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Abstract

This paper is concerned with how the diabatically-forced overturning circulations of the
atmosphere, established by the deep convection within the tropical trough zone (TTZ), first
introduced by Riehl and (Malkus) Simpson, in Contr Atmos Phys 52:287-305 (1979), fun-
damentally shape the distributions of tropical and subtropical cloudiness and the changes to
cloudiness as Earth warms. The study first draws on an analysis of a range of observations
to understand the connections between the energetics of the TTZ, convection and clouds.
These observations reveal a tight coupling of the two main components of the diabatic heat-
ing, the cloud component of radiative heating, shaped mostly by high clouds formed by deep
convection, and the latent heating associated with the precipitation. Interannual variability
of the TTZ reveals a marked variation that connects the depth of the tropical troposphere,
the depth of convection, the thickness of high clouds and the TOA radiative imbalance.
The study examines connections between this convective zone and cloud changes further
afield in the context of CMIP6 model experiments of climate warming. The warming real-
ized in the CMIP6 SSP5-8.5 scenario multi-model experiments, for example, produces an
enhanced Hadley circulation with increased heating in the zone of tropical deep convec-
tion and increased radiative cooling and subsidence in the subtropical regions. This impacts
low cloud changes and in turn the model warming response through low cloud feedbacks.
The pattern of warming produced by models, also influenced by convection in the tropical
region, has a profound influence on the projected global warming.

Keywords Tropical convection - Cloud feedbacks - Climate change

Article Highlights

e The heating of the tropical trough zone drives circulations that affect remote cloud
feedbacks and in turn global climate sensitivity

e The heating of the tropic zone is established by feedbacks between high cloud radiative
heating and latent heating that are each by-products of convection

e Interannual variability of the high clouds in the tropics determines the interannual vari-
ability of the top-of-atmosphere (TOA) radiative imbalance of the tropics
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1 Introduction

As the heated air of low latitudes rises and moves poleward, it cools and sinks in the sub-
tropics creating a massive overturning of the atmosphere that stretches from the equator
to the poles. This overturing circulation establishes both the main climate zones of Earth
and the cloud patterns of these zones. That this rising, heated air at low latitudes is accom-
plished by the transports of many narrow plumes in deep convection, referred to as hot
towers, was one of the most remarkable inferences about the atmosphere made in the mid-
20th century by Riehl and Malkus (1958; hereafter R—-M). Riehl and Simpson (1979; here-
after R—S) later revisited that study and estimated that about 1600-2400 hot towers must
exist at any one time in the deep tropics under an assumption of a fixed size of 5 km.
Figure 1, adapted from Boucher et al. (2013), is a schematic depiction of the major
cloud patterns of Earth and, more importantly, a schematic of their connection to the large-
scale overturning circulations of the atmosphere. These connections begin with the area
of deep convection at lower latitudes in the region referred to as the tropical trough zone
(TTZ) by R-M. It is a zone where moisture is transported from higher latitudes at low lev-
els and where heat is moved poleward in the upper levels. The TTZ is fundamental to the
way that Earth’s heat engine moves heat from low latitudes to higher latitudes and estab-
lishes the latitudes where heat transport is toward the winter pole. Deep convection forms
in this zone, and its seasonal changes are intimate parts of this transport which relates to
the other major cloud types in ways hinted in Fig. 1. This includes high clouds that are
directly produced by the convection and the low cloud regimes of the subtropics governed
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Fig.1 a Visible imagery from geostationary satellite radiometer that shows clouds associated with extrat-
ropical cyclones, subtropical coastal stratocumulus near Baja California breaking up into shallow cumulus
clouds in the central Pacific and mesoscale convective systems outlining the Pacific intertropical conver-
gence zone (ITCZ) that resides in the tropical trough zone described later in the text. b A schematic section
along the orange dashed lines highlighted in a, through a typical warm front of an extratropical cyclone. ¢
A schematic section along the red dashed line in a, along the low-level trade wind flow from a subtropical
west coast of a continent to the ITCZ [from Boucher et al. (2013)]
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by the overturning circulation convection helps create. The influences of this circulation on
clouds and, in turn, the influence of clouds on this circulation are a basic feedback cycle
that frames all essential cloud feedbacks that regulate Earth’s climate and its response to
the forcing of climate change.

Some of the most important cloud feedbacks that are thought to operate on Earth can be
traced to the circulations portrayed in Fig. 1 in a way that underscores how these feedbacks
are indeed connected. This paper deals with only limited aspects of such connections, that
of the influence of the deep convection that forms in the convergence zones of the tropics
on cloud feedbacks that then occur both in these zones and further afield, all ultimately
influencing Earth’s global climate sensitivity, as expressed as the equilibrium climate sen-
sitivity (ECS, Knutti et al. 2017). The paper first outlines data sources used to examine
these influences. The initial focus of the paper begins in Sect. 3 with a review of the energy
balance of the tropical convergence zone and radiative properties of clouds in that zone.
Observations are used to frame our understanding about processes that are the bedrock of
the cloud feedbacks widely discussed in the literature. Addressing these processes within
the context of the current observed state and its variability, such as described in Sect. 4, and
assessing model representations of these processes is an activity, although not specifically
pursued in this paper in any detail, that is necessary to establish credibility in any model
projection of change. Dessler (2010) is an example of how observations might offer some
constraint or test of model feedback processes. Understanding gleaned from observed vari-
abilities of Earth alone, while necessary, is an insufficient test of understanding as interac-
tions of processes responsible for shorter-term observed variabilities do not always project
onto longer term changes and do not always define how cloud feedbacks necessarily oper-
ate on this longer term. This is a point discussed more fully in later sections of the paper.
Sections 5 and 6 expand the focus outward from the TTZ with an examination of the sensi-
tivity of subtropical low cloud feedbacks on tropical convection and then on the sensitivity
to deep convection of broader patterns of global warming and model estimates of ECS.

2 Sources of Data
A variety of different data types is examined throughout this study. These include:

(i) The CERES Energy Balance and Filled (EBAF) Ed. 4.1 top-of-atmosphere (TOA)
flux product (Loeb et al. 2018) with matching surface radiative flux data (Kato et al.
2018). These matched fluxes are made from a combination of observations and
radiative transfer calculations archived in the form of monthly means for March
2000—March 2020 set on a 1° x 1° latitude—longitude grid.

(ii)) Cloud properties consistent with the CERES EBAF flux product (Loeb et al. 2018)
and matched in time are derived using the CERES-MODIS cloud retrieval algorithm
(https://ceres-tool.larc.nasa.gov/ord-tool/jsp/EBAF4Selection.jsp). The cloud area
fraction (CF) is the fraction of cloud identified in MODIS pixels within a CERES
footprint based on the CERES-MODIS cloud mask algorithm and weighted by the
total number of pixels within the footprint. The cloud effective pressure (we refer to
it as cloud top pressure (CTP) although it does not necessarily denote the geometric
top of the cloud) is derived from the cloud effective temperature (corresponding
to the effective emission from clouds), which is based on the cloud’s emissivity
derived from the MODIS window channel temperature. The cloud visible optical
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depth (COD) is defined by the 0.65-um channel radiances from cloudy pixels during
daytime; during nighttime, COD is determined with the MODIS infrared channels,
but this is limited to a narrow range of COD. We complement this cloud information
with direct atmosphere opacity observations from CALIPSO (Guzman et al. 2017) to
deduce temporal variability in tropical mean opaque cloud cover which are notionally
clouds that attenuate the CALIPSO lidar approximately corresponding to COD > 3.

