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Abstract

The Multiscale Nature of Tropical Convection in Observations and Models

Pedro Angulo-Umaña

Chair of the Supervisory Committee:
Peter Blossey

Department Atmospheric and Climate Sciences

This dissertation seeks to improve understanding of tropical convection’s multiscale nature.

By utilizing high-resolution observations, global reanalysis, and convection-permitting nu-

merical models, this dissertation examines the multiscale structure of tropical convection.

The physical processes that couple di!erent scales of motion to one another are also ex-

amined. In this dissertation we will: use satellite observations to show that the multiscale

structure of tropical precipitation features impacts the likelihood of the feature generating a

local-scale, intense rain rate event; use high-resolution idealized models to explore the pos-

sible mechanism behind this coupling, namely the interaction between convective updrafts

via turbulent mixing; and use a global, storm-resolving model to separate large-scale and

small-scale convective motions, and characterize their co-evolutions and mutual influences

on one another.
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Chapter 1

INTRODUCTION AND THESIS OUTLINE

Moist atmospheric convection is one of the most spectacular phenomena on Earth.

Through the condensation of atmospheric water vapor into a mist of small water droplets

and ice crystals, the typically transparent atmosphere is injected with a dizzyingly diverse

population of clouds and convective weather systems, as well as a vertical pulse of diabatic

heating that can drive changes to the circulation over large ranges. Over the past twenty

years, there has been mounting evidence that tropical convective systems and their asso-

ciated clouds, through interactions with radiation, moist thermodynamics, and dynamical

circulations, are a part of and have an influence on the circulations that characterize the

large-scale flows observed in the tropics. In other words, a growing body of work rejects view-

ing tropical convective systems (with horizontal scales on the order of O(10 km↑ 100 km))

as being either completely independent of large-scale circulations (meaning O(1000 km)),

as well as the view that convection is completely controlled by large-scale motions. Rather,

contemporary studies suggest there is a multifaceted coupling between the two scales of mo-

tion, whereby large-scale circulations emerge (in some sense) from smaller-scale convective

activity, while the small-scale convection is itself sensitive to large-scale conditions that can

be changed by large-scale circulations (Emanuel et al., 1994; Mapes, 1997, 1998; Raymond ,

2000; Arakawa, 2004; Bretherton et al., 2004)

This view is not new; quite to the contrary, advocacy for some version of a “scale inter-

action” picture for tropical convection can be seen in many studies conducted shortly after

the development of robust observational networks in the region during the Pacific theater

of the Second World War. Such a view, whereby intermediate scales of motion between the

smallest cumulus updrafts and large-scale stationary forcings (so-called mesoscales) play a

role in the overall circulation of the tropical atmosphere, represents a departure from the

more classical (and very successful) paradigm of quasi-geostrophy (QG) developed and em-
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ployed in understanding the dynamics of the midlatitude atmosphere. Clarence Palmer, in

an 1956 survey of the insights garnered about tropical weather since the war, summarized

the development of tropical meteorology thusly (Palmer , 1952):

The history of research in tropical meteorology during the past twenty years

could be summed up as an account of struggle ; the struggle to free the science

from the domination of concepts derived from the study of weather in high

latitudes.

In particular, the framework of QG used in midlatitude dynamics is based around a clear

scale separation, made quantitative in the form of asymptotic expansions of the dynamical

equations in terms of the Rossby number Ro = U/fL, where U is the typical zonal wind, f

the Coriolis parameters, and L a characteristic length scale. Under QG, motions on scales

comparable to or larger than L = U/f (the so-called Rossby deformation radius) can be

taken to be driven by the conservation of potential vorticity, with buoyancy e!ects being

of second order (defined in terms of an asymptotic series expansion) importance Pedlosky

(1987); Holton and Hakim (2013). The distinct character of the tropical atmosphere can be

glimpsed even from this abbreviated summary of the QG framework by noting that as f ↓ 0

, Ro ↓ ↔, indicating that vorticity-driven circulations and buoyancy-driven circulation are

not scale-separated in the equatorial region. While there are certainly analogies between the

tropical and extratropical atmosphere (for example, a so-called equatorial Rossby radius can

be obtained in a formally similar context as in QG dynamics, as in Matsuno (1966)), both

theoretical and observational evidence acquired over the last 75 years supports the notion

that the dynamics of the tropical atmosphere are more non-linear, and less scale-separated,

than the extratropical motions, making the applicability of QG dynamics questionable for

the tropical atmosphere.

In the remainder of this Introduction, I will describe two examples of problems in tropical

metrology where the interaction across scales is of particular significance. The first is the

problem of determining necessary and su”cient conditions for the generation of extreme

rainfall rates; the second is the problem of relating the evolution of large-scale vertical

motions of the tropical atmosphere to the structure and evolution of smaller-scale convective



3

Figure 1.1: Projected changes to annual maximum daily rainfall under warming scenarios of
a) 1.5→C; b) 2.0→C; and 4.0→C. Hatching indicates regions where fewer than 80% of models
considered agreed on the sign of the change. Numbers on panels indicate number of models
considered. Figure taken from the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC-AR6; IPCC (2023)).

circulations and clouds. The former question is addressed in Chapters 2 and 3 of this

dissertation, while the latter question is the subject of Chapter 4.

1.1 Scale Interactions and Extreme Instantaneous Rainfall

The notion of “extreme precipitation” refers to the top percentile events (in terms of precip-

itation production) that occur over some region. Such events are known to cause flooding,

mudslides, and other societally relevant disasters. A survey of climate model projections

performed as part of the Sixth Assessment Report of the Intergovernmental Panel on Cli-

mate Change (IPCC , 2023) indicates that the impact of global warming on changes in

the intensity of extreme precipitation events in the tropics remains poorly constrained by

models (Fig. 1.1). As such, improving the understanding of the processes involved in the

generation of tropical precipitation extremes remains a worthwhile goal with scientifically

and societally relevant implications.

Observational and modeling studies have shown that the answer to the question of “what

processes are responsible for the generation of extreme precipitation events?” depends at

least partly on the definition of “extreme precipitation”. This choice, in turn, is associated

with a particular set of spatio-temporal scales of atmospheric motion that will be most
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relevant to generating precipitation at the scales considered. As an example, consider ex-

tremes of daily precipitation accumulations (e.g., top 5% events). For this definition, global

observational studies have shown that the primary drivers of such extreme precipitation

are long-lived mesoscale convective systems Roca and Fiolleau (2020); Tsai et al. (2025).

In models, an analogous result holds; the phenomenon of “self-aggregation” by convection

in numerical models with homogeneous boundary conditions (see Wing and Cronin (2016)

for a review) has been shown to be associated with extreme precipitation accumulations,

in large part because of the steadiness of the location of the aggregated convective state

Bao et al. (2017); O’Donnell and Wing (2024). In other words, it has been shown that the

organization of convection, either in numerical models in the form of self-aggregation or in

observations in the form of coherent mesoscale convective systems, is a strong determining

factor in the generation of daily extreme precipitation.

For the case of extreme instantaneous precipitation, however, the case is less clear. For

example, Bao and Sherwood (2019) used idealized modeling to argue that instantaneous

precipitation rates are largely una!ected by the degree of convective organization. More

recently, O’Donnell and Wing (2024) computed correlations between the degree of spatial

organization (quantified by Iorg as defined in Tompkins and Semie (2017); see the introduc-

tion of Sakaeda and Torri (2022) for a contemporary synopsis of such organization indices)

and precipitation rate, computed at di!erent coarsening length and time scales. They found

a positive correlation, indicating an enhancement of precipitation rates associated with or-

ganization, for both daily and instantaneous timescales.

In observations, tropical precipitation extremes are often studied using orbiting satellites,

such as the Global Precipitation Mission (GPM, Iguchi et al.), which inherently observe in-

stantaneous precipitation rates. A recent study (Xu et al. (2022)) found that a large fraction

(over the oceans a majority) of convective features that generate extreme precipitation rates

contain relatively weak convection (as measured by the depth of the vertical radar profile).

This and other studies (Hamada et al. (2015); Zipser and Liu (2021)) raise the question of

whether and how other factors, besides the strength of the vertical motions, of a convective

system may modulate the likelihood of an extreme rainfall event occurring.

It is this question which is addressed in Chapters 2 and 3 of this thesis. In Chapter 2 we
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use observations from the GPM satellite to identify tropical precipitation features. The mul-

tiscale structure of these features is then quantified using two simple morphological indices:

the area of the feature, which we identify as a measure of the feature-scale organization;

and an index termed the localization of the feature, which quantifies the extent to which the

precipitation in the feature is spatially centered or distributed. We show that the morphol-

ogy of the feature does impact the probability of the feature generating an extreme rainfall

event. We further present evidence of moisture entrainment acting as a pathway coupling

feature morphology to precipitation production. In Chapter 3 we further investigate this

hypothesized coupling pathway by performing a set of modeling experiments with di!ering

subgrid mixing strengths. We examine the impact that this change on the morphology of

the systems and the relationship between morphology and precipitation extremes. We show

that the domain-average structure of convection was indeed modulated by changes in the

strength of subgrid mixing. We also find that the model experiments with stronger mixing

tended to generate a larger number of smaller features. While we also find that these models

do exhibit coupling between a feature’s morphology and maximum precipitation rate, we

find that this coupling is largely una!ected by changes in the subgrid mixing strength.

1.2 Scale Interactions and Large-Scale Vertical Circulations

The space-time variability of convective proxies (such as brightness temperature or precipi-

tation) has been studied using global observations of the tropics Takayabu (1994); Wheeler

and Kiladis (1999)). Such Spectral analysis of equatorial convection typically quantified

via brightness temperature or precipitation) has revealed peaks in regions of the spectral

space that align with dispersion curves predicted by the linear wave theory of shallow wa-

ter on a beta plane Takayabu (1994); Wheeler and Kiladis (1999). Such peaks include

Madden-Julian Oscillation Zhang (2005); Jiang et al. (2020), Kelvin Waves Chien and Kim

(2023), and Equatorial Rossby Waves Fuchs-Stone et al. (2019). These coherent peaks in

the spectral power of convection motivate the term “convectively coupled equatorial waves”

(CCEWs; see Kiladis et al. (2009) for a review). The passage of CCEWs has been linked

to extreme precipitation events Hermawan et al. (2022); Senior et al. (2022); Cheng et al.

(2023), and are principal drivers of subseasonal variability in the tropics.
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Figure 1.2: Reconstructed vertical mass flux evolutions associated with a) the Madden-
Julian Oscillation; b) Equatorial Rossby Waves; c) Kelvin waves with periods →10 days; d)
Kelvin waves with periodicity of 3-4 days; e) Westward intertio-gravity waves; f) eastward
intertio-gravity waves; and g) mixed Rossby-gravity waves. Mass flux values are normalized.
Figure taken from Inoue et al. (2020)

CCEWs are also associated with circulation patterns that can be extracted from global

reanalysis data (Adames and Wallace, 2015; Inoue et al., 2020). In particular, Inoue et al.

(2020) calculated the composite vertical motions associated with di!erent classes of CCEWs,

noting that di!erent waves had di!erent shaped vertical motion profiles. The shape of the

vertical mass flux, in particular its degree of top- or bottom-heaviness, has been shown to

impact the energetic import or export of circulations by modulation of the so-called “gross

moist stability” Neelin and Held (1987); Back and Bretherton (2009); Raymond et al. (2009);

Inoue et al. (2020, 2021); Masunaga (2023); Masunaga and Takahashi (2024). Therefore,

understanding how the vertical velocity profiles of these large-scale circulations evolve is

critically important to understanding the overall energetics of these scales of motion.

Multiple studies have shown that the majority of variance in these vertical motions can

be explained by two sinusoidal structures: the gravest mode, with a half-wavelength span-

ning the depth of the troposphere; and a secondary mode with wavelength equal to the

troposphere’s depth Back and Bretherton (2009); Back et al. (2017); Inoue et al. (2020).

These modes have been associated with deep convection and stratiform anvils, respectively.

Furthermore, while the role of cumulus convection in mediating the majority of tropical ver-
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tical mass flux has been noted since the pioneering study of Riehl and Malkus in 1958 Riehl

(1958), e!orts to connect directly the structure of small-scale clouds to the structure and

evolution of large-scale vertical circulations has historically been hindered by the coarseness

of global models. However, modern computing techniques have allowed for the development

of global storm-resolving models, capable of resolving both large- and small-scale vertical

motions simultaneously Satoh et al. (2019); Stevens et al. (2019). These models provide a

novel avenue for exploring how convective and clouds couple disparate scales of motions.

Chapter 4 of this thesis utilizes such a model to document evidence of interactions across

scales in the development and lifecycle of large-scale vertical motions, and the roles played

by both large- and small-scale structures in modulating the evolution of large-scale verti-

cal motions. Particular focus is paid to the question of which scale, if any, dominates the

determination of the large-scale evolution.
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Chapter 2

THE ROLE OF MORPHOLOGY IN EXTREME-PRODUCING
TROPICAL PRECIPITATION SYSTEMS

2.1 Introduction

In the tropics, precipitation is generated by a diverse and ever-replenishing population

of rain-generating cloud clusters. These clusters range in scales and intensities. Shallow

convective showers are one regime; deep convective downpours another; and broad-scale

stratiform rain yet another. These rain events are often associated with, but are not the

same as, organized convective systems. For example, a single tropical squall line (a partic-

ular mode of organized convection) may contain clusters in all three of the aforementioned

precipitation regimes within it Houze (1997). Furthermore, recent observations have shown

that sub-regions of broad-scale convective systems (viz. mesoscale convective systems; see

Houze (2018) for a contemporary review) undergo evolution and transition between di!erent

precipitation regimes, which has implications for the evolution of the three-dimensional (hor-

izontal and vertical) dynamical structure and evolution of the system (Mapes et al., 2006;

Masunaga and Takahashi , 2024). This coupling between precipitation and the structure of

convective circulations has been long identified as an important but poorly understood com-

ponent of dynamical theories of tropical precipitation, particularly on the scales of organized

convective systems (Mapes, 1997; Arakawa, 2004).

