, both natural and caused by human activities (GARP
6, 1975). Early satellite observations (e.g., Vonder Haar and Suomi
1971), Raschke et al. (1973)) were just starting to provide the first
irect determinations of the components of the planetary radiation
udget that were improvements over the previous pre-satellite esti-

mates based solely on radiative model calculations and mostly northern
hemisphere surface measurements (Hunt et al., 1986). Notable features
f the global radiative fluxes at the top of the atmosphere (TOA)
easured by early satellites were Vonder Haar and Suomi (1971),
aschke et al. (1973): (1) global, annual mean albedo is smaller than
re-satellite estimates and thermal radiation larger consistent with
lobal mean balance, (2) clouds are a net negative effect, (3) the
nnual, hemispheric mean fluxes are nearly the same despite the land–
cean contrasts, but the seasonal variation is larger in the northern
han southern hemisphere, (4) the main cloudy zones are identified
y the spatial variations of the fluxes, even though cloud effects are
maller than previous estimates, especially in the tropics, (5) longi-
udinal variations in fluxes are more significant at lower than higher
atitudes, and (6) systematic seasonal variations in the meridional flux
radients are apparent. Although clouds could account qualitatively for
he observed large-scale spatial–temporal variations in fluxes (diurnal

variations were not sampled), the quantitative connection of fluxes to
cloud properties was still very uncertain and identified then as a major
objective for research.

Consistent with the early, very simple models of the climate, cloud-
limate feedback was formulated in terms of a linear relation be-
ween the changes of the global mean top-of-atmosphere (TOA) net
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radiative flux and changes of the global mean surface temperature.
Only the effects of cloud cover changes were considered even though
the flux changes related to several different cloud properties were
noted (GARP 16, 1975). Precipitation was not explicitly included in
this formulation. Use of this simple relationship to diagnose cloud
feedback continues in most discussions today, especially in evaluation
and comparison of results from climate models (e.g., Bony et al. (2006),
Sherwood et al. (2020)), despite its many limitations and flaws (Aires
and Rossow, 2003; Stephens, 2005). The flaws most relevant here
are the focus solely on cloud-radiative effects, separately from cloud-
precipitation effects, and the complete neglect of the cloud feedbacks
on the atmospheric and oceanic circulations that also affect the surface
temperature.

Some different approaches to evaluating cloud-radiative feedback
in climate models, rather than simple ‘‘all-cloud’’ representations, have
been reviewed by Bony et al. (2006) and Zelinka et al. (2012a,b).
Because of the variety of cloud properties that can affect the TOA fluxes
in different ways, Zelinka et al. (2012a,b) proposed an analysis that
accounts for the effects of different cloud properties instead of a bulk
aggregate ‘‘cloud’’ effect. This approach was extended to also account
for cloud radiative effects on surface and in-atmosphere fluxes (Zhang
et al., 2021). However, these model-evaluation methods still define
feedback by a linear relation of equilibrium changes in the global
mean cloud effects on the radiative fluxes and the global mean surface
temperature. Hence, although providing a way to compare climate
models in more detail, this analysis approach cannot be applied to
observations.
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Over the past more than 50 years, there have been many more
atellite and surface measurements of cloud properties, radiative fluxes
nd precipitation, atmospheric temperature and composition, oceanic
emperature and salinity, as well as more accurate depictions of the
arge scale atmospheric and oceanic circulations. Moreover, climate
odels now have more complete physics. Diagnostic studies using these

bservational data products have been performed that provide a much
more complete elucidation of the role of clouds in weather and climate.
Over this time the warming of Earth has become readily apparent
and the satellite observation records are now long enough to show
that the clouds are changing (e.g. Tselioudis et al. (2024)). The rich
ollection of observations and analyses now available suggests that a
ore comprehensive perspective on cloud feedbacks is possible and
eeded to explain what is happening.

This paper discusses several lines of evidence that have been pub-
lished in the past few decades that, together, provide a more complete
oncept of cloud feedbacks but also identify the analytical obstacles to
 complete analysis. Rather than trying to cite the literature compre-

hensively, only some overview or key papers or the latest papers in
a series are cited here as they provide the more complete citations to
revious work. Possible approaches for further progress are suggested.

2. Background summary

The first satellite measurements of TOA radiative fluxes by Explorer
II in 1959 (and following TIROS flights) (Vonder Haar and Suomi,

1971) and in more detail by NIMBUS-3 in 1969–70 (Raschke et al.,
1973) were followed by a series of satellite missions providing ever

ore detail and accuracy: NIMBUS-6/7 in 1970–80s (Kyle et al., 1993),
the Earth Radiation Budget Experiment in 1980–90s (Wielicki et al.,
2002), and the Clouds and Earth’s Radiant Energy System in 2000–
2020s (Loeb et al., 2018). The Geostationary Earth Radiation Budget

ission provided direct (but not global) measurements of the diurnal
lux variations (Harries et al., 2005). These missions, along with others

providing more accurate determinations of the incident solar flux,
lso determined the average cloud effects on the reflected solar and
mitted thermal fluxes at TOA: in the global, annual average, clouds
ecrease the absorbed solar (SW) radiation by about twice as much
s they decrease the thermal (LW) emission. The incident solar flux is
40 ± 0.5 Wm−2 and the absorbed and emitted fluxes are about 238 ± 4
m−2 (L’Ecuyer et al., 2015), where the uncertainty range indicates

the variety of available estimates (see also Kyle et al. (1990), Raschke
et al. (2016)). Estimates of the average cloud radiative effect (CRE,
ifference of all-sky and clear-sky fluxes) are about −(46–49) Wm−2 for
OA SW CRE and about +(27–28) Wm−2 for TOA LW CRE (e.g., Loeb
t al. (2018), Zhang and Rossow (2023)).

From the 1980s until now, several concerted national and interna-
tional efforts were organized to obtain better information about cloud
properties, precipitation, and surface radiative, sensible and latent
heat fluxes, in addition to improved measurements of atmospheric
temperature, humidity and composition. Diagnoses of atmospheric
and ocean circulations have also been significantly improved. Basic
cloud properties, beyond those available from surface observations
(latest results in Eastman et al. (2011), Eastman and Warren (2013)),
were documented from globally complete satellite observations by
he International Satellite Cloud Climatology Project (ISCCP, latest
esults in Rossow et al. (2022)): cloud cover, top temperature/pressure
nd optical thickness, now available with global coverage at 10 km
nd 3 hr intervals. Many more global satellite cloud data products
ave been released and compared (Hughes (1984) reviews earlier re-
ults, Stubenrauch et al. (2024)) and the results extended to other cloud

properties, particularly particle sizes (e.g., Guignard et al. (2012),
Platnick et al. (2017)) and phase (e.g., Coopman et al. (2020)) and,
specially, cloud vertical structure by CloudSat and CALIPSO (Mace and
hang, 2014). Likewise during this period, satellite-based precipitation

determinations have provided complete global coverage and at least
2

daily time sampling, first by the Global Precipitation Climatology
Project (Huffman et al., 2009), augmented and enhanced by Tropi-
cal Rainfall Measurement Mission, and now by Global Precipitation

easurement Mission (Huffman et al., 2020).
The availability of the detailed and global satellite observations of

basic cloud radiative properties from ISCCP, together with data for
the key radiative properties of the surface and atmosphere, also made
possible the direct calculation of radiative fluxes, which allows for a
direct connection of cloud properties to their radiative effects. Both
ISCCP (latest results in Rossow et al. (2022)) and the Surface Radiation
Budget project (Stackhouse et al., 2011) determined TOA and surface
fluxes that were evaluated against the direct measurements by satellites
at TOA and collected at the surface by the Baseline Surface Radia-
tion Network (Ohmura et al., 1998). Global estimates of atmospheric
radiative flux profiles (Zhang and Rossow, 2023) were checked by
calculations based on direct cloud vertical structure by CloudSat and
CALIPSO (L’Ecuyer et al., 2008). These diagnostic studies have now
uantified cloud effects, not only on SW and LW fluxes at TOA, but
lso on these fluxes at the surface and their vertical profiles in the
tmosphere.