(iii) The IMERG V06B monthly precipitation data are also used in the analysis, and these
data are matched to the CERES gridded data at the same resolution of a 1 X 1 degree
latitude-longitude (Huffman et al. 2020).

(iv) CloudSat radar data in the form of the 2B-Geoprof-lidar product (e.g., Mace et al.
2009). These data are used to characterize convective core intensity in this study
based on past studies of Luo et al (2008) and Takahashi and Luo (2012). The deep
convective core (DCC) is identified in the CloudSat profile data as profiles having (1)
continuous radar echo from cloud top to within 2 km of the surface (i.e., the target
cloud is rooted in the planetary boundary layer) and (2) echo top height (ETH) of the
10 dBZ reflectivity above 10 km. This core information is examined in more detail
in related papers (Pilewskie et al. 2024; Derras-Chouk and Luo 2024).

(v) The multi-mission climate data record (CDR) of zonally averaged, monthly trop-
opause heights used here originates from the EUMETSAT Satellite Application
Facility on Radio Occultation (RO) Meteorology (https://doi.org/10.15770/EUM_
SAF_GRM_0001) and is derived from sounder measurements on Metop, COSMIC,
GRACE and CHAMP. The dry temperature lapse-rate tropopause height is based on
the standard WMO lapse-rate criterion which defines the tropopause at the lowest
level at which (1) the lapse rate is less than 2 K km™! and (2) the average lapse rate
between this lower level and all levels within 2 km above it that does not exceed

Latitude

Month

Fig.2 The annual progression of the net radiation balance of the Earth-atmosphere system deduced from
CERES radiative flux data (refer to discussion of data sources) where the fine dashed lines delineate the
zero next flux. The vertical dashed lines identify times in the annual cycle used to define the extreme posi-
tions of the tropical trough zone. The contours of next flux are in Wm™>
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2 K km™". Further information on the data product can be found here: https://rom-saf.
eumetsat.int/product_documents/romsaf_atbd_tph.pdf

(vi) Radiative heating profile data of Stubenrauch et al. (2021) for the period 2004 to
2018. These radiative heating rate profiles have been extended in space and time
from CloudSat FLXHR-lidar data (Henderson et al. 2013) by artificial neural net-
work (ANN) regression models applied on cloud properties retrieved from AIRS
(Stubenrauch et al. 2021) and atmospheric and surface properties from ECMWF
re-analyses (Dee et al. 2011).

In addition to these observational data records, we also report on analysis of a number of
CMIP6 experiments in Sects. 5 and 6. These analyses make use of data taken from CMIP6
model simulations (Eyring et al. 2016) from both the historical simulation experiment, from
the amip-piForcing simulations, the abrupt-4xCO, simulations and the Shared Socio-Eco-
nomic Pathway 5 (SSP5-8.5) simulations.

3 The Tropical Trough Zone (TTZ)

The seminal study of R—M provided the first estimates of the energy balance of the equato-
rial low-pressure trough zone in coordinates following the trough around the globe. Out of
that study evolved the concept of convective hot towers and their fundamental role in the
heat balance of this zone. Twenty years later, Riehl and Simpson (1979) revisited that study
using updated global data available at that time, and noting some significant differences in the
radiation balance between the two studies. Dramatic improvements in our ability to observe
the global atmosphere and create globally consistent data records of the atmosphere have
occurred since then with new satellite observations and re-analysis appearing at the apex of
this improvement. Here, we provide a partial update only to these earlier studies applying the
same analysis of R—S to define the seasonal location of this heated zone of the tropics with a
brief description of the convection that forms within it. This latter aspect of the tropical trough
zone is specifically discussed in more detail in a companion paper (Pilewskie et al. 2024).

As in R-S, the place to begin is the net radiation balance at the top of the Earth’s atmos-
phere as shown in Fig. 2. This balance represents the entire column of the atmosphere, the
Earth’s surface and sub surface combined. If latitudinal energy transports are to be derived
using these data on any basis other than annual, then the local heat storages of the atmos-
phere and oceans are needed. The atmospheric heat storage is small. Estimating the oce-
anic heat storage has been historically challenging, although ocean analyses approaches
continue to improve (e.g., Forget et al. 2015) and could be considered as a source of heat
storage information. Here, we adopt the simple approach introduced by R-M and compute
the transports at those times when the ocean temperatures are at their maximum or mini-
mum as these are times when local changes are near zero implying near zero ocean heat
storage at these times depicted in Fig. 2 by the dashed vertical lines.

3.1 Meridional Energy Transports and the Positions of the TTZ

The meridional transports of energy corresponding to the times identified in Fig. 2 are pre-
sented in Fig. 3a. R—S argue that the transports derived at these times can be taken to be
representative of longer periods and representative of transports to the respective summer
and winter poles. When averaged together, as done in Fig. 3b, these transports should equal
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Fig.3 a The atmospheric heat transports for February and August and b their combined transports com-
pared to the annual total mean. The latter basically verifies the R-M approach/hypothesis that the February
and August transports are largely atmospheric with their combination equivalent to the annual mean trans-
port

that of the annual mean for the arguments of R—S to be valid. The small residual of this
combined transport at the pole implies that a small amount of internal storage exists in the
February analysis. Nevertheless, the close agreement between the summed transport and
the annual mean transport revealed in Fig. 3b broadly supports the original arguments of
R-S.

The dotted lines of Fig. 3a identify the latitudes that divide energy transports to summer
and winter poles for both seasons. In combination, these define the position of the tropical
trough for each season being the latitude of zero transport that is the latitude at which heat
is moved in opposite directions to both poles. From analysis of these transports derived
from the CERES radiative flux data, the tropical trough is determined to move annually
between latitudes of 19 N and 13 S, which is a similar range to that originally identified in
the R-S study although R-S subsequently argued for a more equatorial limit of the south-
ern extent of this zone putting it at 5 S based on wind field analysis. We hereafter refer to
this 19 N to 13 S region as the tropical trough zone (TTZ) and note a few important obser-
vations about it:

(i) Itis a fundamental zone containing deep convection, including the inter tropical
convergence zone (ITCZ), and the net energy of it is always exported to the winter
pole.

(i) The zone is asymmetrically positioned around the equator, being more weighted to
the northern hemisphere (NH). This observation is consistent with our observation
of the climatological annual mean position of the inter tropical convergence zones
correspondingly lie in the NH, about which much has been written and is further
discussed below (e.g., Philander et al 1996).

