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Abstract The surface temperature‐mediated change in cloud properties, referred to as the cloud feedback,
continues to dominate the uncertainty in climate projections. A larger number of contemporary global climate
models (GCMs) project a higher degree of warming than the previous generation of GCMs. This greater
projected warming has been attributed to a less negative cloud feedback in the Southern Ocean. Here, we apply a
novel “double decomposition method” that employs the “cloud radiative kernel” and “cloud regime” concepts,
to two data sets of satellite observations to decompose the interannual cloud feedback into contributions arising
from changes within and shifts between cloud morphologies. Our results show that contributions from the latter
to the cloud feedback are large for certain regimes. We then focus on interpreting how both changes within and
between cloud morphologies impact the shortwave cloud optical depth feedback over the Southern Ocean in
light of additional observations. Results from the former cloud morphological changes reveal the importance of
the wind response to warming increases low‐ and mid‐level cloud optical thickness in the same region. Results
from the latter cloud morphological changes reveal that a general shift from thick storm‐track clouds to thinner
oceanic low‐level clouds contributes to a positive feedback over the Southern Ocean that is offset by shifts from
thinner broken clouds to thicker mid‐ and low‐level clouds. Our novel analysis can be applied to evaluate GCMs
and potentially diagnose shortcomings pertaining to their physical parameterizations of particular cloud
morphologies.

Plain Language Summary Climate models project that rising levels of greenhouse gas emissions
will raise Earth's global mean surface air temperature. However, the amount of warming to be expected remains
highly uncertain. A main underlying cause for this uncertainty is the representation of atmospheric clouds in
these models. In particular, the response of clouds to global warming, known as the “cloud feedback” over the
Southern Ocean has been linked to higher levels of projected warming. To address the uncertainty, we apply a
novel method to two satellite data sets. This method teases apart contributions from changing cloud properties
such as their horizontal spatial coverage and their ability to reflect sunlight, to the cloud feedback, and then
further dissects each of these contributions into those arising from changes occurring both within groups of
cloud types and changes occurring between these groups. Results suggest that a general shift from thick storm‐
track clouds to thinner oceanic low‐level clouds exacerbates warming in the Southern Ocean but are partially
counterbalanced by cloud thickening in part due to stronger near‐surface winds in the same region. Our novel
methods and results can potentially be used to evaluate climate models and aid in tracing their shortcomings to
poorly represented physical processes.

1. Introduction
The projected change in Earth's global mean surface air temperature is highly uncertain. In particular, the amount
of warming to be expected due to a doubling of atmospheric CO2 concentrations ranges from 2°C to 5°C with a
probability greater than 90% based on multiple lines of evidence (Forster et al., 2021), including evidence based
on global climate models (GCMs). The disparate response of clouds to global warming— referred to as the cloud
feedback— continues to dominate the uncertainty in GCM‐based climate projections for several decades (Forster
et al., 2021). In fact, the most recent generation of GCMs participating in the sixth phase of the Climate Model
Intercomparison Project (CMIP6) show enhanced warming relative to the previous generation of GCMs that
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participated in the fifth phase of CMIP, that is, CMIP5 due to a 20% larger amplifying cloud feedback. Greater
reductions in low‐level cloud fraction (CF) and smaller increases in cloud water content, particularly over the
Southern Ocean where mixed‐phase clouds are abundant have been linked to the amplifying cloud feedback in
GCMs participating in CMIP6 (Zelinka et al., 2020).

Yet, despite this uncertainty, robust features and a better physical understanding of cloud feedback mechanisms
have emerged, in large part due to satellite observations. A wealth of data collected by spaceborne remote sensing
instruments have contributed to constraining the cloud feedback either directly by inferring it from observations
(Norris et al., 2016) or indirectly through improved representation and understanding of subgrid‐scale processes
that influence clouds (Coopman & Tan, 2023; Lebsock et al., 2013; Quaas, 2012; Soden & Donner, 1994; Su
et al., 2013; Wang et al., 2022; M. H. Zhang et al., 2005; Z. Zhang et al., 2022) as well as through advances in
understanding how local environmental factors control cloud properties (Kelleher & Grise, 2019; D. T. McCoy
et al., 2020; Scott et al., 2020). The results presented herein are relevant to both approaches of constraining the
cloud feedback: we apply satellite remote sensing observations directly to infer the interannual cloud feedback
using a novel technique as a step toward indirectly improving GCMs at the process level. Although the inter-
annual cloud feedback inferred from the novel technique employed here relates to short timescale processes that
may not necessarily correspond to the long‐term cloud feedback inferred from GCMs (Chao et al., 2024), many of
the cloud processes that cause uncertainties in the long‐term cloud feedback are observable short‐term responses.
Indeed, it has been shown that interannual and long‐term cloud feedbacks are well‐correlated across GCMs (Zhou
et al., 2016). The technique applied here additionally diagnoses contributions of changing cloud morphology to
the cloud feedback, which is missing from existing techniques.

The two main techniques that have been applied to diagnose cloud feedback are the partial radiative perturbation
method (Wetherald & Manabe, 1988) and the “radiative kernel method.” The latter method has diagnosed cloud
feedback both directly through the development of the “cloud radiative kernel (CRK)” (Zelinka et al., 2012) as
well as indirectly as a residual of the total climate feedback parameter (Shell et al., 2008; Soden et al., 2008).
These methods do not diagnose the contributions due to changing cloud morphology, although a predictive
model of certain cloud morphological changes has recently been developed (I. L. McCoy et al., 2023). Yet, at
the same time, changes in cloud morphology have been shown to occur with global warming using the “cloud
regime” framework (Tsushima et al., 2015; Williams & Tselioudis, 2007; Williams & Webb, 2009) that
classifies clouds by dynamical regimes. Cloud morphology is used herein to broadly encompass cloud regimes
that capture a mixture of traditional cloud types (Howard, 2011), although other definitions of cloud morphology
exist in the literature (Stevens et al., 2019; Wood & Hartmann, 2006). The complementary strengths of the CRK
and cloud regime concepts which were combined into a “double decomposition method” of the cloud feedback
to diagnose the contribution of changing cloud morphology (Zelinka et al., 2023), are applied here to satellite
observations to obtain the interannual cloud feedback. The method is applied to long‐term satellite records of
cloud properties obtained by the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument onboard
the Aqua and Terra satellites and archived in the International Satellite Cloud Climatology Project (ISCCP)
data set.