The availability of all of these global data products means that a
uch more comprehensive evaluation of the role of clouds in weather

nd climate is now possible, especially combining radiative flux and
recipitation data products. Today there are data products (global, most
ampled at least at 100 km intervals, covering more than a decade
t sub-daily intervals) for radiative fluxes (including atmospheric pro-
iles), energy and water fluxes at the surface, atmospheric winds and
cean currents, atmosphere and ocean temperatures, variable composi-
ions (ozone, water vapor, salinity), clouds, aerosols, snow and sea ice
over, topography, land surface type and properties, and soil moisture
see for example Kummerow et al. (2019)).

3. Limitations of the simple feedback concept

Posing cloud-climate feedback as a change in the bulk (global,
annual mean) TOA energy balance affecting the change of global
verage surface temperature has led to a focus on the effects of cloud

cover changes on the TOA radiative fluxes (as summarized above).
This is misleading because only part of the SW flux affects the surface
temperature directly. Moreover, this focus neglects the heat transports
y and the cloud feedbacks on the atmospheric and ocean circula-
ions that also directly affect the surface temperature (Stephens (2005)

provides a more extensive discussion). Both Aires and Rossow (2003)
and Stephens (2005) emphasize that the several climate feedback pro-
cesses are coupled, particularly clouds, radiation and precipitation,
and cannot be linearly added together. Moreover, mixing the SW
and LW components of the TOA fluxes together conflates the climate
forcing (solar flux) with the primary climate response (LW emission)
and neglects that they act on different parts of the climate system:
the SW primarily heats the surface while the LW primarily cools the
atmosphere. The connection of the surface heating to the atmosphere
and ocean circulations occurs via several heating/cooling processes
(sensible heat exchange, evaporation-precipitation, radiation) but the
key point is that surface temperatures that result are an ‘‘indirect’’ con-
sequence of the coupled atmospheric and oceanic circulations produced
by the non-local distribution of heating, not solely by its global average.

The observed space and time variations of clouds clearly signify
the atmospheric motions that produce them. The heating effects of
cloud processes, radiation (mostly LW) and precipitation, directly feed-
ack on the atmospheric motions rather than on the surface tempera-
ure. Thus, the diagnostic focus of cloud feedbacks should be on the
eather/seasonal/annual-scale energy and water exchanges, that is,

he atmosphere–ocean dynamics as modified by cloud processes. The
existence of different cloud types and their different behaviors argues
that the diagnosis of cloud effects needs to separate the properties of

clouds and their feedbacks produced by different weather conditions
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as well as over their seasonal-to-interannual variations that affect the
ocean. This follows the suggestion by Aires and Rossow (2003) to look
t the multivariate relationships involved on shorter time scales. A
loser examination of cloud processes at ‘‘weather’’ scales can also be
irectly used to improve the fidelity of climate model representations of
hese processes and to directly evaluate their feedbacks on these scales
y using the measured time derivatives of cloud properties, radiative
luxes and precipitation. The multitude of global observations and
iagnostic analyses now available make this kind of analysis possible.

4. Implications of some previous results

Earth’s cloud cover is arranged in a near-equatorial band and two
idlatitude bands of large cloud cover with tops in the upper tro-
osphere separated by zones of broken or extensive but low-level
loud cover. Continents are generally less cloudy than oceans (the
cean-covered Arctic is very cloudy while the ‘‘continent-covered’’
ntarctic is relatively less cloudy). The cloud vertical distributions in

hese zone are distinctive with some vertically extensive (convective)
clouds but mostly layered clouds only a few kilometers thick (Mace
and Zhang, 2014; Wang et al., 2000) that occur more frequently
n the lower or upper troposphere (see Stubenrauch et al. (2024)).

This arrangement reflects the large-scale and deep (troposphere fill-
ing) atmospheric circulation. The lower latitude Hadley circulation
is composed of an upwelling zone and convective clouds near the
equator and downwelling zone with boundary layer clouds in the
subtropics. The midlatitude baroclinic eddy zones contain both up-
welling and downwelling motions with vertically extensive clouds near
the fronts and mixtures of high-level and low-level clouds elsewhere.
The upwelling regions and vertically extensive clouds are all closely
ssociated with significant precipitation. That the general cloud charac-
eristics at smaller scales are dramatically different in the upwelling and
ownwelling regions has long been known from surface observations
latest version in Eastman et al. (2011), Eastman and Warren (2013)).

Satellite observations also showed the same dynamic associations of
he basic cloud properties (Lau and Crane, 1995, 1997; Hahn et al.,

2001). Satellite-based determinations of cloud radiative properties and
recipitation show the same association of cloud properties and vertical

structure, cloud radiative effects and precipitation in different weather
conditions (Tselioudis et al., 2013). The sense of the feedback of cloud
processes on the atmospheric circulation has been diagnosed in three
different ways.

Vonder Haar and Suomi (1971) used the early satellite determina-
tions of the mean meridional distribution of TOA net radiative heating
(SW absorption minus LW emission) to infer the poleward energy
transport by the combined atmosphere-ocean circulations that is re-
quired to balance the meridional gradient. Sohn and Smith (1992)
xpanded this analysis to two dimensions to determine not only the

poleward transport but the land–ocean exchanges. Zhang and Rossow
(1997) separated the mean poleward energy transport into its at-
mospheric and oceanic components by differencing the mean merid-
ional net TOA radiative and total surface (SRF) fluxes (and reviewed
ther previous estimates). They showed explicitly that the zonal, an-
ual mean cloud radiative effects increase (decrease) the required
quator-to-pole energy transport by the atmosphere (ocean). As dis-

cussed below, the positive feedback on the atmospheric circulation
results from the cloud-radiative effect (mostly decreased LW cooling)
reinforcing the atmospheric heating by precipitation, particularly en-
hancing tropical convection, whereas extensive cloud cover at high
latitudes inhibits surface cooling and the consequent deep convec-
tion in the ocean (cf. review of atmosphere-ocean coupling processes
by Webster (1994)). Zhang and Rossow (2023) examined a transient
change in mean meridional radiation over a decade and found that
the changed cloud radiative effects implied a negative (positive) feed-
back on the atmospheric (oceanic) poleward circulation. These results
suggest that, while the time-averaged cloud radiative effects are a
3

positive feedback on the global atmospheric circulation, they can act
s a negative feedback in transient events that may be induced by
lower changes of the ocean circulation (see discussion of observed
cean changes that occurred during this particular period in Zhang and

Rossow (2023)).
Peixoto and Oort (1992) updated the observational basis for es-

timating the average energy exchanges in the atmospheric general
circulation: the exchanges between zonal mean and eddy available
potential energy and zonal mean and eddy kinetic energy could be
calculated from monthly mean conventional weather observations (pro-
files of temperature, humidity, horizontal winds), but the generation of
available potential energy could only be inferred in the long-term av-
erage by assuming an equilibrium balance with dissipation. Romanski
and Rossow (2013) directly calculated the separate contributions to
the daily generation of available potential energy by radiative heat-
ing/cooling (see also Stuhlman and Smith (1988)), precipitation and
surface sensible heat flux using (mostly) global satellite observations.
Their results showed that the main driver of the mean atmospheric
circulation is the surface sensible heat flux (as expected) but that the
irculation is strengthened by precipitation heating – a cloud feedback
 and weakened overall by radiation. In the case of the eddy circulation,
he main driver is precipitation (i.e., storms) with the sensible heat
lux acting as a weak negative forcing and overall radiation as a
tronger negative forcing. However, these results also show that the
loud modifications of radiation increase the generation of both zonal
ean and eddy available potential energy. In other words, the cloud

ffect on atmospheric radiative cooling (decreased cooling) strengthens
oth the mean and larger-scale eddy circulations, a positive feedback.

