Characterizing Deep Convective Cloud Properties and their Energetic Impacts in

Satellite Observations

By
Juliet A. PILEWSKIE

A dissertation submitted in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

(Atmospheric and Oceanic Sciences)

at the
UNIVERSITY OF WISCONSIN-MADISON
2023

Date of Final Oral Examination: 11/06/2023

The dissertation is approved by the following members of the Final Oral Committee:
Tristan L’Ecuyer, Professor, Atmospheric and Oceanic Sciences
Stephanie Henderson, Assistant Professor, Atmospheric and Oceanic Sciences
Angela Rowe, Assistant Professor, Atmospheric and Oceanic Sciences
Andrew Heidinger, Adjunct Associate Professor, NOAA

Samuel Stechmann, Professor, Mathematics


http://www.wisc.edu

Abstract

Characterizing Deep Convective Cloud Properties and their Energetic
Impacts in Satellite Observations

by Juliet A. PILEWSKIE

Because atmospheric deep convection plays an important role in influencing Earth’s global
energy budget, it is increasingly important to consider how deep convective cloud and
energetic properties might change due to a changing climate. Deep convective vertical
intensity may increase in regions that are becoming increasingly moist in response to
warming sea surface temperatures, which could alter precipitation, anvil cloud develop-
ment, and their radiative response. The focus of this work, therefore, is to document
the relationships between these properties applied to our present-day understanding of
how convection fundamentally contributes to the Earth’s energy budget: by 1) vertically
transporting energy and mass to the upper troposphere, 2) balancing clear-sky radia-
tive cooling through latent heating, and 3) modulating the top-of-atmospheric radiative

energy budget.

The processes influencing how convective updraft strength relates to cloud and precip-
itation development occur on the convective cloud scale and smaller, so it is necessary
to document such characteristics on these scales. We begin by providing a near-global
perspective of convection using a database of “convective objects” generated from ten
years of A-Train measurements. By leveraging CloudSat’s ability to distinguish convec-

tive cores, we define a proxy for a convective core vertical intensity based on the height



ii
of the attenuating radar signal. Over the tropics, these observations support previous
insights from a precipitation perspective on where storms are the most intense. Moti-
vated by wanting to understand deep convective contributions to lateral energy transport,
we next document how the intensity and frequency of deep convective cores that reach
the tropopause (hot towers) relate to anvil cloud and precipitation productivity within
the tropics. It is found that the largest amount of mass within the upper troposphere
supplied by hot towers is not geographically where the most precipitation and largest
anvil extents occur. Motivated by convection’s influence on the top-of-atmospheric radia-
tive energy budget, we analyze how convective core depth and anvil structure influence
their cloud radiative effects. We find that the most vertically intense systems more often
contribute a warming at the top of the atmosphere compared to weaker systems, which
holds across different regions in the tropics. Finally, we explore how these relationships
are sensitive to large-scale environmental conditions to provide benchmark relationships

for modeling studies assessing high cloud feedbacks in a changing climate.
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\Think left and think right and think low and think high. Oh, the thinks you can think up

if only you try!"

Dr. Seuss
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Chapter 1

Introduction

Tropical atmospheric deep convection has been studied extensively because it is integral
to the Earth's global energy budget, helps drive local and large-scale atmospheric circu-
lations, and also supplies signi cant amount of rainfall in the tropics that is necessary
for sustaining human life. However, as atmospheric GQroncentrations are increasing
due to human activity, extreme weather is becoming more apparent across the globe,
as discussed in the Intergovernmental Panel Climate Change (IPCC) Sixth Assessment
(AR6) Synthesis Report (IPCC, 2023). Figure 1.1 shows that some regions across the
globe are already experiencing heat extremes and droughts (i.elaek of storm activity),
while others are experiencing heavier precipitation in response to climate change. The
changing climate has a direct e ect on food and water security, and other such public
health and economic impacts. Because of heat extremes and weather hazards, such as the

likelihood that major (Cat 3-5) tropical cyclone activity is increasing, peoples' lives are
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increasingly at stake (IPCC, 2023). Climate model projections are showing that convec-
tive system behavior is expected to continue to alter in response to surface warming (e.g.
Cheng et al., 2022; Di enbaugh et al., 2013; Singh and O'Gorman, 2015). It is, therefore,
worth understanding present-day convective cloud, precipitation, and radiative response
characteristics to inform how convection contributes to the Earth's energy budget and its

interactions with the surrounding environment.

Physics states that convection occurs where there exists an imbalance in energy within
a uid, whereby energy is transferred from an area in an energy surplus to an area in an
energy de cit. In meteorological terms, atmospheric convection occurs when there is a
di erence in temperature gradients, or lapse rates, between air masses. For the sake of
this dissertation, we will primarily be focused on convection within the tropics because
of the role that tropical atmospheric deep convection has in in uencing Earth's energy

budget and large-scale circulations.

Observation- and model-based theories suggest that there are three primary ways in
which tropical atmospheric deep convection contributes to the Earth's energy budget on
the large-scale, through 1) vertically redistributing boundary layer, moisture- lled air to
the upper troposphere (Riehl and Malkus, 1958; Riehl and Simpson, 1979), 2) balancing
radiative cooling through precipitation that releases latent heat (Manabe and Wetherald,
1967), and 3) altering the radiative energy budget at all levels in the atmosphere according
to fundamental radiative transfer processes (Manabe and Strickler, 1964; Manabe and

Wetherald, 1967). The following describes each process in more detail:



Figure 1.1: Courtesy of IPCC (2023)
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1. Riehl and Malkus (1958) and Riehl and Simpson (1979) (hereafter, RM58 and
RS79, respectively) argued that most of the energy within the ascending branch
of the Hadley Cell positioned near the equator is in the form of latent energy
released through condensation. They reasoned that a minimum in moist static
energy (MSE) at 500 hPa is a signature of some mechanism that could allow for
upper-tropospheric MSE to be the same value as surface MSE. It was concluded
that individual updrafts transport boundary layer air to the upper troposphere
that not only balances radiative cooling, but also supplies a surplus of energy to be
transported to higher latitudes that are in an energy de cit. These updrafts became
known as hot towers and are primarily responsible for converting latent energy to
potential energy (a combination of dry static energy and enthalpy) through vertical
transport. Through mass continuity, compensating downdrafts in between updraft
regions complete the picture; thus, convective systems became understood to drive
much of the energy and moisture redistribution within and out of the tropics (RM58;

RM79).

2. In 1967, Manabe and Wetherald (1967) conducted simple modeling experiments
and found that under radiative equilibrium (i.e. no convection present) with xed
relative humidity, the atmospheric temperature decreases rapidly to 240 K just
above the surface due to Earth's thermal emission. However, under \radiative-
convective equilibrium” (RCE), atmospheric temperature was found to decrease at

a steadier rate as altitude increased. This is due to the latent heat release associated
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with condensation. It was found that radiative-convective equilibrium holds globally

as a rst-order approximation.

3. Three years prior, Manabe and Strickler (1964) used a simple radiative-convective
equilibrium model to show that high cirrus clouds heat the surface by an amount
that corresponds to their height and emissivity. The same study that popularized
RCE found that as cloud amount increases, Earth's equilibrium temperature de-
creases (Manabe and Wetherald, 1967). They concluded that clouds absorb Earth's
outgoing infrared radiation. Because temperatures are colder at higher altitudes
in the atmosphere, higher cloud tops emit at lower temperatures. This leads to a
decrease in OLR as well as an enhanced LW radiation back down to the Earth's
surface. However, they did not understand that albedo and emissivity are related,
so they neglected to alter the albedo (i.e. its ability to re ect incoming solar or SW
radiation) of the cloud as it increased in thickness (i.e. changing its emissivity). It
was thus concluded that the thickest cirrus clouds contribute the most warming.
However, Stephens and Webster (1981) showed that as the liquid water path (LWP)
or ice water path (IWP) increased for high clouds, (i.e. increased optical depth)
the change in equilibrium surface temperature decreased. It was therefore updated

that thin cirrus clouds contribute the most warming and not thicker cirrus.

