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Abstract

Analysis of the Thermodynamics and Dynamics of Tropical Mesoscale
Convective Systems

by Rebecca L. MANGINI-HALL

Satellite data combined with a reanalysis product is used to identify the thermodynamic
and dynamic controls that govern mesoscale convective systems (MCSs). Composites are
made of MCSs occurring within the tropics (30°S to 30°N) during 2014-2016, excluding
those associated with tropical cyclones. The life of an MCS is divided into three stages:
growth or initiation, maturity, and decay. Stage 1 shows divergence near 500 hPa that is
characterized by warm and dry anomalies, indicative of a stable layer that caps convec-
tion. Stage 2 is distinguished from the other life cycle phases in exhibiting a cooler and
moister lower troposphere. The third stage exhibits convergence in the mid-troposphere
and further aloft at the tropopause, indicative of anvil remnants. Results show large
accumulations of lower tropospheric moisture and instability are linked to the buoyancy
and vertical motion that large-scale precipitation requires. A temporal gap is observed
between greatest plume buoyancy and moisture/precipitation through the MCS life cy-
cle. Buoyancy is a maximum in stage 1, while rainfall is a maximum in stage 2, a time
when buoyancy is near zero. The near-zero buoyancy is due to a cancellation between
instability and dilution. During stage 3, decay is associated with the stabilization of the

lower troposphere and the cessation of convection.
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Chapter 1

Introduction

1.1 The Mesoscale Convective System

The highest rainfall rates on the planet occur in the tropics (Figure 1.1), where nearly
93% of the annual precipitation observed is a result of organized deep convection events
known as mesoscale convective systems (MCS) (Houze Jr, 2004, Roca and Fiolleau, 2020)).
They are broadly defined as a collection of storms larger than a single thunderstorm but
smaller than an extratropical cyclone; they include phenomena such as squall lines and
mesoscale convective complexes. These systems play a pivotal role in our planet’s weather
and climate. They contain large anvil and cirrus cloud decks that impact the global
radiation budget via reflection of short-wave radiation as well as absorption of long-wave
radiation (Rajagopal et al. 2023). Constituted by both convective and stratiform rain

regions, these systems serve as ideal setups to conduct analysis on convection and its



2
ties to the surrounding environmental influences. Relationships between deep convection

and the surrounding environment remain uncertain, where questions persist regarding
their governing forces including those responsible for the occurrence and organization of

tropical rainfall.

(a) DJF

135°W 90°W ' 90°E 135°E

Rain rate (mm hr-')
[ [ —— [
0.00 0.07 0.13 0.20 0.27 0.33 0.40

FIGURE 1.1: Precipitation climatology expressed in average rain rates (mmhr—!) from

all TRMM Distinguishable Rain Areas (DRAs) during the months of (a) DJF and (b)

JJA from 1998 to 2013. The black contour inside the continental regions represents the
700 m elevation. From Houze et al. 2015.

The tropical deep convection occurring within MCSs is a current point of contention in
the realm of tropical meteorology. As a reference to the collective vertical movement of
mass and energy within the tropical troposphere, this process, which is vital to Earth’s
general circulation and redistribution of heat and moisture, has yet to be fully understood.

Via their convective and stratiform components, MCSs influence the large-scale tropical

circulation and its variability within different time scales (Schumacher et al., 2004)). MCSs




3

also produce and maintain a significant amount of the convective towers that are thought
to play a key role in poleward energy transport, establishing them as relevant research
beds for tropical convection controls and evolution (Liu et al., 2021} Rajagopal et al.|

2023, Riehl and Malkus, |1958)).

Neglecting an MCS'’s life cycle stage may lead to misunderstandings in regards to the true
nature of convection’s driving forces. Without the context of the system’s age and devel-
opmental stage, issues can arise in accurately capturing and analyzing the true drivers
and impacts of convective growth. To address and prevent such issues, the conducted
research focuses on separating the MCSs into three component life cycle stages, as they
are outlined in Houze Jr| (2004). Figure 1.2 illustrates the key features expected in each

life cycle stage.

Stage 1 is characterized by convection initiation and growth where surface wind tendencies
are convergent indicating upward movement. Within this premature state, divergence
is expected in the middle free troposphere as parcels lack the necessary buoyancy to
travel to the upper troposphere. Anticipated cloud morphologies include low and mid-
level cumulus species building up to form a mature anvil head. These morphological
developments mark an essential component of stage 1: new convective cells (i.e. immature

cumulus) form and grow at a rate faster than the dissipation time of older cell decay

(Houze Jr| 2004)).

Stage 2 is the period where MCSs reach maturity. Quantitatively, this is when the

system reaches its maximum size and precipitation output. New convective cores are
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growing at the same rate in which older cores dissipate into the stratiform deck (Houze Jr,

2004]). Surface wind tendencies converge as active deep convection occurs throughout the

tropospheric column and flow diverges at its top.

Lastly, stage 3 is the period of convective decay. Heralding the end of new convective
core creation, it’s characterized by shrinking areal extent and decreasing volumetric rain

rates. Stratiform regions precipitate out faster than new convective cores can develop

(Houze Jr} 2004). Surface wind tendencies are expected to diverge alongside mass pre-

cipitation fallout. Cloud morphology includes decaying cumulus, anvil remnants, and the
precipitating stratiform deck. While these structures persist, divergent flow is expected

at the top of the troposphere, as in stage 2.

The MCS Lifecycle

Formation Maturit

Stage 1 _ Stage 2 Stage 3

F1Gure 1.2: The MCS lifecycle broken down into its three component parts: stages 1,
2, and 3. Pink arrows indicate surface wind tendencies and expected cloud morphologies
are shown.