This paucity of understanding regarding the relationship between precipitation and the

structure of convection is particularly troubling in the context of extreme precipitation.

In particular, observational studies utilizing space-borne, global observations of tropical

precipitation have documented the fact that extreme tropical (instantaneous) rainfall rates

are not always associated with very strong or deep convection (Hamada et al., 2015; Xu

et al., 2022). Instead, regions of extreme rainfall (quantified as rain rates exceeding 60

mm/hr in Xu et al. (2022)) are often an order of magnitude smaller in spatial extent (→10



9

km) than the larger rainy regions in which they are embedded (→ 100 km). Observations

show that these extreme-generating parent rainy regions are often not characterized by very

deep or strong convection.

This (relatively recent) observation about tropical precipitation extremes is unfortu-

nately not well explained by contemporary descriptions of the coupling between precipi-

tation extremes and circulation. In particular, a large body of work has made remarkable

advances have been made in developing a diagnostic framework for understanding changes to

tropical convective extremes with global warming (O’Gorman and Schneider , 2009; Muller

et al., 2011). However, this framework was intended for (and has primarily been utilized on)

stationary and very localized deep convection, as occurs in idealized numerical simulations

of convection (viz. self-aggregated convection; the reader is directed to Wing et al. (2017)

for a review of the phenomenon of convective self-aggregation). The spatial organization of

convection is thus not explicitly considered in this framework. As such, the spatial inhomo-

geneity of precipitation, even within an organized convective system, is also not represented.

Furthermore, convection is modeled as a moist adiabatic parcel process; as such, the vertical

structure of convection is completely determined by the temperature and humidity profiles

of the environment. The interactions of di!erent convective elements is thus “integrated

out” in this framework. It follows then that such a vertical profile-based model is best

suited for stationary or quasi-stationary convective configurations; at the same time, it is

an ill-suited framework for understanding the role of spatial organization of observed trop-

ical precipitation, or the role of such organization the generation of tropical precipitation

extremes.

Despite this, prior studies have indeed found compelling evidence that the organization

of convection plays a role in determining the location and intensity of precipitation ex-

tremes. Historically, both extremes of daily accumulated precipitation (as measured by e.g.

rain gauge networks) and instantaneous precipitation rate (as measured by e.g. satellite ob-

servations) have been termed “extreme precipitation events”. In terms of daily accumulated

precipitation, the connection between convective organization and precipitation extremes

has been well established in both model and observational studies. In particular, ideal-

ized modeling studies have shown that self-aggregated convection increases the intensity
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of daily precipitation accumulation in a range of modeling setups (Bao et al., 2017; Bao

and Sherwood , 2019; O’Donnell and Wing , 2024). This intensification of daily precipitation

accumulations is due to self-aggregated convection’s tendency to be more stationary than

disaggregated convection, resulting in regions with sustained rainfall and thus greater pre-

cipitation accumulations. Similarly, in observations, extremes of daily rain accumulations

are strongly associated with organized mesoscale convective systems (Roca and Fiolleau,

2020). Furthermore, global studies have shown that when convection over the tropical belt

as a whole is more organized (as computed via the organization index Iorg; the reader is

directed to the introduction of Sakaeda and Torri (2022) for a review of examples of such

organization indices), daily precipitation accumulations increase as well (Bao et al., 2024).

In the case of extreme instantaneous precipitation, however, the link between the spa-

tial organization of convection and extreme rainfall is not as well established. An idealized

model study that demonstrated a positive relationship between convective aggregation and

extreme daily precipitation also showed an invariance of extreme precipitation rates to con-

vective aggregation (Bao and Sherwood , 2019). The authors of that study suggested that

microphysical interactions, particularly hydrometeor loading, may have played a key role in

maintaining the instantaneous precipitation rate unchanged as the convection aggregated.

In a more recent model ensemble study, O’Donnell and Wing (2024) demonstrated that

not only is the correlation between organization (Iorg) and accumulated precipitation is

most strongly positive for daily time scales, the correlation weakens but remains positive

for shorter time scales, extending to instantaneous precipitation rates. Besides modeling,

observational studies have also reached mixed results in understanding the role of con-

vective organization and instantaneous precipitation extremes. For example, Semie and

Bony (2020) used instantaneous satellite observations to show that within square tropical

domains, the domain-mean precipitation rate decreases with organization (Iorg), but the

mean precipitation rate within the rainy regions is increased. This suggests that convec-

tive organization may serve to enhance instantaneous precipitation rates within the bounds

of a precipitation system. Similarly, Angulo-Umana and Kim (2023) showed that tropical

mesoscale (2→) square domains that are more organized (greater Iorg) also experience more

intense rainfalls; they further showed that this result holds between domains with similar
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spatial coverage of convection and column moisture, indicating that organization per se

serves to enhance instantaneous precipitation rates. However, these two studies did not

resolve the role of organization within convective systems; that is, they defined organization

and precipitation statistics in terms of averages over square domains; the organization of

precipitation into coherent features, and the role of the sub-feature organization, was not di-

rectly considered in either Semie and Bony (2020) or Angulo-Umana and Kim (2023), who

quantified organization based on the distribution of pixel values within the study domain.

Recently, (Carenso et al., 2024) used both model and observational products to argue

that the “morphology” of rain events (quantified in their paper by the rainy area fraction

and the upper quartile of rain rates within the event) determines whether the given rain

event is extreme in terms of accumulation, instantaneous rain rate, or both. This study

suggests the importance of spatial structure of rainfall events in the generation of extreme

events.

The purpose of this study is to establish a link between the morphology of tropical

precipitation features and the generation of instantaneous extreme rainfall. In Section 2

we will detail the precipitation data used in this study; we will further define the spatial

statistics we use to characterize the morphology of precipitation features in observations.

In Section 3 we will examine how these morphological properties of precipitation features

modify the intensity of rainfall and the risk of extremes occurring. We also o!er some insight

into the role of morphology in the vertical structure of precipitation features. Conclusions

and final remarks are provided in Section 4.

2.2 Data and Methods

2.2.1 Identifying precipitating systems in GPM

Our observations of tropical precipitation features (PFs hereafter) will come from version 7

of the Global Precipitation Mission’s space-borne Ku-Band Precipitation Radar (GPM-PR;

available from https://gpm.atmos.washington.edu/). This dataset is comprised of a series

of snapshots along the GPM-PR observational swath, which has a width of 245 km. Each

snapshot is provided on a regular grid with 0.05→↗0.05→ (→ 5km ↗ 5km) horizontal spacing.
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Figure 2.1: Two precipitation features (PFs) over the Gulf of Martaban (Southeast Asia)
identified via the method described in the text. Precipitation rates above (below) 10 mm/hr
are colored red (blue). White dots indicate the principal (largest) core. Computed localiza-
tions (ω; Eq. 3.3) are indicated in the title. PFs have similar sizes of a) 10,675 km and b)
10,125 km.

Each pixel contains a vertical profile of radar reflectivity, as well as a retrieval of near-

surface rain rate (Iguchi et al., 2000). Thus, GPM-PR allows for both a characterization

of the horizontal and vertical structure of tropical PFs. Furthermore, using GPM allows us

to directly target precipitating systems, unlike other studies which have utilized less-direct

measures of convective intensity to identify systems, such as brightness temperature (as

used in Roca et al. (2014); Feng et al. (2021)).

To identify PFs, we begin by identifying contiguous areas of at least 100 km2 (4 GPM

pixels) with rain rates exceeding 1 mm/hr. We further require that each PF considered

contain at least one pixel with a rain rate exceeding 10 mm/hr. This is meant to restrict our

study to only those PFs that contain active convection. Contiguous regions of precipitation

values exceeding 10 mm/hr (of any size) will be termed “cores” in this study. Thresholds of

5mm/hr or 20 mm/hr yields qualitatively similar results (not shown). To avoid truncation

e!ects, only PFs that are completely enclosed within the GPM-PR swath are considered in

the present study. Although this reduces the pool of PFs we can consider in the present

study, the GPM-PR swath has been found to be su”ciently wide to adequately sample the
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Figure 2.2: Cumulative distribution functions (CDFs) of PF maximum precipitation
(MaxPr) values. CDF for oceanic (continental) PFs is shown in blue (red). The com-
bined CDF is shown in black. The vertical line at 60 mm/hr indicates the minimum MaxPr
value required for a PF to be classified as an extreme-generating PF (ExPF).

size distribution of tropical PFs Nesbitt et al. (2006). The date range of data analyzed

extends from January 1, 2015 to December 31, 2024. In that range, we identified 1,130,057

PFs in total. Examples of two such PFs are shown in Fig. 2.1.

2.2.2 Identifying extreme-generating precipitation features

Since we are interested in understanding the role of morphology in generating extreme

precipitation events, we will define “extreme-generating precipitating features” (ExPFs) as

PFs with a maximum precipitation rate (MaxPr) value exceeding 60 mm/hr. This thresh-

old corresponds approximately to the 95th percentile of global MaxPr values considered
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(Fig. 2.2). This threshold is applied to all PFs regardless of whether the PF is oceanic or

continental. This threshold is also identical to the one used by Xu et al. (2022) to define

extreme precipitation. In all we identify 70,588 ExPFs. We note that a greater fraction of

continental PFs are extreme under this threshold than oceanic (Fig. 2.2).

In contrast to ExPFs, we also define typical PFs (TyPFs) as PFs with MaxPr values in

the interquartile range; that is, the middle 50% of PFs by MaxPr. Thus TyPFs are PFs

that are generating non-trivial intensities of precipitation, but not to the level of ExPFs.

TyPFs therefore serve as a comparison to ExPFs.

2.2.3 Characterizing Feature Morphology

There exists a wide range of morphological measures that have been proposed for the study

of tropical convective systems (see the introduction of Sakaeda and Torri (2022) for a review

of several such metrics). For our study, we are primarily interested in describing both the

spatial extent and the spatial arrangement of the precipitation field within a given PF.

Therefore, we will use two simple morphological measures to describe each PF.

The first morphological quantity we will compute for each PF is simply the area of

the PF (measured in km2), which we take as a quantification of the degree of feature-

scale organization. This association has a physical basis, as the stratiform anvils of deep

convective systems constitute a large fraction, and often majority, of the total area coverage

of tropical convective systems (Houze, 1997, 2004). Since this anvil structure is a critical

component of the so-called “organized,” system-scale overturning circulations associated

with deep convective systems (Lafore and Moncrie! , 1989; Houze, 2018), the association

between PF size and organization is well-motivated, at least on the length scales (O(102-104

km2)) considered in the present study.

The second way we characterize system morphology is by quantifying how centralized the

feature’s precipitation production is. If most of the feature’s precipitation is being generated

in a spatially limited portion of the feature, as opposed to being evenly distributed, then

we say that this reflects a greater degree of spatial localization in the feature’s convection.

Thus localization is a qualitatively similar notion to what has been termed “convective
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Figure 2.3: a) Probability distribution function (PDF) of both oceanic and continental PFs.
b) The di!erence between PDFs of oceanic and continental PFs. Di!erences are reported
as absolute di!erences in the PDF values and thus have units of percentage points.

organization” or “aggregation” in the literature.

To quantify the degree of localization, first the precipitation field within a PF is seg-

mented into cores (pixels with >10 mm/hr rain rate). We note that by our definition of

the PF, we are guaranteed at least one core exists for every PF, so that the localization is

well-defined for all PFs considered in out study. The largest core within the PF is termed

the “principal core”. We then define the localization ω as the fraction of the total PF

precipitation that is generated by the principal core:

ω =
Precipitation due to principal core

Total precipitation
. (2.1)

Thus, a PF with a single dominant core (e.g., Fig. 2.1a) will have a higher ω than a PF

with several, similarly rainy cores (e.g., Fig. 2.1b)

Figure 2.3a shows the joint distribution of PF area and ω for the whole population of PFs.

We can see that there is a weak but discernible negative correlation between PF size and

ω, indicating that larger features tend to be less localized than smaller ones, which accords

with the observation that a large amount of PF areal extent is due to the weakly raining

but spatially expansive stratiform anvil (Ahmed and Schumacher , 2015). However, there is

substantial spread around this correlation, so that for any given size there are many di!erent
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values of ω realized. Furthermore, the computed Pearson r value (r = ↑0.33) indicates the

two variables can explain only about → 10 percent of each other’s total variance. This

motivates us to consider our two morphological parameters of size and ω as being largely

independent, at least in the sense that we can take any combination of PF size and ω as an

equally probable (if not equally likely) realization of a tropical PF’s morphology.

A similar distribution as in Fig. 2.3a is seen for oceanic and continental PFs analyzed

separately (not shown). The di!erence between the PDF of continental and oceanic PFs

is shown in Fig. 2.3b. A band of negative values corresponding to small (¡ 103 km) and

weakly localized (ω < 0.5) PFs indicates that such PFs are more common over the oceans

than over land. Similarly, a broader region of positive values for small but more strongly

localized (ω > 0.5) PFs indicates that such PFs are more common over land than ocean.

We note that PFs of such sizes are the vast majority of PFs (Fig. 2.3a). Figure 2.3b thus

indicates that oceanic PFs tend to be less localized than similarly sized continental PFs.

However, the di!erence bewtween the two distributions is modest (¡1%), so for both oceanic

and continental PFs we also assume that PF area and ω are essentially independent.

2.3 Results

2.3.1 Global morphology of extreme precipitation systems

Having defined the criterion for identifying PFs, TyPFs, and ExPFs, as well as the morpho-

logical statistics we will use to characterize them, we now examine the global populations

of ExPFs. Figure 2.4a shows the global distribution of ExPFs. We observe that there is

a large concentration of ExPFs within the equatorial Intertropical Convergence Zone, as

well as over the western Pacific ocean and Indo-Pacific Warm Pool region. Computing the

fraction of all PFs that occur over a given point that are ExPFs, we can quantify the con-

ditional probability of ExPF occurence over a given region (Fig. 2.4b). We note that there

is stark land/ocean contrast, with ExPFs constituting a larger fraction of continental PFs

than oceanic PFs.