The focus of this work is on the shortwave (SW) extratropical cloud optical depth feedback (λτ), that is, the
contribution of changes in the optical depth (τ) of extratropical clouds to the SW radiation budget in response to
rising global 2‐m air temperatures holding cloud height and cloud amount fixed. A primary motivation behind
this work is the cloud feedback over the Southern Ocean (defined as the latitude region spanning from 55°S to
65°S) since λτ in this region was shown to be a primary contributor to the increased projected warming in
CMIP6 due to a weaker SW cloud scattering feedback in CMIP6 relative to CMIP5 (Zelinka et al., 2020).
Several mechanisms have been proposed to explain the extratropical cloud feedback (D. T. McCoy
et al., 2023). One reason for the weaker negative feedback is the increase in the proportion of supercooled
liquid in mixed‐phase clouds in the mean state of the CMIP6 models relative to that in the CMIP5 models
(Bodas‐Salcedo et al., 2019; Kawai et al., 2019; Zelinka et al., 2020). This increase in the mean‐state liquid
content of mixed‐phase clouds implies that the transition from cloud ice to liquid water content at a given
altitude is statistically less likely to occur — a mechanism referred to as the “cloud‐phase feedback” (Frey &
Kay, 2018; Mitchell et al., 1989; Tan et al., 2016; Tsushima et al., 2006; Wall et al., 2022). The cloud‐phase
feedback is a negative SW cloud feedback that acts to damp global warming. This is due to the fact that liquid
droplets are more abundant than ice crystals in clouds (Pruppacher & Klett, 2012) coupled with the fact that
clouds with a higher proportion of liquid water tend to be more reflective of sunlight than those with a higher
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proportion of ice water (Sun & Shine, 1994). GCM simulations have shown that increasing the supercooled
liquid water fraction of mixed‐phase clouds causes the negative cloud‐phase feedback to weaken (Tan
et al., 2016). These simulations showed that as the cloud‐phase feedback approaches the point of vanishing, it
may unmask other warming mechanisms that contribute to a positive λτ. This effect was shown to be partic-
ularly prominent over the Southern Ocean due to an abundance of mixed‐phase clouds (Haynes et al., 2011;
Huang et al., 2012; Mace et al., 2021). Since the warming mechanisms contributing to a positive λτ are un-
known, one of the main goals of this work is to determine how cloud morphological changes contribute to a
positive λτ. Previous studies examining variations in satellite‐observed τ with temperature at the cloud level
suggest that decreases in τ with warming (Tan et al., 2019; Terai et al., 2016; Tselioudis et al., 1992) may
indeed occur in the mid‐latitude regions potentially due to increases in entrainment drying or precipitation with
warming. In addition to thermodynamic phase shifts, increases in adiabatic liquid water content (Betts &
Harshvardhan, 1987) and moisture convergence in the Southern Ocean and the subsequent increase in
cloudiness and decrease in precipitation associated with it can also increase τ (D. T. McCoy et al., 2022). We
apply the double decomposition method to elucidate how shifts in cloud morphology in response to changes in
surface temperature warming contribute to λτ, with a focus on the Southern Ocean λτ.

We begin by describing the data sets used in this study in Section 2. The double decomposition method and the
method for interpreting results are detailed in Section 3. Section 4 then presents the results of the application of the
double decomposition method in the context of the interannual cloud feedback derived from two satellite remote
sensing products. This is followed by concluding remarks in Section 5.

2. Data Sets
In this study, we employ the MODISMCDCOSP joint histogram cloud product that merges cloud retrievals from
both MODIS instruments onboard Terra and Aqua and is consistent with the satellite simulator framework
(Pincus et al., 2023). We also repeat our analysis using the ISCCP High‐resolution Global Hourly (HGG) joint
histogram cloud product, and show these results in Supporting Information S1. We focus most of our discussion
onMODIS because it uses more spectral information in its cloud property retrievals compared to ISCCP (Platnick
et al., 2016; Young et al., 2018) and we therefore consider the MODIS retrievals to be relatively more reliable. In
particular, while MODIS utilizes 22 out of its 36 spectral bands in its cloud mask algorithm (Ackerman
et al., 2006; Platnick et al., 2016), ISCCP relies on two bands— one in the visible and the 11 μm infrared window
band. MODIS retrieves τ using for the Nakajima and King (1990) bispectral method at 1 km pixel resolution;
ISCCP infers τ using visible radiances and assuming thermodynamic phase from infrared radiances while making
assumptions about the microphysical properties of the clouds.

There are key differences between MODIS and ISCCP that influence τ as highlighted in Pincus et al. (2012).
These are briefly discussed here; the reader is referred to Pincus et al. (2012) for more details. First, the latter
assumes that entire pixels are homogeneously cloudy whereas the former flags for partially cloudy pixels. Second,
thermodynamic phase discrimination (which both products rely on to infer τ) differ; MODIS uses multiple
spectral bands while ISCCP relies on a single threshold of brightness temperature. Third, the viewing and illu-
mination geometry differ due to the fact that MODIS is polar‐orbiting while ISCCP is a fusion of geostationary
satellite data and polar‐orbiting data, relying more heavily on geostationary data when available; while MODIS
observations are concentrated near midday, ISCCP observations span all daytime hours and therefore include
times when the solar zenith angle is low and therefore bias τ (Grosvenor & Wood, 2014). Fourth, the ISCCP data
set contains a much greater proportion of optically thin cirrus clouds compared to MODIS and MODIS therefore
generally exhibits a climatologically greater τ compared to ISCCP.

In this study, we employ the most up‐to‐date version of the ISCCP HGG weather states (Tselioudis et al., 2021a)
and MODIS Collection 6.1 (Platnick et al., 2016) cloud regimes (Cho et al., 2021a). The centroids of the MODIS
cloud regimes are displayed in Figure 1 and the global distributions of their relative frequency of occurrences are
displayed in Figure 2. Briefly, MODIS cloud regimes 1–3 roughly correspond to tropical high‐level clouds, cloud
regime 4 to predominantly high‐level subtropical clouds, cloud regimes 5–6 to high‐latitude storm‐track clouds,
with cloud regime 6 predominantly occurring at mid‐levels, and cloud regimes 7–11 corresponding to various
low‐level cloud types. The centroids of the ISCCP cloud regimes are displayed in Figure S1 and the global
distributions of their relative frequency of occurrences are displayed in Figure S2. ISCCP cloud regime 1 roughly
corresponds to tropical high‐level clouds, 2 and 5 to high‐latitude storm track clouds, 3 and 4 to cirrus clouds, and
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6–8 to various low‐level cloud types. These descriptions are summarized in Table S1 in Supporting Informa-
tion S1 and the reader is referred to the relevant publications for additional details on the derivation and
description of the various cloud regimes.

Clear‐sky surface albedo values were obtained using Edition 4.1 of the SYN Level 3 daily gridded observations of
clear‐sky surface albedo derived from the Clouds and the Earth's Radiant Energy System (CERES) instrument
(Loeb et al., 2018). Global mean surface air temperature values, Ts are obtained from Modern‐Era Retrospective
analysis for Research and Applications, version 2 (MERRA‐2) Reanalysis (Gelaro et al., 2017). The cloud‐
controlling factors examined in this study were also from MERRA‐2 reanalysis.