1.2 Associated Historical and Contemporary Research

The original hot tower hypothesis for tropical convection, posed by Riehl and Malkus
(1958)), proposed undilute plumes transported mass and energy to the top of the tropo-
sphere. Their hypothesis emphasized the need for presence of isolated, undilute convective
towers in tropical storms to achieve the observed poleward energy and mass movement.
With the advent of field and modeling studies conducted in the 1970s and 1980s, alter-
native theories arose in regards to the manner in which tropical deep convection can be
quantitatively analyzed (Houze Jr} [2004). One fundamental theory, the quasi-equilibrium
hypothesis, was first postulated by |Arakawa and Schubert| (1974)). In it, they suggest that
moist convection uses potential energy at the rate in which it is provided via larger scale
processes. This theory establishes that convection is dependent on the relative humid-
ity of the boundary layer, lower free troposphere (LFT), and middle free troposphere
(MFT). As a result, this theory suggests environmental mixing with the convective cores
is present, breaking away from the original undilute hot tower hypothesis. Further de-
viating from the original hot tower hypothesis, Zipser’s 2003 paper used data from the
Tropical Rainfall Measuring Mission (TRMM) to show undilute convective towers are
actually very rare in the tropics. Entrainment is instead proposed as a possible solution
to achieve the necessary levels of instability and buoyancy for tropical deep convection to

occur (Zipser, [2003)).

Following these landmark publications, multiple observational and modeling techniques

arose attempting to test the aforementioned theories on the thermodynamics of MCSs
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and their associated convective cores. One such technique focused on obtaining the
temperature brightness of cloud tops via infrared radiation sensors; however, while helpful
in determining the area of the MCS cloud deck, later research showed this technique
inaccurately estimated rain rates for shallow deep convection and under anvils/icy cloud
sheets (Berg and Stull, 2002, |Liu and Moncrieff] 2007, |Woodley et al., [1980)). Other
quantifying methods have yielded study results on storm tracking methods, convection’s
thermodynamic influences, and the importance of environmental mixing and entrainment.
Contemporary research has continued this analysis; Raymond et al.| (2015) and |Adames
(2022), for example, are recent theoretical studies focused on different thermodynamic
impacts on convection while Houze Jr et al. (2015) analyzed the observed characteristics
of MCSs. Additionally, high levels of buoyancy and low-level moisture have been linked
to higher probabilities of both MCSs occurring and broadening of their stratiform regions

(Ahmed and Schumacher, |2015| [Schiro and Neelin|, 2019).

Within contemporary research, new MCS tracking methods have evolved to improve
observational data accuracy and precision to better capture the nuanced features of these
systems. These include [Feng et al. (2021), where infrared measurements of cloud top
height were matched to observational precipitation data. This dataset, however, does
not follow MCSs that split or merge with other precipitating systems. Acting to limit
the types of MCS life cycle evolutions included in their analysis, only isolated MCS
that did not interact with other precipitating systems were studied. Another tracking
method is outlined in Hayden et al.| (2021)), where the World Wide Lightning Location

Network (WWLLN) was co-located to observational precipitation data to study MCS
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structures. This method, though, struggled to accurately distinguish nearby and similarly

sized MCSs as separate systems. Analysis on MCS life cycles thus requires a tracking
dataset that addresses the complexity in following systems through space and time via

the identification of separate systems and their relationships to one another.

In consideration of both the historical and contemporary focuses, theory (Arakawa and

Schubert), 1974, [Moncrieff and Miller, 1976]) and observations (Kingsmill and Houze Jr,

11999, Zipser} |2003) support the idea that MCSs entrain environmental air within a deep

layer of the lower troposphere as shown in Figure 1.3. This idea has continued to evolve,
where most recently, studies have focused on the buoyant relationships between the
boundary layer and LFT. In these relationships, the environmental influences on MCSs’

strength, organization, evolution, and occurrence has been considered within the context

of an entraining plume (Adames et all [2021, [Ahmed et al., 2020, |Ahmed and Neelin,

2018, |Schiro et al., 2018 [Schiro and Neelin, 2019). In considering that context, research

has focused on a quantity quasi-conserved within a plume: moist static energy (MSE).
A useful metric in quantifying an air parcel’s inherent energy, future improvements to
our understanding of buoyancy and convection within the tropics will rely on analyzing
MSE within the plume buoyancy framework. Through expanding our understanding on
how vertical velocities (w) are influenced within MCSs’ convective updrafts, we focus on

current diagnostic theory on the structures of MSE and omega within both convectively

enhanced and suppressed periods (Benedict et al. 2014, [Hannah and Maloney, 2011}

2014} Inoue and Back, [2015a, Masunaga and L’Ecuyer, 2014} |Sobel et al 2014).




FIGURE 1.3: Schematic of the deep inflow of environmental air into a convecting entity.
The inflow can be partly turbulent as has traditionally been assumed for cumulonimbus
clouds, and partly coherent as is typical in mesoscale convective systems (12), and is
drawn to emphasize the latter. Colors denote an environmental conserved variable
entering at different vertical levels at nearly the same rate (Schiro et al., [2018)

1.3 The Research Question & Main Hypotheses

In spite of their importance, the processes that govern tropical MCS growth and decay
are not fully understood. For instance, the relationship between deep convection and the

surrounding environment in terms of temperature, moisture, and buoyancy is incomplete

(Ahmed and Neelin, 2018, [Schiro et al., 2018, Schiro and Neelin) 2019)). Uncertainties

remain in how convective cells evolve and interact with the environment in organized

systems, such as MCSs, versus unorganized ones. Attempts at tracking these systems
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through time and space in previous research have only followed isolated MCSs and were
unable to capture the full lifetimes of systems that merged or split; interactions with other
storms were not accounted for. Additionally, parameterizations of convection in current
models often see precipitation biases arise from misrepresentation of convective dynamics.
In particular, the impact and role of deep-inflow mixing remains uncertain within cur-
rent models (Schiro and Neelin|, [2019). Questions remain in how moist thermodynamics
and large-scale dynamics conspire to alter the occurrence and characteristics of MCSs
throughout their life cycles. Aspects such as the impact of moisture at different levels of
the lower troposphere, entrainment influences on buoyancy, and the relationship between
precipitation and buoyancy are persistent unknowns. More specifically, this leads to the

main research question motivating this work:

How do buoyancy and moisture affect isolated tropical MCSs throughout

their life cycles when considered in an entraining plume framework?