Turning to the morphologies of these systems, we observe that there is not a clear

land-ocean contrast in the morphologies of either ExPFs or TyPFs. Neither PF size (Fig.
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Figure 2.4: Maps on 2→ grids. Shading indicates a) the number of ExPFs recorded in our
dataset; b) the conditional probability of ExPF occurrence, defined as the ratio of ExPFs
that occur within a given location to the total number of PFs that occurred at that location;
c) mean size of TyPFs at each location; d) mean size of ExPFs at each location; e) mean ω
of TyPFs at each location; f) mean ω of ExPFs at each location. The martitime continent
region (defined in Section 2.3.3) is highlighted in white
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2.4c,d) nor ω (Fig. 2.4e,f) exhibits a clear land-ocean contrast. However, we see a stark

di!erence between ExPFs and TyPFs in the mean size and ω of each respective PF type.

In particular, ExPFs are on average much larger (Fig. 2.4c,d) and more localized ω (Fig.

2.4e,f) that TyPFs. This indicates that, globally, extreme precipitation events (precipitation

rates exceeding 60 mm/hr) are most associated with precipitation features that are both

larger and more localized than average.

Since both the size of the PF and the value of ω can be associated with some notion

of convective organization, albeit at di!erent length scales, we can interpret Figure 2.4 as

showing that extreme instantaneous precipitation events are associated with an increased

degree of convective organization. This finding is concordant with previous studies that

concluded that precipitation extremes are generally enhanced by an increase in the organi-

zation of convection (Pendergrass et al., 2016; Roca and Fiolleau, 2020; Semie and Bony ,

2020). However, the dual importance of both PF size and ω suggests that the organization

of convection at both the scale of precipitation features, as well as its smaller-scale spa-

tial arrangement, plays a role in determining which precipitation features generate extreme

events.

2.3.2 How does morphology impact extreme precipitation?

To probe the ways in which feature morphology impacts the production of extreme precipi-

tation events, we compute the average MaxPr for PFs binned by their area and ω (Fig. 2.5).

The distributions are similar for both continental and oceanic PFs separately (not shown).

As expected from Figure 2.4c-f, MaxPr generally increases with both size and ω for both

land and ocean PFs. For PFs of a given size, those that are more localized (larger ω) have

on average much greater MaxPr than those that are less localized; similarly, for a given

localization ω, larger PFs have on average a higher MaxPr than smaller PFs. We further

observe that the sensitivity of MaxPr to ω increases with PF size; that is, the MaxPr of

larger PFs increases more quickly with ω than the MaxPr of smaller PFs.

To gain further insight into the role of localization in the generation of ExPFs, we

compute the joint distribution of localization ω, and the fraction of PF area taken up by the
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Figure 2.5: Average MaxPr for PFs composited by PF area and ω. White contour is drawn
at 60 mm/hr contour.
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Figure 2.6: Distribution of PF ω and the fraction of PF area taken by the principal core. A
one-to-one line is plotted to aid discussion.
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principal core (Fig. 2.6). If the spatial arrangement of precipitation were immaterial, then

we would expect that the fractional precipitation contribution from a core (i.e. ω) would

scale as the fractional area of that core. However, we see that increasing the areal fraction of

a given PF’s principal core has an outsized e!ect on the fraction of precipitation generated

by that core. This thus suggests that increasing the areal fraction of the principal core of

a PF will increase the precipitation production of the core by a greater proportion than its

growth in areal extent. We speculate that this additional enhancement is due to interactions

between convective elements within the principal core. As the area fraction increases, these

mutual interactions are enhanced, resulting in stronger rainfall beyond what is attributable

to growing core area.

Finally, we note that the large majority of PFs have their rainiest pixels within their

principal cores. Figure 2.7 shows the fraction of PFs for which the rainiest pixel (the pixel

whose precipitation rate is MaxPr) is contained within the principal core of the PF. For

the vast majority of PFs, the rainiest pixel is within the principal core. A notable class

of exceptions are large systems with relatively weaker localization values, for which only

about → 50% of PFs exhibit this property. Notably, for large and localized PFs, which is

the configuration most strongly associated with ExPFs (Fig. 2.5), the fraction of PFs with

rainiest pixel within the principal cluster is close to 100%, indicating that such extreme

events tend to occur within the principal (largest) core within a PF.

2.3.3 Proposed morphology-entrainment-precipitation coupling pathway

We conclude this section by examining the vertical structure of PFs, and exploring the role

of morphology in modulating the vertical structure of convection. In particular, we examine

the mean reflectivity of the rainiest pixels for PFs of di!ering sizes and values of ω. Since

reflectivity serves as a measure of the amount of cloud water present in the column, greater

reflectivities at higher levels are indicative of stronger and deeper convection. For data

volume reasons, we only consider PFs over the maritime continent region (highlighted in

white in Fig. 2.4). The computed means are shown in Figure 2.8. We find that larger and

more localized PFs have, on average, a greater mean reflectivity at a range of heights than
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Figure 2.7: Fraction of PFs for which the rainiest pixel is contained within the principal
core of the PF.
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Figure 2.8: The average reflectivity (in dBZ) of a PF’s rainiest pixels stratified by PF size
and ω. Averages are taken over the indicated layers.

smaller and less localized PFs.

Based on Fig. 2.8, and the fact that most extreme rain events occur within the principal

core of a PF, we speculate that the mutual interactions suggested by Fig. 2.6 are associated

with the modulation of the near-cloud environment by convective entrainment and detrain-

ment (see de Rooy et al. (2013) for a detailed review of entrainment and detrainment).

Convective entrainment refers to the mixing of non-cloud (sub-saturated) air into a region

of cloudy (saturated) air. Similarly, detrainment refers to the ejection of cloudy air into

the non-cloud environment. The e!ect of entrainment is to dry cloudy updrafts, while the

e!ect of detrainment is to moisten the near-cloud environment.

The proposed relationship between entrainment, morphology, and the vertical strength

of convection is diagrammed in Fig. 2.9. In the proposed pathway, convection detrains satu-

rated air into a non-saturated environment, thus moistening the local environment. Because

of this moistening, the evaporative cooling and buoyancy reduction due to entrainment of

subsaturated air into nearby convective elements is minimized, resulting in what may be

termed “protected convection” Brown and Zhang (1997); Holloway and Neelin (2009). We

speculate that in weakly or non-localized PFs (Fig. 2.9a), this moistening is relatively

ine!ective, so that the entrainment of dry environmental air is a major constraint on con-

vection. However, in the case of localized PFs (Fig. 2.9b), we speculate that the increased

localization of convection strengthens the moistening of the environmental air via detrain-

ment. This results in stronger and deeper convection in more localized PFs, and o!ers an
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explanation of why MaxPr is related to PF morphology.

2.4 Conclusions

In this study we have sought to better understand the connection between tropical pre-

cipitation extremes and the morphology of the precipitation features in which they are

embedded. Using spaceborne radar observations from GPM with horizontal resolution of

5km, we identify tropical precipitation features (PFs) as contiguous rainy regions with rain

rates exceeding 1 mm/hr (Fig. 2.1). Precipitation features with at least one rainfall value

exceeding 60 mm/hr are classified as extreme-producing precipitation features (ExPFs; Fig.

2.2). We find that ExPFs are most prevalent over the climatological rainy regions, and

make up a larger fraction of total continental PFs than oceanic PFs (Fig. 2.4).

The morphology of each PF is characterized by its total area, which serves as a measure of

feature-scale organization; and the localization of precipitation ω (Eq. 2.1), which provides

a quantitative index of the clustering of the PF’s rain production (Fig. 2.1). We found that

compared to TyPFs, ExPFs are on average much larger (Fig. 2.4c,d) and more localized

(Fig. 2.4e,f). This indicates that the maximum precipitation rate realized by a PF (MaxPr)

is related to the spatial characteristic of the system.

We further explore the relationship between MaxPr and system morphology by examin-

ing how MaxPr depends on PF size and ω . We find that MaxPr is on average greatest for

PFs that are larger and more localized (Fig. 2.5). This indicates that the morphology of a

given PF modulates the maximum precipitation rate that the feature is capable of realizing.

We further found that the dependence of MaxPr on PF size and ω are related, with MaxPr

for larger PFs exhibiting a greater sensitivity to changes in ω than smaller PFs. We also

observed that the precipitation localization scales faster that the areal fraction of the largest

core within the PFs (Fig. 2.6). We interpret this as suggestive of the importance of mutual

interactions between convection in the enhancement of precipitation with ω.

To examine the impacts of precipitation localization on the strength and structure of

tropical deep convection, we examine how the mean reflectivity of the rainiest pixels over

a range of vertical layers varies based on PF morphology. What we find is that for all PF

sizes, increased ω is associated with an increased mean reflectivity within the rainiest core
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Moist

a) Weakly Localized b) Strongly Localized 

Entrainment-Morphology Pathway

Figure 2.9: A schematic of the proposed coupling pathway between entrainment and mor-
phology. In the case of (a) non-localized convection, the moistening of non-cloudy air by
detrainment is less e”cient because of the distance between convective elements. This
causes the drying due to entrainment to have increased e!ectiveness in depleting buoyancy
and hindering convection. In the case of (b) localized convection, the proximity of the
convection allows detrainment to e”ciently moisten the near-cloud environment of other
convective elements, mitigating the buoyancy reduction associated with entrainment, and
promoting stronger precipitation
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for a range of heights (Fig. 2.3.3). We interpret this as suggestive that increased localization

is associated with stronger convective transport of cloud water and hydrometeors. We pro-

pose that that this is due to the e!ects of moisture detrainment, which allows cloudy air to

moisten its nearby non-cloud environment and reduce the buoyancy loss due to entrainment

of sub-saturated air into the cloud (Fig. 2.9). Though theoretical treatments of such inter-

actions date back to the early days of the cumulus parametrization problem (Fraser (1968);

Arakawa and Schubert (1974)), the question of how exactly to represent these interactions

in models, and how those interactions depend on the model’s scale, remains an active areas

of research (Tomassini et al., 2023). This study therefore provides observational evidence

on the importance of these interactions in producing high-impact precipitation extremes.
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Chapter 3

SENSITIVITY OF SYSTEM MORPHOLOGY TO SUBGRID-MIXING
STRENGTH IN IDEALIZED SIMULATIONS OF

RADIATIVE-CONVECTIVE EQUILIBRIUM

3.1 Introduction

A full accounting of the impacts of mutual interactions between convective elements has been

an outstanding question in tropical convection for several decades (Fraser , 1968; Haman,

1969; Arakawa and Schubert , 1974). Because of their distinct radiative and thermodynamic

character compared to clear-air, clouds are a source of strong perturbations to the local

background state. One primary way in which these perturbations are transferred to the

large-scale environment is through turbulent mixing. In particular, at the interface between

(saturated) cloudy air and (sub-saturated) environmental air, two processes are responsible

for the mixing of cloudy and non-cloudy air: entrainment, whereby subsaturated air is

mixed into the saturated updraft air; and detrainment, where cloudy air is released out into

the environment (de Rooy et al., 2013).

The ways in which entrainment couples clouds to their environments can depend on the

convective regime being considered. For example, entrainment in stratocumulus decks is

primarily considered a cloud-top process by which air above the cloud layer is entrained to

lower levels (Wood and Bretherton, 2004, 2006). For deep convection, however, observational

(Brown and Zhang , 1997; Bretherton et al., 2004; Rushley et al., 2018; Wolding et al.,

2020) and modeling (Holloway and Neelin, 2009) studies have highlighted the importance

of entrainment in coupling large-scale environmental moisture profiles to the strength and

structure of deep convection. In particular, the entrainment of dry mid-tropospheric air

into deep convection was shown to reduce buoyancy via evaporative cooling. Furthermore,

studies have also shown that the mixing of cloudy air into the environment (detrainment)

moistens the near-cloud environment. This suggests that entrainment couples convection

not only to its environment, but also to other proximate convective elements.
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Entrainment has also been shown to exert some control over the organization of con-

vection in idealized models. In particular, Tompkins and Semie (2017) performed a series

of idealized numerical experiments to determine the role of entrainment in helping convec-

tion to aggregate to a stationary state. They found that stronger mixing rates (and thus

stronger entrainment) are associated with a greater degree of convective organization. This

finding suggests two non-exclusive possibilities: that increased sensitivity of convection to

the local environment resulting from stronger entrainment results in more spatially local-

ized convection; and, that increased moistening of the local environment from convective

updrafts resulting from stronger detrainment helps promote future convection in the vicinity

of existing convection.

However, the organization of convection does not always resemble the state of a single,

large convective entity as is the case in self-aggregation in numerical models (see Wing

et al. (2017) for a review). Rather, tropical convection is often organized into a population

of discrete convective systems, as is seen in so-called “disaggregated” convection.

The purpose of this study is to determine what role subgrid mixing plays in modulating

the vertical structure and horizontal morphology of convective systems in disaggregated

convection. Using idealized simulations of radiative-convective equilibrium, this study will

examine how di!erent mixing strengths impact the morphology of precipitation features in

disaggregated convection. We will perform three simulations of radiative-convective equi-

librium, with the only change being in the subgrid mixing scheme’s eddy mixing coe”cient,

which controls the strength of subgrid mixing, and thus the mixing of moisture between

cloudy updrafts and clear air. By varying the eddy mixing strength systematically, we

can strengthen or weaken the entrainment experienced by convection. We will examine to

what extent these changes impact the vertical structure of convection, the morphology of

convective systems, and the maximum precipitation generated by each system.

The rest of this paper is organized as follows: Section 2 introduces the modeling frame-

work we will use. It also detailes the experiments we performed. Section 3 examines the

results of these modeling experiments. We examine the di!erences (as far as they exist)

between precipitation features in each of the simulations analyzed. In Section 4 we o!er

concluding remarks.
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Figure 3.1: Snapshots of the precipitation field taken on Day 50 of the simulation. Bound-
aries of convective systems are shown in black. Boundaries of precipitation cores shown in
red.