Figure 1. Global mean MODIS cloud regime centroids. The global relative frequency of occurrence and total cloud fraction of the cloud regimes are printed above each
individual panel. These cloud regimes differ slightly from Cho et al. (2021a) in that they were derived from equal angle 1° daily joint‐histograms as opposed to equal
area (110 km)2 3‐hr joint histograms.
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3. Methodology
The principal method employed in this study — the double decomposition method — is described in Zelinka
et al. (2023). A summary and modifications to this method (namely in the way anomalies were calculated and how
the CRK was modified) are first described in Section 3.1. This method results in the decomposition of λτ, the
cloud amount, and cloud altitude feedbacks into two dominant components: one that quantifies the contribution
due to shifts between or “across” cloud regimes (described below) and another that quantifies the contribution of
changes within cloud regimes to λτ. A method for interpreting the former component is detailed in Section 3.2.1
and the method employed to better understand the processes responsible for the latter component is detailed in
Section 3.2.2.

3.1. Double Decomposition Method

The double decomposition method is a fusion of two independent techniques: the CRK decomposition technique
(Zelinka et al., 2012, 2013) and the cloud regime decomposition technique (Williams & Tselioudis, 2007). The
CRK method directly calculates the cloud feedback (with units of Wm− 2K− 1) from cloud properties as the
product of two terms:

dR
dTs

=
∂R
∂C

dC
dTs

(1)

Figure 2. Global distributions of the relative frequency of occurrence of the MODIS cloud regimes.
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where R is the radiative flux at the top of the atmosphere andC is the CF joint‐histogram.K ≡ ∂R
∂C is the CRKwhich

is computed using an offline radiative transfermodel and can essentially be considered a look‐up table and dC
dTs

is the
sensitivity of themonthlyCF to changes inTs. TheCRK term is a five‐dimensionalmatrix consisting of τ, cloud top‐
pressure, latitude, albedo, and month. The CRK is quantified and stored separately for both longwave and SW
radiation components. As described in Zelinka et al. (2012), the SW CRK replaces longitude with three values of
albedo to account for the fact that changes in SW radiation due to clouds also depends on the underlying surface
albedo. The matrix convention used in the CRK method derives from the ISCCP joint‐histogram framework that
records the presence of cloudy pixels in various ranges or “bins” of τ and cloud‐top pressurewithin a given grid cell.
The total cloud feedback, λtot can be decomposed into components due to changes in cloud amount, pressure, and
optical depth, plus a residual term, in each case holding the other properties fixed, that is,

λtot = λτ + λa + λp + λr (2)

where the subscripts “a,” “p,” and “r” represent amount, pressure, and residual, respectively. Equations for these
terms are provided in Appendix B of Zelinka et al. (2013).

The advent of the satellite simulator (Bodas‐Salcedo et al., 2011) has effectively enabled a relatively fair
comparison and therefore evaluations of GCM‐simulated cloud properties against satellite observations. Cloud
histograms can be obtained either from models and/or observations and are also five‐dimensional matrices.
Cloud regimes are a mixture of traditional cloud types (Howard, 2011) derived by applying the k‐means
clustering algorithm (Anderberg, 1973) on gridded cloud histograms. A set of histograms with substantially
different cloud properties is determined to initialize the clustering algorithm. The result after convergence of the
algorithm is a set of centroids representing cloud properties with distinct thermodynamical and dynamical
meteorological regimes (Oreopoulos et al., 2014). The cloud regime concept was originally applied to ISCCP
cloud histograms at a 3‐hr temporal resolution (Jakob & Tselioudis, 2003) and later extended to daily MODIS
cloud histograms (Oreopoulos et al., 2014). Individual grid cells can then be assigned to individual cloud
regimes. For example, for MODIS cloud regimes that are defined in 1° grid cells on a daily basis, each grid cell
is labeled as one of cloud regimes 1–11 (or the clear‐sky regime 12) determined to be the cloud regime with the
centroid that has the smallest Euclidian distance from the histogram of the grid cell. For simplicity, the term
“cloud regime” is henceforth a generic term we will use to include ISCCP cloud regimes that were originally
coined “weather states” in addition to MODIS cloud regimes. The concept of cloud regimes has been
particularly useful for application to GCMs by virtue of their classification on the gridded spatial scale which
makes them compatible for evaluation against satellite observations (Tsushima et al., 2015; Williams &
Webb, 2009).

The basic idea of fusing together the CRK and cloud regime decomposition techniques is to insert a cloud regime‐
decomposed CF anomaly into Equation 1. Given that the CRK has a temporal resolution of 1 month, we define the
cloud regime‐decomposed CF anomaly to be a monthly anomaly to be compatible with the CRK. The monthly
cloud anomaly, ΔC can be decomposed as follows:

ΔC =∑
N

r=1
(ΔfrCr + ΔCr fr + ΔCΔfr), (3)

where N represents the total number of cloud regimes (there are a total of 8 and 11 cloud regimes for ISCCP and
MODIS, respectively), and fr represents the RFO of a cloud regime within a given period of time— here, taken to
be a month to be compatible with the CRK method. Therefore,

fr(m, ϕ, θ) =
∑y f
y=yi ∑

D(my)
d=1 nr(d, ϕ, θ)

∑R
r=1∑y f

y=yi ∑
D(my)
d=1 nr(d, ϕ, θ)

, (4)

where y denotes the year, m is the month, D denotes the total number of days in a given month, ϕ is the longitude
coordinate and θ is the latitude coordinate and nr is the occurrence of a cloud regime in each day and at each
location, and n is a boolean value. Here, a cloud regime's monthly cloud anomaly, ΔCr is defined as the difference
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between the regime's CF at a particular month and the cloud regime's climatological monthly mean over the time
period of interest Cr. In this case, the time period of interest is from 2003 to 2016. This time period is limited by
the availability of the MODIS cloud regimes post‐2003 and ISCCP weather states pre‐2016. The first term on the
right‐hand side of Equation 3 represents the contribution of shifts in the RFO of a particular cloud regime to ΔC
(henceforth referred to as the “across‐regime term”); the second term represents the contribution of changes due to
properties within a particular cloud regime to ΔC (henceforth referred to as the “within‐regime term”) and the
third term represents the contribution of both across‐regime shifts and within‐regime changes in cloud properties
(henceforth referred to as the “covariance term”).

The CRK and cloud regime decomposition methods can be fused together by substituting ΔC in Equation 3 into
Equation 1 to obtain the total cloud feedback parameter, λc:

λc =
1

ΔTs
∑
N

r=1
Kr (ΔfrCr + ΔCr fr + ΔCΔfr) (5)

The normalization by ΔTs is performed by regressing monthly mean cloud‐induced radiation anomalies, ΔR (the
terms in the summation) onto monthly global mean ΔTs values. Kr (which is different for the ISCCP and MODIS
cloud regimes) represents the CRK corresponding to a given cloud regime. The SW Kr was derived by first
creating a clear‐sky surface albedo weighted by the frequency of occurrence of each cloud regime for each
latitude. These monthly derived surface albedo values are then used to map via linear interpolation the SW Kr to
longitude coordinates for each cloud regime. The decomposition represented by Equation 5 is referred to as the
“double decomposition method” and is so‐called because it reflects the fact that it decomposes λc into three
components plus a residual term following the standard CRK technique and then each of those components into
another three components following the cloud regime decomposition method. The double decomposition method
is schematically represented by the three rows in Figure 3.