To address the research question, testable hypotheses were posed based upon relevant
and recent research. These studies have shown that the occurrence of MCSs is linked
to enhanced moisture concentrations in the lower troposphere (Hannah and Maloney)
2011} Holloway and Neelin, 2009, [Schiro et al., 2018, |Schiro and Neelin, [2019). The first
hypothesis of this work is thus an extension of those previous studies: enhanced moisture
in the lower troposphere evolves with convection, where maximum column moisture occurs
alongside maximum updraft speeds, buoyancy, and precipitation. The second hypothesis

extends this idea to convective decay, postulating that updraft dilution by mixing with
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the environment acts to suppress buoyancy and is the leading contributor to MCS decay.

Stabilization of the boundary layer and LFT is also expected during decay of an MCS.
Under this framework, MCS growth is thus anticipated to be constrained via entrainment

of dry environmental air in the boundary layer and LFT.

To address our hypotheses, our methodology and data sources are described in section
2. Section 3 justifies the data and storm tracking selections. Results pertaining to bulk
environmental thermodynamics and their associated circulation features are covered in
section 4. Section 4 helps to contextualize section 5, where application of the plume
buoyancy framework is described. Discussions on the results are addressed in the last

section alongside the conclusions and future implications.
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Chapter 2

Data and Methods

2.1 IMERG

Two different data sets were used to carry out this research. The first is NASA’s Inte-
grated Multi-satellite Retrievals for Global Precipitation Measurement (IMERG) V06B
Final product (Huffman et al.,|2020,[2019). To conduct analysis on precipitation rates and
areas, which are relevant to the categorization of MCS life cycle stages, highly-resolved
observational data was required. IMERG was chosen as it is an ideal observational dataset
that improves upon previous precipitation measuring systems. By utilizing the relation-
ship between infrared cloud features and rain amounts, IMERG ends up with less biases
and more reliable data compared to its older counterparts; they instead used features
like cloud brightness temperature to quantify precipitation (Feng et al., 2021} |Ocasio

et all 2020, Rajagopal et al., 2023). The data is available at 30 minute intervals with
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a resolution of 0.1° (Huffman et al., [2020, 2019, Rajagopal et al., [2023)). To facilitate

comparison with ERA5 data (discussed below), the IMERG data is interpolated to a 0.5°

x 0.5° latitude-longitude grid, and to a temporal resolution of 30 minutes.

2.2 ERAS5

We also make use of data from the fifth reanalysis product from the European Center
for Medium-Range Weather Forecasting (ERA5) to conduct higher resolution analysis
of MCSs. This data was chosen due to limited surface observations, especially over the
ocean, and gaps present in satellite data. To conduct the necessary research, accurate
data on precipitating area and lifetime length of MCSs were needed to analyze the MCS
life cycle stages; ERAD fulfilled this need by having a fine spatial and temporal resolution
built from both observations and models. The data used has a fine spatial resolution of
0.5° latitude and longitude and temporal resolution of 6 hours for the 2014-2016 time
period. The following field variables are used and summarized in Table 2.1: zonal wind
(u), meridional wind (v), vertical pressure velocity (w), specific humidity (q), temperature
(T), equivalent potential temperature (), geopotential (®), CAPE, CIN, total column

water vapor (< ¢ >), and precipitation (P).

2.3 TIMPS

The Tracked IMERG Mesoscale Precipitation Systems (Russell, 2021)) is used to pick
MCS events for compositing. TIMPS utilizes the Forward in Time (FiT) algorithm,

which tracks precipitation systems in the IMERG (Huffman et al. 2019) data and does so
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‘ Variable ‘ Units
U, v Horizontal Winds- Zonal & Meridional | m/s
P Geopotential m
w Vertical Pressure Velocity Pa/s
T Temperature K
0 Equivalent Potential Temperature K
CAPE | Convective Available Potential Energy | J/kg
CIN Convective Inhibition J/kg
q Specific Humidity g/kg
< q > | Total Column Water Vapor kg /m?
RH Relative Humidity
MSE | Moist Static Energy J/kg
MSE* | Saturated Moist Static Energy J/kg

TABLE 2.1: Used Variables

by applying cascading thresholds to separate those precipitation systems within space and
to connect them in time (Skok et al., 2013)). Further details about the TIMPS dataset are
provided by Rajagopal et al,| (2023). The domain of the TIMPS data ranges from 30.05
ON to 30.05 °S. However, we will only focus on systems within 25 °N and 25 °S to focus
on MCSs that spend most of their lifetime within the tropics. The TIMPS data used
covers the three-year period from 2014 to 2016 and captured around 300,000 MCSs. To
conduct a climatology of MCSs throughout the tropics, a large number of these systems
were required to provide precise results on their mean state while minimizing computing
costs. This sample size established a baseline understanding on how tropical (no other

spatial or temporal constraints) convection in MCSs evolves through time.

TIMPS was selected for this research due to its utilization of IMERG data and the FiT
algorithm. Other tracking datasets use single or two-step thresholds in defining storm

areas, whereas FiT’s cascading thresholds are capable of detecting more nuanced MCS
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features (Skok et al., [2013)). Additionally, FiT allows for more object identification in

its use of cascading thresholds, where they drastically redefine the system in terms of
size and number of objects. As a result, more MCSs are observed and their lifetimes,
even after splitting and merging events, are more accurately captured. This point, in
particular, further motivated the use of TIMPS; more comprehensive MCS life cycles
could be analyzed in order to analyze the links between them and precipitation and

entrainment.