3.2 Model Simulations and Methodology

3.2.1 Model Setup

In order to investigate the role of free-tropospheric mixing modulating convection’s coupling

to spatial organization, we performed a series of idealized experiments with the System for

Atmospheric Modeling (SAM; Khairoutdinov and Randall (2003)). The model experiments

were run on a doubly periodic domain of area 128 km ↗ 128 km. The model was integrated

with a 1 km horizontal grid spacing, without a convective parameterization. The sea surface

temperature was held fixed at 301 K. All models were run for 100 days. Two-dimensional

fields are saved at daily frequency. With this configuration, no experiment exhibited an

aggregated state (i.e., where convective elements clump into a single entity), as has been

observed in models with larger domains (Wing et al., 2017).

We performed three modeling experiments in which the only parameter varied is the

strength of the subgrid mixing scheme. The subgrid mixing scheme utilized by SAM is a

turbulent kinetic energy (TKE) scheme, in which the model equation for a generic scalar

field ϱ (such as humidity or temperature) is written as follows:

ςϱ

ςt
+

1

φ̄
↘ · (φ̄↼V3ϱ) = ↘ · (K↘ϱ) (3.1)

where ↼V3 is the full three-dimensional velocity field, φ̄ is the base state (anelastic) density
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profile, and K is the eddy di!usivity which varies in all three dimensions and in time. In

TKE schemes, K in Eq. 3.1 is proportional to the local subgrid-turbulent kinetic energy:

K = Cs ↗
≃

TKE↗ L (3.2)

where L is a chosen eddy mixing length scale, TKE is the local turbulent kinetic energy, and

Cs is the eddy di!usivity coe”cient. Note that the turbulent Prandtl number is assumed

to be unity in SAM, so the eddy di!usivity of scalars and eddy viscosity are identical.

The three model simulations di!er from each other by the strength of subgrid mixing of

both momentum and scalars. While one simulation uses the default setting for subgrid mix-

ing, the others change the value of the eddy viscosity/di!usivity coe”cient Cs in Equation

(3.2), scaling it by a single factor for heights above 1.2 km.

These simulations are:

• A control run (CONTROL) in which Cs retains its default value of 0.1 for all heights;

• A weak mixing run (WEAK MIXING) in which Cs is scaled down by a factor of 0.2

for heights above 1.2 km; and

• A strong mixing run (STRONG MIXING) in which Cs is scaled up by a factor of 5

for heights above 1.2 km.

All simulations use the default value of Cs for heights below 400 m. A cosine ramp is used in

the layer between 400 m and 1.2 km to link the default and modified values of Cs. It should

be noted that the equal values of Cs in the sub-400 m layer does not imply equal values

of K in this layer (Equation 3.2). Since K is proportional to TKE, di!erent values of K

should be expected between di!erent experiments, as the value of TKE will di!er between

experiments.

We also distinguish subgrid mixing, which we do modify in our model experiments,

and entrainment, which is a related but distinct component of model setups. Entrainment

(per se) is a component of many mass-flux based formulations of convection representing

the mixing of saturated (cloudy) and environmental profiles (Arakawa and Schubert , 1974;
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Tiedtke, 1989; Yano, 2014). Since our SAM simulations do not parameterize convection, the

subgrid mixing (which serves to di!use gradients in scalar or momentum fields) is always

present, rather than only being enabled when representing moist convection as in the case

of parameterized convection. As such, the subgrid mixing that occurs in our model might

be said to result in entrainment, but is in fact a bit more general than that, as it occurs

at all points in the model rather than only occurring in (parameterized) deep convective

regimes, and di!uses not just humidity gradients, but gradients of other scalar and vector

quantities as well.

3.2.2 Identifying Precipitation Features and Their Morphology

For each simulation, precipitation features are identified as contiguous groups of pixels

with precipitation rates that exceeded the 75th percentile of non-zero precipitation rates

for each experiment. We similarly define precipitation cores as contiguous regions with

precipitation rates exceeding the 99th percentile of non-zero precipitation rates. These

thresholds allow for the objective identification of coherent precipitation clusters and regions

of intense precipitation, respectively. A snapshot of the precipitation field is shown in Fig.

3.1 for each experiment, with the outlines of precipitation features in white, and precipitation

cores outlined in red. In this study, we only consider precipitation features with at least one

core embedded within it. We will refer to the largest core within a system as the system’s

“principal core” to facilitate discussion.

To describe the morphology of precipitation features present in our simulations, for

each feature we computed morphological statistics. The first was simply the size of the

feature, which serves as a direct quantification of the degree of feature-scale organization.

We additionally computed the size of the principal core, which similarly served as a measure

of how organized the principal core was. Finally, we computed for each precipitation feature

was a parameter we will term the “localization” ω, which is defined as the fraction of feature

precipitation produced by the principal core in the feature:

ω =
Pprincipal core

Psystem
(3.3)

By construction ω is dimensionless and bounded between 0 and 1.
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3.3 Results

3.3.1 Vertical Mean-State Structure of Convection

The impacts of changing subgrid mixing between the model experiments are analyzed by

computing vertical mean profiles. We first verify that the di!erent experiments have di!er-

ing mixing strengths; we do this by examining the mean vertical profile of eddy di!usivity

(Eq. 3.2) averaged over the whole model domain (Fig. 3.2). We see that, as expected,

STRONG MIXING has much greater subgrid di!usivity values (and thus stronger mix-

ing) than the CONTROL simulation; CONTROL in turn exhibits stronger mixing than

WEAK MIXING.

This change in eddy di!usivity has a marked e!ect on the mean turbulent kinetic energy

(TKE) structure in each of the di!erent simulations (Fig. 3.3). As would be expected

from Eq. 3.1, stronger eddy di!usivity is associated with reduced TKE. Interestingly, the

qualitative form of the TKE profile is similar between each of the simulations considered,

with a top-heavy profile that peaks between 10 km and 12 km. This top-heavy structure

exists both in the resolved and the subgrid components of TKE (not shown).

To investigate the vertical structure of simulated convection, we examine the mean profile

of in-cloud∗ vertical velocity, where (Fig. 3.4). We find that STRONG MIXING exhibits

much stronger convection (faster vertical motions) in the lower troposphere (between 2

km and 6 km) than other simulations. This holds true also for higher levels between 6

km and 9km, where there is also a slight but clear separation between CONTROL and

WEAK MIXING. This indicates that enhanced mixing between the clouds and environment

(accomplished by strengthening subgrid mixing) results in stronger convection.

A similar pattern as for in-cloud vertical velocity also holds for in-cloud vertical mass

flux (Fig. 3.5). We observe that the STRONG MIXING simulation exhibited overall

stronger in-cloud vertical motions than either CONTROL or WEAK MIXING. In par-

ticular, STRONG MIXING had a pronounced excess in-cloud mass flux in the layer be-

∗
Here, “in-cloud” model voxels are defined as voxels either: with a combined cloud water and ice mixing

ratio exceeding 10
→5

kg/kg; or in a precipitating downdraft, with precipitation mixing ratio exceeding

10
→4

kg/kg and negative vertical velocity
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Figure 3.2: Mean vertical profiles of TKE eddy di!usivity (Eq. 3.2) for each of the three
model simulations. Averages are taken over whole model domain over length of simulation.
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Figure 3.3: Vertical profiles of mean total turbulent kinetic energy (TKE) for each of the
three simulation. Total TKE is the sub of both grid-scale (resolved) turbulence and subgrid-
scale turbulence. Averages are taken over whole model domain over length of simulation.
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Figure 3.4: Vertical profiles of mean vertical velocity within clouds for each model experi-
ment. Clouds boundaries are identified by a threshold of 10↑5 kg/kg for cloud water mixing
ratio. Averages are taken over whole model domain over length of simulation.
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Figure 3.5: As in Figure 3.4, but for in-cloud vertical mass flux.
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Figure 3.6: Timeseries of mean surface heat flux (sensible heat flux plus latent heat fluxes)
for each of the three experiments considered.

tween 2 km to 6 km. This can be interpreted as a signature of more midlevel clouds in

STRONG MIXING. These clouds has been shown to play a role in modulating feedbacks

between convective organization and circulations, suggesting that the overall circulation

may di!er between model simulations (Sokol and Hartmann, 2022).

Though we will not examine the circulation changes closely, we can obtain some insights

into the energetic consequences of these di!erences in vertical velocity structures by com-

paring time series of mean surface fluxes (latent plus sensible) across the three simulations

(Fig. 3.6). For all three experiments, we see that the surface fluxes begin at zero, and

grow in amplitude until about day 40. We can take this as an indication of a developing

convective ensemble that reaches some quasi-stationary state after 40 days. We note that
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the amplitude of the surface fluxes di!er substantially between the three simulations (Fig.

3.6). In particular, WEAK MIXING has the weakest surface fluxes, while experiments

with stronger mixing generate stronger surface fluxes. This suggests that simulations with

stronger mixing (and thus stronger convection; Figs. 3.4 and 3.5) induce stronger surface

fluxes. This is reminiscent of studies of self-aggregated convection in RCE, where interac-

tions between surface fluxes and overturning circulations has been put forward as a primary

driver or aggregation (Bretherton et al., 2005; Wing et al., 2017).

We further examine the impact of subgrid mixing on the mean-state vertical structure of

convection by examining the vertical profiles of mean-state relative humidity (Fig. 3.7) and

specific humidity (Fig. 3.8). We see that increasing the strength of subgrid mixing results

in a drier atmosphere for almost all heights, both in terms of relative humidity and specific

humidity. This can be understood as the consequence of the stronger convection present in

STRONG MIXING compared to CONTROL or WEAK MIXING. In Tompkins and Semie

(2017), more e”cient mixing (larger mixing rates) from the TKE scheme is associated with

an enhanced degree of convective aggregation and a drier troposphere. While we do not ever

achieve an aggregated state in the model runs performed (probably due to the smallness of

the domain considered), we can still see that more e”cient mixing is associated with a drier

atmosphere.

3.3.2 Changes to Precipitation Feature Population

Figure 3.9a shows the timeseries of the number of precipitation features identified for each

experiment for each day. We can see that STRONG MIXING has a notably larger number

of systems present throughout the simulation than either CONTROL or WEAK MIXING.

Interestingly, there is no large di!erence between the number of features in CONTROL or

WEAK MIXING. Consistent with this, the features generated in STRONG MIXING are

also smaller on average than either CONTROL or WEAK MIXING (Fig. 3.9b). This indi-

cates that in STRONG MIXING, precipitation features are generally both more numerous

and smaller.

There are also notable di!erences between the three simulations in terms of the to-
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Figure 3.7: Mean vertical profiles of relative humidity (%) for each of the three model
simulations. Averages are taken over whole model domain over length of simulation.
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Figure 3.8: Mean vertical profiles of specific humidity (g/kg) for each of the three model
simulations. Averages are taken over whole model domain over length of simulation.
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Figure 3.9: a) A timeseries of number of precipitation systems for each simulation. b)
Normalized density of convective system area over the entire model run.

tal area fraction of the simulation domain that experiences precipitation (Fig. 3.10). In

particular, STRONG MIXING rain fractions are generally smaller than for CONTROL or

WEAK MIXING. This again indicates that precipitation features in STRONG MIXING

are smaller, and thus take up a smaller fraction of the entire model domain.

3.3.3 Mixing, Morphology, and Maximum Feature Precipitation

In this section we examine how the connection between a feature’s morphology and its

maximum precipitation rate (MaxPr) is a!ected by changes to the strength of subgrid

mixing. Figure 3.11 shows the bin-averaged MaxPr value for precipitation features of given

size and ω. We can see that for every simulation, MaxPr depends on both on ω and the

size of the feature. All three simulations analyzed in Fig. 3.11 exhibit the greatest MaxPr

values for features that are both large and localized. In comparing the three simulations,

we observe that the MaxPr value for the smallest and least localized systems are generally

greater for STRONG MIXING than for CONTROL or WEAK MIXING. However, the

overall sensitivity of MaxPr to the morphology of the system appears to have been largely

unchanged by the modulation in the mixing rates.

The influence of feature morphology of MaxPr is also apparent from Figure 3.12 , which

shows the bin-mean values of feature MaxPr composited by the size of each feature’s princi-
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Figure 3.10: Time series of the fractional coverage of rainy pixels (> 0.1 mm/d rain rate)
for each model experiment.

Figure 3.11: Bin-mean values of MaxPr, stratified by feature size (x-axis) and localization
ω (Eq. 3.3; y-axis).
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Figure 3.12: Feature MaxPr composited by the size of the feature’s principal core. Only
bins with at least 10 features are considered.
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Figure 3.13: Bin-mean vertical velocity (in isobaric coordinates) within principal cores of
indicated size. Vertical velocities reported at a) 850 hPa; b) 500 hPa; and c) 200 hPa.

pal core. We can observe that in all three experiments, larger principal cores are associated

with greater MaxPr. We further note that in the STRONG MIXING experiment, the

scaling of MaxPr with the area of the principal core is stronger than in CONTROL or

WEAK MIXING. The di!erence between CONTROL and WEAK MIXING in Fig. 3.12 is

rather negligible, however.

We can further probe the interactions between morphology and MaxPr by examining the

mean vertical structure of the principal cores of precipitation features. Figure 3.13 shows

the mean vertical velocities (in isobaric coordinates) of principal cores, composited by the

size of the core. We see that for 850 hPa (Fig. 3.13a), there is stronger ascent (more negative

values) in WEAK MIXING and CONTROL than STRONG MIXING. We further see that

there is a slight but clear weakening in vertical velocity at this level with increasing principal

core size, indicating that larger principal cores experience weaker vertical velocity at 850

hPa than smaller principal cores. Turning to 500 hPa isobar (Fig. 3.13b), we see much

stronger ascent within principal cores for STRONG MIXING than either WEAK MIXING

or CONTROL . However, there is not much change in vertical velocity at this level with

changing principal core sizes. Finally, considering the 200 hPa isobar (Fig. 3.13b), we see

a very clear relationship between core size and vertical velocity at this level; in particular,

larger principal cores experience much stronger vertical velocity than smaller cores at 200

hPa. Interestingly, for all three heights considered, the scaling between principal core size

and MaxPr is largely comparable, suggesting that the di!erent model experiments exhibited
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similar dependence between principal core size and vertical motion, but di!ering absolute

values.