An analysis of distributions of cloud top pressure and optical thick-
ess in the ISCCP dataset showed a small number of characteristic
atterns or regimes, called weather states (Jakob and Tselioudis, 2003;

Rossow et al., 2005). Tselioudis et al. (2013) showed that these weather
states exhibit characteristic cloud vertical structures and are associated
with large-scale upwelling motions and precipitation or downwelling
motions and little precipitation. Tselioudis et al. (2021) also com-
ared a later version of the observational results with climate model
istributions. Rossow et al. (2016) further showed that each climate

zone is occupied only by a specific small subset of these weather
states. In the cloudy zones (tropics, midlatitudes) the cloud radiative
effects by one type (storms) reduce atmospheric LW cooling (a heat-
ing) to amplify atmospheric heating by their associated precipitation.
This heating is offset by the stronger LW cooling of the fair weather
state. Some weather states, dominated by low-level clouds, appear to
slightly enhance the atmospheric radiative cooling, especially at higher
latitudes. In the subtropics only radiative cooling by low cloud and
fair weather states predominates. In the review of model feedback
processes by Sherwood et al. (2020), the variety of model cloud feed-
acks (cloud effect on TOA net flux related to surface temperature)
n specific dynamical regimes is discussed, but separately with no
onsideration of the dynamic connection/interaction of these regimes.
n contrast, Stephens et al. (2024) review the dynamic interaction

of tropical and subtropical cloud properties and processes (radiation,
precipitation) that leads to a ‘‘pattern’’ or ‘‘non-local’’ dependence
between clouds and surface temperature. The weather state analyses
show the dynamic connection of these regimes in that the sense of cloud
radiative effects on the atmosphere are correlated with precipitation
heating and the sign of vertical motions. That is, upwelling regions are
generally associated with precipitation and less LW cooling because
of higher-level clouds, whereas downwelling regions are associated
with an absence of precipitation and more LW cooling (even enhanced
by lower-level clouds). This correlation relationship at low latitudes
is demonstrated clearly by Jakob et al. (2019), who also show the
dynamical connection of cloud processes and feedbacks with the large
scale circulation (also Needham and Randall (2021) who also note
the correlation with column relative humidity). In other words, these
studies show that the vertical and horizontal energy transports by
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the atmospheric circulation are amplified by the cloud radiative (and
recipitation) effects.

These observational analyses suggest that cloud feedbacks (radi-
tion, precipitation) on the atmospheric circulation are generally

positive, that they amplify weather systems and the general circulation
of the atmosphere (as opposed to a net negative influence on the
planetary energy budget). The results of Zhang and Rossow (1997)
lso suggest a negative cloud radiative feedback on the oceans related
o their inhibition of surface cooling at high latitudes. However, the
onger-term feedback on a forced climate change (including other
eedback processes, some of which are coupled to cloud processes) and
he consequences for the surface temperature are still uncertain because
he observed transient behavior in the available short data records may

not reflect the fully coupled atmosphere-ocean response on decadal and
onger time scales. While these studies provide a clear ‘‘sense’’ of the

cloud feedbacks on the atmospheric circulation for shorter time scales,
more work is needed to better quantify the magnitude and coupling
f these effects and to compare the detailed dynamical results with
eather and climate model representations. The precise consequences

in equilibrium of the changes in atmosphere-ocean circulations on
lobal mean surface temperature remain uncertain.

5. Possible analyses for further progress

Fig. 1 presents a more complete concept of cloud feedback on
he atmospheric circulation (the system). The red arrows for radiation
nteracting with the atmospheric circulation indicate the direct nature
f radiative heating/cooling: solar radiation is the direct forcing, some
f it directly heats the atmosphere but most of it heats the surface
nd is communicated to the atmosphere as sensible heat Romanski and
ossow (2013). The system response is LW cooling and the general

circulation, which redistributes energy (temperature) and water. The
louds produced by the atmospheric motions then feedback on the cir-
ulation by precipitation heating and their effects on radiative cooling.
he main analysis difficulty is that all the relationships in Fig. 1 be-

tween clouds and their atmospheric heating/cooling effects are local in
pace and time, whereas the relationships of radiation and precipitation
ith the atmospheric circulation are non-local because it is the space–

time contrasts in heating/cooling that drive the motions. Moreover,
these relations are scale dependent in that the intensity of the response
to heating varies with scale and the responses at different scales are
oupled (e.g., convection interacts with the larger-scale Hadley circu-
ation). Hence, the analysis approach illustrated by Aires and Rossow

(2003) to examine small time-scale relationships would work for the
cloud relationships indicated by blue arrows in Fig. 1, but cannot work
irectly for the heating relations to the atmospheric circulation without
 representation of the space–time scale dependence and scale coupling.

Zelinka et al. (2023) combine their radiative kernel analysis (which
ccounts for the variation of cloud effects on TOA radiative fluxes
ith cloud properties, but see Zhang et al. (2021)) with the weather

state concept, which begins to associate cloud-radiative effects with
dynamic regimes. Although this analysis still defined cloud-radiative
feedback as the ratio of equilibrium changes of TOA fluxes and surface
temperature, they found that model differences are largest for the ‘‘dy-
namic’’ component of their feedback (i.e., weather state dependence)
with contrasting behavior at low and high latitudes. Combining this
approach for cloud radiative effects with observations of precipitation
and the large-scale vertical motion regimes might reveal systematic
relationships between weather-scale and seasonal-scale behavior. In
other words such an analysis might identify emergent (Klein and Hall,
2015) dynamic relations in observations that could also be compared
o model representations. This is similar to compositing cloud radiative
ffects by dynamic regimes (e.g., Tselioudis and Jakob (2002), Bony
nd Defresne (2005), Tselioudis and Rossow (2006)), but combining ra-

diative effects and precipitation with measures of the atmospheric (and
4

Fig. 1. Schematic of the feedback interactions between the atmospheric circulation and
cloud processes that affect radiative heating/cooling and precipitation heating.

oceanic) circulation to capture and quantify the full cloud feedback
oop.

The neural-network-based analysis technique proposed by Aires and
Rossow (2003) might succeed if the connections between changes in
cloud-related heating/cooling and the general circulation are formu-
lated in non-local terms and calculated from observations. Follow-
ing Romanski and Rossow (2013), the daily changes in the generation
of zonal and eddy available potential energy could be related to the
changes of the large-scale circulation in the form of zonal and eddy
kinetic energy in a multi-variate analysis. However, these relations
are probably time-lagged and scale dependent. The advantage of the
neural-network-based analysis is that the individual contributions to
the generation of available potential energy can be input separately
and the time-lagged and scale dependence can be treated with multiple
inputs from different times and locations. Another approach might be
to apply such an analysis to inputs averaged over different space–time
scales. For instance, averaging the generation rate and kinetic energy
changes on a scale of about two weeks (to be tested) might be enough to
average out most of the synoptic variations but still capture the changes
in the global-scale circulation. Such an approach might also reveal
connections to changes in oceanic circulation on longer time scales.
This kind of scale separation approach might account for the non-local
nature of the relationships in Fig. 1 for the global circulation and its
seasonal variations. The objective of this analysis would be to develop
detailed statistical relationships among the components in Fig. 1 but
accounting for their non-local nature.