Both thermodynamic and radiative processes associated with convective cloud clusters'

formation and evolution are su ciently strong enough to alter vertical pro les of heating
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within the atmosphere (Houze Jr., 1982). These processes can in uence large-scale cir-
culations in the tropics, and Houze Jr. (1982) further noted that the impacts vary over
the lifetime of a convective system. As was mentioned previously, both radiation and
surface uxes from heat and water vapor can destabilize the atmosphere, which initiates
moist convection that acts as a stabilizing mechanism. The initiation or cumulus stage
is de ned by a warm buoyant plume rising, mixing laterally with the environment, and
forming a cloud that is optically thick and re ects some incoming SW radiation but is

relatively small across spatial scales.

As it begins to rain, a downward drag force induced by rain drops instigates a vigorous
downdratft circulation that is evident in the mature stage. The downdraft region is respon-
sible for the heaviest rainfall within the system. As the top of the cloud reaches the level
of neutral buoyancy which is sometimes at the tropopause, clouds spread into cirriform
anvil in which stratiform precipitation often forms Houze (1997); Schumacher and Houze
(2003). At this stage there is signi cant cloud cover in both the horizontal and vertical
direction. Updrafts can be continuously generated and decease throughout the duration
of the system; however, the anvil from prior updrafts is maintained for much longer than
the lifetime of a single updraft. The di erences in lifecycles between updrafts and anvils
make it challenging to quantify the anvil productivity of any given deep convective core.
Furthermore, entrainment, or mixing with the surrounding atmosphere, impacts anvil
development. During the dissipating stage, cloud droplets no longer grow, so precipita-
tion stops. Vertical air motions also weaken and die, while the upper level clouds remain

emitting and absorbing radiation. Upper clouds thin out and break up, which reduces
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the SW cloud forcing and enhances LW forcing (Houze Jr., 1982). The decay stage is

often sustained on longer timescales than the duration of the active convective system.

Deep convective systems within the atmosphere span anywhere from 10 km, such as
isolated updrafts, to thousands of kilometers, such as Mesoscale Convective Complexes
(MCCs) that contain multiple Mesoscale Convective Systems (MCSs), each of which hav-
ing active updraft precipitating regions (e.g. Maddox, 1980; Mapes and Houze, 1993;
Yuan and Houze, 2010). On the time scale of a convective system, which is anywhere
from hours to multiple days, diabatic e ects from precipitation and cloud radiative heat-

ing contribute to maintaining or weakening convection. These energetic impacts not
only in uence how convection spatially organizes, or aggregates, but are also responsible
for generating eddies that transfer energy and moisture, thus inducing circulations and

heating the local surroundings.

How an ensemble of convective systems spatially organize and how long they are main-
tained is most important when considering climate impacts. Throughout their lifecycle,
convective systems alter the spatiotemporal patterns of radiative heating and cooling at
the top-of-atmosphere, which impacts the large-scale atmospheric circulation (Randall
et al.,, 1989; Slingo and Slingo, 1988, 1991). Altogether, it is generally accepted that
deep convective clouds contribute a near-neutral top-of-atmosphere radiative e ect due
to their ability to both signi cantly reduce outgoing thermal radiation while re ecting in-
coming shortwave radiative uxes (Hartmann et al., 1992; Kiehl and Ramanathan, 1990;

Ockert-Bell and Hartmann, 1992; Rossow and Zhang, 1995; Zhang et al., 1995). It is
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also possible that convective systems' near-neutral impact is a result of integrating their

radiative e ects over the course of their lifetimes Hartmann and Berry (2017).

However, as the climate changes, changes in large-scale circulation are expected to al-
ter convective cloud formation and their radiative responses, thus generating a feedback
(Bony et al., 2015; Li et al., 2014; Sherwood et al., 2014). Climate models make predic-
tions of climate warming by measuring the \equilibrium climate sensitivity" (ECS), which

is the equilibrium change in the globally averaged near-surface temperature in response
to a doubling of the concentration of atmospheric C& According to the IPCC ARG, the
climate sensitivity is in the likely range of 2.5 K to 4.0 K, butvery likely between 2.0 K
and 5.0 K (Forster et al., 2021). Climate warming is expected to in uence the distribu-
tion of precipitation changes, with the wettest latitudes getting enhanced precipitation
while driest latitudes may get a decrease in precipitation (Allen and Ingram, 2002; Held
and Soden, 2006; Mitchell, 1987). Additionally, atmospheric general circulation models
(GCMs) are showing that precipitation extremes become more frequent with enhanced

atmospheric CQ concentrations (Gordon et al., 1992).

Following work summarized in the IPCC Fifth Assessment Report (AR5), observations
had suggested that the climate sensitivity was near the lower end of the 3 K temperature
range and that models might have also been underestimating precipitation changes (Mau-
ritsen and Stevens, 2015). These discrepancies had pointed to the possibility that climate
models were missing key feedbacks and that the processes that drive cloud-circulation

interactions were poorly represented (Bony et al., 2015; Dessler, 2013; Mauritsen and



Figure 1.2: Courtesy of Forster et al. (2021)

Stevens, 2015). A major source of uncertainty contributing to the large spread was how
convective and boundary-layer processes are represented in climate models (Bony et al.,
2015). Additionally, cloud microphysical processes make it di cult to simulate convective
response to varying large-scale dynamics. Since the IPCC AR5, there has been improve-
ments on how cloud feedbacks are quanti ed, in part by calculating cloud feedbacks by
region to capture unique interactions between clouds and the environment within each
region, weighting the feedback by the fractional coverage of each cloud type, and nally

summing to give the global feedback (Sherwood et al., 2020).

It has long been discussed how anvil clouds might alter in response to a warming climate.
Ramanathan and Collins (1991) used observations during the 1987 El Nino and proposed
the \Thermostat Hypothesis" that argued that enhanced sea surface temperatures could
increase cirrus cloud formation to re ect enough solar radiation to o set LW cloud radia-
tive forcing and prevent sea surface temperatures from rising above 305 K (Ramanathan
and Collins, 1991). Alternatively, Lindzen et al. (2001) proposed that the Earth's atmo-

sphere can act as an adaptive infrared iris (i.e., the \adaptive iris e ect”), which opens
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and closes, like that of an eye, in order to control outgoing longwave radiation. The
adaptive iris e ect was supported by suggesting that cirrus detrainment from cumulus
convection might decrease with increasing SSTs if the precipitation e ciency, de ned as
the fraction of cloud condensate that reaches the surface as precipitation (Narsey et al.,
2019), within cumulus towers increases signi cantly with increasing SSTs (Lindzen et al.,

2001).

More recently, it has been suggested through studying cloud-resolving model output that
the atmosphere will increasingly stabilize with surface warming, which could reduce the
anvil cloud amount (Bony et al., 2016). This hypothesis is an update to the \adaptive iris"

e ect and is known as the \stability iris" e ect. Despite the update, there still exists low
con dence in what is known as the tropical high cloud amount feedback (see Figure 1.2),
meaning that it is not well captured in models how the amount of convective cloud might
vary in response to changes in the large-scale dynamic and thermodynamic environment
with climate (Forster et al., 2021). This in part could be attributed to not adequately
capturing whether it is the cloud extent, cloud optical depth (i.e. thickness), or both
extent and thickness that are changing with climate. These discrepancies are important
to discern as these cloud changes directly in uence the top-of-atmosphere cloud radiative

response.

Therefore, understanding how deep convective clouds and their resulting energetic re-
sponses behave in the present-day climate is crucial to provide benchmarks for diagnosing

high cloud changes in a warming climate. Leveraging the extensive sampling provided
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by A-Train and geostationary satellite platforms, this work examines the relationships
between deep convective cloud vertical and horizontal properties, precipitation, and ra-
diative impacts. Chapter 2 introduces an object-identi cation algorithm to produce a
database of \convective objects” from multiple sensors within the A-Train. A brief his-
tory and overview of how object identi cation works is provided. How convective cores
are identi ed and how their vertical intensity is characterized using satellite radar is also
addressed. Additionally, we provide a list of the stored variables that relate to convective

systems' energetic contributions.