From Figure 3.13 we can identify that core size is a stronger modulator of upper-level

vertical motions (200 hPa level; Fig. 3.13c) than lower levels. This is consistent with the

idea that larger cores would be more protected from buoyancy reduction due to mixing of

dry air into updrafts, which would in turn favor vertical motions deep into the troposphere.

3.4 Conclusion

In this study we have sought to better understand the role that subgrid mixing plays in

coupling the morphology of a given precipitation feature to its precipitation production.

Using a set of three idealized RCE experiments with disaggregated convection and di!er-

ing subgrid mixing strengths (STRONG MIXING, WEAK MIXING, and CONTROL) we

define precipitation features in each model integration as contiguous groups of pixels with

precipitation rates exceeding the 75th percentile of precipitation rate for that model. We

further define precipitation cores as contiguous groups of pixels within features exceeding

the 90th percentile of precipitation rate (Fig. 3.1).

We find that the di!erent mixing strengths do impact the overall number and mean size of

precipitation features generated (Fig. 3.9). In particular, we find that the STRONG MIXING

experiment results in a larger number of smaller systems than either the CONTROL or the

WEAK MIXING experiments. We further note that the di!erent mixing strengths are also

associated with robust and clear di!erences in the mean vertical structure of the atmosphere.

We see that the modulation in the magnitude of the eddy mixing coe”cient results in a

greater amount of subgrid mixing (eddy di!usivity; Fig. 3.2). We see that stronger mixing

is associated with both a greater amount of cloud mass flux (Fig. 3.5) as well as a drier

atmospheric profile (Figs. 3.7 and 3.8). Overall, these results suggest that stronger mixing

results in stronger convection (as quantified by mass flux) and more spatially constrained

features.

We additionally examined the relationship between feature morphology, quantified by

the feature size and its localization ω (Eq. 3.3), and the maximum precipitation value

generated by the feature (MaxPr). We observe that MaxPr does depend on both feature
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size and ω for all model experiments, with greatest MaxPr values associated with large and

localized features (Fig. 3.11). The dependence between MaxPr and the size of the principal

core indicates that the largest principal cores generate a greater MaxPr values than smaller

principal cores. This suggests that more spatially localized feature morphologies serve to

promote extreme values of MaxPr.

Finally, we examined the vertical structure of principal cores of di!ering sizes to in-

vestigate the coupling between core size and MaxPr. We found that core size is a major

determinant of 200 hPa-level vertical motions, but is not as important for 500 hPa or 850

hPa vertical motions. This suggests that core size a!ects the maximum depth achievable

by convection for all models. Notably, the dependence (slope) between core size and MaxPr

seems largely similar between all experiments considered, suggesting that the di!erent mix-

ing rates did not modulate the overall sensitivity of precipitation production to feature

morphology.
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Chapter 4

MULTISCALE CONVECTIVE CIRCULATIONS AND SCALE
INTERACTIONS IN A GLOBAL STORM-RESOLVING MODEL

4.1 Introduction

A fundamental di”culty in accurately representing convection and its interaction with large-

scale circulations in numerical models is the smallness of the scales at which moist deep

convection occurs. Contemporary global climate models (GCMs) have typical resolutions

on the order of → 100km, which is too coarse to explicitly represent deep convective systems.

Because of this, convection must be parameterized within global climate models. Such

so-called convective (or cumulus) parameterizations attempt to represent the aggregate

dynamics and thermodynamics of ensembles of convective clouds, rather than individual

constituents of deep convective systems (Arakawa and Schubert , 1974; Randall et al., 2003;

Arakawa, 2004).

However, both observational and numerical studies have shown that processes that occur

at scales smaller than a GCM grid are known to be critical to the formation, maintenance,

and organization of convective systems. A particular example of such processes is the orga-

nization of deep convection into mesoscale convective systems (Houze, 2004, 2018). With

characteristic spatial dimensions on the order of →100km (Feng et al., 2021), MCSs are or-

ganized convective systems comprised of several relatively narrow deep cumulonimbus cores

connected by a spatially extensive stratiform anvil cloud. The deep convective elements

within an MCS contributes positive heating at all levels through the depth of the tropo-

sphere. The stratiform component, by contrast, exhibits a dipole heating structure, with

evaporation of falling hydrometeors contributing a negative heating below the melting level,

and condensational heating contributing positive heating above the melting level (Houze,

1982; Houze Jr., 1989; Schumacher et al., 2004)

Thus, the vertical heating profile of MCSs exhibit a “top-heaviness” (Liu et al., 2021).
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Representing this property of MCSs in numerical models has been shown to improve the

simulation of large-scale circulations of the tropics (Hartmann et al., 1984). Furthermore,

recent studies have shown that the top-heaviness of vertical motions a!ects the e”ciency of

moist static energetic export by the associated overturning circulation (Inoue et al., 2021).

In addition to the combined heating profile resulting from their superposition, the positive-

definite heating of deep convection and the dipole heating of stratiform clouds induce distinct

gravity wave responses to the environmental stratification, which propagate at di!erent

speeds due to the dispersive nature of internal gravity waves (Bretherton and Smolarkiewicz ,

1989; Mapes, 1998) and may have implications for the role convection plays in making its

local environment either more or less favorable for subsequent convection (Mapes, 1993,

2000). From all this it therefore follows that the interactions between circulations that

occur at scales smaller than an individual convective system may have impacts on the

circulations that occur at larger scales, and thus may be crucial to the coupling between

convection and large-scale circulations.

It is also worth noting that the small-scale convective circulations modulate the proper-

ties of clouds, which in turn a!ects the role of radiation on large-scale convectively coupled

circulations. A clear example of this is the role of longwave heating by spatially expansive

stratiform anvils in the maintenance of the MJO (Kim et al., 2015). These anvils are borne

out of the outflow of deep convective clouds, and are thus strongly coupled to convection

that is unresolvable at the scale of a GCM grid. Additionally, model studies of convective

self-aggregation in idealized radiative-convective equilibrium (see, e.g., Wing et al. (2017) for

a review) have shown the importance of longwave heating due to water vapor in the develop-

ment and maintenance of a state of aggregated deep convection (Wing and Emanuel , 2014;

Emanuel et al., 2014). Thus, the way that small-scale convection modulates the larger-scale

atmospheric state is influenced by both the dynamical circulations of such systems, as well

as the role those circulations play in a!ecting clouds.

A major recent development for our ability to numerically represent these interactions

is the proliferation of global models with “storm-resolving” resolutions (grid size roughly

smaller than 5-km; also termed “cloud-resolving” and “cloud-permitting” resolutions in the

literature). At these resolutions, the model can explicitly represent individual storm systems
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without the need for a convective parametrization. These models, therefore, o!er a novel

and powerful tool for deepening our understanding of the multiscale couplings between deep

convective systems and large-scale circulations.

In this study we will utilize output from a global storm-resolving simulation that was

done as a part of the second phase of the DYnamics of the Atmospheric general circulation

Modeled On Non-hydrostatic Domains (DYAMOND2) project (Stevens et al., 2019). We

will examine tropical convection over the ocean in this model, and characterize the con-

vective circulations that exist on both large and small scales. In Section 2 we describe the

model used in the present study, as well as the observational data used. In Section 3 we de-

scribe the framework by which we will separate and describe the large-scale and small-scale

convective circulations. In Section 4 we will describe the nature of the large-scale circula-

tions, their evolutions, and the relationship between the structure of the large-scale vertical

motions and mean cloud properties. In Section 5 we document and discuss the small-scale

circulations. In Section 6 we consider our results in light of the broader question of scale

interactions in tropical convection, and o!er support to the importance of on the upscale

impacts of small-scale circulations. Conclusions and final remarks are stated in Section 7.

4.2 Model Setup and Datasets

4.2.1 Model Setup

The model used for this study is the Global System for Atmospheric Modelling, or gSAM

(Khairoutdinov et al., 2022), a global extension with realistic topography of the widely-used

System for Atmospheric Modeling (Khairoutdinov and Randall , 2003). The dynamical core

of gSAM is formulated using the anelasatic approximation with a global constant reference

density profile. The model run analyzed in this study was part of the DYAMOND2 project.

DYAMOND2, an extension of the DYAMOND project (Stevens et al., 2019), is a model

intercomparison of GSRMs. As part of this intercomparison, our gSAM run was initialized

on January 20, 2020, and run freely (without nudging towards observations) for 40 days,

with prescribed sea surface temperature (SST), ending on March 1, 2020. The model grid

has a horizontal spacing of 4.34 km at the equator. The default single-moment microphysics
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Figure 4.1: The red box above indicates the boundaries of our study domain.

scheme in SAM is used. Further details of the run are given in Khairoutdinov et al. (2022).

The three-dimensional model fields are output every 3 hours. We only use model data from

the latter 30 days (February 1 to March 1, 2020) to allow for model spin-up. We select as

our study domain a region in the northwestern tropical Pacific, between 0N and 20N, and

130E to 170E (Fig. 4.1). An oceanic domain is chosen to avoid the e!ects of orography.

4.2.2 Observational and Reanalysis Data

To provide an observational comparison to our model output, we utilize a combination of

gridded observational products. All observational data are taken from Feb 1, 2020 to Feb

28, 2020, over the same latitude and longitude domain as gSAM (Fig. 4.1).

Vertical mass flux profiles, as well as estimated of column water vapor, are obtained

from the ERA5 reanalysis (Hersbach et al., 2020). The ERA5 data are provided at global

0.25→ horizontal resolution. Observational estimates of hourly precipitation are obtained
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from Version 1 of the Climate Prediction Center Morphing Technique (CMORPH; Joyce

et al. (2004)). CMORPH provides hourly global precipitation estimates at 0.25→ horizontal

resolution. Observational estimates of longwave and shortwave cloud radiative e!ects are

derived from the CERES SYN1DEG satellite observational product (Rutan et al., 2015).

These products provide hourly estimates of both clear-sky and all-sky radiative fluxes at

top-of-atmosphere. The data are provided at 1→ and hourly resolutions.

All observational data are subsampled to 3-hourly resolution and coarsened to 2→ ↗ 2→

spatial resolution.

4.3 Methods

4.3.1 Scale separation: large-scale and small-scale motions

Since we are interested in understanding both the “small-scale” and “large-scale motions”

in our GSRM, we must impose a scale separation to define these scales of motion. We set

this scale separation at 2→ ↗ 2→ (50 gSAM pixels a side) for the purposes of the present

study. We can thus decompose any given atmospheric field ↽ as

↽(x, y, z, t) = ↽̄(z, t)︸ ︷︷ ︸
large-scale

+↽↓(x, y, z, t)︸ ︷︷ ︸
small-scale

(4.1)

where ↽̄ denotes the horizontal average of ϱ over a given 2→ ↗ 2→ domain, and is termed the

“large-scale” profile of ↽ over the domain. In a similar way, ↽↓ denotes the deviation from

this horizontal mean at each coordinate, as is termed the “small-scale” structure of ↽ over

the domain. To avoid confusion between the rectilinear scale-separation of 2→ ↗ 2→ and the

grid resolution of gSAM (4km), we shall refer to these segments as “domains” and “pixels”,

respectively.

The choice of 2→ ↗ 2→ is arbitrary in some sense; however, this scale corresponds to the

partition between meso-⇀ and meso-⇁ scales, as defined by Orlanski (1975). Physically,

this separation is meant to partition coherent circulation responses (e.g. CCEWs) from

the smaller-scale circulations more proximately driven by convection. From a modeling

perspective, this scale separation is meant to represent the separation between circulations

on the scale of a contemporary GCM grid, and circulations that have historically been
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Figure 4.2: First (a) and second (b) empirical orthogonal functions (EOFs) of large-scale
vertical mass flux for gSAM (solid blue) and ERA5 (dashed black). The explained variance
ratio for each mode is indicated in brackets.

parameterized.

4.3.2 Characterizing large-scale vertical motions

To quantitatively characterize large-scale vertical motions, we compute the leading empirical

orthogonal functions (EOFs) of large-scale vertical mass flux, following previous studies

(Back and Bretherton, 2009; Inoue et al., 2020; Chien and Kim, 2023). The two leading

EOFs for both gSAM and ERA5 are shown in Figure 4.2. Together the first two EOFs

explain 86% and 77% of the total variance for gSAM and ERA5, respectively. The first EOF

exhibits upward vertical motion through the depth of the troposphere, while the second EOF

exhibits ascent above →5 km and subsidence below. These structures are consistent with

the ones found by previous studies (e.g., Back and Bretherton (2009); Inoue et al. (2020);

Chien and Kim (2023) . We term the first EOF the “convective mode” and the second EOF

the “stratiform mode”. As the sign of an EOF is arbitrary, the second EOF was taken as

having the opposite sign to our stratiform mode in Back et al. (2017), with low-level ascent
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and high-level subsidence, and so was termed the “shallow mode”. However, this study’s

emphasis on the role of the elevated overturning circulations associated with latent heat

release in stratiform clouds motivates us to adopt a convective/stratiform nomenclature.

Since the explained variance by the first two EOFs is so high (Fig. 4.2), we approximately

decompose the large-scale vertical mass flux M̄ as the a linear combination of the two

orthogonal profiles:

M(z, t) ⇐ ⇀conv(t)Mconv(z) + ⇀strat(t)Mstrat(z) (4.2)

where Mconv and Mstrat are the first and second EOFs, respectively, and ⇀conv and ⇀strat

are the first and second principal components (PCs). Note that the values ⇀conv and ⇀strat

are large-scale variables, defined for each time step for each 2° domain.

We define normalized PCs aconv and astrat as

aconv =
⇀conv

σconv
(4.3)

astrat =
⇀strat

σstrat
(4.4)

(4.5)

where σconv and σstrat is the standard deviation of all ⇀conv and ⇀strat, respectively. Thus

the ordered pair (aconv, astrat) serves as a leading-order description of the strength and

vertical structure of the large-scale convective circulation.

In Section 4 we will utilize a phase plane spanned by aconv and astrat. In this case, each

large-scale domain can be assigned a point in the aconv-astrat plane, given by (aconv, astrat).