The contribution of the across‐regime term to cloud optical depth and altitude feedback vanishes by design. This
arises from the fact that it consists of a product of a scalar, Δfr and two mean‐state variables, Cr and Kr. Yet,
across‐regime changes that occur when cloud property changes are large enough to result in a regime shift may
represent substantial contributions to these cloud feedbacks as later shown in Section 4. Thus, following Zelinka
et al. (2023), the first term on the right‐hand side of Equation 5 is further decomposed as

KrΔfrCr = Δfr (CK + CK′r + C′rK + C′r K′r), (6)

where the overbar denotes the annual and cloud regime average, and the prime denotes the anomaly from that
average. The sum of the first term, ΔfrCK over all cloud regimes vanishes since the change in CF across cloud
regimes is conserved. Also, by design, the change in CF across cloud regimes is large in comparison to changes
in the CRK itself across cloud regimes. Therefore the second and fourth terms, ΔfrCK′r and ΔfrC′r K′r,
respectively, are small in comparison with the third term, ΔfrC′rK, which represents the component due to

Figure 3. Flowchart illustrating the double decomposition of the shortwave (SW) cloud feedback and the associated
terminology. The gray‐boxes represent the non‐negligible SW cloud feedbacks presented in this manuscript. The residual
term of the cloud radiative kernel method is not shown for simplicity. Note that within each of the three rows, each term is the
sum of 11 cloud regimes or 8 weather states for MODIS and International Satellite Cloud Climatology Project, respectively.
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changes in the RFO of each regime multiplied by the deviation of clima-
tological cloud properties from their annual‐ and regime‐mean values
(which we simply refer to as the perturbation term denoted by the prime).
This third term is the dominant term in Equation 6. Therefore, the final
equation for cloud feedback calculated herein is

λc ≈
1

ΔTs
∑
R

r=1
(ΔfrC′r K + Kr (ΔCr fr + ΔCΔfr)) (7)

We refer to calculations of the cloud feedback that do not involve cloud re-
gimes as the “non‐CR‐decomposed” cloud feedback in contrast to the
“double‐decomposed” cloud feedback in Equation 7. Sources of uncertainty
in the calculation of the SW λτ through this methodology include assumptions
about the CRK including fixed particle sizes for liquid and ice hydrometeors,
the relatively coarse binning of the CRK itself, the atmospheric input data
assumed in radiative transfer model used to develop the CRK, and the line-
arity assumption in the CRK method itself. The usage of both MODIS and
ISCCP attempts to address uncertainty in C and f.

A few caveats regarding the interpretation of the across‐regime contribution to λτ are worth noting. First, in the
case where multiple cloud regimes are associated with across‐regime shifts, it is not possible to unambiguously
determine the detailed type of shifts of specific cloud types and where the clouds are shifting to and from. Rather,
we can only check for consistency between MODIS and ISCCP observations, and as previously shown, there are
several instances where the two data sets disagree. For example, in the case of cloud regime shifts contributing to
negative values of λτ over the Southern Ocean, both MODIS and ISCCP show that the feedback arises from shifts
from thin, low‐level omnipresent clouds to thick storm‐track clouds (Table 2). The contribution to positive values
of λτ over the Southern Ocean, where there is an unambiguous shift from thick mid‐level clouds toward relatively
thinner lower‐level clouds is robustly observed with both ISCCP andMODIS observations. However, the specific
cloud types involved cannot be unambiguously determined.

3.2. Interpretation Methods

The results from the double decomposition method can be paired with additional information to gain further
insight into mechanisms associated with λτ, which is the focus of this study. Since the covariance term is
negligibly small in comparison (Figures S3 and S4 in Supporting Information S1), the additional information we
use to interpret the results is only paired with the across‐regime and within‐regime components of λτ.

Table 1
Average Cloud Fraction‐Weighted τ Over the Southern Ocean (55°S to 65°S)
for the MODIS Cloud Regimes for Years 2003–2020

Cloud regime number Average τ

1 20.6

2 7.7

3 19.4

4 10.8

5 16.5

6 18.8

7 19.7

8 18.3

9 10.7

10 8.1

11 13.7

Table 2
Summary of Dominant Across‐Regime Shifts Contributing to λτ Following the Interpretation Method Illustrated in Figure 4
and Broken Down Into Contributions Resulting in Positive and Negative Values for the Upper and Lower Southern Ocean

Contributions from Cloud Regimes Total Feedback

fr < 0 (from thicker) fr > 0 (to thinner)

Upper Southern Ocean (55˚S to 60˚S)

1, 2, 5 7, 8, 9 Positive

Thick, storm‐track and deep convective Thinner, stratocumulus

Lower Southern Ocean (60˚S to 65˚S)

fr < 0 (from thinner) fr > 0 (to thicker)

11 3, 5 Negative

Thin, low‐level, omnipresent Thick storm‐track clouds

Note. Cloud regime indices refer to MODIS cloud regimes.
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3.2.1. Across‐Regime Interpretation

The across‐regime contribution to λc or any one of its three components for a given cloud regime is mathe-
matically represented by the term 1

ΔTs
KΔfrC′r. Physically, this term represents the shift from one cloud regime to

another. Given this term alone, it is not possible to track where cloud regimes are shifting to and from. However,
pairing information about the sign and magnitude of the term with concurrent changes in the frequency of
occurrence of cloud regimes in response to changes in ΔTs can reveal relevant information.

The procedure for this method is displayed in Figure 4 for the SW λτ of interest in this study. This is illustrated by
the left‐hand branch of Figure 4. The converse interpretation holds true if the across‐regime contribution to λτ is
negative (illustrated by the right‐hand branch of Figure 4).