(iii) This hemispheric asymmetry can be traced to the asymmetric heat losses of the
respective NH and SH winter hemispheres. R—S note that it is the heating require-
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Fig.4 a Left panels are January, April, July and October 22-year monthly mean distributions of IMERG
precipitation within the TTZ and b right panels are the matching distributions of ACRE shown for compari-
son and discussed later in relation to Fig. 8

ment of the high latitude winter hemisphere that furnishes a constraint on the posi-
tion of the trough and its range of displacement. A significant source of the greater
heat loss from the SH winter hemisphere can be simply traced to differences in the
amount of solar energy received by the respective winter hemispheres determined
by differences in winter season Sun-Earth distance. This hemispheric asymmetry of
the TTZ is consistent with our broad understanding of the displacement of the ITCZ
favoring the warmer hemisphere (e.g., Broccoli et al. 2006). It is also consistent with
studies that show a southward shift in convection as the energy transport northward
increases to balance the increased loss of energy from the NH when increased cool-
ing occurs at the higher NH latitudes (e.g., Kang et al. 2008, 2009; Frierson and
Hwang 2012).

3.2 ConvectionintheTTZ

The variation of convection within the TTZ is often described as following the Sun. The
pattern of change over the annual cycle is, however, more complex than this, being clearly
shaped by different mechanisms of forcing that come into play. This point is well illustrated
with reference to Fig. 4a which presents the 22-year mean IMERG precipitation climatol-
ogy for 4 months. These months illustrate the shifting patterns of precipitation, and by
inference convection, over the mean annual cycle. It is noteworthy that the largest total
precipitation is not always aligned with the most intense convection, a point Zipser et al.
(2006) noted and further elaborated on in the study of Pilweskie et al. (2023). The pre-
cipitation, and the convection that produces it, can be thought of in terms of three regimes
governed by different forcing mechanisms. One is the regime of convection over the large
southern land masses of S. America and the African continent. A second regime is that of
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convection confined to narrow convergence zones more typical of the classical view of the
ITCZ over the mid- and eastern Pacific and tropical Atlantic oceans, and a third regime
encapsulates the convection of the maritime continent. The physical characteristics of con-
vection within each of these regimes are further described in Pilweskie et al. (2023), while
Derras-Chouk and Luo (2024) provide independent estimates of the mass transported verti-
cally by the convection of these regimes. In a related paper, Roca et al. (2024) describe how
the morphology of deep convection over Africa has changed over the 30 years of Meteosat
observations shifting to smaller but longer-lived systems.

Convection over the tropical land masses indeed moves annually north and south fol-
lowing the movement of the Sun. This is evident in the shifting patterns of precipitation
observed over these land masses and shown in Fig. 4a, being forced by surface heating that
more-or-less tracks the Sun's position. According to Zipser et al. (2006), convection over
these land masses is the most intense of all tropical convection according to TRMM radar
data-based metrics of intensity, metrics that do not geographically align with maximum
rainfall accumulations or other measures of convective activity, such as average IR cloud
top temperature. The related studies of Pilweskie et al. (2013) and Derras-Chouk and Luo
(2024), using different and more direct measures of convective intensity, including esti-
mation of vertical motions, find convection over Africa to be the most intense of all deep
convection on the planet.

The Maritime Continent, on the other hand, is an archipelago that includes Malaysia,
Indonesia, the Philippines and Papua New Guinea and hundreds of islands of varying
shapes and sizes. This complex geography, together with the fact it lies in some of the
warmest waters on Earth, creates a complex set of interactions and circulations generated
between ocean and land producing complicated precipitation patterns. The complexity of
these patterns is exemplified in the pattern of the diurnal cycle of precipitation such as
described by Wei et al. (2020). The maritime continent, also broadly referred to as the
tropical western pacific (TWP), is a major center for tropical atmospheric convection,
and the latent heat released by the condensation of water vapor into cloud water and rain
in this convection drives large-scale tropical circulations. Takahashi et al. (2023) offer a
mechanistic explanation for why land-based deep convection is more intense than oceanic
deep convection. The importance of the TWP to the global circulation is also reinforced
in Derras-Chouk and Luo (2024) who find the TWP is a region of greatest mass fluxes of
anywhere on the planet. As a consequence of this heating, and this mass flux produced by
it, this region is a principal source of rising air in the tropics being the ascending branch of
the Hadley and Walker circulations. As with convection over land, convection in the region
of the maritime continent also undergoes a distinct seasonal cycle in a manner that also
appears to follow the movement of the sun across the TTZ and is a key element of Earth’s
major monsoon systems.

The third regime is the convection that forms over the warmest waters of the Middle
and Eastern Pacific and Atlantic oceans. Convection in this regime, unlike in the other
regimes, does not follow the insolation maximum but sits north of the equator both in the
Atlantic and Pacific being quasi-stationary throughout the year. Over the Pacific, convec-
tion remains largely anchored to the SST maxima that reside north of the equator that are
more or less geographically fixed, according to Philander et al. (1996), by the asymmetry
in positions of continents relative to the equator. The sea surface temperatures (SSTs) of
the tropical Atlantic Ocean experience a small annual cycle with migration from the equa-
tor during the Boreal winter slightly northward of the equator during the Boreal summer
(Crespo et al. 2019) with convection and precipitation following this migration.
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Fig.5 The 22-year averaged annual cycles of TOA net radiation and daily mean solar irradiance of the TTZ

3.3 Radiative Properties of the TTZ

The radiative properties of the TTZ are now examined in the context of the convection
that occurs in that zone. The connections between these properties and convection are ele-
ments of important cloud-convection climate feedbacks described later. All radiative prop-
erties reviewed here are derived from CERES EBAF data. In addition to the TOA net flux
(Fig. 2), two sets of radiative flux properties are the focus of this section. First are the cloud
radiative effects (CREs) defined at the TOA, and second are the atmospheric CREs (here-
after ACRESs) representing the net absorption and emission by and from the atmosphere
being the difference between the TOA and surface CREs. The monthly mean distributions
of the ACRE are shown in Fig. 4b, and its comparison to the precipitation distributions of
Fig. 4a and the implication of these comparisons are discussed below.