We can thus compute for each grid cell an associated amplitude Rcs given by

R2
cs = a2conv + a2strat, (4.6)

and associated angle εcs given by

tan(εcs) =
astrat
aconv

. (4.7)

To group similar large-scale vertical motions, we partition the astrat-aconv plane into

eight Phases. The phases are numbered with Phase 1 corresponding to a regime of large-

scale subsidence (aconv < 0, astrat ⇐ 0); Phase 3 corresponding to a regime of lower-level
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Figure 4.3: a) Diagram showing the partitioning of the astrat-aconv plane into eight phases.
The circle in the center shows the boundary of Phase 0, which comprises bins with Rcs < 0.5;
b) the composite large-scale mass flux profile (M̄ ; Eq. 4.2) binned by εcs. The boundaries
of each phase are indicated.

ascent and upper-level subsidence (aconv ⇐ 0, astrat < 0); Phase 5 corresponding to a regime

of ascent through the depth of the tropopause (aconv > 0, astrat ⇐ 0); and Phase 7 corre-

sponding to a regime of upper-level ascent and lower-level descent (astrat > 0, aconv ⇐ 0);

the even-numbered phases represent transitional stages between these regimes. Figure 4.3a

shows how the astrat-aconv plane is divided into these phases. The circle in the center of 4.3a

shows the bounds of Phase 0, which is the designation for aconv-astrat bins with Rcs < 0.5.

Since we are primarily interested in regimes of strong vertical motions, we will typically

neglect this phase.

The dynamical significance of each phase can be seen clearly in Figure 4.3b, where

large-scale vertical mass flux profiles (M̄ , Equation 4.2) are binned and composited by εcs

(profiles with Rcs < 0.5 are neglected). We can see that di!erent values of εcs correspond

to di!erent degrees of top- or bottom-heaviness of the vertical velocity profile. Di!erences

in the shape of the large-scale ascent profile have been shown to have ramifications for the

large-scale energetics of convection, in particular in connection to the so-called gross moist

stability of the atmosphere (Inoue et al., 2021; Back and Bretherton, 2009; Bernardez and

Back , 2024; Raymond et al., 2009). We note that what we are calling εcs is conceptually

similar, but not exactly equivalent, to the “top-heaviness angle” of Bernardez and Back
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(2024). The amplitude of M̄ can be seen to vary with εcs, with the strongest values of |M̄ |

in the convective Phases 5–6.

4.3.3 Small-scale circulations and moisture space

We additionally seek a representation for the small-scale vertical motions that occur within

a large-scale domain. To isolate and describe the vertical motions at this scale, we utilize

the moisture space framework used in previous works (Bretherton et al., 2005; Schulz and

Stevens, 2018; Sokol and Hartmann, 2022). To construct the moisture space, we compute

for each gSAM pixel (x, y) its saturation fraction, given by

SF =
⇒q⇑

⇒q↔⇑
(4.8)

where q is the specific humidity, q↔ is the saturation specific humidity, and brackets indicate

mass-weighted integration through the depth of the column. Each column is then assigned

a normalized rank ϖ ⇓ [0, 1], with the column with the lowest SF taken to have ϖ =

0, and the column with the greatest SF taken to have ϖ = 1. The vertical coordinate

remains untransformed. Thus every point (x, y, z) in our original three-dimensional domain

corresponds to a new point (ϖ, z) in our two-dimensional moisture space representation.

A mass circulation in the moisture space can thus be defined via a streamfunction ϑ

given by

ϑ(ϖ, z, t) =

∫ ω

0
M ↓(ϖ↓, z, t)dϖ↓ (4.9)

where M ↓(ϖ, z, t) = M(ϖ, z, t)↑M(z, t) is the small-scale mass flux (i.e., anomalous motions

relative to the domain mean). It is clear from the definition that ςωϑ = M ↓(ϖ, z, t). By

mass continuity, it can be shown that ςzϑ is the cumulative convergence of columns with

rank less than the argument ϖ. Thus contours of ϑ correspond to the exchange of mass

between columns with di!ering SF values. We stress that the circulation in the moisture

space should be distinguished from the three-dimensional circulation occurring in the Carte-

sian coordinates. Rather than capturing the motions in physical space, this circulation in

moisture space is a two-dimensional representation of the net exchange of mass between

relatively drier parts of the grid cell and relatively moist parts.
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Figure 4.4: (Shading) Joint histogram of gSAM (top row) and ERA5 (bottom row) in the
aconv-astrat plane. Bin-mean tendencies astrat and aconv are shown as arrows. Backward
di!erences (a,d) show the evolution over the preceding 3 hours, with arrow heads located at
bin center; forward di!erences (b,e) show the evolution over the subsequent 3 hours, with
arrow tails located at bin center; and centered di!erences (c,f) represent the mean evolution
over a 6 hour centered period, with arrow midpoints located at bin center.

4.4 Large-Scale Circulations and Mean Cloud Properties

4.4.1 Mean Eulerian evolution of large-scale circulations

We first consider the evolution of the large-scale vertical motions in gSAM. At each time step

the large-scale vertical mass flux profile M̄(z, t) for each 2→↗2→ domain can be represented by

a point (aconv, astrat) in a phase plane, with (x, y) coordinates corresponding to projection

of M̄ onto the first and second EOFs of vertical mass flux (Sec. 3b). The evolution of

these grid-scale motions can thus be represented as the vector change between time steps.

Figure 4.4 shows the average change in aconv and astrat computed between observations

at time t ↑ 3 hours and t (hereafter the backward di!erence), between time t and t + 3

hours (hereafter the forward di!erence), and time t↑ 3 hours and t+3 hours (hereafter the

centered di!erence). We stress that these di!erence schemes capture the local (Eulerian)

evolution of the flow. Figure 4.4 displays these di!erences separately as quiver plots, with
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the joint histogram of observations shown in coloring (same between all panels).

We see that the backward di!erences (Fig 4.4a) exhibit a radially outward component,

indicating that the strongest large-scale convective circulations (large Rcs) arise from rela-

tively rapid strengthening of the circulation over a given location. This outward component

is seemingly greater for bins farther from the origin, further indicating that the strongest

grid-scale circulations also undergo the most rapid local evolution. Similarly, the mean

forward di!erences (Fig. 4.4b) exhibit a radially inward component in the mean evolution,

again supporting the claim that the strongest large-scale convective circulations relatively

short-lived deviations from the mean vertical motions present at a given location. Both the

forward and backward di!erences exhibit a slight counter-clockwise rotational component.

The centered di!erence over a 6 hour period (Fig. 4.4c) exhibits a weaker radial component

than the forward and backward di!erences, indicating that the radial components of Figures

4.4a and 4.4b are approximately equal and opposite. The mean centered di!erence has a

much more dominant counter-clockwise rotational component. By its definition (Eq. 4.7),

the angular coordinate of the aconv-astrat plane corresponds to the shape of the large-scale

vertical motion profile This suggests that on timescales on the order of 6 hours, the aver-

age (centered) evolution of the strongest large-scale vertical motions is largely comprised

of modifications in the relative top- or bottom-heaviness of the vertical mass flux profile.

A similar relationship between forward, backward, and centered di!erences was found in

reanalysis by Wolding et al. (2020).

To compare the mean evolution in gSAM to observations, a similar analysis is performed

on ERA5 vertical mass flux profiles (Figure 4.4e-f). We can see a remarkable similarity in

the mean evolution fields between ERA5 and gSAM for all 3 di!erence schemes, which

gives us confidence in gSAM’s ability to accurately represent the evolution of large-scale

ascending motions on sub-daily time scales.

4.4.2 Transition frequencies between phases

The counter-clockwise evolution evident in Figure 4.4 can also be captured by computing

the frequency with which a 2→ ↗ 2→ domain evolves from being in one Phase to another as
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Figure 4.5: Transition frequencies over a 6-hour centered period for (a) gSAM and (b) ERA5.
The shown frequencies indicate the conditional probability that a large-scale domain that
is in the indicated initial phase at t-3hr will transition to a given final phase at t+ 3hr.

defined in Figure 4.3. These transition frequencies are computed for gSAM (Figure 4.5a)

and ERA5 (Figure 4.5b). The frequencies are computed as the fraction of 2→ ↗ 2→ domains

that are in the indicated initial Phase at t-3 hours that then transition to the indicated

Phase at t + 3 hours. By construction, then, each row of frequencies shown in Figure 4.5

sums to unity.

We see that for all initial Phases, the most common transition is to Phase 0 (i.e., weak

large-scale vertical motion), indicating a propensity for circulations to weaken over a 6-

hour period. Only in Phases 4, 5, and 6 does the likelihood of a transition to Phase 0

fall below 50%. However, for all Phases, there is a notable local maximum in probabilities

centered along the main diagonal. The maximized probabilities in Fig. 4.5 correspond to

the fraction of large-scale domains that persist in the same phase (diagonal entries), advance

to the subsequent phase (first upper o!-diagonal), or regress to the preceding phase (first

lower o!-diagonal). In Section 4.6, we will relate these di!ering transitions to the large- and

small-scale circulations that occur beforehand.
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Figure 4.6: (a-b) Bin-average of large-scale precipitation derived from (a) gSAM and (b)
CMORPH observational dataset; (c-d) bin-average of large-scale precipitable water (PW)
from (c) gSAM and (d) ERA5 Reanalysis.
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Figure 4.7: As in Fig. 4.6, but with cloud radiative e!ects (CRE) binned by aconv and
astrat. Top row: Bin-composite values of (a) longwave CRE; (b) shortwave CRE; and (c)
net CRE in gSAM. Bottom row: CERES values of (d) longwave CRE; (e) shortwave CRE;
and (f) net CRE. Averages over all bins displayed

4.4.3 Large-scale circulations and mean cloud properties

The counterclockwise mean evolutions indicated in Figure 4.4c for gSAM and Figure 4.4f

for ERA5 can be interpreted as a manifestation of the so-called “prototypical convective life

cycle” (PCLC). The PCLC is an idealization of the lifecycle of organized convective systems

as deviations from an assumed quiescent background state. The PCLC is comprised of a

shallow/congestus convective stage, followed by a deep convective stage, and a subsequent

stratiform stage. This pattern has been used to describe the evolution of a range of tropical

convective disturbances, from large-scale equatorial waves to individual mesoscale convective

systems (Mapes et al., 2006; Khouider and Majda, 2008; Kiladis et al., 2009). We can invoke

the PCLC to describe the mean counterclockwise evolution evident in Figure 4.4c as an

initially bottom-heavy circulation dominated by shallow/congestus convection (astrat < 0,

aconv ⇐ 0); which develops into a deep convective regime (aconv > 0, astrat ⇐ 0); which

eventually becomes more top-heavy as stratiform clouds develop (astrat > 0, aconv ⇐ 0);

and which eventually decays into weak subsidence (aconv < 0, astrat ⇐ 0).

To validate this proposed association of the structure of large-scale vertical motions
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and cloud properties, we examine the composites of large-scale cloud, precipitation, and

radiative quantities over bins in the aconv-astrat plane. Figure 4.6 shows the dependence of

large-scale precipitation rates and precipitable water (PW) on aconv and astrat. We find that

in gSAM (Fig. 4.6a), domain-mean precipitation is maximized for domains in the region of

aconv-astrat plane corresponding to strong vertical ascent with some degree of top-heaviness

(εcs > 0). By contrast, regimes of subsidence or shallow ascent are associated with low

amounts of mean precipitation. A qualitatively similar pattern exists in observations (Fig.

4.6b), though the magnitude of observed precipitation rates is smaller in CMORPH than in

gSAM, which may be due to the di!erence in resolution between each dataset (Section 4.2.2).

We also examine the mean relationship between large-scale ascent and large-scale pre-

cipitable water (PW) in gSAM and ERA5 (Fig 4.6c,d, respectively). Similar to previous

studies (Bretherton et al., 2004; Rushley et al., 2018; Wolding et al., 2020), we find that

there is a nonlinear relationship between PW and precipitation, as moderate increases in

PW correspond to much greater changes in mean precipitation rate. As with precipitation,

the lowest (highest) PW values are associated with grid-scale subsidence (ascent). A similar

pattern is observed in PW as computed from ERA5 (Figure 4.6d).

The relationship between the structure of large-scale motions and clouds is also evident

from the cloud radiative e!ects (CRE) of di!erent Phases of the aconv-astrat plane. We

compute the grid-scale cloud radiative e!ect at the top of atmosphere (TOA CRE), defined

as

CRE = F all↑sky
↑ F clear↑sky (4.10)

where F all↑sky is the net downward radiative flux at TOA for all-sky conditions, and

F clear↑sky is the clear-sky flux. The composite CRE is computed from gSAM in the aconv-

astrat plane for longwave (Fig. 4.7a) and shortwave (Fig. 4.7b) fluxes separately; their

sum, the net CRE, is shown in Figure 4.7c. To provide observational comparison, we also

compute CRE using the CERES SYN1DEG dataset using coincident ERA5 data to provide

its position in the aconv-astrat plane (Section 4.2.2). We can see that the longwave CRE for

both gSAM and CERES (Figures 4.7a and d, respectively) show a positive correlation with

astrat, indicating that top-heavy grid-scale circulations are associated with greater longwave
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absorption at TOA. This suggests that top-heavy circulations are associated with anvil

clouds, which are e!ective in trapping upwelling terrestrial radiation. Furthermore, the

shortwave CRE in gSAM also shows a strong dependence on astrat, with the strongest (neg-

ative) shortwave CRE coinciding with the strongest (positive) longwave CRE. The CERES

data instead shows no clear dependence on astrat or aconv, instead depending primarily

on the amplitude of the grid-scale circulation (Rcs). We further note that the shortwave

CRE in gSAM (Figure 4.7b) is notably stronger than retrieved by CERES (Figure 4.7e), by

about 35 W m↑2 in the mean. As a result, the net CRE for gSAM is more negative than for

CERES, while the latter is close to neutral for all but the strongest circulations (Rcs ↭ 2).