3.2.2. Within‐Regime Interpretation

The within‐regime contribution to λc or any one of its three components for a given cloud regime is mathe-
matically represented by the term 1

ΔTs
KrΔCr fr. Physically, this term represents changes in cloud properties that

occur within a given cloud regime. This includes any change within the cloud regime itself that is not sub-
stantial enough to cause a shift to another cloud regime. In the latter case where the change in the cloud regime
is sufficient to cause shift to another cloud regime, we refer to this as an across‐regime shift. To provide a
physical understanding of what drives within‐regime contributions to λτ, a multiple linear regression analysis
using a common method in the literature is performed to explain changes in cloud optical depth, and this
information is paired with the results of the double decomposition method. In particular, for a multiple linear
regression analysis where the response variable is monthly average grid‐mean CF‐weighted ln τ of a particular
cloud regime and the explanatory variables are monthly gridded‐mean averages of meteorological factors that
impact τ, known as “cloud‐controlling factors,” xi (Klein et al., 2017; Stevens & Brenguier, 2009), the co-
efficients of the multiple linear regression, ∂ ln τ

∂xi
yield the sensitivity of low‐level CF‐weighted ln τ to the cloud‐

controlling factors. Low‐level clouds are of particular interest as they may react more quickly to local envi-
ronmental parameters which may thus modulate the long‐term response of these clouds (Klein et al., 2017). The
product of these coefficients with the total derivative of the cloud‐controlling factor with respect to global
surface air temperature, Ts, that is, ∂ ln τ

∂xi
dxi
dTs
= d ln τ

dTs
represents the contribution of the cloud‐controlling factor to

the change in logarithmic cloud optical depth in response to a change in global surface air temperature. Cloud

Figure 4. Illustration of the method for interpreting the across‐regime component of the shortwave λτ assuming that ΔTs > 0.
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controlling‐factor analysis has been previously employed to reveal insight
into physical mechanisms responsible for cloud feedback via CF changes
(Kelleher & Grise, 2019; D. T. McCoy et al., 2020; Scott et al., 2020; Terai
et al., 2016).

The cloud‐controlling factors include the estimated inversion strength (EIS)
(Wood & Bretherton, 2006), the updraft velocity at 700 hPa (ω700), the
relative humidity at 700 hPa (RH700), temperature advection (Tadv), sea‐
surface temperature (Ts) and the wind speed at 2 m above the surface
(WS). EIS is defined as

EIS = LTS − Γ850
m (Z700 − ZLCL), (8)

where LTS is the lower‐tropospheric stability, taken to be the difference in
potential temperature between 700 hPa and the surface, Γ850

m is the moist
adiabatic lapse rate at 850 hPa, Z700 is the height above the surface corresponding to the 700 hPa pressure level,
and ZLCL is the height above the surface of the lifting condensation level. Tadv is defined as

Tadv = −
U10

RE cos θ
∂Ts
∂ϕ

−
V10

RE
∂Ts
∂θ

, (9)

where U10 is the zonal wind component at 10‐m above the surface and V10 is the meridional wind component at
10‐m above the surface. Note that negative values of Tadv indicate cold air advection and positive values indicate
warm air advection. To put the roles of the various cloud‐controlling factors on equal footing, each is normalized
by one local standard deviation anomaly.

The multiple linear regression analysis was performed separately for each cloud regime for the same time period
used for the double decomposition method. The fact that each grid cell in a single day is classified as a single
cloud regime limits the amount of data available for certain cloud regimes in a particular region. Thus, CF‐
weighted ln τ and cloud‐controlling factors were first extracted for each cloud regime and averaged over the
Southern Ocean before performing the multiple linear regression analysis for each cloud regime.

4. Results
The double‐decomposed SW λc derived using both MODIS and ISCCP observations and the interpretation of
these results are presented in this section. For the sake of brevity, we present the majority of the ISCCP results in
the Supporting Information section. The components of λc presented herein are shaded in gray in Figure 3. While
the longwave component of λc can be similarly analyzed and decomposed, the results are not presented here for
the sake of simplicity. Since the cloud height component of λc and the covariance term of the double decom-
position method are negligibly small compared to the other feedbacks, they are not shown.

4.1. Zonal Averages of Cloud Feedbacks

We begin by presenting zonal averages of the non‐CR decomposed interannual λτ computed using MODIS
observations (Figure 5). The non‐CR decomposed interannual cloud amount feedback derived from MODIS is
displayed in Figure S5 in Supporting Information S1. The ISCCP‐calculated values for both λτ and the cloud
amount feedback are presented in Figure S6 in Supporting Information S1. MODIS shows a more positive λτ over
the “upper” Southern Ocean (defined here as the region extending from 55°S to 60°S) compared to ISCCP while
MODIS shows a somewhat comparable value in the “lower” Southern Ocean (defined here as the region
extending from 60°S to 65°S). Negative values also occur over the Southern Hemisphere (SH) subtropical lat-
itudes, and positive values occur in the SH tropics. Although these observation‐derived λτ values are represen-
tative of the interannual feedback, there is evidence that the feedback is timescale invariant and therefore
representative of the long‐term λτ derived from GCMs (Terai et al., 2016). In contrast, ISCCP shows a more
muted negative λτ over the Southern Ocean and a more muted positive value over the Northern Hemisphere (NH)
subtropical regions than MODIS. The ISCCP‐derived λτ and cloud amount feedback are generally smaller in
magnitude compared to that of MODIS for all latitudes.

Figure 5. Zonal averages of shortwave λτ inferred from MODIS and
computed as the total non‐CR decomposed feedback (red) and the double‐
decomposed cloud feedback (blue).
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Next, we demonstrate the effectiveness of the double decomposition method in reproducing λτ derived without
involving cloud regimes by summing the components of the feedback (Figure 5). Figure 5 shows that the
summation of the double‐decomposed feedback components (where λτ includes the additional term ΔfrC′rK in
Equation 7) are generally able to capture the non‐CR decomposed cloud optical depth feedback. Global distri-
butions of these feedbacks (Figure 6 and Figure S5 in Supporting Information S1) show that patterns are generally
consistent. The largest discrepancies using the ISCCP data set occur over the Antarctic continent (Figures S6 and
S7 in Supporting Information S1). The discrepancies between the two calculations can be attributed to both the
remaining nondominant terms not included in the calculation in Equation 6 and the nonlinearity of the CRK
decomposition method. We caution that passive retrievals for identifying cloudy pixels are not reliable in the
polar regions (approximately poleward of 65° latitude) due to the lack of thermal contrast over bright surfaces
(Chan & Comiso, 2013; Liu et al., 2010) and three‐dimensional radiative effects particularly at large solar zenith
angles (Grosvenor & Wood, 2014) can influence retrievals of cloud properties.

4.2. Southern Ocean Distributions of Cloud Feedbacks

Southern Ocean distributions of the non‐CR decomposed interannual λτ and cloud amount feedback are displayed
in Figure 7 and Figure S8 in Supporting Information S1, respectively for MODIS‐derived values. Their coun-
terparts for ISCCP are shown in Figure S9 in Supporting Information S1. Consistent with the zonal averages
displayed in Figure 5, the magnitude of the MODIS cloud feedback values are generally larger regionally.

The contributions of the cloud amount feedback dominate the total cloud feedback (Figure 7 and Figure S8 in
Supporting Information S1). MODIS shows that both the cloud amount and cloud optical depth feedback

Figure 6. Global distributions of the MODIS‐derived shortwave (a) non‐CR decomposed cloud optical depth feedback and
(b) double‐decomposed cloud optical depth feedback.