Chapters 3 through 5 discuss three separate analysis that have been supported by the
Future Investigators in NASA Earth and Space Science and Technology (FINESST) grad-
uate student research award. The three speci ¢ aims that we had outlined in the FINESST

project proposal were:

1. Documenting Global Characteristics of Convective Organization : Con-
tribute a multi-year global convective object database of variables that documents
convective macroscopic characteristics, associated environmental conditions, pre-

cipitation rates, and radiative e ects.

2. Precipitation and Radiative Impacts of Convection . Quantify the coupled
hydrologic and energetic impacts of convection based on its macro-characteristics

in varying environments.
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3. Supplying Life-cycle Context to Observed Convection : Assess how convec-
tive characteristics, their energetic impacts, and their role in the local and large-scale

environment evolve over the convective life-cycle.

Chapter 3 addresses the rst aim by providing a global perspective of atmospheric convec-
tion through A-Train observations. Speci cally, we discuss the frequency of convection at
0130 and 1330 local solar time (LST), as well as where the most vertically intense systems
occur, where there is the most rainfall, and where systems are the largest. The bulk of
this work is motivated by the paper by Zipser et al. (2006) that uses Tropical Rainfall
Measuring Mission (TRMM) Precipitation Radar (PR) observations to document where
the most intense storms are located via precipitation proxies. This chapter has been pub-
lished to the Journal of Geophysical Research: Atmospheres under the tifléne Global

Nature of Early-Afternoon and Late-Night Convection Through the Eyes of the A-Train.

Chapter 4 also addresses the rst aim of the FINESST propopsal. It is motivated by
the Riehl and Malkus (1958) and Riehl and Simpson (1979) Hot Tower Hypothesis to
provide an update on how many hot towers, or deep convective cores that overshoot
the tropopause, occur at any given time. It leverages the A-Train's ability to capture
deep convective cores at nearly a 1 km resolution over the full tropics. In addition to
the A-Train convective object database cloud properties, 11 micron infrared brightness
temperatures from geostationary satellite observations, rain rates from Integrated Multi-
satellitE Retrievals for GPM (IMERG), and top-of-atmosphere longwave radiative uxes

from the Clouds and the Earth's Radiant Energy System (CERES) instruments, provide a
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multi-satellite perspective to estimate the frequency and mass ux of convective cores, and
how they relate to precipitation and high cloud productivity. Capturing these properties
is particularly important because they relate to the transport of energy and moisture
within and outside of the tropics. This analysis is the focus of a paper to be submitted to
Survey of Geophysics by the beginning of November 2023 and is titld@dmulti-satellite

perspective on \hot tower" characteristics in the equatorial trough zone

The focus of Chapter 5 is to address the FINESST proposal's second aim by analyzing
how the deep convective core intensity and cloud thickness vary with one another, and
assessing the LW, SW, and net cloud radiative responses at the top of the atmosphere.
For this work, A-Train-observed convective objects between 2006-2016 over the tropical
ocean are distinguished and characterized based on whether they are unicellular or multi-
cellular to provide an idea for how cloud properties and their radiative responses di er
on multiple scales, which are signatures of physical processes that behave on di erent
scales. We also document how cloud properties and their radiative e ects vary between
populations of convective systems sorted by their vertical intensity to provide a bench-
mark that could be useful for modeling studies assessing cloud and radiative responses
of convective systems. This paper, titledObservational Evidence towards a Weakened
Cooling Top-of-Atmosphere Net Cloud Radiative E ect Associated with the Most Intense
Convective Systemsis in its nal stages of the internal review process and will likely
be submitted for publication in December 2023. Documenting how these relationship

vary in di ering large-scale environments is ongoing and will be submitted as a follow-on
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paper. A subsection explaining this preliminary work is provided undeffuture Projects

in Chapter 6.

We conclude in Chapter 6 with a synthesis of the three chapters as well as preliminary
analyses that are currently underway. The precipitation part of the second aim and
the third aim from the FINESST proposal are not fully addressed in the main analysis
chapters. However, preliminary work has been done on these topics and are the subjects

of subsections undeFuture Projects.
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Chapter 2

An A-Train Convective Object

Database

c 2022. American Geophysical Union. All rights reservéd

2.1 Preface

Identifying contiguous cloud objects in satellite observations has been an e ective tool
when using active remote sensing data (e.g. Bacmeister and Stephens, 2011; Igel et al.,
2014; Sauter et al., 2019; Xu et al., 2019, 2016, 2005). Cloud objects are a contiguous
region of pixels that satisfy a cloudiness threshold, such as a minimum re ectivity value

in the case of satellite radar-based cloud objects (Bacmeister and Stephens, 2011; Igel

IMaterial in this chapter is an updated version of the Data and Methods section in: Pilewskie, J. A.,
& L'Ecuyer, T. S. (2022). The global nature of early-afternoon and late-night convection through the
eyes of the A-Train. Journal of Geophysical Research: Atmospherged 27, e2022JD036438.
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et al., 2014). Examples of their utility include understanding how di erent environments

in uence convective cloud characteristics, and how these characteristics evolve over the
cloud lifetime in order to connect observations to model-based theories of aggregation
(e.g. Igel et al., 2014; Igel and van den Heever, 2015a; Xu et al., 2019, 2016, 2005). Active
sensors, such as those on TRMM, GPM, CloudSat, and CALIPSO, o er added bene t for
identifying cloud objects and quantifying storm intensity by assigning vertical structure

to each cloud object (Bacmeister and Stephens, 2011; Nesbitt et al., 2000; Zipser et al.,
2006). The vertical characteristics of cloud objects can be matched with other features,
such as cloud top heights and anvil width, to create a three-dimensional description of
the cloud object (e.g. Deng et al., 2016; Igel et al., 2014) at various life stages (Hu et al.,
2021). Such measurements supply information on the vertical distribution of liquid and
ice particles to distinguish updraft regions, precipitating and non-precipitating anvil, and

detrained cirrus.

We employ a new convective cloud-object identi cation approach based on the combina-
tion of measurements from several instruments in the A-Train to create a global database
of COs. Variables that relate to updraft intensity, cloud top height, horizontal extent of
anvil regions, precipitation yield, radiative e ects, and associated environmental condi-
tions are calculated from co-located observations and included in the database. Outlined

below are the data sets used as well as the methods for identifying convective objects.
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2.2 A-Train Instruments

Convective objects are identi ed based on high-resolution vertical pro les of radar re-
ectivity supplied by CloudSat's 94 GHz Cloud Pro ling Radar (CPR). From 2006-2018,
CloudSat orbited at 705 km as part of the A-Train constellation, which travels in a sun-
synchronous orbit passing the equator at approximately 1:30 am (nighttime) and 1:30 pm
(daytime) local time (LT) (L'Ecuyer and Jiang, 2010; Stephens et al., 2002, 2008). The
CPR is the rst spaceborne millimeter wavelength radar and captures ner scale cloud
features and convective storm properties than has previously been possible (Stephens
et al., 2008). It is a nadir-looking radar measuring the power backscattered by cloud and
precipitation droplets as a function of distance from the radar. CPR has an antenna size
of 1.85 m and a pulse width of 3.3 s, resulting in a 1.4 km cross-track resolution and a
vertical resolution of 480 m that is over-sampled to 240 m. The integration time along
the nadir track is 0.16 s, which provides a 1.8 km along track resolution. CPR outputs
vertical structures of re ectivities with a minimal detection of about -30 dBZ, a dynamic
range of 70 dB and calibration accuracy of 1.5 dB (Stephens et al., 2002; Tanelli et al.,
2008). CloudSat data is stored in granules that can be obtained from the CloudSat Data
Processing Center. One granule represents measurements retrieved between two succes-
sive nighttime equatorial crossings. Using backscattering from cloud droplet particles to
deduce where clouds exist, the 2B-GEOPROF CloudSat product supplies cloud masks

and radar re ectivities (Marchand et al., 2008).