4.5 Small-Scale Circulations and Upscale Impacts

4.5.1 Composite structures of small-scale circulations

We seek to investigate the interaction between the large-scale circulation present in each

2→↗2→ domain and the small-scale motions contained within each grid cell. For each 2→↗2→

domain, we compute the moisture-space streamfunction ϑ (Eq. 4.9), which provides a rep-

resentation of the small-scale vertical motions removed from the large-scale motions (Fig.

4.8). The streamfunctions are composited by Phase, with shading indicating the composite

moisture-sorted total vertical velocity field w (without the mean removed). By sign conven-

tion, a negative streamfunction (dashed contours) corresponds to counter-clockwise flow in

the (ϖ, z) moisture-space plane. To minimize noise from bin-to-bin variations in the vertical

velocity field, values of w are averaged in 5-column chunks. The composite averaging across

the many large-scale domains in each phase also reduces the maximum value of w, which is

why the color bar in Figure 4.8 saturates at a relatively modest →10 cm/s.

Beginning with the composite structure of Phase 1 (Fig. 4.8a), we note the presence of

quasi-uniform subsidence throughout the troposphere, suggesting that this subsidence may

be radiatively driven. In the marine boundary layer, an anomalous shallow overturning

circulation exists in moisture space, with air being moved from dry columns to moist columns

in the lower branch, and a return flow from from moist columns back to dry columns in the

lower troposphere (below 2 km altitude). Anomalous vertical motions are generally shallow.
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Figure 4.8: Composite means of sub grid-scale vertical velocity (shading) and moisture-
space circulation ϑ (contours). Profile of mean vertical velocity is also shown. Data are
averaged over 5 columns to reduce the noisiness of the sub grid-scale vertical velocity.

In Phase 2 (Fig. 4.8b), we see that the structure of the circulation is generally similar

to that in Phase 1. However, we observe that the broad-scale subsidence is slightly stronger

in the upper troposphere relative to Phase 1, resulting in a local minimum in w̄ at →11 km

in height. Additionally, there is a strengthening and deepening of the composite upward

motions of the moistest columns (ϖ ↭ 0.95) at low-levels.

In Phase 3 (Fig. 4.8c) the composite vertical motions of the moistest columns are

stronger and deeper than those in Phase 2. We note that the vertical structure of w̄ has

evolved to have a shallow layer of mean ascent near the surface, but deep vertical motions

do exist in the moistest columns of the composite structure. We additionally note that the

small-scale circulation has deepened slightly, with a convective outflow occurring higher in

the troposphere.

In Phase 4 (Fig. 4.8d), the character of the circulation is markedly di!erent. The

ascending branch of the circulation is now much deeper and stronger, with streamfunction

contours becoming almost vertical above ϖ ↭ 0.95. The descending branch, by comparison,
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is spread across a large fraction of the domain. As in Phase 3, the deepest convection is

contained in the moistest columns. The broad-scale subsidence evident in the drier columns

in preceding phases is greatly diminished. With the height of the streamfunction minimum

rising to →3 km, the inflow to the ascending branch of the circulation appears to span a

considerable range of depths, reminiscent of the “deep inflow” reported by Kuo and Neelin

(2022).

In Phase 5 (Fig. 4.8e) the circulation again strengthens, with the moistest columns

(ϖ ↭ 0.95) undergoing stronger ascent. This narrow band of deep convection is super-

posed on a dipole structure of ascending air above 5km, and descending air below it. This

dipole structure implies some amount of mid-level convergence. Such mid-level inflow is a

well-documented feature of the anvil clouds of mature MCSs (Houze, 1997), and has been

connected to the maintenance of organized convective systems (Masunaga, 2014). The con-

tours of the moisture-space streamfunction are nearly horizontal for a large range of ϖ values

in the upper troposphere (↭ 10km), suggesting lateral outflow from the deep convection.

The interface between these two layers is highest over the moistest columns and descends

slightly with increasing ϖ outside of the range of ϖ values undergoing vigorous convection.

This pattern continues to Phase 6 (Fig. 4.8f), where the circulations overall weakens slightly,

but the broad-scale ascent and descent outside the convective columns are both stronger

than in Phase 5.

In Phase 7 (Fig. 4.8g), deep convection is present, though much diminished from its

vigorous state in Phase 6. The dominant structure in this phase is the divergent circulation

generated by the ascending upper troposphere and the descending lower troposphere. We

note that this dipole structure is present for the vast majority of columns, excepting only

the highest ϖ-valued columns. The anomalous circulation has weakened substantially from

Phase 6, much more so than the mean ascent in the upper troposphere. Finally, in Phase 8

(Fig. 4.8h) the upper troposphere is no longer ascending, and there is general subsidence.

The small-scale circulation has now weakened to a similar level as in Phase 1.
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Figure 4.9: As in Figure 4.3, but with shading of moist static energy.

4.5.2 Small-scale circulations, moist static energy, and the role of buoyancy

The circulations shown in Fig. 4.8 bear striking resemblance to the dynamical structures of

deep convective systems through di!erent points of their lifecycles. We are thus motivated

to examine the extent to which the evolution of the small-scale circulations is coupled to the

evolution of thermodynamic fields. The composite structure of the moist static energy field

(MSE) is shown in Fig. 4.9. The MSE field in Phases 1 and 2 (Fig. 4.9a-b) generally exhibits

a layered structure, with an MSE minimum in the lower free troposphere (2̃-5 km) above

the driest columns. Progressing to Phase 3 (Fig. 4.9c), we observe that boundary layer

MSE increases. Furthermore, the MSE contours in the lower troposphere begin to slope

upwards and to the right as MSE is preferentially increased in the mid-troposphere over the

moistest columns. In Phase 4 (Fig. 4.9d), we see that the anomalous ascent localized over

the moistest columns coincides with regions of increased MSE, generating a horizontal MSE

gradient between moist and dry columns. The strengthening of the small-scale circulation

in Phases 5 and 6 (Figs. 4.9e-f) coincides with both an increase in low-level MSE, as well as

a relaxing of this horizontal gradient as the MSE over the driest columns increases. Finally,
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Figure 4.10: Profiles of Phase-averaged saturation MSE (red), mean MSE (black), and the
mean MSE of columns in the 95th percentile of column saturation fraction (ϖ > 0.95; Sec.
34.3.3)

in Phases 7 and 8 (Figs. 4.9g-h), the MSE in the lower-free troposphere decreases to similar

levels as in Phase 1.

The evolution of the deep overturning circulation evident in Figure 4.8 can be connected

to the development and eventual dissipation of deep convection. This can be illustrated by

comparing the domain-mean vertical profile of MSE with the vertical profile of saturation

MSE. The di!erence between these two profiles is proportional to the mean buoyancy felt

by saturated convecting parcels, as would exist within deep convective clouds (Arakawa and

Schubert , 1974; Khairoutdinov and Randall , 2006). Figure 4.10 shows the composite of the

mean MSE profile of the whole domain, as well as the average MSE profile over only columns

with ϖ ⇔ 0.95, meant to represent the region of deep vertical ascent (Fig. 4.8). We observe

that Phases 1-3 (Fig. 4.10a-c) exhibit a wide di!erence between the saturation and mean
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Figure 4.11: As in Figure 4.9, but with shading of combined cloud water and ice mixing
ratio.

profiles, indicating a regime of stability and very negative mean buoyancy. For Phases 4-6

(Fig. 4.10d-f), which are associated with much stronger and deeper vertical ascent, we see

that the di!erence between the saturation and mean profiles is greatly minimized. This is

especially true for the top 5% of columns, which indicates that the buoyancy is greatest over

the moistest columns. The near-neutrality of the buoyancy profile for convective phases is

consistent with previous studies (Xu, 1986). Finally, Phases 7 and 8 (Fig. 4.10g-h) exhibit a

similar degree of sub-saturation to Phases 1-3. This indicates that the progression of Phases

indicated by Fig. 4.4 is strongly coupled to the evolution of buoyancy in the domain.

4.5.3 Small-scale circulations and the development of clouds

The circulation structures of Figure 4.8 are also strongly coupled to the development of

clouds within the domain. This can be seen by compositing cloud water and ice mixing

ratios in the moisture space plane by Phase as shown in Figure 4.11. Beginning with Phase

1 (Fig. 4.11a), we observe that the composite shows a wide layer of cloud liquid water with

small mass mixing ratios (0.01–0.1 g kg↑1) topping the boundary layer, which we interpret as

nearly-uniformly distributed but locally infrequent trade cumulus. In the subsequent Phases
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(2-3; Figs. 4.11b-c), there is evidence of sporadic deep clouds in the moistest columns, as well

as a growing region of condensate in the upper troposphere, indicative of convective outflow

of hydrometeors. For Phases 4-6 (Figs. 4.11d-f) we can see evidence of growing tropical

anvil clouds generated by convective outflow. By Phase 7 (Fig. 4.11g), we observe that

the deep convective clouds are less pronounced for the moistest columns, but a widespread

layer of cloud condensate remains present. Finally, as the circulation decays to Phase 8 (Fig.

4.11h), the anvil thins substantially while the cloudy top of the boundary layer remains. A

horizontal band of enhanced cloud near 7km in visible in Figure 4.11h, which is due to the

phse change between liquid and ice cloud condensate that occurs over a fixed temperature

range in the simple microphysics scheme in gSAM Khairoutdinov et al. (2022).

4.6 Bidirectionally of Scale Interactions

4.6.1 Multiscale influences on large-scale evolution

Having documented the co-evolution of the small-scale circulations and the large-scale verti-

cal motions for di!erent regimes of large-scale vertical motion (Figs 4.8-4.10), we now focus

on the two-way, cross-scale interactions that mediate this multiscale evolution. We will

focus on Phases 4-6 for this analysis, as these Phases have a robust small-scale circulation

(Figure 4.8). These Phases correspond to regions of large-scale ascent, and di!er primarily

in the level of top-heaviness present in the large-scale ascent profile. Furthermore, as is

clear from Figure 4.5, large-scale circulations that are in these Phases have a relatively high

frequency of either advancing to the next Phase (first upper o!-diagonal), regressing to the

prior Phase (first lower o!-diagonal), or persisting in the same phase (diagonal entries) over

a 6-hour period, allowing for robust comparison between large-scale domains undergoing

di!erent types of transitions. To facilitate discussion, we shall refer to the set of domains

that persist in the same Phase over a 6-hour period as “persisting domains”; domains that

advance to the subsequent Phase as “advancing domains”; and domains that regress to the

previous Phase as “regressing domains”.

Figure 4.12a-c shows the composite mean of large-scale vertical mass flux for advancing,

regressing, and persisting domains. We observe that regressing domains have, on average,
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Figure 4.12: (a-c) Composite large-scale vertical mass flux profiles of domains that either
advance; (d-f) Composite di!erence in cloud water and ice mixing ratio between domains
undergoing advancing transitions and persistence.
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weaker vertical mass flux than persisting domains. Persisting domains in turn have weaker

vertical mass flux profiles than advancing domains, though this di!erence is less than the

di!erence between regressing and persisting domains for domains originating in Phases 5 or

6.

To compare the small-scale structure of clouds in domains undergoing di!erent transi-

tions, we compute the di!erence in cloud fraction between advancing and persisting domains,

as well as between persisting and regressing domains (Fig. 4.12d-f and g-i, respectively).

Cloud fraction is here defined as the frequency with which a given coordinate (ϖ, z) of mois-

ture space has a combined cloud water and ice mixing ratio exceeding 10↑5 kg/kg. Also

shown are the composite circulations for each of these groups of domains.

We can observe that the domains that undergo advancing transitions have on average a

larger cloud fraction over the domain than do domains that persist in the same phase, par-

ticularly at altitudes above 7.5km (Fig. 4.12d-f). A similar pattern holds when comparing

domains that persist in the same phase to domains that regress to a previous phase (Fig.

4.12g-i). A notable exception exists for domains advancing from Phase 4 to 5 (Figure 4.12

d and g), where the layer from near the surface to →2km height is more often cloudy for

regressing domains than for persisting or advancing domains.

The small-scale moisture space circulation (Eq. 4.9) is additionally seen to be stronger

(i.e., the streamfunction obtains a lower minimum) in the advancing domains than persist-

ing domains (Fig. 4.12d-f). Similarly, the small-scale circulation is stronger in persisting

domains than regressing domains (Fig. 4.12g-i).

Thus, Figure 4.12 provides us with some insight into the di!erent structures of the

small-scale circulation associated with di!erent evolutions the local large-scale vertical mo-

tions. We see that advancing domains, whose large-scale vertical motions increase in top-

heaviness, have on average a greater amount and frequency of cloud present in the upper

levels of the domain. Additionally, we see that regressing domains have on average both less

cloud present at high levels and a weaker small-scale circulation. Therefore, we can identify

systematic, robust di!erences in the small-scale (moisture-space circulation and cloud frac-

tion) of large-scale domains that undergo di!erent evolutions, despite originating in similar

large-scale regimes.
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4.6.2 Discussion: Are scale interactions a two-way street?

In computing the small-scale circulations present in a domain (Eq. 4.9), the mean vertical

motion is removed. Thus, by isolating the large-scale and small-scale motions from one

another, we can obtain insight into how these scales of motions interact with one another.

The question of how convective systems of di!ering scales mutually interact has been a

longstanding question of tropical metrology from both observational (Palmer , 1952; Zipser ,

1970) and modeling (Arakawa and Schubert , 1974; Yano, 1999) perspectives. In this brief

section we will discuss the results described in the present study in the context of the larger

discussion surrounding so-called “scale interactions” in the tropics. In this discussion the

terms “small-scale” and “large-scale” are still defined as in Section 4.3.1. When comparing

to the broader literature on scale interactions, however, the definition of these terms can be

relaxed to refer, roughly, to scales smaller or larger than a population of clouds, typically

taken as O(100 km).