Figure 7. Southern Ocean MODIS‐derived shortwave (a) across‐regime, (b) within‐regime, and (c) total (including the cloud height feedback) λτ. Each panel represents
the sum of all cloud regimes.
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components contribute similarly to the within‐regime feedback. ISCCP shares both these features (Figure S9 in
Supporting Information S1).

When comparing the across‐ and within‐regime contributions, the across‐regime contribution is somewhat
weaker but comparable to the within‐regime contribution to λτ for both MODIS and ISCCP (Figure 7 and Figure
S9 in Supporting Information S1). However, the across‐regime contribution is clearly larger than the within‐
regime contribution for the cloud amount feedback in the ISCCP data set (Figure S9 in Supporting
Information S1).

Contrasting MODIS and ISCCP in Figure 7 and Figure S9 in Supporting Information S1, the sign of the
decomposed feedback components are in agreement in some regions between the two data sets. The location of
the positive and negative across‐regime contributions to λτ (Figure 7a and Figure S9g in Supporting Informa-
tion S1) are in better agreement than that for the within‐regime contribution (Figure 7b and Figure S9h in
Supporting Information S1). Overall, each of the ISCCP decomposed feedback components is generally smaller
in magnitude compared to those of MODIS.

4.3. Across‐Regime Interpretation

Following the method of interpreting the across‐regime contribution to λτ described in Section 3.2.1, we now
present the results of this method. From Figure 5, the MODIS λτ is positive in the region extending from 55°S to
60°S and negative in the region extending from 60°S to 65°S. Our analysis over the Southern Ocean will therefore
be separated into the upper and lower Southern Ocean.

Here, we use both the average double‐decomposed cloud feedback contributions of the individual cloud regimes
over the Southern Ocean as well as the average changes in fr over the Southern Ocean for each cloud regime in

Figure 8. Average MODIS‐derived double‐decomposed shortwave cloud optical depth feedback over the Southern Ocean decomposed into cloud regime contributions
over the (a) upper Southern Ocean, (b) lower Southern Ocean, and (c) greater Southern Ocean including the upper and lower Southern Ocean. Change in the fr of each
MODIS CR in response to global mean surface air temperature in units of percent per degree K decomposed into cloud regime contributions over the (d) upper Southern
Ocean, (e) lower Southern Ocean, and (f) greater Southern Ocean including the upper and lower Southern Ocean.
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response to ΔTs displayed in Figure 8 and Figure S10 in Supporting Information S1 for MODIS and ISCCP,
respectively, for our interpretation.

Figure 8a shows the overall positive λτ due to across‐regime shifts in the upper Southern Ocean derives from
cloud regimes 1, 2, 5, 7, 8, and 9 (left hand side branch of Figure 4). MODIS cloud regimes 1 and 2 are dominated
by tropical deep convective clouds with rare occurrences in the Southern Ocean region (Cho et al., 2021a). Cloud
regime 5 is dominated by oceanic storm‐track clouds. Cloud regime 7 is commonly found in the mid‐latitudes and
contains mid‐level but even more low‐level clouds. Cloud regimes 8 and 9 are a combination of frequently
occurring low‐level stratocumulus and stratus clouds. Of these cloud regimes, Figure 8d shows that cloud regimes
7, 8, and 9 increase in their RFO with ΔTs (fourth row, second to leftmost branch of Figure 4). Although cloud
regimes 7 and 8 are optically thicker on average compared to the other cloud regimes, they do contain a sizable
population of optically thin clouds whose frequency of occurrences are not quantified in this analysis. The largest
contribution is due to cloud regime 9 which has an average CF‐weighted τ of 10.7 over the Southern Ocean
(Table 1) — a value that is smaller than the simple arithmetic average across all cloud regimes. At the same time,
decreases in the frequency of occurrences of cloud regimes 1, 2, and 5 occur (fourth row, leftmost branch of
Figure 4). The most negative Δf is due to cloud regime 5 which has an average CF‐weighted τ of 16.5 (Table 1),
which is slightly above the simple arithmetic average across all cloud regimes. Therefore, although the pop-
ulations of several cloud regimes change and contribute to a positive λτ, the largest contributors are decreases in
the population of optically thick oceanic storm‐track clouds (cloud regimes 5) and increases in the population of
the portion of optically thinner stratocumulus clouds that occur within cloud regimes 7–9 but primarily cloud
regime 9 in the Southern Ocean (Figure 4 bottom row, left two branches).

Applying this same procedure to understand the overall small negative λτ value in the lower Southern Ocean
shows that cloud regimes 3, 4, 5, 10, and 11 are the primary contributors to the negative feedback (Figure 8b).
Cloud regimes 3, 5, and 10 increase in their RFO with ΔTs, with cloud regime 5 being the dominant
contributor to the negative feedback (Figure 8e). Cloud regime 4 and especially 11 decrease in their RFO
although the contribution due to cloud regime 4 is negligible. The strong increase in cloud regime 5, which
has an average CF‐weighted τ of 16.5, and the decrease in omnipresent cloud regime 11, which has an average
CF‐weighted τ of 13.7, causes the overall cloud optical depth feedback to be slightly negative in the lower
Southern Ocean. Therefore, oceanic storm‐track clouds represented by cloud regime 5 play an active role in
the Southern Ocean, contributing to a positive feedback in the upper Southern Ocean but a negative feedback
in the lower Southern Ocean. Overall, the cloud optical depth feedback over the Southern Ocean (55°S to 65°
S) is slightly positive primarily due to stratocumulus‐dominated cloud regimes 8 and 9 (Figures 8c and 8f).

An analogous procedure for ISCCP observations (Figure S10 in Supporting Information S1) reveals consis-
tency with the MODIS observations: the upper and lower Southern Ocean show a dominant positive and
negative across‐regime contribution to λτ, respectively, however ISCCP shows an overall negative λτ. In the
upper Southern Ocean, ISCCP consistently shows that decreases in optically thick high‐level clouds (cloud
regime 2) contribute to a positive value of λτ and also that storm track clouds (cloud regime 5) and strato-
cumulus clouds (cloud regime 8) contribute to a positive λτ in the region. However, ISCCP shows a smaller role
due to storm track clouds compared to MODIS. In the lower Southern Ocean, ISCCP also consistently shows
that an increase in optically thick storm‐track clouds and a decrease in omnipresent fairweather cumulus clouds
contribute to a negative λτ. ISCCP however, does show several other contributors to the negative λτ, including
contributions from shallow cumulus clouds, stratocumulus clouds and cirrus clouds. These results are sum-
marized in Table 2.