The connection of cloud changes and their heating/cooling to short-
erm circulations (weather) can be made directly using the available
bservations by tracking weather systems (both fair and foul). Fol-
owing air parcels in such a Lagrangian diagnosis of the cloud-related

energy (and water) exchanges can determine the cloud feedbacks over
the lifecycle of different weather systems. In other words, the time
derivatives of cloud-related processes and changes of atmospheric prop-
erties can be evaluated directly. In the tropics, convective storms can
be tracked by their cloud features (e.g., Machado et al. (1998), Fiolleau
and Roca (2013)) or by precipitation features (Takahashi et al., 2021).

hese two could be combined with cloud and atmospheric properties
o characterize storm intensity and duration. Another approach is to

anchor observations on a specific event in time to form a statistical
omposite life cycle (e.g., Masunaga (2012, 2013), Inoue and Back

(2017)). The dynamics of convective systems (at least isolated plumes)
an be inferred this way (Masunaga and Luo, 2016). Combining these

analyses would suggest the feedbacks by examining the changes from
before to after the event in atmospheric conditions and motions. In the
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extratropics, surface pressure anomalies in a reanalysis can be tracked
(e.g., Bauer et al. (2016)) and the cloud structure composited (Govekar
et al., 2011). Direct tracking of air parcels using the reanalysis winds is
lso possible (e.g., Tuinenburg and Staal (2020)). Composite lifecycles

can also be used (e.g., Tselioudis and Jakob (2002)). While recent
tudies examine the effects of precipitation on the development and
volution of extratropical synoptic cyclones (e.g., Marcheggiani and
pengler (2023)), combining the tracking results with satellite-based
esults for clouds, radiation and precipitation (Polly and Rossow, 2016)
ets the stage for a more complete cloud feedback investigation where

the reanalysis winds provide the dynamic component. The principal
question to be answered in all these investigations is whether cloud-
elated heating/cooling only changes the energy transports by storms

or whether it also changes the storm strengths and/or durations: the
former is a feedback on the large-scale circulation, while the latter is a
eedback on the weather-scale circulation.

6. Conclusions

The observational data products now available provide global
weather-scale and long-term (decadal) quantitative information about
cloud characteristics, their related radiative effects and precipitation,
together with the properties of the atmosphere including its general
irculation. Diagnostic studies to date show that the cloud-radiative

feedback amplifies the cloud-precipitation feedback on the atmospheric
circulation from weather-to-annual time scales. That is, cloud feedbacks
on the atmospheric circulation at these time scales are positive. Further
diagnostic studies, such as suggested above, can better detail and
quantify these weather-to-seasonal-scale feedbacks of cloud processes.
Analysis on even longer time scales (seasonal-to-interannual) can also
be applied to determine the effects on the ocean circulation (energy and

ater exchanges and surface winds). Evaluating the fidelity of climate
odel representations of cloud processes and directly assessing their

eedbacks on these time scales are now possible with available data
roducts employing a more complete feedback concept.

Given that the available data record is too short for a direct ob-
servational determination of cloud-climate feedbacks, such an analysis
effort would still serve to enhance and evaluate the realism of modeled
climate-change forecasts. In any case, some of the data records are now
more than 40 years long and suggest that ‘‘something’’ is happening
to the clouds (e.g., Tselioudis et al. (2024)). Since about 1980, the
lobal mean surface temperature has increased. Precipitation in the
ropics at least has increased, mostly in the form of organized con-
ective systems (Tan et al., 2015), and the tropical convective zone

has narrowed (Wodzicki and Rapp, 2016). There has been a poleward
shift of the midlatitude cloudiness (Tselioudis et al., 2016). These
hanges amount to an expansion of the subtropical zone dominated
ow-level cloudiness, as discussed by Jakob et al. (2019) and Stephens
t al. (2024). There has also been a general decrease of global cloud

cover (Rossow et al., 2022), mostly in the optically thin low and middle
evel clouds with a smaller decrease of cirrus (see Fig. 4 in Zhang and
ossow (2023)). The former changes cause an increase of SW heating,

only partially offset by the effect of the cirrus decrease (Tselioudis et al.,
2024; Zhang and Rossow, 2023). In light of the above discussion, these
loud-related changes suggest a positive feedback on the atmospheric
irculation.

Whether or not these transient cloud-related changes are a good
epresentation of cloud feedbacks on equilibrium climate, their precise

contribution to the increase of global mean surface temperature is still
uncertain because the response of the atmospheric circulation as well
as the ocean circulation to changes in surface energy/water fluxes still
must be accounted for. In other words, the observed changes in surface
temperature depend, not only on changes in the planetary energy
budget, but also on changes in the atmosphere-ocean circulations and

their energy exchanges and transports.

5

Acknowledgments

I thank George Tselioudis, Claudia Stubenrauch and Christian Jakob
or pointing out more recent papers on cloud feedbacks and the three
eviewers for comments that helped improve clarity. This research
id not receive any specific grant from funding agencies in the pub-
ic, commercial, or not-for-profit sectors. In the background of this
ong story of clouds and radiation are early and late contributions by
hrhard Raschke: not only his publications over a more than 40-yr
pan (e.g., Raschke et al. (1973, 2016)) but also his direct involvement

in planning and advising the ISCCP, SRB, BSRN projects, as well as
founding and guiding BALTEX, all under GEWEX.

References

Aires, F., Rossow, W.B., 2003. Inferring instantaneous, multi-variate and non-linear
sensitivities for the analysis of feedback processes in a dynamical system: The
Lorenz model case study. Q. J. R. Meteorol. Soc. 129, 239–275. http://dx.doi.
org/10.1256/qj.01.174.

Bauer, M., Tselioudis, G., Rossow, W.B., 2016. A new climatology for investigating
storm influences in and on the extratropics. J. Appl. Meteorol. 55, 1287–1303.
http://dx.doi.org/10.1175/jamc-d-15-0245.1.

Bony, S., Colman, R., Kattsov, V.M., Allan, R.P., Bretherton, C.S., Dufresne, J.-F.,
Hall, A., Hallegatte, S., Holland, M.M., Ingram, W., Randall, D.A., Soden, B.J.,
Tselioudis, G., Webb, M.J., 2006. How well do we understand and evaluate climate
change feedback processes? J. Clim. 19, 3445–3482. http://dx.doi.org/10.1175/
jcli3819.1.

Bony, S., Defresne, J.-L., 2005. Marine boundary layer clouds at the heart of tropical
cloud feedback uncertainties in climate models. Geophys. Res. Lett. 32 (L20806),
1–4. http://dx.doi.org/10.1029/2005gl023861.

Coopman, Q., Riedi, J., Zeng, S., Garrett, T.J., 2020. Space-based analysis of the cloud
thermodynamic transition for varying microphysical and meteorological regimes.
Geophys. Res. Lett. 47, 1–8. http://dx.doi.org/10.1029/2020gl087122.

Eastman, R., Warren, S.G., 2013. A 39-yr survey of cloud changes from land stations
worldwide 1971–2009: Long-term trends, relation to aerosols and expansion of the
tropical belt. J. Clim. 26, 1286–1303. http://dx.doi.org/10.1175/jcli-d-12-00280.1.

Eastman, R., Warren, S.G., Hahn, C.J., 2011. Variations of cloud cover and cloud types
over the ocean from surface observations, 1954–2008. J. Clim. 24, 5914–5934.
http://dx.doi.org/10.1175/2011jcli3972.1.

Fiolleau, T., Roca, R., 2013. An algorithm for the detection and tracking of tropical
mesoscale convective systems using infrared images from geostationary satellite.
IEEE Trans. Geosci. Remote Sens. 51, 4302–4315. http://dx.doi.org/10.1109/tgrs.
2012.2227762.

GARP 16, 1975. The Physical Basis of Climate and Climate Modeling. World Meteoro-
logical Organization and International Council of Scientific Unions Joint Organizing
Committee, Geneva, p. 265.

Govekar, P.D., Jakob, C., Reeder, M.J., Haynes, J., 2011. The three-dimensional
distribution of clouds around Southern Hemisphere extratropical cyclones. Geophys.
Res. Lett. 38 (21), 1–6. http://dx.doi.org/10.1029/2011gl04091.

Guignard, A., Stubenrauch, C.J., Baran, A.J., Armante, R., 2012. Bulk microphysical
properties of semi-transparent cirrus from AIRS: A six year global climatology and
statistical analysis in synergy with geometric profiling data from CloudSat-CALIPSO.
Atmos. Chem. Phys. 12, 503–525. http://dx.doi.org/10.5194/acp-12-503-2012.