To guide this discussion, it will be useful to explicitly state two hypotheses of how interac-

tions across scales impact the local large-scale evolution. These hypotheses are deliberately

constructed as mutually exclusive, extremist perspectives, and are meant to serve as a set

of foils with which to juxtapose our findings, rather than as representative perspectives to

rebu!:

• Strict Large-Scale Control (SLSC): The SLSC hypothesis supposes that the evo-

lution of local large-scale vertical motions is modulated only by the properties of the

large-scale circulation. That is, the local evolution of the large-scale flow is completely

independent of the small-scale structure, and depends only on the large-scale averages

of domain properties. We can express this idea semi-formally as a dynamical equation

of the form

ςt(Rcs, εcs) = func(Rcs, εcs) (4.11)

where Rcs and εcs (Eq. 4.6 and 4.7) are controlling (large-scale) parameters for the

evolution of large-scale vertical motions. Under SLSC, modeling the evolution of

large-scale circulations would not be improved by the inclusion of small-scale motions.
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• Strict Small-Scale Control (SSSC): The SSSC hypothesis supposes that the evo-

lution of the local large-scale vertical motions is modulated only by the properties of

the small-scale circulation. That is, the local evolution of the large-scale flow is com-

pletely independent of the properties of the large-scale flow. We can similarly encode

this idea as a dynamical system of the form

ςt(Rcs, εcs) = func(ϑ) (4.12)

where ϑ (Eq. 4.9) is the controlling (small-scale) parameter for the evolution of large-

scale vertical motions. Under SSSC, the large-scale circulations do not impact their own

evolution; rather, the evolution of a large-scale domain is determined only by the circulations

contained within, rather than by the influence of large-scale motions.

We can evaluate each of these perspectives critically in light of the present study, in

particular Figure 4.12. In considering support for the SLSC hypothesis, we have shown

that there are systematic variations in the evolution of the large-scale vertical motions for

di!erent initial large-scale conditions (Figure 4.4). We see that domains with large-scale

vertical motions that are of greater amplitude (larger Rcs), tend to undergo larger changes

in Rcs and εcs; furthermore, the precise character of the evolution also seems to depend on

the starting value of εcs. This indicates that there is a substantial amount of variability in

the local evolution of large-scale vertical velocity profiles that depends on the structure of

the large-scale (domain mean) vertical motions themselves.

However, we have also shown that there exists a wide range of variance around this mean

evolution, as large-scale domains evolve from one Phase to another (Figure 4.5). We found

that these di!erent transitions are associated with di!ering small-scale circulations and

cloud distributions; domains that undergo advancing or persisting transitions, indicative

of growing top-heaviness of the large-scale profile, are associated with stronger small-scale

circulations and increased cloud fraction in the upper troposphere. We have seen that the

small-scale circulation is connected to the development and distribution of clouds within the

domain (Figure 4.11), suggesting that the evolution of the local large-scale vertical motions

may be mediated by the strength and structure of the small-scale circulation. A further
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complication is the fact that mean cloud properties also depend on the large-scale motions,

as evidenced by Figures 4.6 and 4.7.

We therefore find that our analysis cannot solely support either the SLSC or SSSC hy-

pothesis. The composite large-scale evolution have been shown to depend strongly on both

Rcs and εcs (Fig. 4.4). On the other hand, through its interactions with cloud processes,

the small-scale circulation can be seen to vary systematically between di!erent large-scale

grids that undergo di!erent forward evolutions (Figure 4.12). Rather than supporting ei-

ther hypothesis unequivocally, this work supports the idea that cross-scale interactions are

bi-directional, and that the representation of tropical large-scale dynamics in the tropics is

sensitive to the representation of both small-scale and large-scale processes.

4.7 Summary and Conclusions

This study sought to investigate the relationship between large-scale and small-scale vertical

circulations over the tropical ocean. Using output from a 40-day integration of a the Global

System for Atmospheric Modeling (gSAM), a global storm-resolving model with horizontal

grid spacing of →4km, we focused on a region of the tropical Pacific ocean (Fig. 4.1).

Large-scale circulations are characterized as mean vertical mass flux profiles computed over

2→↗2→ domains; small scale circulations are based on deviations of vertical mass flux from

its average in each 2→↗2→ domain.

By projecting the large-scale vertical mass flux profile onto its first and second empirical

orthogonal modes (Fig. 4.2), we constructed a phase plane where a given large-scale verti-

cal mass flux profile is specified by an ordered pair (aconv, astrat), with aconv and astrat the

normalized values of the first and second principal components (PCs), respectively (Section

4.3.2). The evolution of the large-scale circulation can thus be represented by the bin-mean

composite forward, backward, or centered di!erence of these PCs (Fig. 4.4). Compositing

over our data, we find that the large-scale circulation evolves in a manner that bears qual-

itative resemblance to the prototypical life cycle of convection (Mapes et al., 2006; Kiladis

et al., 2009; Wolding et al., 2020). We further find that the average magnitude and direc-

tion of this composite large-scale evolution depends systematically on the values of aconv

and astrat, with the fastest large-scale evolutions occurring for aconv and astrat values cor-
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responding to strong, slightly top-heavy large-scale vertical ascent. We also find that these

same bins also exhibit an increased precipitation rate, moisture content, and cloud radiative

e!ects (Figs 4.6 and 4.7). Relatively weak and/or subsiding large-scale motions correspond

to smaller amplitudes of aconv and astrat as well as weaker precipitation, precipitable water

and cloud radiative e!ects. This behavior is qualitatively similar to what is observed in

reanalysis and satellite radiation observations.

To examine the small-scale circulations, we computed an anomalous streamfunction ϑ

defined in moisture-space coordinates (Eq. 4.9). This streamfunction, computed from de-

viations of vertical motions from the domain-mean, captures the small-scale mass trans-

port that comprises the domain-mean, large-scale convective motions. Separating the

aconv ↑ astrat plane into eight Phases (Fig. 4.3) and examining the composite mean small-

scale circulation for each Phase, we find that small-scale motions undergo a systematic

co-evolution with the large-scale mass flux (Fig. 4.8). We further find that the evolution of

the small-scale circulation is associated with the evolution of moist static energy (Fig. 4.9)

and deep convection (Fig. 4.10). Phase composites of cloud content highlight the role of

small-scale motions in clouds formation and evolution (Fig. 4.11).

We placed our findings within the context of a larger question of how di!erent scales of

motions mutually interact in the tropics. Focusing on regimes of large-scale ascent (Phases

4,5,and 6), we found that large-scale domains that regress in their convective lifecycle have

less cloud content and weaker small-scale circulation than large-scale domains that persist

or advance in their stage of the convective lifecycle, despite originating from similar large-

scale domains (Fig. 4.12). However, we emphasized that the large-scale evolution also has

a dependence on the structure of the large-scale vertical motions that cannot be neglected.

There is a clear appetite for the application of global storm-resolving models in modeling

long-term weather and climate (Stevens et al., 2019; Hohenegger et al., 2023). In the context

of these contemporary and valuable modeling e!orts, the present study o!ers both encour-

agement and caution. As argued by the proponents of GSRMs, and as evidenced here, the

evolution of large-scale vertical motions is mediated by smaller-scale circulations; therefore,

accurate representation of the evolution of large-scale motions can be expected to benefit by

the improved representation (relative to traditional climate models) of small-scale, convec-
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tively coupled motions a!orded by GSRMs. However, as we have shown here, the large-scale

motions are also capable of influencing themselves; therefore, the explicit representation of

small-scale convection by GSRMs is not a guarantee that the large-scale structures, or their

evolutions, are realistically represented. While the ability of contemporary GSRMs to gen-

erate realistic-seeming large-scale structures is notable (as in the so-called Palmer-Turing

test of Stevens et al. (2019)), further research is warranted to probe the details of these

large-scale features and to unravel their bi-directional coupling to small-scale, explicitly

represented convection.
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Chapter 5

SUMMARY OF DISSERTATION AND CONCLUSIONS

5.1 Synopsis of Dissertation

This dissertation has focused on understanding the multiscale properties of tropical convec-

tion. By “multi-scale”, I mean the features of tropical convection (and related phenomena,

like clouds and precipitation) that are relevant at a range of scales. In this section I will sum-

marize each chapter of this dissertation, and its bearing on the question of scale interactions

in the tropical atmosphere.

• In Chapter 2, the relationship between the spatial structure of precipitation features

and their probability of generating extreme rainfall events was analyzed. We found

that extreme rainfall events tend to occur within tropical precipitation features that

are both larger in areal extent and more spatially localized in its precipitation pro-

duction. We further found that such extreme rain events are associated with stronger

convection (greater reflectivity echoes from GPM radar) at a range of heights. We

interpret this finding in terms of mutual interactions between convective elements,

mediated by entrainment/detrainment, and the associated drying/moistening of the

updraft/environment, respectively. We therefore conclude that the spatial or-

ganization of individual precipitation features influences the generation of

tropical extreme rainfall events

• In Chapter 3, we probe the role of free-tropospheric mixing in modulating the mor-

phology and characteristics of precipitation features. Using idealized simulations of

radiative-convective equilibrium (RCE), we perform three numerical experiments with

di!ering eddy di!usivity strengths above 400 m. We find that the simulation with

stronger mixing tend to generate smaller features, as well as stronger vertical motions.

However, when analyzing the coupling between feature morphology and maximum
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precipitation production, we find that modifying the rate of subgrid mixing e!ects a

minimal change. We instead find that within individual precipitation features, the

strongest rain events tend to occur within larger principal cores. We further find that

larger cores tend to be associated with stronger vertical motions at both the 500 hPa

and 200 hPa levels. We therefore conclude that changes in the strength of

subgrid mixing does modulate the mean structure of convection in disag-

gregated RCE, but only weakly modify the coupling of maximum precipi-

tation production to feature morphology.

• In Chapter 4, we use a global high-resolution model, with non-parameterized convec-

tion, to characterize the interactions between large-scale circulations (> 2→ ↗ 2→) and

small scale circulations (deviations from horizontal mean over large-scale domain).

We find that the large-scale circulation evolves in a cyclic manner that is evocative

of the lifecycle of an individual cumulus. We identify this as an instance of the “pro-

totypical convective lifecycle” described in previous literature (e.g. Wolding et al.

(2020)). Using a two-mode framework to classify large-scale convective regimes, we

additionally find that the small-scale circulations co-evolve with the large-scale verti-

cal motion. This co-evolution is coupled strongly to the development of both spatially

limited deep convective clouds and spatially expansive anvil clouds. These larger anvil

clouds are identified as a key factor in the development of top-heavy large-scale ver-

tical motion. Finally, we determine that both the strength of the large-scale vertical

motion and the strength of the small-scale circulation exert control on the evolution

of the large-scale circulation. We thus conclude that the large-scale tropical

motions are influenced by the structure and strength of both large-scale

and small-scale vertical motions.

5.2 Concluding remarks

In an episode 302 of his podcast Deep Convection, Professor Adam Sobel interviewed Pro-

fessor Brian Mapes about his career and published science (which is cited frequently in the

foregoing text). In discussing his initial encounter as a graduate student with the literature
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surrounding the role of cloud in atmospheric dynamics, Professor Mapes says:

They’re just chiseled from marble, these Midwestern summer clouds. It’s like

landscapes, you could imagine romping and playing on them. Except they

change every three minutes. . . It’s like a time evolving landscape. I was just in

love with it. And I felt that it had a great amount of life force or something.

[. . . ] Vigor, agency, life force. I felt like it was a thing that had some heart to

it. And then you come, and so you go into that field of science and you come

along and you discover the people running the show have decided that it’s a

too-complicated-to-care-about response to some forcing. And it drove me batty.

Professor Mapes’ frustration is understandable; on the scale of humans and everyday life,

the high-impact weather events (and the clouds they are directly associated with) certainty

appear to hold leading roles in determining the local weather. To hear a fellow scientist refer

to such events as “small-scale variability” due to some larger-scale (and thus ostensibly more

important) process does smack of regarding trees as merely some response to the presence

of forests. However, these same clouds may, indeed, also be regarded as controlled by

larger-scale forcings and circulations in certain models of large-scale atmospheric dynamics

and climate. Both these viewpoints have enjoyed ample adoption among scientists working

at di!erent ends of a space-time axis. At a local scale, particularly over conditionally

unstable atmospheres (as exist over the American Midwest), the dynamics of individual

cumulus clouds can generally be regarded as discrete entities who consume local instability

and convert it into the motions of air that generate precipitation and other weather. At a

larger scales, however, it may be helpful to “smooth over” individual convective clouds, and

instead regard convection as an implicit process that can be diagnostically treated (as in

the weak-temperature gradient framework; Adames (2022)). Both view points are useful, if

philosophically opposed in some ways.

This dissertation represents, in some ways, my own attempts to reconcile these two

points of view. The position that this dissertation takes, ultimately, is one of compromise:

while the structure of individual clouds is certainly important for determining local weather

(and local extremes; c.f. Ch. 2), so to is the large-scale circulation important in determining
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the structure and evolution of individual clouds (c.f. Ch. 4). Thus, the question of whether

up-scale or down-scale control is correct is not as meaningful as the question of when,

and to what extent, is either direction dominant in determining the evolution of multiscale

atmospheric flows.

To conclude this dissertation, I reproduce a passage from Herbert Riehl’s seminal text

on tropical metrology (Riehl , 1954). Riehl, along with several other experts in extratropical

meteorology, had arrived in Rio Piedras, Puerto Rico in 1943 to establish the Institute of

Tropical Meteorology for the benefit of Allied forces fighting in the Pacific theater of World

War II. Riehl recounts his first evening in the tropics, where he and his colleagues seem to

have received a message about the dangers of neglecting smaller scales of motion:

On the first evening some of the sta! walked along the beach and admired the

beauty of the trade cumuli in the moonlight. Well schooled in the ice-crystal

theory of formation of rain, they had no suspicions about these clouds with

tops near 8,000 feet where the temperature is higher than +10°C. Suddenly,

however, the landscape ahead of them began to dim; then it disappeared; a

roar approached as from rain hitting roof tops. When some minutes later they

stood on a porch, drenched and shivering, they had realized that cloud tops with

temperatures below freezing were not needed for production of heavy rain from

trade-wind cumulus

Riehl (1954)

It is my hope that further advances in our humble field of atmospheric science may allow

us soon to consider, in the same intellectual breath, not only the largest-scale circulations

that give rise to the variability observed on Earth, but also the small-scale atmospheric

structures that mediate that variability and, in doing so, inspire us all to look up at the sky

and ponder our own place in the scale of things.
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