4.4. Within‐Regime Interpretation

We focus our analysis over the Southern Ocean due to its aforementioned importance in the enhanced projected
warming in the CMIP6 models. Furthermore, because the influence of mostly near‐surface meteorological
parameters is likely to influence low‐level cloud properties, we further restrict the regression analysis to
MODIS cloud regimes 5 to 11, noting that cloud regimes 5 and 6 also contain a substantial amount of mid‐level
clouds (i.e., those with cloud top pressure between 680 and 440 hPa). The coefficients of the multiple linear
regression analysis representing the sensitivity of MODIS‐retrieved CF‐weighted ln τ in response to a one‐
standard deviation change in the six cloud‐controlling factors (while holding the others constant) are dis-
played in Figure 9a. The r2 values for the multiple linear regression method, indicating the ability of the model
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Figure 9. (a) Coefficients of the multiple linear regression analysis over the Southern Ocean described in Section 3.2.2. Each coefficient quantifies the response of the
MODIS CF‐weighted logarithm of cloud optical depth to a change in one standard deviation of an individual cloud‐controlling factor, xi while holding all other xi
constant. (b) Total derivative of the change in each cloud‐controlling factor with respect to a change in global mean surface temperature change. (c) Change in the CF‐
weighted logarithm of cloud optical depth in response to global mean surface temperature changes attributed to each cloud‐controlling factor. (d) Sum of the surface
temperature‐induced changes in CF‐weighted cloud optical depth due to the cloud‐controlling factors, d ln τ

dTs
for each cloud regime (bars with diagonal stripes) and d ln τ

dTs
computed independent of cloud‐controlling factors (dotted bars). The MODIS cloud regimes are color‐coded and labeled in the legend. r2 for the multiple linear regression
analyses are displayed in brackets. Error bars represent two standard deviations in the regression.
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to explain the variance in ln τ and therefore reproduce the observations for cloud regimes 5–11 are also dis-
played in the legend of Figure 9. Figure 9b shows the sensitivity of the individual cloud‐controlling factors to
the change in the global mean surface temperature, and Figure 9c shows the product of Figures 9a and 9b for
each individual cloud‐controlling factor and MODIS cloud regime. The sum of contributions to the surface
temperature‐induced changes in CF‐weighted ln τ due to all cloud‐controlling factors for each cloud regime are
displayed in Figure 9d.

It is important to note that the coefficients express changes in ln τ to changes in each of the cloud‐controlling
factors; there is no link made to changes in the top‐of‐the‐atmosphere SW radiation budget, which is the
quantity directly linked to the cloud feedback. Therefore, a positive coefficient indicates that an increase in the
magnitude of the cloud‐controlling factor results in an increase in ln τ. Increasing ln τ increases the albedo of
clouds with respect to sunlight roughly linearly, and therefore increases the amount of SW radiation returning
back to space at the top of the atmosphere. Conversely, a negative coefficient indicates that the cloud‐controlling
factor reduces ln τ.

We start by discussing the role of EIS, which has been shown to be an important cloud‐controlling factor of CF
in the Southern Ocean (Naud et al., 2023). While EIS is associated with increases in ln τ for some cloud re-
gimes, it also decreases ln τ for other cloud regimes (Figure 9a). By definition, the EIS is a measure of the
strength of the capping temperature inversion above cloud top. The role of EIS in ln τ depends on the moisture
levels of the free‐troposphere: a weaker EIS in a moister free‐troposphere would increase ln τ and therefore
result in a negative ∂ ln τ

∂EIS coefficient, whereas a weaker EIS in a drier free‐troposphere would decrease ln τ and
therefore result in a positive ∂ ln τ

∂EIS coefficient. Therefore, the cloud regimes associated with negative ∂ ln τ
∂EIS co-

efficients may be present in regions of weak stability with a moister free troposphere. When the multiple linear
regression analysis is repeated at the higher latitudes of 60°S to 70°S, ln τ consistently increases with EIS
(Figure S11 in Supporting Information S1). This suggests that EIS at higher latitudes, where the atmosphere
tends to increase in its thermodynamic stability, acts to trap moisture in the boundary layer, which is conducive
to low‐level cloud formation and enhancing the water content and hence optical thickness of the clouds. These
results at higher latitudes are consistent with Terai et al. (2016) who also found positive coefficients derived
from a suite of satellite observations over both the NH and SH which were taken to extend between 40°S and
70°S latitude in their respective hemispheres. Referring back to the analysis over 55°S to 65°S displayed in
Figure 9, EIS in the low‐level cloud regime regions over the Southern Ocean quite consistently decreases with
global surface temperature warming (Figure 9b) and the overall effect of EIS is to cause an increase in ln τ with
warming (Figure 9c).

Increases in subsidence strength generally serve to decrease ln τ. Figure 9a shows that this is the case for nearly all
cloud regimes with one exception. It is notable that the coefficient is large in magnitude for MODIS cloud regime
11, indicating the strong influence of downdraft velocity on these omnipresent mixtures of cloud types. Unlike the
sensitivity of ln τ to downdraft strength, the sign of the change in downdraft strength with global surface tem-
perature warming is not consistent across cloud regimes (Figure 9b). The net effect of downdraft strength is to
increase ln τ with global surface air temperature for most cloud regimes but decrease it for others (Figure 9c).

The impact of decreasing RH700 is to increase ln τ as indicated by the negative ∂ ln τ
∂RH700

coefficients for most cloud

regimes (Figure 9a). We speculate that the negative ∂ ln τ
∂RH700

coefficients may be caused by reductions in down-
welling longwave radiation from water vapor and/or upper‐level clouds overlying low‐level clouds that increase
cloud top radiative cooling and therefore turbulent circulations that couple the cloud layer to the moist surface that
are conducive to formation (Christensen et al., 2013). RH700 consistently decreases with global mean surface
warming (Figure 9b). As a result, RH700 is associated with a net decrease in ln τ as global surface air temperatures
rise (Figure 9c).

Strengthened cold air advection is associated with increases in ln τ. An increase in cold air advection over a
warmer sea surface destabilizes the lower atmosphere, resulting in an increase in surface turbulent heat fluxes
which is conducive to enhancing ln τ through increased cloud water content. Since cold air advection is
strengthening with global warming (Figure 9b), the net effect of changes in temperature advection is to increase
ln τ as global surface air temperatures rise (Figure 9c).
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Another important variable that enhances the ln τ of all cloud regimes as it increases is sea surface temperature
(SST). Enhanced SSTs encourage mixing of free‐tropospheric air into the boundary layer. In the mid‐latitudes,
where the free‐troposphere is relatively moist, entrainment mixing is conducive to an increase in ln τ by
enhancing the water content of low‐level clouds. At higher latitudes, colder SSTs weaken the mixing of moist
free‐tropospheric air (Kawai et al., 2017) and therefore may explain the small coefficients (Figure S11 in Sup-
porting Information S1). Because SSTs are actually decreasing locally in the Southern Ocean as the rest of the
globe warms (Figure 9b), the net effect of SST is to decrease ln τ in low‐cloud regimes over the Southern Ocean
(Figure 9c).