Hahn, C.J., Rossow, W.B., Warren, S.G., 2001. ISCCP cloud properties associated with
standard cloud types identified in individual surface observations. J. Clim. 14,
11–28. http://dx.doi.org/10.1175/1520-0442(2001)014<0011:icpaws>2.0.co;2.

Harries, J.E., Russell, J.E., Hanafin, J.A., Brindley, H., Futyan, J., Rufus, J., Kellock, S.,
Matthews, G., Wrigley, R., Last, A., Mueller, J., Mossavati, R., Ashmall, J.,
Sawyer, E., Parker, D., Caldwell, M., Allan, P.M., Smith, M., Bates, M.J., Coan, B.,
Stewart, B.C., Lepine, D.R., Cornwall, L.A., Corney, D.R., Ricketts, M.J., Drum-
mond, D., Smart, D., Cutler, R., Dewitte, S., Clerbaux, N., Gonzalez, L., Ipe, A.,
Bertrand, C., Joukoff, A., Crommelynk, D., Nelms, N., Llewellyn-Jones, D.T.,
Butcher, G., Smith, G.L., Szewczyk, Z.P., Mlynczak, P.E., Slingo, A., Allan, R.P.,
Ringer, M.A., 2005. The Geostationary Earth Radiation Budget (GERB) project. Bull.
Am. Meteorol. Soc. 86, 945–960. http://dx.doi.org/10.1175/bams-86-7-945.

Huffman, G.J., Adler, R.F., Bolvin, D.T., Gu, G., 2009. Improving the global precipita-
tion record: GPCP version 2.1. Geophys. Res. Lett. 36, 1–5. http://dx.doi.org/10.
1029/2009gl040000.

Huffman, G.J., Bolvin, D.T., Braithwaite, D., Hsu, K.L., Joyce, R.J., Kidd, C., Nelkin, E.J.,
Sorooshian, S., Stocker, E.F., Tan, J., Wolff, D.B., Xie, P., 2020. Integrated
multi-satellite retrievals for the global precipitation measurement (GPM) mission
(IMERG). In: Satellite Precipitation Measurement. In: Advances in Global Change
Research, Springer, pp. 343–353. http://dx.doi.org/10.1007/978-3-030-24568-9_
19.

Hughes, N.A., 1984. Global cloud climatologies: A historical review. J. Clim. Appl.
Meteorol. 23, 724–751. http://dx.doi.org/10.1175/1520-0450(1984)023<0724:
gccahr>2.0.co;2.

http://dx.doi.org/10.1256/qj.01.174
http://dx.doi.org/10.1256/qj.01.174
http://dx.doi.org/10.1256/qj.01.174
http://dx.doi.org/10.1175/jamc-d-15-0245.1
http://dx.doi.org/10.1175/jcli3819.1
http://dx.doi.org/10.1175/jcli3819.1
http://dx.doi.org/10.1175/jcli3819.1
http://dx.doi.org/10.1029/2005gl023861
http://dx.doi.org/10.1029/2020gl087122
http://dx.doi.org/10.1175/jcli-d-12-00280.1
http://dx.doi.org/10.1175/2011jcli3972.1
http://dx.doi.org/10.1109/tgrs.2012.2227762
http://dx.doi.org/10.1109/tgrs.2012.2227762
http://dx.doi.org/10.1109/tgrs.2012.2227762
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb9
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb9
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb9
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb9
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb9
http://dx.doi.org/10.1029/2011gl04091
http://dx.doi.org/10.5194/acp-12-503-2012
http://dx.doi.org/10.1175/1520-0442(2001)014<0011:icpaws>2.0.co;2
http://dx.doi.org/10.1175/bams-86-7-945
http://dx.doi.org/10.1029/2009gl040000
http://dx.doi.org/10.1029/2009gl040000
http://dx.doi.org/10.1029/2009gl040000
http://dx.doi.org/10.1007/978-3-030-24568-9_19
http://dx.doi.org/10.1007/978-3-030-24568-9_19
http://dx.doi.org/10.1007/978-3-030-24568-9_19
http://dx.doi.org/10.1175/1520-0450(1984)023<0724:gccahr>2.0.co;2
http://dx.doi.org/10.1175/1520-0450(1984)023<0724:gccahr>2.0.co;2
http://dx.doi.org/10.1175/1520-0450(1984)023<0724:gccahr>2.0.co;2


W.B. Rossow Journal of the European Meteorological Society 1 (2024) 100004
Hunt, G.E., Kandel, R., Mecherikunnel, A.T., 1986. A history of presatellite investiga-
tions of the Earth’s radiation budget. Rev. Geophys. 24, 351–356. http://dx.doi.
org/10.1029/rg024i002p00351.

Inoue, K., Back, L.E., 2017. Gross moist stability analysis: Assessment of satellite-based
products in the GMS plane. J. Atmos. Sci. 74, 1819–1837. http://dx.doi.org/10.
1175/jas-d-16-0218.1.

Jakob, C., Singh, M.S., Junganreas, L., 2019. Radiative convective equilibrium and
organized convection: An observational perspective. J. Geophys. Res.: Atmos. 124,
418–5430. http://dx.doi.org/10.1029/2018jd030092.

Jakob, C., Tselioudis, G., 2003. Objective identification of cloud regimes in the tropical
western Pacific. Geophys. Res. Lett. 30 (2082), 1–4. http://dx.doi.org/10.1029/
2003gl018367.

Klein, S.A., Hall, A., 2015. Emergent constraints for cloud feedbacks. Curr. Clim. Change
Rep. 1, 276–287. http://dx.doi.org/10.1007/s40641-015-0027-1.

Kummerow, C., Brown, P., Adler, R., Kinne, S., Rossow, W., Stackhouse, P.,
Clayson, C.A., McCabe, M., Mirales, D., Jimenez, C., 2019. The GDAP Integrated
Product, GEWEX NEWS 29, International GEWEX Project Office. Silver Spring, pp.
3–6.

Kyle, H.L., Hickey, J.R., Ardanuy, P.E., Jakobowitz, H., Arking, A., Campbell, G.G.,
House, F.B., Maschhoff, R., Smith, G.L., Stowe, L.L., Vonder Haar, T., 1993. The
NIMBUS earth radiation budget (ERB) experiment: 1975 to 1992. Bull. Am. Me-
teorol. Soc. 74, 815–830. http://dx.doi.org/10.1175/1520-0477(1993)074<0815:
tnerbe>2.0.co;2.

Kyle, H.L., Mecherikunnel, A., Ardanuy, P., Penn, L., Groveman, B., Campbell, G.G.,
Vonder Haar, T.H., 1990. A comparison of two major Earth radiation budget
data sets. J. Geophys. Res. 95 (D7), 9951–9970. http://dx.doi.org/10.1029/
jd095id07p09951.

Lau, N.-C., Crane, M.W., 1995. A satellite view of the synoptic-scale organization of
cloud properties in midlatitude and tropical circulation systems. Mon. Weather Rev.
123, 1984–2006. http://dx.doi.org/10.1175/1520-0493(1995)123<1984:asvots>2.
0.co;2.

Lau, N.-C., Crane, M.W., 1997. Comparing satellite and surface observations of cloud
patterns in synoptic-scale circulations. Mon. Weather Rev. 125, 3172–3189. http:
//dx.doi.org/10.1175/1520-0493(1997)125<3172:csasoo>2.0.co;2.

L’Ecuyer, T.S., Beaudoing, H.K., Rodell, M., Olson, W., Lin, B., Kato, S., Clayson, C.A.,
Wood, E., Sheffield, J., Adler, R., Huffman, G., Bosilovich, M., Gu, G., Robertson, F.,
Houser, P.R., Chambers, D., Famiglietti, J.S., Fetzer, E., Liu, W.T., Gao, X.,
Schlosser, C.A., Clark, E., Lettenmaier, D.P., Hilburn, K., 2015. The observed state
of the energy budget in the early twenty-first century. J. Clim. 28, 8319–8346.
http://dx.doi.org/10.1175/jcli-d-14-00556.1.