The Cloud-Aerosol Lidar and Infrared Path nder Satellite Observation, or CALIPSO,
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provides insight into the role that clouds and atmospheric aerosols play in regulating
Earth's weather, climate, and air quality. The active sensor on board CALIPSO is
the Cloud-Aerosol Lidar with Orthogonal Polarization, or CALIOP, which is a two-
wavelength polarization-sensitive lidar measuring backscatter. Combining measurements
from CALIOP with information from passive infrared and visible imagers (Imaging In-
frared Radiometer, IIR and Wide Field Camera, WFC) allows high resolution vertical
structure and properties of thin clouds and aerosols to be derived. The 2B-CLDCLASS-
LIDAR product combines CloudSat and CALIPSO measurements to capture complete
pro les of convective clouds, including thin cirrus clouds that CloudSat alone cannot
detect (Sassen et al., 2008). Estimates of the radiative e ects of convective systems are
calculated for each CO from estimates of broadband uxes stored in the 2B-FLXHR-lidar
data product described in detail in Henderson et al. (2013). These estimates are derived
using retrieved cloud properties from CloudSat, CALIPSO, and the Moderate Resolution
Imaging Spectroradiometer (MODIS) in a broadband radiative transfer model (Hender-
son et al., 2013; L'Ecuyer et al., 2008). Root-mean-square di erences in monthly-mean
2.5-degree SW and LW uxes are 13.8 W nt and 5.9 W m ? relative to CERES, re-

spectively (Matus and L'Ecuyer, 2017).

The Advanced Microwave Scanning Radiometer, or AMSR-E, is a twelve-channel, six-
frequency, passive microwave radiometer on board Aqualthe lead satellite in the A-Train

constellation. AMSR-E measures brightness temperatures, and vertically and horizon-
tally polarized measurements are acquired at all channels. Its spatial resolution varies

from 5.4 km at 89.0 GHz to 56 km at 6.9 GHz, with a 1445 km swath and sampling interval
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of 10 km for 5-36 GHz and 5 km for 89 GHz. AMSR-E measurements are used to retrieve
precipitation rate, cloud water, water vapor, sea surface temperature and winds, and a va-
riety of cryosphere-related variables (e.g. Kummerow et al., 2001; Markus and Cavalieri,
2000). Rainfall rate uncertainties depend on numerous factors including the environ-
ment and the Bayesian retrieval framework itself but range from 40-80% in most cases
(Berg et al., 2006; L'Ecuyer and Stephens, 2002). AMSR-E nished operations in De-
cember 2011. Launched in May 2012, the Japan Aerospace Exploration Agency (JAXA)
Global Change Observation Mission 1st - Water "SHIZUKU" (GCOM-W1) satellite car-
ries AMSR2, which is the follow-on to AMSR-E. AMSR2 orbital specs and measurements
remain consistent with that of AMSR-E, but each channel has a slightly higher spatial
resolution. AMSR-E/AMSR2 Unied L2B Global Swath Ocean Produces and Global
Swath Surface Precipitation data products are maintained at their native resolution of
5.4 km and are oversampled to match the CloudSat eld of view to produce AMSRE-AUX
and AMSR2-AUX data sets (Burzynski and Partain, 2022; Kummerow et al., 2021a,b,

2020).

2.3 ldentifying Convection

While the presence of liquid precipitation leads to substantial attenuation of CloudSat
re ectivity pro les that limits rainfall intensity retrievals (Battaglia et al., 2008), the
path-integrated attenuation (PI1A) provides a powerful signal for discriminating rainfall
and drizzle from non-precipitating clouds (Haynes et al., 2009). Furthermore, the height

at which re ectivity decays towards the surface through attenuation establishes a unique
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method for identifying convective cores in CloudSat observations. This is the premise
behind the convective core detection in CloudSat's 2C-PRECIP-COLUMN algorithm

(hereafter, 2CPC).

2CPC identi es precipitation using a combination of PIA derived from the strength of
the observed surface return and multiple scattering-corrected re ectivities (Haynes et al.,
2009). It infers convection by searching for attenuation decay in the ice-phase region
above the melting layer. The method, illustrated in Figure 2.1b, is a W-band analogue to
identifying bright band signatures in conventional precipitation radar observations (e.g.
Steiner et al., 1995). In this case, however, the feature of interest is the in ection point
in the re ectivity pro le caused by attenuation from signi cant quantities of liquid or
partially-frozen raindrops, super-cooled liquid cloud droplets, or large, heavily rimed ice
particles (see Figure 2.1b). For simplicity, the level where this signal occurs in each
CloudSat pro le is labeled the ‘rain top height' (RTH) in 2CPC since it is not possible
to distinguish the precise source of the strong attenuation observed below it. This level
forms the basis for identifying the presence of convective updrafts at the 1.4.8 km CPR
resolution. Since strong updrafts loft liquid, partially-melted hydrometeors, graupel, and
hail above the freezing level, we de ne a convective pro le (blue curve) as one in which the
estimated RTH exceeds the freezing level by at least two CloudSat vertical range bins, or
480 m. Such pro les are generally associated with large along-track re ectivity gradients
at altitudes just above the freezing level. Stratiform precipitation is characterized by RTH
near or slightly below the freezing level (green curve) and often exhibits a brightband-like

feature, although this feature is due to attenuation as opposed to enhanced re ectivity
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from large melting ice particles (Sassen et al., 2007). Raining pixels with cloud and RTH

below the freezing level constitute warm rain.

CloudSat's precipitating pro le classi cation qualitatively agrees with brightband and
convective features in Ku-band re ectivity proles. Figure 2.1a shows cross-sections
from nearly coincident observations of a convective rain system from CloudSat CPR
and TRMM PR. The cross-sections directly contrast perspectives from these two satellite
radars at their native resolutions. A convective core is evident on the left side of the PR
cross-section where re ectivities of 40 dBZ are observed at heights of up to 10 km. The
CPR presents RTHs between 8 and 12 km in several pro les, which suggests that the
intensity of updrafts varies considerably across the convective region. On the right side
of Figure 2.1a, both radars detect stratiform rain with the largest TRMM re ectivities at
the melting layer and CloudSat predicting rain top heights at the freezing level. Between
the two TRMM PR rain systems, the CPR detects lighter stratiform rain that may fall
just below the 17 dBZ sensitivity of the PR but would likely be observed by the current

GPM DPR.

We use the term “convective core' to describe the elevated attenuation signature shown
in Figure 2.1b and as the proxy for convective regions in COs. It is very likely that this
signature derives from nearby updrafts, but no explicit vertical motion measurement is
available to formally verify this. Nevertheless, this proxy has several unique strengths
for the present study. Unlike infrared (IR) methods that are based entirely on cloud top

signatures|whether static, such as identifying overshooting tops (e.g. Bedka et al., 2010),
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or dynamic that involve computing changes in cloud top temperature (e.g. Fiolleau and
Roca, 2013; Takahashi and Luo, 2014)|CloudSat observations penetrate into the cloud to
observe the vertical structure of precipitating hydrometeors within it. Passive microwave
methods are more sensitive to precipitating hydrometeors than IR but often link ice
scattering signatures to the presence of convection over elds of view that are too large
to resolve convective cores. The active CPR radar yields a more direct measurement
of precipitation vertical structure than passive microwave methods because CPR can
penetrate into the cloud to resolve the height where liquid water is likely present within the
column, and it does so at two orders of magnitude ner spatial resolution (by area). While
the most direct and complete measurements for identifying areas of strong convection
from space derive from the Ku-band radar re ectivities collected by the TRMM and
GPM missions, the Ku-band radar eld of view is nearly 7 times larger than of CloudSat
(18.5 kn? vs. 2.7 knf). Thus, while no satellite observing instrument is capable of
perfectly isolating updraft regions on sub-kilometer scales (e.g. Giangrande et al., 2013;
Wang et al., 2020; Yang et al., 2016), CloudSat does perform better than TRMM and
GPM (Li and Schumacher, 2011). W-band also has the distinct advantage over Ku-band
at detecting weak precipitation. CloudSat, therefore, o ers some advantages over TRMM
and GPM in terms of resolution and sensitivity to convective motions while sacri cing
the ability to retrieve rainfall intensity near the surface. We work around this major
limitation by coupling AMSR-E and AMSR?2 rainfall estimates to CloudSat convective