3.3.1 The Annual Cycle

The 20-year mean annual cycle of net radiative flux averaged over the TTZ is presented in
Fig. 5 along with the annual cycle of the daily mean flux of incoming solar radiation. The
annual cycle of net radiation, both in its phasing and amplitude, merely follows the incom-
ing solar annual cycle that has a bimodal behavior established by the bimodal character of
the daily mean TTZ averaged cosine of solar elevation. The tight correlation between the
incoming solar and the net TOA flux (R*=0.98) is a remarkable result in that all the factors
that can be considered to affect the annual cycles of outgoing long and shortwave radia-
tion, most notably cloud radiative effects discussed next, cancel although not entirely as
discussed below. The extent of this cancelation is reflected both in the correlation between
these two cycles and the rms flux difference between the two cycles which might be taken
as an indicator of the degree to which internal processes influence the outgoing TOA fluxes
on this time scale. This rms flux difference is 1.7 Wm™2 and, as we will see later in Sect. 4,
is also of this same order as the interannual variations of net TOA flux forced by interan-
nual changes in convection in the TTZ.
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Fig.6 a, b A 20-year climatology of the TTZ TOA cloud radiative effects for the 2 transition months (Feb-
ruary and August) that define the latitudinal extent of the TTZ

3.3.2 Cloud Radiative Effects (CREs)

The discussion above notes a fact that has long been known—that the TOA longwave (LW)
and shortwave (SW) components of outgoing radiation defined by clouds, and expressed as
the net TOA CRE, cancel each other to a remarkable degree in lower latitudes. Figures 6
further illustrates this same point. Shown in Fig. 6, are the distributions of the SW and LW
TOA CREs for the 2 months used to deduce the limits of the TTZ. Whether the regime
where the CREs negatively mirror each other and cancel over the bulk of the TTZ that is
purely coincidental or is part of an overall but as yet unknown constraint on the system still
remains a mystery despite studies that have looked into the topic (e.g., Kiehl 1994). The
degree to which this cancelation can be expected as Earth warms is also particularly per-
tinent (e.g., Sokul and Hartmann 2020) because small changes to one component without
compensating changes to the other would constitute potential significant feedbacks (e.g.,
Stephens 2005). Existing tropical high cloud feedback concepts described in the next sec-
tion are so posed, mostly hypothesized around changes to the LW component of the CREs
or around the effects of high clouds on the ACRE.

While the majority of the climate change literature frames climate feedbacks almost
exclusively in terms of changes to the TOA CREs, a number of studies over the years call
out the importance of the in-atmospheric radiative heating by clouds not only for cloud-
climate radiative feedbacks (e.g., Stephens et al. 2018; Needham and Randall 2021b) but
also for feedbacks on global precipitation change (e.g., Stephens and Hu 2010). A number
of studies have noted the influence of this heating on tropical convection and the ITCZ by,
for example, its effect on the strength of the Hadley and Walker circulations (e.g., Slingo
and Slingo 1988; Sherwood et al. 1994; Li et al. 2015; Harrop and Hartmann 2016; Popp
and Silvers 2017). More recently Needham and Randall (2021b) argue that the ACRE
of clouds associated with tropical convection is an important source of tropical heating
that balances the horizontal export of energy out of the humid tropics by the large-scale
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Fig.7 The 2004-2018 averaged profiles of cloud radiative heating in the TTZ. The effect of all clouds
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ference between these clouds and those of clear sky, weighted by these clouds

overturning circulations. They recognized that this heating can be significant in inducing
thermally direct circulations connecting humid and dry regions and further noted how the
heating of the ACRE correlates to precipitation in the humid regions. The suggestion of a
circulation driven in part by horizontal gradients of ACRE is not new and is a notion first
suggested by Gray and Jacobsen (1977) and examined specifically by Slingo and Slingo
(1988). Webster (1994) call it out as a mechanism central to the convection in the Western
Pacific Warm Pool, and Stephens et al. (2008a) note its fundamental role in convective
aggregation that occurs in numerical radiative convection equilibrium experiments. Before
the CloudSat mission (e.g., Stephens et al. 2008b), however, the only way to estimate the
ACRE was via model simulations of TOA and surface radiative fluxes. With the advent of
cloud profile data, CloudSat observations provided the means to produce a more observa-
tionally-robust estimate of the global ACRE. These observations, along with others, were
subsequently used to infer magnitudes of this differential heating associated with the warm
phase of ENSO (Stephens et al. 2018).

The A-train data have also provided a mechanism for unambiguously defining the cloud
structures responsible for the observed behavior of the ACRE as shown in Fig. 4b and
explored further in discussion of Fig. 8. The effects of clouds and in particular of upper
tropospheric clouds above 440 hPa on the radiative heating rates in the TTZ are presented
in Fig. 7. The averages are given separately for the 24 h net CRE, LW CRE and 24 h SW
CRE. The important point demonstrated by this figure is that it supports the assertions
made above that it is the high clouds that most define the observed patterns of ACRE in the
TTZ.

CloudSat measurements have also revealed how tropical cyclones that intensify
versus weaker storms that do not contain greater amounts of ice in the high clouds
in the vicinity of the storm center. This, in turn, is associated with larger ACRE and
thus stronger radiative heating there. Similar to other studies mentioned above, Wu
et al. (2023) show that an enhanced thermally direct circulation driven by a differential
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radiative heating formed between this enhanced heating in the vicinity of the center
of the storm in contrast to the outer environment that further sustains the storm and
is an important mechanism in cyclone intensification. They subsequently demonstrated
that forecasts of intensity of tropical cyclones could be improved significantly when the
forecast model better reproduces the observed spatial structure of this radiative heating.

An important point implicit to most of these past studies but often overlooked is how
the radiative heating associated with high clouds in regions of convection reinforces
the latent heating associated with the precipitation produced by the same convection
thereby strengthening this thermally direct circulation. This is qualitatively evident in
comparison of Fig. 4a, b noted previously and further reinforced with the scatter dia-
grams of Fig. 8. These scatter diagrams illustrate how the two main modes of diabatic
heating of the TTZ atmosphere, in the form of the monthly mean diabatic ACRE and the
monthly mean IMERG precipitation, are tightly coupled. The results shown in Fig. 8a
apply to January only but are typical of the correlations observed for other months not
shown. A linear-least-squares fit of the data is also provided for reference with a slope
of 4.96 Wm™*/mmday ' and the prediction of net ACRE using precipitation as the pre-
dictor yields an ACRE rmse of 9.7 Wm™2, The same analysis was applied to the CMIP6
historical experiments for 26 models. These simulations span the period of extensive
instrumental temperature measurements from 1850 to the present, and for the analysis
performed only the model, January data for latter years of the simulations between 1995
and 2014 were used for comparison being nearer the period of the observational record.
The comparisons are summarized in Fig. 8b in the form of box-quantile plots that define
the maximum and minimum values of the 26 models, the 25th and 75th quantiles and
the median compared to the observations of Fig. 8a that are summarized as a histo-
gram bar. Except for one model outlier, all models produce similar high correlations
between precipitation and the ACRE although the correlations of models are lower than
that observed. On average, the model slope is also about 20% lower than the observed
slope suggesting a weaker coupling between ACRE and precipitation in models than
observed which hints at weaker couplings between convection (precipitation) and high
clouds (ACRE).
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4 The Interannual Variability of the Tropical Trough Zone (TT2)