L’Ecuyer, T.S., Wood, N.B., Haladay, T., Stephens, G.L., Stackhouse, P.W., 2008.
Impact of clouds on atmospheric heating based on the R04 CloudSat fluxes and
heating rates data set. J. Geophys. Res. 113, 1–15. http://dx.doi.org/10.1029/
2008jd009951.

Loeb, N.G., Doelling, D.R., Wang, H., Su, W., Nguyen, C., Corbett, J.G., Liang, L.,
Mitrescu, C., Rose, F.G., Kato, S., 2018. Clouds and the Earth’s Radiant Energy
System (CERES) Energy Balanced and Filled (EBAF) top-of-atmosphere (TOA)
Edition-4.0 data product. J. Clim. 31, 894–918. http://dx.doi.org/10.1175/jcli-d-
17-0208.1.

Mace, G.G., Zhang, Q., 2014. The CloudSat radar-lidar geometric profile product (RL-
GeoProf): Updates, improvements, and selected results. J. Geophys. Res.: Atmos.
119, 9441–9462. http://dx.doi.org/10.1002/2013jd021374.

Machado, L.A.T., Rossow, W.B., Guedes, R.L., Walker, A.W., 1998. Life cycle vari-
ations of mesoscale convective systems over the Americas. Mon. Weather Rev.
126, 1630–1654. http://dx.doi.org/10.1175/1520-0493(1998)126<1630:lcvomc>
2.0.co;2.

Marcheggiani, A., Spengler, T., 2023. Diabatic effects on the evolution of storm
tracks. Weather Clim. Dynam. 4 (4), 927–942. http://dx.doi.org/10.5194/wcd-4-
927-2023.

Masunaga, H., 2012. A satellite study of atmospheric forcing and response to moist
convection over tropical and subtropical oceans. J. Atmos. Sci. 69, 150–167.
http://dx.doi.org/10.1175/jas-d-11-016.1.

Masunaga, H., 2013. A satellite study of tropical moist convection and environmental
variability: A moisture and thermal budget analysis. J. Atmos. Sci. 70, 2443–2466.
http://dx.doi.org/10.1175/jas-d-12-0273.1.

Masunaga, H., Luo, Z.J., 2016. Convective and large-scale mass flux profiles over
tropical oceans determined from synergistic analysis of a suite of satellite ob-
servations. J. Geophys. Res.: Atmos. 121, 7958–7974. http://dx.doi.org/10.1002/
2016jd024753.

Needham, M.R., Randall, D.A., 2021. Linking atmospheric cloud radiative effects and
tropical precipitation. Geophys. Res. Lett. 48 (e2021gl094004), 1–9. http://dx.doi.
org/10.1029/2021gl094004.

Ohmura, A., Gilgen, H., Hegner, H., Muller, G., Wild, M., Dutton, E.G., For-
gan, B., Frohlich, C., Philipona, R., Heimo, A., Konig-Langlo, G., McArthur, B.,
Pinker, R., Whitlock, C.H., Dehne, C., 1998. Baseline Surface Radiation Network
(BSRN/WCRP): New precision radiometry for climate research. Bull. Am. Mete-
orol. Soc. 79, 2115–2136. http://dx.doi.org/10.1175/1520-0477(1998)079<2115:
bsrnbw>2.0.co;2.

Peixoto, J.P., Oort, A.H., 1992. Physics of Climate. American Institute of Physics, New
York.
6

Platnick, S., Meyer, K.G., Yang, P., Ridgway, W.L., Riedi, J.C., King, M.D., Wind, G.,
Amarasinghe, N., Marchant, B., Arnold, G.T., Zhang, Z., Hubanks, P.A., Holz, R.E.,
2017. The MODIS cloud optical and microphysical products: collection 6 updates
and examples from Terra and Aqua. IEEE Trans. Geosci. Remote Sens. 55, 502–525.
http://dx.doi.org/10.1109/tgrs.2016.2610522.

Polly, J., Rossow, W.B., 2016. Distribution of midlatitude cyclone attributes based on
the MCMS database. J. Clim. 29, 6483–6507. http://dx.doi.org/10.1175/jcli-d-15-
0857.1.

Raschke, E., Kinne, S., Rossow, W.B., Stackhouse, P.W., Wild, M., 2016. Comparison
of radiative energy flows in observational datasets and climate modeling. J. Appl.
Meteorol. Clim. 55, 93–117. http://dx.doi.org/10.1175/jamc-d-14-0281.1.

Raschke, E., Vonder Haar, T.H., Bandeen, W.R., Pasternak, M., 1973. The annual
radiation balance of the Earth-atmosphere system during 1969-70 from Nimbus
3 measurements. J. Atmos. Sci. 30, 341–364. http://dx.doi.org/10.1175/1520-
0469(1973)<030:tarbot>2.0.co;2.

Romanski, J., Rossow, W.B., 2013. Contributions of individual atmospheric diabatic
heating processes to the generation of available potential energy. J. Clim. 26,
4244–4263. http://dx.doi.org/10.1175/jcli-d-12-00457.1.

Rossow, W.B., Knapp, K.R., Young, A.H., 2022. International Satellite Cloud Climatology
Project: Extending the record. J. Clim. 35, 141–158. http://dx.doi.org/10.1175/jcli-
d-21-0157.1.

Rossow, W.B., Tselioudis, G., Polak, A., Jakob, C., 2005. Tropical climate described
as a distribution of weather states indicated by distinct mesoscale cloud prop-
erty mixtures. Geophys. Res. Lett. 32 (L21812), 1–4. http://dx.doi.org/10.1029/
2005gl024584.

Rossow, W.B., Zhang, Y.-C., Tselioudis, G., 2016. Atmospheric diabatic heating in
different weather states and the general circulation. J. Clim. 29, 1059–1065.
http://dx.doi.org/10.1175/jcli-d-15-0760.1.

Sherwood, S.C., Webb, M.J., Annan, J.D., Armour, K.C., Forster, P.M., Harg-
reaves, J.C., Hegerl, G., Klein, S.A., Marvel, K.D., Rohling, E.J., Watanabe, M.,
Andrews, T., Bracannot, P., Bretherton, C.S., Foster, G.L., Hausfather, Z., von der
Heydt, A.S., Knutti, R., Mauritsen, T., Norris, J.R., Proistosescu, C., Rugenstein, M.,
Schmidt, G.A., Tokarska, K.B., Zelinka, M.D., 2020. An assessment of Earth’s climate
sensitivity using multiple lines of evidence. Rev. Geophys. 58 (e2019rg000678),
1–92. http://dx.doi.org/10.1029/2019rg000678.

Sohn, B.-J., Smith, E.A., 1992. Global energy transports and the influence of clouds
on transport requirements - A satellite analysis. J. Clim. 5, 717–734. http://dx.doi.
org/10.1175/1520-0442(1992)005<0717:getati>2.0.co;2.

Stackhouse, P.W., Gupta, S.K., Cox, S.J., Zhang, T., Mikovitz, J.C., Hinkelman, L.M.,
2011. The NASA/GEWEX Surface Radiation Budget Release 3.0: 24.5-Year Dataset,
GEWEX NEWS 21(1) International GEWEX Project Office. Silver Spring, pp. 10–12.

Stephens, G.L., 2005. Cloud feedbacks in the climate system: A critical review. J. Clim.
18, 237–273. http://dx.doi.org/10.1175/jcli-3243.1.

Stephens, G.L., Shiro, K.A., Hakuba, M.Z., Takahashi, H., Pilewskie, J.A., Andrews, T.,
Stubenrauch, C.J., Wu, L., 2024. Tropical deep convection, cloud feedbacks and
climate sensitivity. Surv. Geophys. 1–29, http://dx.doi.org/10.1007/s10712-024-
09831-1.