cores.
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Figure 2.1: The distinct signatures of convective and stratiform rainfall in CloudSat
observations. Left: Re ectivity pro les from a precipitation scene observed by both
CloudSat and the Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar
(PR) acquired 3 minutes apart. The local freezing level is plotted in black on both
cross-sections. Grey dots indicate rain top height inferred from the in ection point
in each CloudSat re ectivity pro le. Right: CPR re ectivity pro les for a stratiform
(green) and a convective (blue) precipitation pro le extracted from this cross-section.
Dot-dashed lines indicate rain top height while the black dashed line indicates the local
freezing level.

2.3.1 De ning Convective Objects

Deep convective systems are generally characterized as having one or multiple strong up-
draft regions, or convective cores, that produce convective rain. Surrounding the convec-
tive cores are often extended stratiform precipitating regions and horizontally-spreading
non-precipitating anvil clouds associated with the mature stage of convective storms.
With this convective characteristic framework, we identify convective objects using the
2CPC convective core identi cation method described above for all CloudSat CPR ob-
servations obtained between the full 11-year period that CloudSat was in orbit. There

are occasional gaps in the data during these four years during periods when CALIPSO
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data is missing, but these gaps are generally short and only amount to 0.4% of the days

covered by the analysis period. The object-identi cation approach couples the precipita-

tion ags from 2CPC to re ectivities from 2B-GEOPROF and cloud top heights stored

in 2B-CLDCLASS-LIDAR, and consists of the following key steps:

1. The 2B-GEOPROF cloud mask is used to mask re ectivity values along a CloudSat

granule that are considered clear-sky, ground clutter, and regions agged as multi-
layer clouds (Z not valid if Z < -28 dBZ, Z< 50 dBZ, or cloud mask< 2 or =

5).

. Convective cores along a CloudSat overpass are identi ed by pixels (1.4 km1.8

km at nadir) labeled asconvective precipitationin the 2CPC \Conv_strat_ag".

. CALIPSO-detected cloud are lled with fake Z values (Z = -30 dBZ) between cloud
top and cloud base heights from 2B-CLDCLASS-LIDAR along CloudSat overpass
to account for thin anvil or detrained cirrus that CloudSat cannot detect. If cloud
base height of highest cloud is higher than the cloud top height in the layer below
then it is deemed as multi-layer. The cloud layer below the highest cloud is then

lled.

. The skimage Python function from scikit-image for image processing (van der Walt
et al., 2014) is used to detect all connecting pixels in 2D space along the CloudSat
overpass. Each unique "cloud object" is assigned a label. The vertically lowest
unmasked value within the atmospheric column of the rst pixel of a convective

core becomes the "convective object label".
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5. The boundaries of the CO are de ned by identifying either gaps in the along-track
cloud eld or sharp gradients of cloud top height. It follows that the surrounding
pixels have the same label as the convective core label and that the pixel has a
three-pixel CTH gradient (center nite di erence between pixels 1 and 3 applied
to pixel 2) less than or equal to 1 km if it is at least two pixels away from the
convective core (this pertains to objects that contain an overshooting top in the
convective core region, in which case its CTH is likely substantially higher than the

surrounding cloudy pixels).

6. COs less than 5 pixels in length (corresponding to a diameter of 9 km) are not
counted to avoid including very small systems or cases where CloudSat and CALIPSO
only intersected a small part of the CO. COs that are greater than 5000 pixels long
are also not included given the likelihood that they might not be organized under

the same environments and/or are capturing extensive sheets of thin cirrus.

7. The size and number of distinct convective cores are calculated and stored for each
CO, and each object is labeled as either single-core or multi-core. Any cores that
are separated by only one non-convective pixel (1.8 km) are merged and considered
the same core to account for limitations in the e ective resolution of the CloudSat
CPR due to sidelobes. This method provides an upper limit to the convective core

size and a lower limit to the number of convective cores in each CO.

8. Multi-layer clouds are included in each CO, and ags identifying their location are

included.
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To avoid oversimplifying the physical interpretation of A-Train-observed convective char-
acteristics, we use the ternconvective object(CO). Re ectivity pro les of two COs in
Figure 2.2 demonstrate the algorithm's ability to identify COs over a large range of hor-
izontal scales. Figure 2.2a shows a single-core system with an approximate diameter of
33 km. CloudSat likely captured this CO during its initiation phase given its strong
updraft region, denoted by the +15 dBZ re ectivity values extending above 15 km in the
atmosphere, and minimal anvil extent. The radar signal is attenuated as high as 10 km

in the atmosphere in the convective core region.

Figure 2.2b shows a massive multi-core system with 16 cores that extends over 2800 km in
diameter. This CO is likely in its peak maturity given the +15 dBZ values at a moderate
(5-10 km) height in the atmosphere and the large anvil extent. Given the criteria outlined
above, overlying thin anvil that is detected only by CALIPSO is considered part of the
CO and is portrayed by the area shaded in with fake -30 dBZ values in Figure 2.2b.
This sensitivity to thin anvil is a strength for assessing the true radiative e ects of the
entire CO whether or not the anvil is dynamically coupled to the system. Figure 2.2b
also represents a case in which the CO may be cut o at the equator, since CloudSat
granules start and end at the equator. In such cases, the complete CO is reconstructed by
identifying the accompanying CO in the previous or subsequent overpass if found. Only
0.3% of the database is found to have COs split at the equator. CloudSat can also pass
through the center of a tropical cyclone (Luo et al., 2008b) and although much more rare,
passing through an eye that is clear of clouds will also result in the cyclone being split

into paired convective objects.
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Figure 2.2: (Left) Vertical CPR re ectivity pro les of (a) single-core and (b) multi-

core COs. CO properties highlighted by the colored circles: Black dots indicate convec-

tive areas, pink dots delineate raining pro les, yellow dots indicate non-raining cloud,

and grey dots show the 2CPC rain top height. Cloud top heights and bases detected by

CALIPSO and stored in 2B-CLOUDCLASS-LIDAR are given fake re ectivity values of

-30 dBZ and are shaded in as dark blue. (Right) MODIS corrected re ectances of each
CO event taken from NASA Worldview with the CloudSat yover overlaid in pink.

2.3.2 Convective Core Center of Gravity

The convective updraft region is responsible for transporting energy and moisture to the
upper levels, as well as generating precipitation. The amount of ice detrained and latent
heat released in a convective object depend on the size, number, and intensity of updrafts
within it (e.g. Deng et al., 2016; Mace et al., 2006; Yuan and Houze, 2010; Yuan et al.,

2011). The vertical velocity of a convective updraft de nes its intensity (LeMone and
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Zipser, 1980), but there are currently no direct global measurements of vertical velocity in
convective systems. Studies using combined geostationary satellite and radar observations
have collocated IR cloud top temperatures (CTTs) with a radar-based proxy for vertical
development to infer intensity (e.g. Liu et al., 2007; Luo et al., 2009, 2008b; Masunaga
et al., 2005, and others). For example, Liu et al. (2007) used TRMM PR +20 dBZ height,
or echo-top height (ETH), as an estimate for vertical intensity as it corresponds to the
height at which precipitation-sized particles are located. They found that the coldest
cloud tops most frequently occur over the tropical West Paci ¢ Ocean, yet clouds with
ETH above 10 km more frequently occur over tropical land, highlighting the complex
relationships between cloud top height and this particular precipitation-based proxy for

intensity (Liu et al., 2007).