The feedback system involving the differential heating described above is also hypoth-
esized to operate on interannual time scales (e.g., Stephens et al. 2018). Here the inter-
annual variability of the energetics of the TTZ are further examined, with a focus of the
total energy balance of the TTZ. Such variability hints at potential mechanisms of feedback
associated with convection and the high clouds of the TTZ. As previously noted, almost all
discussions of tropical high cloud feedbacks are framed around changes to the longwave
component, that is the LW CRE, but the discussion above and the analysis now described
also suggests that influences of high cloud changes on both the internal radiative heating
of the atmosphere and on the TOA SW fluxes reflected to space cannot simply be over-
looked. The importance of the latter is revealed in the data plotted in Fig. 9. The figure
is a time series of a number of variables averaged over the TTZ all expressed as de-sea-
sonalized anomalies. The time series of Fig. 9a illustrate the interannual variabilities of
the TTZ-mean tropopause height (TROH) derived from COSMIC data contrasted against
the anomalies of the CERES observed TOA energy imbalance (TEI). The time series of
Fig. 9a reveals a distinct correlation (R=— 0.6) between the interannual anomalies of the
TTZ TROH and the corresponding changes to the TEI during the first half of the time
series but with a lower correlation overall (R=— 0.36) which is a reminder that different
processes operate over the time period of the observations producing different responses in
TELI Figure 9b presents a measure of changes in convective intensity, similar in philosophy
to that introduced by Zipser et al (2006), being a measure of the heights of the deep con-
vective cores as defined by CloudSat observations (Takahashi and Luo 2012, 2014). This
time series is limited by the availability of CloudSat observations. Figure 9c presents the
matching time series of thick high clouds of the TTZ as defined by the opaque cloud prod-
uct of CALIPSO (Guzman et al. 2017) again limited by data availability contrasted against
the CERES net CRE.

The variabilities observed before 2017 presented in Fig. 9 in particular offer a consistent
picture of the interannual variability of the TTZ. The depth of the TTZ troposphere under-
goes a multi-year quasi-cyclic variation with periods of deepening and shallowing which
have been connected both to ENSO and to the quasi—biennial oscillation and interannual
variation of the Brewer Dobson Circulation (e.g., Davis et al. 2013; Li and Thompson
2013, Fueglistaler et al. 2009). The periods of deeper TTZ correspond to periods of deeper
and more intense convection as suggested by a greater frequency of deep core convection
observed by the CloudSat radar. Associated with this period of enhanced deeper convec-
tion is an increase of thick high cloud frequency which correlates to increased reflected
sunlight from the TTZ during these periods. Further analysis of cloud property changes
over the time frame of Fig. 9 is presented in Fig. 10 and supports the conclusion that the
changes to the observed TEI that correlates to the TROH changes before 2017 are driven
by changes to reflected sunlight from increasingly think anvil clouds that form during times
of deeper convection.

The spatiotemporal correlation analysis applied to monthly data for the period
2002-2022 identifies the cloud properties most responsible for the observed interannual
variabilities and confirms the conclusion stated above. The properties examined include
cloud fraction (CF), cloud top height/pressure (CTP) and cloud optical depth (COD). The
anomalies of these three properties were normalized for comparison and correlated to the
LW CRE, SW CRE and the net CRE anomalies. The results of this analysis as summarized
in Fig. 10 lead to the following conclusion:
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(Fig. 9f)

®

(i)

CF (Fig. 10 a, d, g) positively correlates (R=0.75) to the LW CRE and negatively
correlates to the SW CRE (R=0.7) leaving a weak correlation overall (R=— 0.27).
This hints at the role of CF changes as a major factor in the LW-SW cancelation
described above.

An expected negative correlation exists between the LW CRE and CTP (R=-0.75;
Fig. 10b) and a correlation of opposite sign exists between the SW CRE and CTP
(R=0.52; Fig. 10e). A significant relationship between CF and CTP (R=- 0.7)
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(iii)

also exists (not shown) such that higher clouds are associated with enhanced CFs.
The effect of CTP on the net CRE is nearly zero (Fig. 10h) with the spurious SW
and LW responses to CTP again compensating one another. This strong correlation
between CF and CTP implies that more intense convection (indicative of lower CTP)
develop into larger convective systems (higher CF) as called out in number of previ-
ous publications have shown this relationship (e.g., Machado and Rossow (1993),
Takahashi et al. (2017), among others).

The most dominant cloud parameter of influence on the observed variability of the
TEI for the period up to 2017 is the cloud optical depth (COD). The covariabilities
of COD and CF (R=0.4) and COD and CTP (R=- 0.2), respectively, are smaller
than is the covariability of CF and CTP. While the LW CRE increases with COD,
a result that suggests even the thinner, non-radiative black-body high clouds also
thicken during periods of deeper convection, this response is much weaker than the
overwhelming negative relationship between COD and the SW CRE (R=- 0.82)
that determines the net CRE response (R =— 0.72). The strong correlation of the
CALIPSO measure of thick high clouds with the timeseries of SW CRE (R=— 0.83)
and the net CRE (R=— 0.76) further supports the conclusions that it is a thickening
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of anvil clouds and increased SW reflection that determines the interannual variation
of the spatially distributed TEIL.

5 Cloud-Radiative-Convective Feedbacks in a Changing Climate

We consider now the influence of tropical convection within the context of climate change
and do so with a focus on cloud feedbacks mostly relying of a number of climate model
climate change experiments archived under CMIP6.

5.1 Tropical High Cloud Feedbacks

There is a growing literature on the topic of high cloud feedbacks that involve the interac-
tions of convection, clouds and radiation. Some of that literature was described above in
relation to the role of these clouds in heating the atmosphere. Other concepts exist that
focus either on feedbacks at the surface or feedbacks involving the entire column as viewed
through from the perspective of TOA CREs. Ramanathan and Collins (1991), for example,
argued that the shielding of solar radiation by thick anvil clouds overwhelm the enhanced
greenhouse effect that they induce in a moist, convectively active atmosphere over warm
oceans, and suggested that these clouds act as a natural thermostat regulating the sea sur-
face temperature (SST). Stephens et al. (2004) interpreted TOGA COARE observations as
showing that the longwave radiative heating of the upper troposphere, induced by enhanced
amounts of high clouds during active phases of the Madden-Julian oscillation (MJO), cou-
pled with the solar radiation reduction at the ocean surface act together as a self-regulating
radiative-convective system. A number of other ideas center on the longwave effect of anvil
clouds. Lindzen et al. (2001) proposed an “iris” mechanism, built upon the assumption that
precipitation formed in convection over warmer oceans will rain more efficiently with pro-
portionally less water being transported aloft and detrained into anvil clouds. Anvil clouds
produced by convection are then hypothesized to shrink in area as sea surface temperatures
(SSTs) warm. The result is an increased emission to space with warming implying a nega-
tive cloud anvil feedback on increasing SSTs. The thermostat and iris hypotheses, although
based on different mechanisms, both hypothesize that anvil clouds produced by detrain-
ment from deep convection are essentially components of negative feedbacks that buffer
the warming of the oceans.