Finally, from Figure 9a it is evident that wind speed is an important factor influencing within‐regime shifts in
ln τ, being the largest overall contributor to cloud optical depth increases with global mean surface temperature
changes over most cloud regimes 5–10. The role of a strengthening of wind speed is to consistently increase
ln τ across all cloud regimes. Physically, the strengthening of near‐surface winds being conducive to cloud
formation can be understood as an increase in the rate of evaporation over the Southern Ocean (Boisvert
et al., 2020). Furthermore, stronger near‐surface winds can also contribute to the lofting of dimethyl sulfate
(Bodas‐Salcedo et al., 2019) and marine biological aerosols into the atmosphere where they can act as ice‐
nucleating particles or cloud condensation nuclei in the Southern Ocean (Burrows et al., 2022; DeMott
et al., 2015; Wilson et al., 2015). If the particles act as cloud condensation nuclei, this would act to increase ln τ
by increasing the particle number concentrations of clouds (Twohy et al., 2021). Conversely, if the particles act
as ice‐nucleating particles, this would act to decrease τ by decreasing the droplet number concentrations of
clouds as droplets freeze or evaporate and contribute to the growth of ice crystals (Vergara‐Temprado
et al., 2018). Surface wind speed also consistently increases with warming in regions where low‐level MODIS
cloud regimes occur and is among the most sensitive cloud‐controlling factors to global surface temperature
changes (Figure 9b). Taken together, the role of surface wind speed plays a dominant role in increasing the
optical thickness of low‐level clouds with global surface temperature warming (Figure 9c), potentially due to
both increases in droplet number concentration and water content.

Summing the contributions of the cloud‐controlling factors to d ln τ
dTs

within each of the seven MODIS cloud re-
gimes shows that all cloud regimes contribute to increases in cloud optical depth with warming in Figure 9d,
which would correspond to a negative cloud feedback since increases in ln τ correspond to more SW reflection
back to space and therefore more surface cooling. Omnipresent cloud regime 11 followed by storm track‐
dominated cloud regimes 6 and 7 contribute most to the increase in ln τ with warming. It should be noted that
the change in ln τ values derived from the cloud‐controlling factor analysis have been weighted by CF. This
means that one should not expect the results shown in Figure 9d to reproduce the positive within‐regime cloud
optical depth feedback values presented in Figure 8c. The multiple linear regression analysis for individual cloud
regimes reliably predicts d ln τ

dTs
as shown by the fact that it well reproduces d ln τ

dTs
calculated by regressing the change

in ln τ on the change in Ts for individual cloud regimes.

Overall, the role of some cloud‐controlling factors in determining the low‐level cloud optical depth within cloud
regimes is quite consistent across cloud regimes over the Southern Ocean; these include the relative humidity at
700 hPa, cold temperature advection, SST and surface wind speed, however, the roles of EIS and downdraft
velocity at 700 hPa are more complicated. The low‐level cloud regimes 5–10 that exhibit distinct cloud mor-
phologies show that the optical depth of these clouds is overall most sensitive to changes in surface wind speed
over the Southern Ocean.

5. Conclusions
The role of cloud morphological changes in the interannual cloud feedback — both changes within and shifts
between distinct groups of cloud morphology defined by cloud regimes was inferred in this study based on nearly
two decades of MODIS and ISCCP satellite observations for the first time. The quantification of cloud morpho-
logical changes in the interannual cloud feedback was enabled through the application of the “double decompo-
sition method” (Zelinka et al., 2023) that combines two distinct techniques to diagnose cloud feedbacks that have
been applied in the past — the CRK method and the cloud regime method. We focused on λτ over the Southern
Ocean, invoking additional information to better understand the across‐regime and within‐regime contributions to
the feedback, due to the importance of this feedback in explaining the larger projected warming in contemporary
GCMs. Implementation of our novelmethodology allows us to isolate shifts betweendifferent cloudmorphology to
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τ thinningwith globalwarming (λτ> 0) and τ thickeningwith globalwarming (λτ< 0). Themain robust conclusions
of this study where MODIS and ISCCP agree are summarized below:

• Decreases in thick storm‐track and convective clouds and increases in thinner stratocumulus clouds contribute
to an overall positive λτ in the upper Southern Ocean (55°S to 60°S) region.

• Decreases in thin, low‐level clouds and increases in thicker storm‐track clouds contribute to a negative λτ
value over the lower Southern Ocean (60°S to 65°S) region.

• Strengthening near‐surface wind speeds robustly increase cloud optical thickness over the Southern Ocean
within cloud regimes and play the largest role overall out of the meteorological factors examined in influ-
encing cloud optical thickness in this region.

The double decomposition method has effectively enabled us to diagnose how shifts between different dynamical
cloud regimes contribute to the cloud optical depth feedback that would otherwise remain undiagnosed with the
CRK method alone. However, a key limitation of the method is that it only tracks cloud regime shifts in an
“Eulerian” sense; it is not possible to determine how one particular cloud regime within a grid cell and point in
time transformed into another. Furthermore, we acknowledge that there is a level of arbitrariness associated with
defining cloud regimes; however, this arbitrariness is inherently present in all techniques used to classify various
cloud properties. The general concept of the double decomposition method could also hypothetically be extended
to include different definitions of “cloud morphology” in smaller domains, including in global storm resolving
models should satellite simulators at higher resolutions be available.

The results of the double decomposition method have implications for evaluating the realism of GCM simulations
of cloud regime shifts in a warmer climate. In particular, these satellite‐based decomposition of cloud feedbacks
can be used to evaluate the ability of GCMs to simulate the interannual cloud feedback if compared in an
equivalent fashion, that is, using the relevant satellite simulator, the same time period, and the same analysis
methods. Direct comparisons between GCMs and satellite observations can reveal shortcomings in the repre-
sentation of certain cloud regimes (Chao et al., 2024). It is therefore important that modeling centers continue to or
begin to adopt satellite simulators in their simulations and make their output publicly accessible. The across‐
regime analysis method can reveal which cloud regimes GCMs struggle to represent and shortcomings related
to how they are projected to change in a warming climate. Cloud‐controlling factor analysis on the within‐regime
component can reveal the environmental conditions under which clouds are poorly represented. Extension of the
current work to include detailed comparisons between satellite observations and consistent GCM experiments
using the double decomposition method will be considered in future studies.

Data Availability Statement
MODIS daily cloud histogram data are available from the EarthData landing page (Pincus et al., 2023). The
MODIS daily cloud regime data were downloaded from NASA's Goddard Earth Sciences Data and Information
Services Center (GES DISC) (Cho et al., 2021b). The ISCCP HGG data set was downloaded from the NOAA
website (Rossow et al., 2016). The ISCCP‐H weather state data were downloaded from the ISCCP website
(Tselioudis et al., 2021b). CERES daily gridded data are available from the CERES website (NASA, 2017).
Cloud radiative kernels (“cloud_kernels2.nc”) were used for the cloud feedback calculations (Zelinka, 2021).
MERRA‐2 data were obtained courtesy of GES DISC (GMAO, 2024).
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