Stubenrauch, C.J., Kinne, S., Mandorli, G., Rossow, W.B., Winker, D.M., Ackerman, S.A.,
Chepfer, H., Di Girolamo, L., Garnier, A., Heidinger, A., Karlsson, K.-G., Meyer, K.,
Minnis, P., Platnick, S., Stengel, M., Sun Mack, S., Vegho, P., Walther, A., Cai, X.,
Young, A.H., Zhao, G., 2024. Lessons learned from the updated GEWEX Cloud
Assessment database. Surv. Geophys. 1–50. http://dx.doi.org/10.1007/s10712-
.024-09824-0.

Stuhlman, R., Smith, G.L., 1988. A study of cloud-generated radiative heating and its
generation of available potential energy. Part II. Results for a climatological zonal
mean january. J. Atmos. Sci. 45, 3928–3943. http://dx.doi.org/10.1175/1520-
0469(1988)045<3928:asocgr>2.0.co;2.

Takahashi, H., Lebsock, M., Luo, Z.J., Masunaga, H., Wang, C., 2021. Detection and
tracking of tropical convective storms based on globally gridded precipitation
measurements: Algorithm and survey over the tropics. J. Appl. Meteorol. Climatol.
60, 40–421. http://dx.doi.org/10.1175/jamc-d-20-0171.1.

Tan, J., Jakob, C., Rossow, W.B., Tselioudis, G., 2015. Increases in tropical rainfall
driven by changes in frequency of organized deep convection. Nature 519, 451–454.
http://dx.doi.org/10.1038/nature14339.

Tselioudis, G., Jakob, C., 2002. Evaluation of midlatitude cloud properties in a weather
and a climate model: Dependence on dynamic regime and spatial resolution. J.
Geophys. Res. 107 (4781), 1–14, http://dx.doi.org/10/1029/2002jd002259.

Tselioudis, G., Lipat, B., Konsta, D., Grise, K., Polvani, L., 2016. Midlatitude cloud shifts,
their primary link to the hadley cell, and their diverse radiative effects. Geophys.
Res. Lett. 43, 4594–4601. http://dx.doi.org/10.1002/2016GL068242.

Tselioudis, G., Rossow, W.B., 2006. Climate feedback implied by observed radiation and
precipitation changes with midlatitude storm strength and frequency. Geophys. Res.
Lett. 33 (L02704), 1–5. http://dx.doi.org/10.1029/2005gl024513.

Tselioudis, G., Rossow, W.B., Bender, F., Oreopoulos, L., Remillard, J., 2024. Oceanic
cloud trends during the satellite era and their radiative signatures. Clim. Dyn. (in
press).

Tselioudis, G., Rossow, W.B., Jakob, C., Remillard, J., Tropf, D., Zhang, Y.-C., 2021.
Evaluation of clouds, radiation, and precipitation in CMIP6 models using global
weather states derived from ISCCP-H cloud property data. J. Clim. 34, 7311–7324.
http://dx.doi.org/10.1175/jcli-d-21-0076.1.

http://dx.doi.org/10.1029/rg024i002p00351
http://dx.doi.org/10.1029/rg024i002p00351
http://dx.doi.org/10.1029/rg024i002p00351
http://dx.doi.org/10.1175/jas-d-16-0218.1
http://dx.doi.org/10.1175/jas-d-16-0218.1
http://dx.doi.org/10.1175/jas-d-16-0218.1
http://dx.doi.org/10.1029/2018jd030092
http://dx.doi.org/10.1029/2003gl018367
http://dx.doi.org/10.1029/2003gl018367
http://dx.doi.org/10.1029/2003gl018367
http://dx.doi.org/10.1007/s40641-015-0027-1
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb22
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb22
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb22
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb22
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb22
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb22
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb22
http://dx.doi.org/10.1175/1520-0477(1993)074<0815:tnerbe>2.0.co;2
http://dx.doi.org/10.1175/1520-0477(1993)074<0815:tnerbe>2.0.co;2
http://dx.doi.org/10.1175/1520-0477(1993)074<0815:tnerbe>2.0.co;2
http://dx.doi.org/10.1029/jd095id07p09951
http://dx.doi.org/10.1029/jd095id07p09951
http://dx.doi.org/10.1029/jd095id07p09951
http://dx.doi.org/10.1175/1520-0493(1995)123<1984:asvots>2.0.co;2
http://dx.doi.org/10.1175/1520-0493(1995)123<1984:asvots>2.0.co;2
http://dx.doi.org/10.1175/1520-0493(1995)123<1984:asvots>2.0.co;2
http://dx.doi.org/10.1175/1520-0493(1997)125<3172:csasoo>2.0.co;2
http://dx.doi.org/10.1175/1520-0493(1997)125<3172:csasoo>2.0.co;2
http://dx.doi.org/10.1175/1520-0493(1997)125<3172:csasoo>2.0.co;2
http://dx.doi.org/10.1175/jcli-d-14-00556.1
http://dx.doi.org/10.1029/2008jd009951
http://dx.doi.org/10.1029/2008jd009951
http://dx.doi.org/10.1029/2008jd009951
http://dx.doi.org/10.1175/jcli-d-17-0208.1
http://dx.doi.org/10.1175/jcli-d-17-0208.1
http://dx.doi.org/10.1175/jcli-d-17-0208.1
http://dx.doi.org/10.1002/2013jd021374
http://dx.doi.org/10.1175/1520-0493(1998)126<1630:lcvomc>2.0.co;2
http://dx.doi.org/10.1175/1520-0493(1998)126<1630:lcvomc>2.0.co;2
http://dx.doi.org/10.1175/1520-0493(1998)126<1630:lcvomc>2.0.co;2
http://dx.doi.org/10.5194/wcd-4-927-2023
http://dx.doi.org/10.5194/wcd-4-927-2023
http://dx.doi.org/10.5194/wcd-4-927-2023
http://dx.doi.org/10.1175/jas-d-11-016.1
http://dx.doi.org/10.1175/jas-d-12-0273.1
http://dx.doi.org/10.1002/2016jd024753
http://dx.doi.org/10.1002/2016jd024753
http://dx.doi.org/10.1002/2016jd024753
http://dx.doi.org/10.1029/2021gl094004
http://dx.doi.org/10.1029/2021gl094004
http://dx.doi.org/10.1029/2021gl094004
http://dx.doi.org/10.1175/1520-0477(1998)079<2115:bsrnbw>2.0.co;2
http://dx.doi.org/10.1175/1520-0477(1998)079<2115:bsrnbw>2.0.co;2
http://dx.doi.org/10.1175/1520-0477(1998)079<2115:bsrnbw>2.0.co;2
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb38
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb38
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb38
http://dx.doi.org/10.1109/tgrs.2016.2610522
http://dx.doi.org/10.1175/jcli-d-15-0857.1
http://dx.doi.org/10.1175/jcli-d-15-0857.1
http://dx.doi.org/10.1175/jcli-d-15-0857.1
http://dx.doi.org/10.1175/jamc-d-14-0281.1
http://dx.doi.org/10.1175/1520-0469(1973)<030:tarbot>2.0.co;2
http://dx.doi.org/10.1175/1520-0469(1973)<030:tarbot>2.0.co;2
http://dx.doi.org/10.1175/1520-0469(1973)<030:tarbot>2.0.co;2
http://dx.doi.org/10.1175/jcli-d-12-00457.1
http://dx.doi.org/10.1175/jcli-d-21-0157.1
http://dx.doi.org/10.1175/jcli-d-21-0157.1
http://dx.doi.org/10.1175/jcli-d-21-0157.1
http://dx.doi.org/10.1029/2005gl024584
http://dx.doi.org/10.1029/2005gl024584
http://dx.doi.org/10.1029/2005gl024584
http://dx.doi.org/10.1175/jcli-d-15-0760.1
http://dx.doi.org/10.1029/2019rg000678
http://dx.doi.org/10.1175/1520-0442(1992)005<0717:getati>2.0.co;2
http://dx.doi.org/10.1175/1520-0442(1992)005<0717:getati>2.0.co;2
http://dx.doi.org/10.1175/1520-0442(1992)005<0717:getati>2.0.co;2
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb49
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb49
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb49
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb49
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb49
http://dx.doi.org/10.1175/jcli-3243.1
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb51
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb51
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb51
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb51
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb51
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb51
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb51
http://dx.doi.org/10.1007/s10712-.024-09824-0
http://dx.doi.org/10.1007/s10712-.024-09824-0
http://dx.doi.org/10.1007/s10712-.024-09824-0
http://dx.doi.org/10.1175/1520-0469(1988)045<3928:asocgr>2.0.co;2
http://dx.doi.org/10.1175/1520-0469(1988)045<3928:asocgr>2.0.co;2
http://dx.doi.org/10.1175/1520-0469(1988)045<3928:asocgr>2.0.co;2
http://dx.doi.org/10.1175/jamc-d-20-0171.1
http://dx.doi.org/10.1038/nature14339
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb56
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb56
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb56
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb56
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb56
http://dx.doi.org/10.1002/2016GL068242
http://dx.doi.org/10.1029/2005gl024513
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb59
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb59
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb59
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb59
http://refhub.elsevier.com/S2950-6301(24)00004-8/sb59
http://dx.doi.org/10.1175/jcli-d-21-0076.1