The CloudSat CPR is able to detect the -28 dBZ cloud ETH of convective storms in
addition to providing proxies for precipitation ETH using 0 dBZ and 10 dBZ re ectivities
(Haynes and Stephens, 2007; Stephens and Wood, 2007). By measuring the distance
between CTH and ETH, multiple studies have classi ed di erent types of penetrating
convection (e.g. Luo et al., 2008a, 2009, 2008b) and showed that distances correlate with
the level of neutral buoyancy within the storm system to argue for CloudSat's abilities

in estimating storm vertical intensity (Takahashi and Luo, 2014; Takahashi et al., 2017).
Thus, W-band radar measurements carry information about vertical intensity through
both the height of precipitation-sized particles as a proxy for the updraft velocity, as well

as the vertical extent of cloud tops. To capture this information in a single scalar variable,

we adopt the cloud Center of Gravity (CoG). CoG is de ned as the height at which the
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mean re ectivity-weighted mass of the cloud is located in the re ectivity column, which
depends strongly on the vertical distribution of hydrometeors in the atmosphere (Koren
et al., 2009; Storer et al., 2014). For a given CloudSat pixel, CoG is de ned directly from

observed CPR re ectivities as:
iZiH;

CoG= (2.1)

where Z; is the re ectivity and H; is the height from the surface to thef radar range
bin in the pro le. The vertical extent of the largest hydrometeors provides an excellent
indicator of updraft strength since stronger vertical motion transports more mass to
higher altitudes. This increases re ectivities aloft and decreases re ectivity at lower levels
due to attenuation leading to higher CoG. Thus the higher the CoG, the more intense
the convective core. To avoid contamination from ground clutter, we mask re ectivity
values greater than 15 dBZ below the freezing level when calculating the convective core
CoG. We intentionally avoid applying attenuation corrections to the observed re ectivity
pro les to avoid introducing uncertainties related to drop size distribution assumptions
required to relate re ectivity to attenuation, and to capture the additional link between
updraft strength and attenuation noted above. The CoG is not, therefore, the true center
of mass of the convective core but rather a robust proxy of intensity derived directly from
unadjusted CloudSat observations. To limit the analysis to truly convective scenes, we
only retain COs where the freezing level is greater than 2 km and the di erence between
the mean convective core CoG and the freezing level|hereafter referred to as the relative
CoG (rCoG)|is greater than 1 km. The use of rCoG in the analyses that follow avoids

aliasing variations in CoG due to the decrease in climatological freezing level as latitude
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increases.

2.3.3 \Variables stored in the Convective Object Database

Variables characterizing convective vertical intensity, size, precipitation, radiative uxes
and e ects, liquid and ice content, and environmental conditions are calculated and stored
from supplementary A-Train observations and reanalyses for each CO. Table 2.1 provides
a list of most of the variables and which satellite or instrument supplied the variable
measurements. Note that some of the variables are not available for the full 11-year time
period. The full database is planned to be published and hosted on the CloudSat Data

Portal Center (https://www.cloudsat.cira.colostate.edu/ ) by spring of 2024.



Table 2.1: List of variables in convective object database.

Name Satellite or Instrument Time period
Latitude & Longitude of CO CloudSat 2006-2017
CO Length CloudSat 2006-2017
Number of Convective Cores CloudSat 2006-2017
Length of Convective Cores CloudSat 2006-2017
Cloud Top & Base Heights CALIPSO 2006-2017
Convective Fraction over raining area CloudSat 2006-2017
Convective fraction over full CO CloudSat 2006-2017
Rain Fraction CloudSat 2006-2017
Non-convective Fraction CloudSat 2006-2017
Non-raining Fraction CloudSat 2006-2017
Z-weighted Core CoG CloudSat 2006-2017
Core Rain Top Height CloudSat 2006-2017
Fraction of Heights> 0 and 10 dBZ CloudSat 2006-2017
Mean Height of Z> 0 and 10 dBZ for Core CloudSat 2006-2017
Column- and Volume-Integrated Z CloudSat 2006-2017
Hydrometeor and near-surface PIA CloudSat 2006-2017
Fraction Total Attenuation CloudSat 2006-2017
LW and SW uxes CloudSat/CALIPSO 2006-2017
LW and SW COD-weighted Mean CoG CloudSat/CALIPSO 2006-2017
Integrated LW and SW COD CloudSat/CALIPSO 2006-2017
Fraction of Anvil with COD < 1, 1< 3,and> 3 CloudSat/CALIPSO 2006-2017
Lidar-detected Convection CALIPSO 2006-2017
CALIPSO-Only Regions CALIPSO 2006-2017
Column-Integrated Ice Water Path CloudSat 2006-2017
Column-Integrated Snow Water Path CloudSat 2006-2017
Rain Rates CloudSat & AMSR-E/AMSR2 2006-2017
Mean Column Water Vapor AMSR-E/AMSR2 2006-2017
Mean Cloud Liquid Water Path AMSR-E/AMSR2 2006-2017
94 GHz Brightness Temperatures CloudSat 2006-2017
11-micron Brightness Temperatures MODIS 2006-2017
LW, SW, and Net CRE CloudSat/CALIPSO 2006-2017
Fraction of NET CRE > 1 and< -1 CloudSat/CALIPSO 2006-2017
LW and SW Radiative Fluxes CloudSat/CALIPSO 2006-2017
Cloud Impact Parameters CloudSat/CALIPSO 2006-2017
Instantaneous Mean SST MERRA 2006-2010
Instantaneous Mean CAPE MERRA 2006-2010
Instantaneous Mean 500 hPa Vertical Motion MERRA 2006-2010
Monthly Mean MERRA2 500 hPa Vertical Motion MERRA2 2006-2017
Monthly Mean MERRA2 SST MERRA2 2006-2017
Vertical Wind Shear Magnitude (multiple levels) ECMWF 2006-2017
Vertical Wind Shear Direction (multiple levels) ECMWF 2006-2017
Aerosol Optical Depth MODIS 2006-2017
Aerosol Index (Al) MODIS 2006-2017

31
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Chapter 3

The Global Nature of
Early-Afternoon and Late-Night
Convection Through the Eyes of the

A-Train

¢ 2022. American Geophysical Union. All rights reservéd

IMaterial in this chapter is nearly identical to: Pilewskie, J. A., & L'Ecuyer, T. S. (2022). The
global nature of early-afternoon and late-night convection through the eyes of the A-Train. Journal of
Geophysical Research: Atmospheres27, e2022JD036438.
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3.1 Introduction

Deep convection plays an integral role in Earth's energy balance through the release of
latent heat to the surroundings from water vapor condensing into cloud droplets and
precipitation, and via their in uence on both longwave (LW) and shortwave (SW) radi-
ation (L'Ecuyer et al., 2015; Manabe and Strickler, 1964; Manabe and Wetherald, 1967;
Trenberth et al., 2009). The relative magnitude of these competing radiative e ects de-
pend strongly on convective cloud properties such as height, horizontal extent, thickness,
and frequency of occurrence (Stephens, 2005). As a result, changes to these properties
in a warming climate determine the sign of high cloud feedbacks, or whether the net
cloud radiative response contributes additional warming or cooling on the Earth's energy
budget (Hartmann and Michelsen, 2002; Lindzen et al., 2001; Ramanathan and Collins,
1991). There is, therefore, a close connection between atmospheric deep convection and
the Earth's energy budget and water cycle since global precipitation is balanced by at-
mospheric radiative cooling (Stephens and Ellis, 2008), which is largely in uenced by
the vertical distribution of clouds (Stephens et al., 1994). Thus, while documenting the
rainfall produced by convection is essential (Simpson et al., 1988), coincident observa-
tions of the macrophysical characteristics and spatial organization of convection can help
resolve how the energy budget and water cycles are coupled, which addresses a key issue
in adequately modeling high cloud feedbacks (Bony et al., 2015; Sherwood et al., 2014;

Stephens, 2005).