A separate set of hypotheses has been framed around the temperatures of anvil clouds as
these clouds rise with the deepening of convection as SSTs warm. In the hypotheses known
as fixed anvil temperature (FAT) and proportionately higher anvil temperature (PHAT),
anvil cloud temperature remains nearly constant regardless of a surface warming thus
resulting in no real change in the OLR as the clouds rise. In this case, the outgoing long-
wave radiation (OLR) cannot efficiently remove the extra heat associated with the warming
(Hartmann and Larson 2002; Zelinka and Hartmann 2010). The clear-sky radiative cooling
of the convective environment, however, is fundamental to this idea as the curvature of
this cooling in the upper troposphere, in turn defined by the profile of upper tropospheric
humidity, defines the heights of convergence required to balance the subsidence driven by
the profile of cooling (e.g., Mapes 2001). The feedback involves more than lifting of anvil
clouds with deeper convection over warmer SSTs but includes the influence of convection
on the environmental upper tropospheric water vapor and the latter, in turn, on radiative
cooling which then determines the detrainment level of deep convection. Some aspects of
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the FAT feedback are contained in the “stability iris” hypothesis of Bony et al. (2016) who
argue, like Lindzen et al. (2001), for a reduction in the detrained anvil cloud cover from
convection as SST’s warm effectively producing an IRIS effect but shaped by changes to
upper tropospheric stability with warming as opposed to changes in precipitation efficiency
of convective storms as proposed by Lindzen et al. (2001).

It is a challenge to use observations to assess the reality of such feedback concepts in
any definitive way given the difficulty of assessing the long-term regulation of SSTs with
typically short-term observations. Nevertheless, observations must be scrutinized to claim
credibility for these feedback ideas. One approach is to test basic understanding of the cen-
tral processes underlying the hypothesized feedbacks (e.g., Stephens 2005). The results of
Figs. 9 and 10 above, for example, offer a test of our understanding of cloud anvil property
changes as convection deepens albeit in the context of interannual variability. The observa-
tions point to the thickening of anvils associated with deepening convection as most influ-
ential on the CREs on those time scales. The study of Ito and Masunaga (2022) is another
example of how satellite observations matched to re-analysis data can be used to inter-
rogate hypotheses inherent to feedback concepts. They found that the inter-relationships
between anvil cloud fraction, upper tropospheric stability and upper tropospheric conver-
gence are consistent with expectations of the stability iris theory of Bony et al. (2016). By
contrast, they further showed that an enhancement in precipitation efficiency is unlikely to
have appreciable consequences on the horizontal extent of anvil clouds although admit-
tedly defining the actual precipitation efficiency with observations is challenging and anal-
ysis of CMIP6 model data suggest an increased precipitation efficiency with warming with
associated reductions in high cloud (e.g., Li et al. 2022).

5.2 Deep Convection, High and Low Clouds and Circulation Driven Feedbacks

Critical to many of the cloud feedback ideas proposed, it is the underlying relation between
convection and high clouds detrained from it and how these clouds then modulate the
local heating and the circulation that, in turn, affects convection and clouds further afield.
Aspects of the topics described above now come together with a discussion framed around
Fig. 11a—c. Figure 11a is a schematic summary of the changes in convection, high clouds,
OLR, precipitation and far field influences on low clouds via changes to the Hadley cir-
culation that are consequence of the warming expressed as the ECS of climate models.
This figure is a conceptual synthesis of 23 model simulations forced by the CMIP6 SSP5-
8.5 scenario contrasted against the historical simulations for the period 2000-2014 (e.g.,
Schiro et al. 2022). The figure is a graphical summary of the discussions of Su et al. (2017)
and Schiro et al (2022) and is a synthesis of model responses for the convective zone
between latitudes of 10 N and 10 S (Fig. 11b) and responses in the subtropical regions in
latitude ranges 10-2 0 N/S (Fig. 11c). A prominent feature of the projected tropical circu-
lation change in a warmer climate is the intensification of zonal-mean equatorial ascent
flanked by the weakening of upward motion to its north and south resulting in a narrowing
of the deep convection zone (e.g., Lau and Kim 2015). This feature is simulated by most
climate models and is referred to by Su et al. (2017) as the tightening of Hadley ascent in
contrast to the well-known widening of the Hadley cell (e.g., Seidel et al. 2008; Tao et al.
2016). There is an expansion of the surrounding dry regions which are regions that acts as
analogous to radiator fins (Pierrehumbert 1995) or are regions described as an expanding
iris as proposed by Lindzen et al. (2001) and discussed by Mauritsen and Stevens (2015).
This is also a region in which the upper troposphere both dries, the stability increases and
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high clouds decrease which is a combination consistent with the stability iris hypothesis of
Bony et al. (2016). Changes to low clouds that occur in the subtropical regions are linked
to the changes that occur in the convective zone.

Study of the model responses conveyed in Fig. 11b and c reveals the following:

(i) In the 10 N/S latitude convective zone, the precipitation increases both in total
amount and in intensity as indicated by the increases in the fraction of precipita-
tion that exceeds 10 mm/day. The ACRE also shows a greater column warming in
a manner that might have been anticipated from the analysis of the observational
record (e.g., Figure 8). The combination of decreased high cloud cover in this zone
of convection and enhanced precipitation, including the more intense precipitation
presumably from the deeper convection, is at least broadly consistent with that pos-
ited by Lindzen et al. (2001).

(i) Most models produce an overall strengthened subsidence in the subtropical regions
indicated by positive changes in the 500 hPa vertical velocity (ws,). This enhanced
subsidence is consistent with the enhanced clear-sky radiative cooling that results
under warming that highly correlates with the ECS (r=0.93) and with the increased
OLR from the region. The increased radiative cooling is expected given this col-
umn cooling proportionally depends on column water vapor (e.g., Stephens et al.
1994). The net changes to vertical motion of the region, however, are realized in a
more complex manner than is suggested by bulk changes of the region. The verti-
cal motions in the ascending portions of the region weaken, presumably associ-
ated with reduced deep convection in the fringes of the deep convective zone as
described above, whereas the vertical motions in the descending regions also weaken
as reported by Schiro et al (2022); thus, creating a more complicated response than is
conveyed simply in the area-mean vertical motion change (bottom panel of Fig. 11c).
Lapse-rate changes that occur result in an increase in the estimated inversion strength
(EIS, e.g., Wood and Bretherton 2006) in all models. Although this increase in EIS
favors a response of increased low cloud in the subtropical regions (e.g., Klein et al.
2017), the opposite response occurs with most models producing reductions in low
clouds.

6 Deep Convection and the Pattern of Warming

The previous sections were concerned with the connections between the large-scale heat
transport by the overturning circulations to tropical convection within the tropical region
defined as the TTZ. These sections further focus on mechanisms that connect convection in
the TTZ to cloudiness and to the radiative responses associated with this cloudiness. This
section now expands this view to even larger scales as represented by patterns of change
associated with global warming.