Since MCS sizes and lifetime limitations are crucial to the lifecycle stages’ definitions,
TIMPS set thresholds that precipitating systems must meet in order to be considered an
MCS. First, the system must have a lifespan of at least 6 hours (Laing and Michael Fritschl,
1997|, |Ocasio et al. 2020)). Second, the maximum precipitating area attained during the
system’s lifetime must reach at least 3000 km? (Nesbitt et al), 2000). Upper spatial
bounds are not necessary, the small impact of the Coriolis force acts as a spatial limit;
the average MCS length and width is significantly smaller than the Rossby radius required
for a system to experience coriolis impacts (Houze Jr, 2004)). Lastly, the system must
contain at least one pixel at IMERG’s resolution with a rain rate larger than 10 mm/hr
at some point during its lifetime (Feng et al., 2021). Storms in the TIMPS data are
additionally categorized by life cycle stage. Time steps with stage values of one indicate
growth and initiation, two correspond to maturity, and three indicate storm decay. Life
cycle stages were determined via the evolution of each storm’s area and its volumetric
rain rate. Together, these variables were first filtered utilizing a moving average with a

window corresponding to 20% of the storm’s full lifetime. The gradient of the storm’s
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lifetime was obtained using a centered difference. From there, maxima larger than twice

of the local minima were used to mark the peak maturity of each storm. Following these
maxima, each consecutive time step with areas and volumetric rain rates larger than 75%
of the mature maximum were categorized as mature. Time steps before the maximum
were denoted as growth steps and those after the mature period were designated as decay

time steps (Rajagopal et al., [2023)).

2.4 Storm-Centered Composites

A series of MCS-centered composites were collected to assess both the MCSs and their
environments. The TIMPS data provides the rain-weighted center of each storm, which
is used to create these storm-centered composites. This center is defined as the reference
latitude and longitude (0°,0°). A 10° by 10° grid was then defined around this reference
point. To exclude tropical cyclones from influencing the analysis, we exclude MCSs with
grid average vorticity values larger than 10™* s~!. From this point, we only use the
first identified instance of each storm stage per storm to avoid systems with longer time
periods in certain stages influencing the composite averages. In addition to compositing

horizontal grids following the storm center, vertical composites were compiled from 1000

hPa (surface) to 100 hPa (top of troposphere) at 50 hPa intervals.

2.5 Plume Buoyancy

Buoyant plumes are streams of upward movement flowing away from its source. In respect

to the tropical atmosphere, this is seen in the strong convective cores that makeup and
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drive MCSs. Different from the severe midlatitude storms, the upward movement of

tropical MCSs cannot be treated as an isolated parcel. Instead, the convection observed
in the tropics can occur with large rates of entrainment within the lower troposphere,
followed by freezing condensate (Zipser, [2003). Thus, in the tropics, mixing with the
environment allows for the creation of the instability required for deep convection. This
mixing acts to dilute the air within the plume; suppressing low-level, weak convection
and allows buoyancy to build up and break through the boundary layer towards the free
troposphere (Schiro and Neelin, 2019). To analyze this, the buoyancy calculated was
additionally broken down into its constituents: the influence from the undilute and dilute
components. The buoyancy and its component parts are derived using the following

formulae as in Adames et al.| (2021):

17.67(T—273)

e" =611.2e 7295 (2.1)
Rd e*
e ——— 2.2
T T R, P%100 e (22)
MSE* = MSE — Lq(RH — 1) (2.3)

In equation 2.2, R, is the specific gas constant of water vapor and R, is the specific gas
constant of dry air. Plume buoyancy anomalies (B,,,) were calculated using the following

equations:

B, =2 (MSE,— MSE") (2.4a)
KLTLCp
B, = -9% (MSE, - MSE}) (2.4b)

RLTLCp
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Bl, = By +B, (25)

In equations 2.4a and 2.4b: ¢ is the gravitational acceleration constant, cp is specific
heat at constant pressure, and 77} is the mean lower free tropospheric temperature. &y,
and wy, are unitless constants. Plume buoyancy component anomalies (B;, and B/)) were
calculated via MSE anomalies for the boundary layer (M SE%), from 1000 to 850 hPa,
and from MSE and MSE* for the lower free troposphere (MSE} and MSEY), from
850 to 600 hPa. Starred variables indicate their saturated form and apostrophes denote
anomalies. Equation 2.4a is the undilute component of the buoyancy plume while 2.4b is

the dilute component.

In analysis of the thermodynamics of a convective plume, additional definitions were
established to specify which parts of the composites represented the plume and the envi-
ronment. With a spatial resolution of 0.5°, each composite consists of a 21 by 21 grid of
individual data points. The environment was defined as the 80 points making up the four
edges of the composite. This definition was set to minimize interference with the MCSs.
Conversely, the plume was defined as the center data point and the 8 data points imme-
diately surrounding it. Different definitions for both areas were analyzed, but showed no
notable difference. These specifications were applied solely to the data analysis of the

plume buoyancy and its dilute and undilute component parts.
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Chapter 3

Analysis of Data Selection Validity

3.1 Moist Thermodynamic State

MCSs have been linked to areas of enhanced column water within the tropics, where
storm initiation in particular follows the evolution of atmospheric moisture (Holloway
and Neelin, [2009). In Figure 3.1, we see that TIMPS accurately captures MCS hotspots
via the congruence between storm density distributions and TCW from ERA5 (Houze Jr
et al., 2015). This indicates that TIMPS data spatially aligns with the ERAS reanalysis
product, the TCW, and underscores the tracking data’s reliability in capturing MCSs. In
Figure 3.1 we see three major regions where storm initiation density and TCW are highest.
The first region is along the intertropical convergence zone (ITCZ), where TCW is above
48 kg/m?. The ITCZ is visible in figure 3.1 from 180°W to 80°W and within a latitude

band extending from the equator to 10°N. The second area of interest is the Amazon
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Storm Density with Total Column Water Vapor Contour [kg/m~2] Lines
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FIGURE 3.1: Density map of MCS initiations over the tropics (30°S to 30°N). Contour
lines are total column water vapor [kg/m?].

basin in northern South America, where TCW values in this region are also above 48
kg/m?. The third region is over the Indo Pacific warm pool, which has the highest TCW
values, reaching above 56 kg/m?. Within the warm pool, there are noticeably higher
concentrations of storm initiations occurring over land. This is also observed over South

America and central Africa. The congruence seen here is in agreement with previous

research (e.g. Houze Jr| 2004, Houze Jr et al., 2015| Pilewskie and L’Ecuyer;, 2022, |Schiro

and Neelin| 2019, |Yang and Slingo, [2001)).