Ground-based radar observations have provided plenty of insight on convective storm
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structure and precipitation characteristics regionally over decades of eld experiments
(e.g. Cifelli et al., 2007, 2008; Feng et al., 2015; Houze Jr., 1977; Johnson et al., 1999;
Pereira and Rutledge, 2006; Steiner et al., 1995; Stephens and Wood, 2007). Such mea-
surements have also provided context for how mid-latitude storms di er from those in
the tropics (e.g. Jensen et al., 2016; Solomon et al., 2016) and how land-based convection
di ers from that over the oceans (e.g. Liu et al., 2008a; Liu et al., 2007; Nesbitt et al.,
2000; Zipser et al., 2006). Yet, ground-based radar observations are constrained to the im-
mediate vicinity of the radar and provide limited insight into storm net radiative e ects.
Exporting this regional information to global convection, including that over the remote
ocean regions, and linking radiative and hydrologic e ects requires an alternate perspec-
tive that can only be provided from multi-sensor space-based measurements. Satellite
remote sensing covers a more extensive region than that of ground radar making it useful
for studying convective storm frequency and properties on a global scale (e.g. Hart et al.,
2019; Iguchi et al., 2018, 2000; Laing et al., 2011; Liu et al., 2008a; Masunaga et al.,
2005; Neshitt et al., 2000; Zipser et al., 2006). These measurements distinguish the hori-
zontal extent, cold cloud features, and life-cycle of storm systems on a near-global scale
(Williams and Houze, 1987). Yet, a major limitation of geostationary satellite observa-
tions has been acquiring information about storm structure and precipitation below cloud
top. Spaceborne radar such as the precipitation radar (PR) on board the Tropical Rainfall
Measurement Mission (TRMM) (lguchi et al., 2000) and the Dual-frequency Precipita-
tion Radar (DPR) aboard the Global Precipitation Measurement (GPM) (lguchi et al.,

2018; Meneghini et al., 2021) overcome this limitation by penetrating into storms and
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capturing their vertical structure of cloud and precipitation features like ground-based

radars (Nesbitt et al., 2000).

Several studies developed a three dimensional portrayal of tropical convective systems
using data from TRMM PR (Liu and Zipser, 2013; Liu and Zipser, 2008; Liu et al., 2008a;
Liu et al., 2007; Masunaga et al., 2005; Rapp et al., 2005; Zipser et al., 2006). The high
temporal resolution of TRMM allows it to track convective intensity and precipitation
changes diurnally over both land and ocean (e.g. Liu and Zipser, 2008; Nesbitt and Zipser,
2003; Shige et al., 2017). It has been found that the most intense convective systems
occur over Amazonia and the Congo Basin (Zipser et al., 2006) and that convection
peaks during the afternoon over land suggesting that convection over land is strongly
in uenced by daytime radiative heating. This result di ers over the ocean as there is
only a slight ( 10%) increase in rainfall amount during the early morning, primarily
due to the increase in mesoscale convective systems (MCSs) as opposed to an increase in

rainfall intensity (Nesbitt and Zipser, 2003).

However, there remain limitations to understanding the full spectrum of convective system
in uences on the global energy and water cycles using TRMM measurements. TRMM
only samples up to 37N/S, so the aforementioned studies did not observe storms outside
of the tropic and subtropical regions. Its successor, GPM, extended the range to B&

to measure precipitation in the upper latitudes (Hou et al., 2014; Iguchi et al., 2018;
Meneghini et al., 2021). Additionally, the PR has a horizontal resolution of 4.3 km,

making it sometimes di cult to identify individual convective cores (Zipser et al., 2006).
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Furthermore, the limited sensitivity of both the PR and DPR (e.g. Park et al., 2015) do
not allow thin anvil and detrained cirrus clouds that are essential for establishing how
convection in uences energy balance to be detected (Heyms eld et al., 2000; Lebsock

et al., 2010; Protopapadaki et al., 2017; Stephens et al., 2004).

Linking the hydrologic and energy budget impacts of convection requires connecting their
cloud horizontal and vertical structure to their intensity and precipitation yield (Stephens,
2005). An alternative perspective on global convection that captures the radiative e ect
of convection can be obtained from millimeter wavelength radar, lidar, and passive sen-
sors aboard the afternoon satellite constellation known as the A-Train (L'Ecuyer and
Jiang, 2010). This paper, therefore, presents a comprehensive global data set of con-
vective macrophysical characteristics from A-Train observations to connect the cloud,
precipitation, and radiative e ects of convection. A number of studies have indicated
the value of CloudSat measurements for characterizing the observed horizontal and ver-
tical structures of tropical deep convective systems and how they are in uenced by the
large-scale environment (e.g. Bacmeister and Stephens, 2011; Igel et al., 2014; Igel and
van den Heever, 2015a; Luo et al.,, 2008a; Yuan and Houze, 2010, 2013; Yuan et al.,
2011). Deng et al. (2016) built upon this work by combining CloudSat measurements
with highly sensitive data from Cloud-Aerosol Lidar and Infrared Path nder Satellite
Observation (CALIPSO), also in the A-Train, to detect thin cirrus and investigate deep
convective anvil vertical and horizontal structure in di ering climatological regions in
the tropics. Most notably, they found that supplementing CloudSat measurements with

CALIPSO data was necessary for identifying a detrainment layer above 12 km. These



37
studies suggest that useful insights can be gleaned about the structure and variability
of convection despite the A-Train's inability to sample the entire diurnal cycle due to
its sun-synchronous orbit. Furthermore, we will demonstrate that the high inclination
of the A-Train orbit provides sampling of convection over nearly the entire globe (up to
82 N/S) enabling a global perspective of convection that cannot be obtained with other

active sensors.

This paper builds on the aforementioned studies to present a global database of early-
afternoon (1:30 pm local solar time; LST) and late-night (1:30 am IST) \convective ob-
jects" using an object-identi cation method from CloudSat and CALIPSO observations.
We use a new approach, as introduced in the previous chapter, to identify the location
of deep convection by using the two-way attenuation in CloudSat vertical re ectivity
pro les. Combining CloudSat re ectivity measurements with CALIPSO lidar backscat-

ter return provide information on CO updraft intensity and horizontal extent. A short
discussion on how the CO database for this study is provided in the next section. We
conduct a global survey of key convective features: the frequency of occurrence, vertical
intensity, horizontal extent, rainfall rates, and cloud radiative e ects in Section 3. How
these features and their extremes vary with seasons and between day and night are dis-
cussed to place results in the context of other satellite-based convection observations. We
also highlight three major bene ts of using A-Train observations by: 1) distinguishing
convective systems at high-latitudes that have previously not been studied for convec-

tion, 2) using CloudSat's high vertical resolution to detect individual convective cores for
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understanding how single- and multi-core systems relate to cloud and precipitation char-
acteristics, and 3) observing the net cloud radiative e ects as a function of the number
of convective cores. We conclude with a summary and suggest future analysis pathways

in the nal section.