It is natural to expect that changes to the overturning circulations induced by a global
warming and shaped by the deep convection responses in the tropics would impact and
respond to the regional patterns of the warming because of the associated changes in cloud
patterns that result. This is a topic now broadly referred to as the “pattern effect” (e.g.,
Stevens et al. 2016) which encapsulates the finding that the regional details of the patterns
of the warming influence the global mean ECS. This influence is expected since climate
feedbacks that define the ECS, such as those associated with cloud and lapse-rate changes
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Fig. 12 a A schematic of the way warming spreads across the tropical region, b relationship across models
(dots) between the feedback parameter in amip-piForcing (calculated over years 1871-2010) and abrupt-
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wave clear-sky, shortwave clear-sky and cloud radiative effect components and ¢ relationships between
model simulated feedbacks in amip-piForcing over years 1871-1980 (blue) or 1981-2010 (gray)—adapted
from Mauritsen and Stevens (2015) and Andrews et al. (2022)

(Zhou et al. 2016; Andrews and Webb 2018), vary with the pattern of surface warming.
This pattern effect is exemplified in the pattern of warming that occurs across the tropi-
cal Pacific Ocean as schematically portrayed in Fig. 12. Warming in the ascent regions of
tropical deep convection, particularly in the TWP region, influences the warming through-
out the tropical atmosphere. This remote warming gives rise to a potential strong negative
lapse rate feedback that results under a scenario of an upper-level warming that extends
widely across the tropics that exceeds the surface warming below it. When this occurs,
the low cloud controlling factors of EIS, for example, are inductive to increased low cloud
amount. This creates a west to east warming-cooling dipole pattern in the tropics that
results in a smaller ECS and thus smaller global warming (e.g., Ceppi and Gregory 2017).
Under the scenario of the reversed circumstance of stronger surface warming, reduced
EIS and reduced low cloud cover, the positive feedback associated with these low cloud
reductions drives higher values of ECS and greater warming. We now see how these two
contrasting scenarios of patterns effects are found in the historical record of change.
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Andrews et al. (2018) quantify the pattern effect using the global “climate feedback
parameter” A as diagnosed from the linearization of the global mean energy budget
with global mean surface temperature (e.g., Gregory et al. 2004). They introduce the
difference, A/, between the feedback deduced from the atmospheric GCM (AGCM)
simulation forced by the observed historical SST and sea-ice variations (i.e., the amip-
piForcing simulation; A;;,) and the A inferred from 150 years of a coupled AOGCM
abrupt-4xCO, simulation with the same AGCM (A4,c0,) and use Ad=A,,con — Anis a8
a measure of this pattern effect. The contributions by clouds on A4 can be gleaned in
Fig. 12b (after Andrews et al. 2022). The figure is in the form of A4,cq, versus A such
that deviations from the one-to-one line express the pattern effect. The decomposition
of 1 into long, shortwave clear-sky contributions and the net radiative effect of clouds
clearly illustrates how the bulk of the pattern effect arises from the changing pattern of
cloud feedbacks. This analysis reveals net cloud feedbacks that are more negative and
less positive in the amip-piForcing experiments than in the abrupt-4xCO, experiments.

Figure 12c is presented in the same format as Fig. 12b but now separates the histori-
cal responses into two epochs: before and after 1980. The rationale for defining these
two epochs, described in more detail in Andrews et al. (2022), is largely revealed in
Fig. 12c. The spread in feedback across models over the earlier (1871-1980) time period
in amip-piForcing experiments is well correlated with the spread in feedbacks across
models in abrupt-4xCO, (r=0.69). In contrast, feedbacks over the most recent decades
(1981-2010) weakly correlate with A,,g, (r=0.27) which implies the feedbacks oper-
ating in 1871-1980 historical period differ from the feedbacks that govern the responses
in 1981-2010. It also implies that inferences about feedbacks in this period do not apply
to the feedbacks that establish the longer historical record of change. This is somewhat
ironical as it is this latter period that is more intensely observed. It also explains why
observational based estimates of ECS from the more recent historical climate change
are lower that the ECS inferred from the abrupt experiments: Feedbacks in this more
recent period are thought to be more negative in response to observed SST patterns that
show a lack of Southern Ocean and Eastern Pacific warming, in contrast to longer term
warming seen in paleo and AOGCM data. This further underscores a point called out
above—feedbacks that play out on one time scale, such as that suggested from analysis
of the current observational period, might not necessarily define the most influential
feedbacks associated with longer term, historical climate change.

7 Summary Discussion

This paper revisits the energetics of the tropical trough zone as defined by Riehl and
Simpson (1979). A theme of the paper is concerned with how the diabatically-forced
overturning circulations of the atmosphere, forced by the deep convection within this
tropical zone, fundamentally shape the distributions of tropical and subtropical cloudi-
ness and the changes to cloudiness as Earth warms. The study at first draws on a range
of observations to understand the connections between the energetics of the TTZ, con-
vection and clouds. This focus on the TTZ is then expanded with a more global view
based on model responses to a forced warming. The main findings of the research
described in this paper include:
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The characteristics of convection across the TTZ and the patterns of change over the
annual cycle are shown to be more complex than the simple, more classical view of a
narrow, quasi-stationary convergence zone typically thought of as the ITCZ such as
conveyed in simple depictions like that of Fig. 11. Seasonal changes to precipitation
within the TTZ (Fig. 4a) reveal shifting patterns of precipitation, and by inference
convection, over the mean annual cycle that is argued to exist as three different regimes
within the TTZ. One is the regime of convection over the large southern land masses
of S. America and the African continent that follow the movement of the Sun through
its annual cycle. A second regime is that of convection confined to narrow convergence
zones more typical of the classical view of the ITCZ over the Mid- and Eastern Pacific
and tropical Atlantic oceans that are quasi-stationary, locked to the maximum SSTs of
these regions. A third regime encapsulates the convection of the maritime continent
that by virtue of the complex geography of the region, together with the fact it lies in
some of the warmest waters on Earth, creates a complex set of interactions and circula-
tions generated between ocean and land producing complicated precipitation patterns
and a broad seasonal cycle tied to the monsoon systems of the region.

Observations of the two main components of the diabatic heating, the radiative heating
as characterized by the ACRE and the latent heating taken to be proportional to the
surface precipitation, while additive, reveal a very tight coupling between the two (e.g.,
Fig. 8) in the TTZ. The reason for such a tight coupling between them and for the mag-
nitude of the slopes of the relationship found in Fig. 8 requires further investigation.
This coupling points to a feedback system where one form of heating reinforces the
other. Associated far field changes, typically in the form of increased radiative cooling
of the surrounding environment, drive thermally direct circulations that also directly
influence convection. This has been called out in a number of past studies that argue,
for example, that the ACRE can both feedback on convection directly (e.g., Stephens
et al. 2004), create a thermally direct circulation that reinforces convection and thus
the latent heating (e.g., Wu et al. 2023; Stephens et al. 2008a, 2018), and, in turn,
strengthen the larger scale circulation (e.g., Slingo and Slingo 1988; Dixit et al. 2018,
among many others). This circulation is also an important mechanism of convective
aggregation with further consequences to the TOA energy budget (e.g., Bony et al.
2020).

Observations of convection, clouds and the energy balance of the TTZ were examined
through the perspective of their observed interannual variations over a 20-year period
approximately between 2002 and 2022. It was found that:

A clear anti-correlation exists between the interannual anomalies of mean tropopause
height and the net energy imbalance of the TTZ for a considerable portion of this
observed period. The higher the tropopause, the deeper is the convection (Fig. 9).
Associated with the deepening of convection is an increase in thickening of anvil clouds
with an associated increase of optical depth.