With increased confidence in continued use of the TIMPS tracking dataset, we now ex-
amine the distributions of column-mean ERAS5 variables: CAPE, CIN, TCW, and pre-
cipitation rates during the lifetime of MCSs (Fig. 3.2). CAPE is largest in stage 1 and
decreases as the life cycle progresses, while CIN is smallest in stage 1 and increases there-
after. The mode of the CAPE and CIN anomalies is roughly 25 and -10 J/kg, modest

values especially considering how large CAPE and CIN fluctuations are in the midlati-

tudes (Johns and Doswell III; |1992). TCW anomalies display a unimodal distribution

with the mode of 1 kg/m? at stages 1 and 2, but it develops a second mode at TCW values
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of -1 kg/m?n stage 3. Precipitation rates remain nearly uniform across different life cycle

stages, with mode values close to 0 and a long tail in the distribution. There is a slightly
larger range in precipitation rates during stage 2, due to the definition of life cycle stages
being partly based on relative rain rates. Composite maps of CAPE, CIN, and TCW at

Thermodynamic Anomaly Distributions of Storm Density
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FIGURE 3.2: Barplots of CIN [J/kg?] temporal lifetime anomalies are in orange, CAPE
[kg/m?] temporal lifetime anomalies are green, TCW [kg/m?] temporal lifetime anoma-
lies are blue, and spatial mean precipitation rate [mm/hr] anomalies are purple. Vari-
able distributions are shown for each stage of the MCS life cycle.
different lifecycle stages were compiled in addition to the areal-mean temporal anomalies
in Fig. 3.2 and are shown in Figure 3.3. Examining the values within a 10° by 10° grid

centered on each MCS reveals discernible aerial-differences between the 3 stages. TCW

shows gradual growth in the composites’ centers throughout the lifetime. The largest
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positive anomalies are observed in stage 3 and negative anomalies are confined to the

northern and southern ends of the composites. In agreement with Fig. 3.2, we see a neg-
ative CIN anomaly greatest during stage 1 where it diminishes thereafter. In comparison
to CAPE, TCW and CIN exhibit relatively small changes between the 3 stages. CAPE
exhibits strong positive anomalies during stage 1 and strong negative anomalies in stage
3. Altogether, the results of this section align with what was anticipated for these bulk

column-mean thermodynamics.

3.2 Precipitation in Reanalysis and Satellite Data

With the increased confidence in TIMPS’ ability to capture MCSs, the next step specif-
ically checks the accuracy of the precipitation reanalysis data. For direct comparison,
we now examine the distributions of precipitation in ERA5 versus IMERG data. In Fig-
ure 3.4 we see significant disagreements between the reanalysis and satellite-based data.
The IMERG data reveals substantial variations throughout the MCS life cycle, where the
greatest precipitation rates are in stage 2, and the smallest are in stage 1. This is observed
in the statistical distributions of precipitation rate in Fig. 3.2; stage 2 sees the largest
stage-relative maximum while the smallest is observed in stage 1. ERA5’s evolution and
local maxima for each stage differs drastically from the IMERG observations. IMERG
shows notable fluctuations in precipitation intensity across the three life cycle stages,
whereas the precipitation rates for reanalysis hardly vary and grossly underestimate the

maximum precipitation rate for each life cycle stage. Figure 3.5 further highlights this
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Thermodynamic Anomalies Over the MCS Lifecycle
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FIGURE 3.3: Areal composites of TCW [kg/m?], CAPE [J/kg], and CIN [J/kg] tem-
poral lifetime anomalies for each stage of the MCS life cycle.

disparity by plotting storm density as a function of each storm’s corresponding ERA5 (y-
axis) and IMERG (x-axis) precipitation rates. The pink line indicates a 1:1 relationship
between the two datasets and is the density distribution expected if ERASH accurately
captured and modeled rain rates for each storm. The black line is the best fit line where
stages 1 and 2 show a somewhat linear relationship between ERA5 and IMERG. The

slopes, however, are both less than 0.2 emphasizing IMERG’s larger values. The linear
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relationship does not apply to the last stage, however, as the rainfall rates during stage

3 are uncorrelated.

Lifecycle Precipitation Product and Column-mean Omega
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FIGURE 3.4: Areal composites of mean precipitation rate [mm/hr| from IMERG and
ERA5 (top two rows) and mean column-integrated omega [-Pa/s| for each stage in the
MCS lifecycle.

To further investigate the reliability of ERA5 products, we also show in Figure 3.6 the
relationship between ERA5 omega and ERA5 precipitation. While the reanalysis’ pre-
cipitation differed from the observations, the omega is still anticipated to increase with

rising precipitation rate. In the interest of simplifying the analysis visually, omega was
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Storm Density of the Relation Between ERA5 & IMERG Precipitation Products
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FiGURE 3.5: Storm density plots relating ERA5 and IMERG precipitation rate

[mm/hr] values for each stage in the MCS life cycle: stage 1 is green, stage 2 is blue,

and stage 3 is orange. Pink line indicates the 1:1 ratio while the black line is the linear
line of best fit.

plotted in -Pa/s, referenced as omega continuing on, so that positive values indicate
upward movement and negatives indicate downward movement. A linear correlation is
observed in stages 1 and 2 of the MCS life cycle. Stage 3, however, does not appear
to have a clear correlation. There is a large spread of values at this point in the life
cycle, where the lifetime minimum for the correlation coefficient is observed at 0.03. In
comparison to the IMERG/ERAS precipitation products in Fig. 3.5, a similar life cycle
pattern is observed: both stage 1 and 2 show loose, linear relationships while stage 3 has
no discernable trends. The presence of these relationships, despite ERA5’s underestima-
tion of precipitation, strengthened our confidence in using ERA5’s other environmental
variables. In conjecture with Figs. 3.1 and 3.2, the confirmation of previous knowledge
justifies continued use of the TIMPS and ERA5’s non-precipitation variables, including

temperature, specific humidity, and vertical velocity.