W.B. Rossow Journal of the European Meteorological Society 1 (2024) 100004
Tselioudis, G., Rossow, W.B., Zhang, Y.-C., Konsta, D., 2013. Global weather states
and their properties from passive and active satellite cloud retrievals. J. Clim. 26,
7734–7746. http://dx.doi.org/10.1175/jcli-d-13-00024.1.

Tuinenburg, O.A., Staal, A., 2020. Tracking the global flows of atmospheric moisture
and associated uncertainties. Hydrol. Earth Syst. Sci. 24, 2419–2435. http://dx.doi.
org/10.5194/hess-24-2419-2020.

Vonder Haar, T.H., Suomi, V.E., 1971. Measurements of the Earth’s radiation budget
from satellites during a five-year period. Part I: Extended time and space means. J.
Atmos. Sci. 28, 305–314. http://dx.doi.org/10.1175/1520-0469(1971)028<0305:
moterb>2.0.co;2.

Wang, J., Rossow, W.B., Zhang, Y.-C., 2000. Cloud vertical structure and its variations
from a 20-year global rawinsonde dataset. J. Clim. 13, 3041–3056. http://dx.doi.
org/10.1175/1520-0442(2000)013<3041:cvsaiv>2.0.co;2.

Webster, P.J., 1994. The role of hydrological processes in ocean-atmosphere
interactions. Rev. Geophys. 32, 427–476. http://dx.doi.org/10.1029/94rg01873.

Wielicki, B.A., Wong, T., Allan, R.P., Slingo, A., Kiehl, J.T., Soden, B.J., Gordon, C.T.,
Miller, A.J., Yang, S.-K., Randall, D.A., Robertson, F., Susskind, J., Jakobowitz, H.,
2002. Evidence for large decadal variability in tropical mean radiative energy
budget. Science 295, 841–844. http://dx.doi.org/10.1126/science.1065837.

Wodzicki, K.R., Rapp, A.D., 2016. Long-term characterization of the Pacific ITCZ
using TRMM, GPCP, and ERA-Interim. J. Geophys. Res.: Atmos. 121, 3153–3170.
http://dx.doi.org/10.1002/2015jd024458.
7

Zelinka, M.D., Klein, S.A., Hartmann, D.L., 2012a. Computing and partitioning cloud
feedbacks using cloud property histograms. Part I: Cloud radiative kernels. J. Clim.
25, 3715–3735. http://dx.doi.org/10.1175/jclim-d-11-00248.1.

Zelinka, M.D., Klein, S.A., Hartmann, D.L., 2012b. Computing and partitioning cloud
feedbacks using cloud property histograms. Part II: Attribution to changes in cloud
amount, height, and optical depth. J. Clim. 25, 3736–3754. http://dx.doi.org/10.
1175/jclim-d-11-00249.1.

Zelinka, M.D., Tan, J., Oreopoulos, L., Tselioudis, G., 2023. Detailing cloud property
feedbacks with a regime-based decomposition. Clim. Dyn. 60, 2983–3003. http:
//dx.doi.org/10.1007/s00382-022-06488-7.

Zhang, Y.-C., Jin, Z., Sikand, M., 2021. The top-of-atmosphere, surface and atmospheric
cloud radiative kernels based on ISCCP-H datasets: Method and evaluation. J.
Geophys. Res.: Atmos. 126 (e2011jd035053), 1–34. http://dx.doi.org/10.1029/
2011jd035053.

Zhang, Y.-C., Rossow, W.B., 1997. Estimating meridional energy transports by the
atmospheric and oceanic general circulations using boundary flux data. J. Clim.
10, 2358–2373. http://dx.doi.org/10.1175/1520-0442(1997)010<2358:emetbt>2.
0.co;2.

Zhang, Y.-C., Rossow, W.B., 2023. Global radiative flux profile dataset: Revised and
extended. J. Geophys. Res.: Atmos. 128 (e2022jd037340), 1–19. http://dx.doi.org/
10.1029/2022jd037340.

http://dx.doi.org/10.1175/jcli-d-13-00024.1
http://dx.doi.org/10.5194/hess-24-2419-2020
http://dx.doi.org/10.5194/hess-24-2419-2020
http://dx.doi.org/10.5194/hess-24-2419-2020
http://dx.doi.org/10.1175/1520-0469(1971)028<0305:moterb>2.0.co;2
http://dx.doi.org/10.1175/1520-0469(1971)028<0305:moterb>2.0.co;2
http://dx.doi.org/10.1175/1520-0469(1971)028<0305:moterb>2.0.co;2
http://dx.doi.org/10.1175/1520-0442(2000)013<3041:cvsaiv>2.0.co;2
http://dx.doi.org/10.1175/1520-0442(2000)013<3041:cvsaiv>2.0.co;2
http://dx.doi.org/10.1175/1520-0442(2000)013<3041:cvsaiv>2.0.co;2
http://dx.doi.org/10.1029/94rg01873
http://dx.doi.org/10.1126/science.1065837
http://dx.doi.org/10.1002/2015jd024458
http://dx.doi.org/10.1175/jclim-d-11-00248.1
http://dx.doi.org/10.1175/jclim-d-11-00249.1
http://dx.doi.org/10.1175/jclim-d-11-00249.1
http://dx.doi.org/10.1175/jclim-d-11-00249.1
http://dx.doi.org/10.1007/s00382-022-06488-7
http://dx.doi.org/10.1007/s00382-022-06488-7
http://dx.doi.org/10.1007/s00382-022-06488-7
http://dx.doi.org/10.1029/2011jd035053
http://dx.doi.org/10.1029/2011jd035053
http://dx.doi.org/10.1029/2011jd035053
http://dx.doi.org/10.1175/1520-0442(1997)010<2358:emetbt>2.0.co;2
http://dx.doi.org/10.1175/1520-0442(1997)010<2358:emetbt>2.0.co;2
http://dx.doi.org/10.1175/1520-0442(1997)010<2358:emetbt>2.0.co;2
http://dx.doi.org/10.1029/2022jd037340
http://dx.doi.org/10.1029/2022jd037340
http://dx.doi.org/10.1029/2022jd037340

	Evolution of the concept of cloud-climate feedbacks
	Introduction
	Background Summary
	Limitations of the simple feedback concept
	Implications of Some Previous Results
	Possible analyses for further progress
	Conclusions
	Acknowledgments
	References