Deeper convection and optically thicker anvils produce an increased reflection of solar
radiation that dominates the interannual changes of the net radiation input into the
zone (Fig. 10) giving rise to the observed anti-correlation between tropopause height
anomalies and TOA radiation budget anomalies.

One important influence of global warming on the circulation occurs via changes to
convection and increased convective heating that strengthen the circulation resulting
in a positive low cloud feedback in some models and an enhanced global ECS of these
models. Figure 11 provides a summary of the multi-model changes observed under the
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scenario of warming realized in the CMIP6 SSP5-8.5 scenario multi-model experi-
ments with the finding that:

A pronounced narrowing of the ITCZ occurs with an associated increase in precipita-
tion including increased heavy precipitation. Such a projected narrowing of the ITCZ
is also supported in precipitation observations from 1979 to 2014 (Wodzicki and Rapp
2019). Whether contraction of convection such as observed in the Eastern Pacific
applies to convection formed over the maritime continent or over tropical land masses
is yet to be studied although the related study of Roca et al. (2024) finds that convection
over Africa has changed in its morphology over four decades of Meteosat observations
with a significant shift of the occurrence of deep convective systems to less frequent
large and short-lived systems to more frequent smaller and longer-lived systems. Twen-
tieth century observations also show that, during the last 50 years, the sea surface tem-
perature (SST) of the tropical oceans has increased by 0.5C and the areas of SST>26.5
and 28C by 15 and 50%, respectively, in association with an increase in greenhouse gas
concentrations (Hoyas and Webster 2012). We do not know how convection responds
to this expanded area of warmed SSTs and whether there will be any contraction of
convection in this zone.

Although precipitation increases in the tropical convective zone in models, the high
clouds do not (Fig. 11b) but the column radiative heating does via reduction on low
cloud that act as net coolers of the column. In the subtropical regions, the clear-sky
radiative cooling increases as expected from increased water vapor, thus setting up a
differential heating patterns consistent with a strengthening of the meridional circula-
tion as speculated in a number of studies (e.g., Needham and Randall 2021a, 2021b;
Stephens et al 2018; Dixit et al. 2018) and consistent with the projected increased
subsidence (Fig. 11c).

The multi-model response of a combined reduction in high clouds and increased pre-
cipitation in the convection zone is also consistent with the Lindzen et al. (2001) iris
mechanism that the precipitation efficiency of convection should increase with warming
with proportionally more water falling out as precipitation than is vertically advected
and detrained aloft. This still remains an unproven concept (e.g., Ito and Masunaga
2022) although other model studies support it (e.g., Li et al. 2022).

In the subtropical regions (Fig. 11c), most models produce a strengthened subsidence,
constrained overall by clear-sky radiative cooling increases but how this increased
subsidence is realized is complicated with reduced vertical motion in both ascending
and descending regions of the subtropics. Lapse rate changes also result in an increase
in the EIS. While this increase in EIS favors increased low cloud responses in the sub-
tropical regions, most models, and notably those with highest ECS, experience reduced
low clouds in this region which appears to be an important feedback mechanism that
sustains the higher ECS (e.g., Schiro et al. 2022). These model low cloud changes
involve more than changes to simple cloud controlling factors like EIS, at least in the
CMIP6 SSP5-8.5 scenario experiments (e.g., Koshiro et al. 2022).

Specific details of the pattern of warming influence the global mean response of models:
This influence, referred to as the pattern effect, is exemplified in the pattern of warm-
ing across the tropical Pacific Ocean which is influenced by the low cloud responses
on the Eastern Pacific SSTs. Andrews et al. (2022) quantify this effect as a difference
between the feedback metrics derived as the difference in the feedback measures of
the CMIP6 amip-piForcing experiments from the CMIP6 abrupt-4xCO,, the rationale
being that feedbacks calculated from 150 years of the abrupt experiments that strongly
correlate to longer term projections of climate change will have a weaker pattern effect
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than when the correlation is much weaker. They found that over the period 1871-1980,
the Earth warmed with feedbacks largely consistent and strongly correlated with long-
term climate sensitivity feedbacks—that is the historical pattern of warming mirrors
that change expected of the future (as diagnosed from corresponding atmosphere—ocean
GCM abrupt-4xCO, simulations). Post 1980, however, the Earth warmed with patterns
of warming that differ from past historical warming being weakly correlated to feedbacks
of the abrupt experiments (Fig. 12). The basic conclusion is the feedbacks operating in
1871-1980 historical period differs from the feedbacks that govern the responses in
1981-2010. This is somewhat ironical as it is this latter period that is more intensely
observed and processes that undergird feedbacks are better understood. Andrews et al.
(2022) further reason that it also explains why observational based estimates of ECS from
the more recent historical climate change are likely biased low.

The science of climate change and the study of feedbacks that define the overall climate
sensitivity appear to face a fundamental dilemma. There are a number of examples presented
throughout this paper where mechanisms observed over shorter time spans may not be the
dominant mechanisms of feedbacks that play out on longer time times scales. For example,
the thickening and brightening of anvil clouds described above and observed on interannual
time scales are not reflected in the high cloud responses of climate models as described in
Sect. 5. A second example was illustrated in the study of Andrews et al. (2022), where the
more recent, shorter period observational record points to mechanisms and feedbacks involv-
ing cloud and convection that apparently do not define the feedbacks that establish longer
term projected changes diagnosed from models. One could argue that the processes exam-
ined during the more recent intensely observed period are intrinsically those that must oper-
ate over the longer period of change albeit with different degrees of interaction. How can
the credibility of projections be claimed while dismissing the observed natural state and its
behaviors of the shorter past? What then is the role of observing the natural world and stud-
ying how processes interact from that vantage point if these are not deemed relevant to a
longer term climate change? What then are the relevant observations that are unequivocal
tests of feedbacks most pertinent to climate change for without them model projections will
remain purely untested hypotheses? Regardless of these challenges, the need to quantify the
role of deep convection in the Earth system remains acute.

The coming decade is also a decade that brings a focus on atmospheric convection. The
desire to resolve convection is now a major focus of next generation Earth models (e.g.,
Slingo et al. 2022). From an observational perspective, major inroads to observing convec-
tion on the global scale are also about to happen. These observational programs are meant
to address a high priority needs as called out in the 2017 Decadal Survey (NAS 2018). Two
important new measurement initiatives of the current decade that address convection spe-
cifically are: i) the INvestigation of Convective UpdraftS (INCUS) mission of NASA that is
to provide basic global information about convective motions and the transports produced
by them, and ii) NASA’s Earth System Observatory (the Atmospheric Observing System
(AOS) https://aos.gsfc.nasa.gov),! aimed at addressing the Decadal priority by providing
information about convective updraft and downdraft motions with space-borne Doppler
radars. AOS will also include the tandem microwave radiometer measurements aimed at
further quantifying vertical transports in deep convection (e.g., Brogneiz et al. 2022).

! The decadal strategy identified observations of aerosol, cloud, convection and precipitation as a priority
for the decade. This priority has led to the definition of NASA’s atmospheric observing system (AOS).
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