Column Integrated Omega [-Pa/s]

Storm Density of the

Stage 1
04 10*
03
10°
02
01 10
00
10!
01 y =0.09 + 0.010x
-02 10°

00 05 10 15 20 25 30 35 40

Precipitation Rate [mm/hr]

Precipitation Rate to Column-Integrated Omega Relation

Stage 2 Stage 3
04 104 04
03 03
10°
02 02
2 z
2 @
H c
k4 o
e o1 1020 01
E E
2 -}
w n
0.0 0.0
10!
-0.1 y = 0.10 + 0.005x 0.1 y =0.03 + 0.028x
-0.2 100 -02+4
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40

Precipitation Rate [mm/hr] Precipitation Rate [mm/hr]

FIGURE 3.6: Storm density
[-Pa/s| values for each stage
stage 3 is orange. The black

plots relating ERAS5 precipitation rate [mm/hr| and omega
in the MCS life cycle: stage 1 is green, stage 2 is blue, and
line is the linear line of best fit where its equation is shown
within each respective figure.

25

10*

10°

Storm Density



26

Chapter 4

Environmental Thermodynamics and

Circulation Features

4.1 Vertical Motion

Before applying the plume buoyancy model, the vertical structure and movement within
MCSs are needed to provide key environmental context as to what structures and rela-
tionships are present in reference to the MCS life cycle. To do so, we now look solely to
the evolution of the vertical and horizontal winds throughout the MCS life cycle. These
results further compound our understanding of the connections between mass and energy
movement and convective precipitation rates. Figure 4.1 provides several horizontal views
of the overturning circulations seen in the omega throughout the MCS life cycle at three

different locations within the troposphere: 850 hPa, 500 hPa, and 200 hPa.
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In stage 1, the omega reverses sign between 850 hPa and 500 hPa where upward movement
lower in the atmospheric column is capped by downward flow aloft. Corroborating this,
wind vector anomalies show mid-level divergence and high-level convergence. Stage 2 is
dominated by upward movement throughout the entire column with the greatest anoma-
lies in the middle free troposphere. Wind anomaly vectors, however, show little variation
from the temporal, MCS-lifetime mean where deviations are very small, or nonexistent.
By TIMPS’ definition, the mature stage accounts for 50% of the MCS lifetime, explaining
the minimal deviations from the mean state in stage 2. Even with the small variation,
however, convergence is still observed at the surface with divergence at the top of the
profile. Stage 3 sees an inverse relationship to stage 1, with omega reversing aloft. Small
upward anomalies are observed in the 200 hPa layer with strong downward anomalies
below. The wind patterns reflect this inverse pattern as well with convergence occurring
in the 500 hPa layer and divergence at 200 hPa. The strongest descent is observed during

this stage at the 850 hPa layer.

Figure 4.2 shows a latitude-pressure cross section of the fields shown in Fig 4.1, allowing
us to examine the vertical structure of the MCS composites in more detail. There are
shifts from upward motion to downward motion during stage 1, where this switch occurs
near 600 hPa. The cross sectional view of stage 2 agrees with the horizontal views of
Figure 4.1. Ascent is seen throughout the entire column at this stage. During stage 3,
a reversal in vertical motion is observed once again, but this time it occurs at a lower

pressure level near 450 hPa; this reversal aligns with expectation and is in agreement



with the results seen in Fig. 4.1.
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FIGURE 4.1: Areal composites of ERA5 omega temporal lifetime anomalies overlaid
with arrows indicating the horizontal winds obtained from ERA5 meridional and zonal
wind data for each stage in the MCS life cycle. Rows show composites at three different
pressure levels: 850 hPa, 500 hPa, and 200 hPa. In the interest of simplifying the
analysis visually, omega was plotted in -Pa/s, referenced as omega.

4.2 Vertical Structure Changes

28

With the vertical profile of how and where air is transported within MCSs established,

we now explore the composited vertical structure of temperature and specific humidity
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Omega Anomalies
With Meridional Wind Barbs
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FIGURE 4.2: Latitudinally-averaged vertical profiles of minus omega [-Pa/s] from 1000
hPa to 100 hPa for each of the MCS’s life cycle stages. Overlaid arrows indicate wind
tendencies obtained from meridional mean winds and mean vertical velocity.

to understand mass and energy movement within them. These results aid in establishing
context for the following chapter by analyzing the underlying thermodynamic-dynamic

relationships present at different points in the MCS life cycle. Figure 4.3 shows vertical
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composites of temperature anomalies during each of the life cycle stages. In stage 1,
the greatest positive anomalies are observed at the surface and appear constrained before
sharply cooling, reaching nearly 0.4 K in difference from the mean. Additionally, a smaller
local maximum is present within the MFT where the temperature is around 0.1 K warmer
than the lifetime mean. The low- and mid-tropospheric warmth shown in stage 1 of Fig.
4.3 is indicative of enhanced stability, which may be related to the omega profile seen
in the figure’s corresponding contour lines. Warm air aloft was observed to descend
above this layer and may be related to enhanced clear air subsidence. Figure 4.5 shows
the specific humidity anomalies in the tropospheric column for each of the stages while
Figure 4.6 shows the difference anomalies from the mature stage to stage 1 and 3 as in
Figure 4.4. In stage 1 of Figure 4.5, a moist anomaly is present at the surface and in
the boundary layer before transitioning into a dry anomaly in the lower free troposphere

near the 850 hPa pressure level. The dry anomaly peaks near 600 hPa.