3.2 Database Speci cations for the Analysis

This study obtains information on convective objects at both 1:30 am/pm LST over
the full globe. Because of technical issues with the CloudSat spacecraft in 2011 and
CloudSat no longer taking nighttime measurements beginning in 2012, the time period
of the current analysis is limited to August 2006 to December 2010. To screen out
predominantly stratiform rain systems, we require that at least 2% of the raining area
in the CO be classi ed as convective according to 2CPC to be included in the analysis.
This eliminates 8313 COs, or 8.7% of the full database. It is also important to note
that COs that meet the above criteria might have 0 mm hr? rain rates from AMSR-E
because AMSR-E is less sensitive than CloudSat meaning that it might not be able to
distinguish light rain that CloudSat can observe (Yuan and Houze, 2010). It could also be
that the cores distinguished by CloudSat are much smaller than the AMSR-E footprint.
Therefore, COs that meet the above criteria but have 0 mm ht AMSR-E rain rates
are included in the study. Finally, to avoid ambiguity in the location of each CO, their
latitude and longitude is assigned based on the location of the convective core that has

the largest summed CoG, de ned as the mean CoG of a core multiplied by its length.
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3.3 A-Train Global Perspective on Convection

3.3.1 Distribution of Convective Objects

CloudSat observes 95,520 convective objects around the globe between August 2006 and
December 2010. This large sample provides a rst indication of the potential value of a
CloudSat-based CO database despite the lack of CPR swath. The distribution of COs
is shown in Figure 3.1a. Convective systems are most frequent in the tropics between
15 S to 15N. Over land, COs are highly concentrated over Amazonia and the Maritime
Continent, with a secondary maximum over the Congo Basin. Over ocean, COs are
frequently observed in the tropical Indian Ocean, the Paci c Intertropical Convergence
Zone (ITCZ), the South Paci c Convergence Zone (SPCZ), and, to a lesser extent, in the
Tropical North Atlantic Ocean. The pattern of CO occurrence is consistent with previous
studies observing the location of convective systems with TRMM observations (e.g. Liu

and Zipser, 2005; Liu and Zipser, 2008; Zipser et al., 2006).

However, while not as frequent as in the tropics, the A-Train detects many COs in the
mid- and even high-latitude regions. COs are frequent over the continental United States
(U.S.) and over parts of Asia and Europe at around 40l and in both the northern

Alantic and Paci ¢ Ocean storm tracks. There is a high concentration of COs east of the
Rocky Mountains and an even more intense convective hotspot over the Tibetan Plateau.
Figure 3.1b, which presents the di erence in CO probability between the 1:30 am LT and

1:30 pm LT overpasses, indicates that COs more frequently occur in the afternoon than
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late at night over both central U.S. and the Tibetan Plateau. This is consistent with
ground- and TRMM-based radar observations of convection peaking in the afternoon in

these regions (Easterling and Robinson, 1985; Xu and Zipser, 2011).

Figure 3.1b provides a limited glimpse at the day-night variations in CO occurrence. The
largest di erences are observed in the tropics. Over most tropical land, early afternoon
convection occurs more frequently than during the middle of the night consistent with
Nesbitt and Zipser (2003). An exception is the weak nocturnal signal east of the Sierra de
rdoba mountain range (65W and 30 S), which is capturing the rainfall contribution of
mesoscale convective systems that initiate at around 2 pm LT and peak in precipitation
during late night and early morning (Rasmussen et al., 2016). Tropical oceanic convection
is primarily nocturnal, which is especially noticeable over the tropical West Paci ¢c Ocean.
Table 3.1 emphasizes the di erences in COs occurrence over land and ocean between these
two times of day. Annually, there is a much larger discrepancy between early afternoon
and late-night CO population over land than over ocean, which could partly be due to
the larger diurnal variation of precipitating storm population exhibited over land than
over ocean in the tropics detected by the processing TRMM satellite that samples the
full diurnal cycle (Liu and Zipser, 2008; Nesbitt and Zipser, 2003). While CloudSat o ers
very limited diurnal information, these results show that it does qualitatively capture

known day-night storm behavior.

The highest probability of mid-latitude COs over land occurs during the Northern Hemi-

sphere summer, as emphasized in the zonal distribution of COs over land in Figure 3.2a.
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Figure 3.1: (a) Percent of CloudSat overpasses that observe at least one CO within

each 8 2 grid box, and (b) di erence in percent occurrence between 1:30 pm (day)

and 1:30 am (night) overpasses. Only grid boxes in which at least ten CloudSat COs
between August 2006 - December 2010 are plotted

When comparing Figures 3.2a and b, Northern Hemisphere convection exhibits a much
stronger seasonal cycle than that in the Southern Hemisphere due to the larger land
mass. The multi-modal distribution of oceanic COs (Figure 3.2b) is nearly symmetric
about the equator, with the highest peak occurring in the Northern Hemisphere ITCZ,
and a weaker peak associated with the SPCZ. Convection in the ITCZ exhibits seasonal

variability that manifests as both a northward shift and increased CO production during
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Figure 3.2: Probability of observing a CO in a CloudSat overpass in the stated

season as a function of latitude over land (left) and ocean (right) between August 2006

- December 2010. DJF = December, January, February ; MAM = March, April, May;
JJA = June, July, August; and SON = September, October, November.

Table 3.1: Number of convective objects that CloudSat observed between August
2006-December 2010.

DJF MAM JIA SON Annual
Land Day 3838 5884 10600 7641 27963
Land Night 2487 3903 6275 4902 17567
Ocean Day 4598 5847 6545 7780 24770
Ocean Night 4779 6045 6743 7653 25220
Total 15702 21679 30163 27976 95520

boreal summer. Meanwhile, COs over the Southern Ocean occur with about the same

frequency year-round, which suggests that the seasonal cycle is much weaker.
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3.3.2 Convective Characteristics

Global distribution of the intensity, size, and rainfall characteristics of atmospheric deep
convection from the twice-daily A-Train observations are shown in Figure 3.3. Vertical
intensity is indicated by the mean convective core rCoG of each convective object. The
most intense COs are observed in the tropics and land-based convection is substantially
stronger than oceanic convection (Figure 3.3a), consistent with previous studies (e.g. Liu
and Zipser, 2005; Liu and Zipser, 2008; Zipser et al., 2006). COs in the tropical West
African Basin and the Congo Basin are particularly strong with updrafts lifting re ectivity

pro le center of masses 3-3.5 km above the freezing level, on average. Despite the limited
diurnal sampling of the A-Train, CloudSat observes individual COs in this region with
rCoGs as high as 9.4 km (or 14.4 km above ground level). COs over the Caribbean islands,
central and eastern South America, and Indonesia are slightly weaker than those over the
Congo Basin, but frequently quite intense compared to those over the surrounding oceans
and mid-latitude land-based convection. Over ocean, COs are strongest o the coast of

West Africa and in the tropical North Atlantic Ocean surrounding the Caribbean islands.

The middle row of Figure 3.3 shows the mean and standard deviation of CO size, de ned
as the length of the CO along the CloudSat ground track. At the times that the A-
Train observes convection, COs that are the most intense do not necessarily correspond
to where the largest COs occur. Rather, the largest COs, with mean diameters extending
up to 2000 km, reside over the Bay of Bengal, Maritime Continent, and the tropical

West Paci c Ocean. Deng et al. (2016) also observed "convective clusters' on the order of
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1000 km in diameter over the Maritime Continent and Indian Ocean and classi ed them
as ‘super clusters' in which multiple MCSs are connected by merging anvils, de ned as

mesoscale convective complexes (MCCs; Maddox (1980)).

Figure 3.4 shows that the highest probability of CO occurrence across all sizes are over the
Amazon and Maritime Continent, with fewer occurrences over the Congo Basin, tropical
Atlantic Ocean, and Bay of Bengal. Small€ 300 km in diameter) COs, which encompass
isolated convective cells and MCSs, occur more frequently than bigger COs over west of
the Amazon, East Africa, and mid-latitude land and ocean. COs greater than 300 km
in diameter are likely signatures of large organized convection, such as tropical cyclones
and MCCs, and reside along the ITCZ band over both ocean and land. Almost one-
third of the database consists of COs greater than 1000 km in diameter signifying that
super cluster systems are rather common (e.g. Deng et al., 2016), particularly over the
Maritime Continent, Indian Ocean, West Paci ¢ Ocean, and Central America. While it

is appropriate to identify such systems as COs, it is important to recognize that such
systems often result from merging thin anvils of multiple convective systems that are not

necessarily dynamically connected.

Average precipitation yields, de ned as the conditional mean AMSR-E rain rate across
each CO, relate more closely with convective intensity than size (Figure 3.3e). COs
with the heaviest rainfall are observed over tropical land, particularly the Congo Basin,
Amazonia, and East Asia. In the mid-latitudes, the most intense and heaviest rain-

producing COs are located over the U.S Great Plains. COs with the lowest mean rain
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