When taking this pattern into consideration with the positive temperature anomalies also
observed in stage 1, an interesting structure becomes evident. In convective initiation,
warm and moist air at the surface is unable to rise as the dry and warm anomaly aloft
prevents extensive upward acceleration. This capping-like mechanism could explain how
surface and boundary layer mass and energy locally builds-up to reach the instability

needed for deep convection (Wolding et al.| 2016)).

As observed in Figures 4.3 and 4.5, the second stage does not exhibit strong anomalies



31

Temperature Anomalies
With Omega Anomaly Contours
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FIGURE 4.3: Longitudinally-averaged vertical profiles from 1000 hPa to 100 hPa of

temporal lifetime temperature anomalies [K] for each MCS life cycle stage. Black

contour lines indicate omega [-Pa/s] where solid lines represent upward movement and
dotted lines represent downward movement.

in temperature and specific humidity from the lifetime’s mean. Only slight deviations up
to 0.05 K and 0.03 kg/m? are visible in the temperature and specific humidity profiles,
respectively. Temperature (Figure 4.3) in the column can be seen shifting from slightly
cooler to slightly warmer anomalies in the free troposphere, near 550 hPa. Specific humid-

ity, as in Figure 4.5, shows the center of the column (from 950 to 700 hPa) dominated by
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Variation Between Stages: Temperature Anomalies
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F1GURE 4.4: Longitudinally-averaged vertical profiles from 1000 hPa to 100 hPa of
temporal lifetime temperature [K] anomaly differences between stage 2 and stage 1
(left panel) and stage 3 and stage 2 (right panel).

small positive anomalies that fade towards the lifetime mean as it nears the composites’
edges. This enhanced moisture captures the convective cores as they mature and trans-
port mass and energy upwards in the troposphere. At this point, the water vapor aloft
condenses and precipitates out, acting to increase specific humidity in the composites’

centers via moistening of the middle troposphere.
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Specific Humidity Anomalies
With Omega Anomaly Contours
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FIGURE 4.5: As in Figure 4.3 but with specific humidity [g/kg] temporal lifetime
anomalies instead.

The temperature tendencies shown in stage 3 of Figure 4.3 exhibit a strong negative
anomaly reaching a minimum of 0.4 K below the mean at the surface; air in this segment
of the column is considerably cooler than the mean state, and may be a reflection of con-
tinuous rainfall. Additionally, the complete cessation of new and developing convection
in the lower troposphere is inferred by the downward movement (as shown by negative

omega anomalies) observed there. Another, albeit smaller, minimum in the temperature
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Variation Between Stages: Specific Humidity Anomalies
Stage 2-Stage 1 Stage 3-Stage 2

200 1

300 -

400 1

500 A

600

Pressure [hPa]

700

800 A

900 -

1000 -

5 -2.5 0 2.5 5-5 -2.5 0 25 5
Latitude [deq]

I T

—0.00010 —0.00005 0.00000 0.00005 0.00010

Stage Changes in Specific Humidity [g/kg]

FIGURE 4.6: As in Figure 4.4 but with specific humidity [g/kg] temporal lifetime
anomalies instead.

anomalies is present further aloft within the middle free troposphere near 600 hPa as
per Figure 4.4. Specific humidity, however, in Figure 4.5 shows a strong dipole with
anomalously moist air aloft in the lower and middle free troposphere and dry air at the
boundary layer. When considering these patterns, stage 3 appears as a mirror image to
stage 1. In stage 1, the column is characterized by warm and moist anomalies near the
surface capped by warm and dry anomalies aloft. Stage 3, however, is an inverse reflec-

tion of this where cold and moist anomalies aloft appear to be floored by a layer of cool
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and dry air in the boundary layer and at the surface. This shift from maturity, as shown
in Fig 4.6, characterizes the system’s transition towards a stabilizing decay state. With
the vertical structures and relationships present in MCSs and their evolution through the
MCS life cycle established, we can now proceed with the plume buoyancy analysis. The
movement of mass and energy as discussed in this section provide the relevant context in

which convective instability can be considered.
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Chapter 5

Plume Buoyancy

5.1 Evolution of Plume Buoyancy in the MCS Life

Cycle

We now examine the buoyancy of MCSs using the entraining plume framework as outlined
in |Adames et al.| (2021)) and described in Chapter 2: Data and Methods. Following equa-
tion 2.2, we decompose the buoyancy into its dilute and undilute components. These
results, in addition to the total buoyancy (consisting both components), are shown in
Figure 5.1 for each of the three MCS life cycle stages. During stage 1, we see enhanced,
positive anomalies in total buoyancy near the center of the composite. These anoma-
lies become negative as we move outward towards the composite’s southern and western

edges. During this stage, the undilute component contributes more to the total buoyancy
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than the dilution component; the total buoyancy resembles the pattern of the undilute
component. Enhanced dilution during this stage reduces the total buoyancy in the center
of the MCS composite. Putting these results in reference to the life cycle omega profiles
(Fig. 4.2), we see enhanced omega (upward motion) in the boundary layer and LFT
corroborating the buoyancy composite; here, enhanced upward movement is indeed oc-
curring alongside the enhanced, central core upward forcing observed within the buoyancy
plots. Dry anomalies (Fig. 4.5) aloft in this stage also emphasize the stabilizing impact
of dilution while the warm column anomalies (Fig. 4.3) act to strengthen the instability

present in the undilute component.

The stage 2 buoyancy terms, as shown in Figure 5.1, deviate little from the spatial and
temporal mean, especially in consideration of stages 1 and 3’s anomalies. During this
stage, the dilute and undilute components nearly cancel one another out, with the re-
sulting total buoyancy being slightly negative. Consistent with previous research on the
impacts of entrainment on a convective plume, the environment begins to grow moist
which limits its drying efficiency (Inoue and Back, 2015b, Schiro and Neelin, [2019)). De-
spite the anomalies’ small magnitudes, the second stage is the point in the life cycle
where the greatest upward motion and precipitation rates are observed, as seen in Fig-
ures 4.2 and 3.2. This conveys the temporal mismatch of when the greatest, positive total

buoyancy anomalies versus upward motion/precipitation rate maximums are observed.

Buoyancy during Stage 3 is nearly a mirror opposite of stage 1. The buoyant state reflects

the areal sign pattern of stage 2, where undilute buoyancy becomes strongly negative as
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Decomposed Plume Buoyancy
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FIGURE 5.1: Decomposed plume buoyancy spatial and temporal anomalies for the
three different MCS life cycle stages. Top row is total buoyancy anomaly, middle is the
undilute component anomaly, and the bottom is the diluted component anomaly.

the near surface temperature anomalies become negative. In contrast, the more humid
environment, as shown in Fig. 4.5, during this stage reduces the dilution of buoyancy.

This is reflected in the positive dilution anomalies seen in Fig. 5.1.

The connection between the vertical motion and buoyant states of stage 3 and stage 1,

as discussed previously, fits the moisture quasi-equilibrium theory on the evolution of
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convection as described in Sessions et al.| (2019). This is further corroborated by the low
specific humidity present in the lower troposphere (Figure 4.5) and negative omega values
near the surface (Figures 4.5 and 4.6). These connections are described and analyzed in

Section 5: Summary and Conclusions.

5.2 Full Plume Profile of Convective Instability &

Vertical Motions

To further explore the relationship between instability and vertical motion, Figure 5.2
provides a direct comparison between the grid-averaged MSE anomalies to the grid-
averaged omega anomalies for the three phases of the MCS life cycle. Here, their area-
mean evolution through the life cycle shows how they are interconnected through time.
Stage 2, especially in its MSE anomalies, shows small deviations from the mean as these
values are lifetime anomalies. The omega anomalies fit with the previous results (Fig.
4.2) where there is overall upward motion occurring through the tropospheric column.
Once again, stages 1 and 3 are near mirror images of one another; these values were
obtained via ERA5 and were not calculated from a lifetime or spatial average. These
results are pure reflections of the vertical profiles’ anomalous states; this is important to
note as the connections between MSE and omega are clear in both their relationship to

one another and their evolutions through the life cycle.

Omega anomalies in stage 1 are positive at the surface, indicating enhanced buoyancy,

and negative aloft, indicating suppressed buoyancy. Additionally, the lifetime omega
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FIGURE 5.2: Vertical profiles from 1000 hPa to 100 hPa of moist static energy
[J/kg]temporal lifetime anomalies in blue and omega anomalies [-Pa/s] in orange for
each MCS life cycle stage.

maximum (strongest updrafts) is observed near the surface in stage 1 (Fig. 5.2). These

results are consistent with current diagnostic theory on the structures of MSE and omega

within both convectively enhanced and suppressed periods (Benedict et al.,|2014, [Hannah|

land Maloneyl, 2011}, 2014], Tnoue and Back, [2015b|, Masunaga and L Ecuyer], 2014}, [Sobel

2014)). This interaction between MSE and omega is referenced as gross moist

stability (GMS) within said research (Neelin and Held, 1987)). Stage 1 is characterized by

negative GMS where it is associated with enhancing convection; this is shown in Fig. 5.2

where the tropospheric profile shows enhanced MSE in the lower portions and diminished

MSE in the middle of the profile. This is the result of the eventual net import of MSE from

surrounding vertical circulation which acts to destabilize and moisten the tropospheric

column.
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Stage 3 sees the reverse of the structure present in stage 1: omega anomalies are negative
in the lower portion of the tropospheric column and positive aloft in the middle free
troposphere. Also, the lifetime minimum of omega is present at the surface in stage
3. Thus, as a reflection of stage 1, stage 3 likely exhibits positive GMS with higher
MSE aloft in the upper troposphere and lower amounts in the middle free troposphere;
the structures seen in Figure 5.2 support this. The associated vertical motions lead
to the export of moisture via MSE, leading to stabilization and drying of the column
and eventual convective decay (Inoue and Backl, 2015b). Through this analysis, the
importance of atmospheric moisture’s concentration, movement, and location within the
troposphere is emphasized. And while consistent with previous research on GMS and the
impacts of environmental mixing on buoyancy/convection, the lifetime omega maximum
present at the bottom of the tropospheric column and the net positive plume buoyancy

(Figure 5.1) in stage 1 suggest contention with moisture quasi-equilibrium.
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Chapter 6

Summary & Conclusions

6.1 Addressing the Hypotheses

Looking to better understand the thermodynamics that drive mesoscale-convection, this
study utilized a novel MCS storm tracking dataset to address the main question: How
do buoyancy and moisture affect isolated tropical MCSs throughout their life cycles? In
response to this question, we posited two hypotheses to understand the role of buoyancy
and moisture in the MCS life cycle; to test these hypotheses, we carried out a composite
analysis following the three stages of the MCS life cycle, as shown in Figure 1.2, using
the TIMPS data set and ERA5/IMERG data. Results from this analysis provide the

following answers to our hypotheses.
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Hypothesis 1: Enhanced moisture in the lower troposphere evolves with

convection, where maximum column moisture occurs alongside maximum

updraft speeds, buoyancy, and precipitation.

First focusing on observations of MCS initiation, we saw warm, dry air aloft acting
to cap and prevent further vertical development. In stabilizing the atmosphere at this
level, boundary layer and LFT mass and energy locally accumulates. This restriction
in vertical motion is confirmed by the composited vertical omega profiles (Figures 4.2
and 4.3) where negative anomalies halt near 700 hPa, within the free troposphere, and
where clouds remain shallow. Figure 6.1 illustrates those present patterns in the specific
humidity, vertical motions, and cloud morphology. The relation between these variables
by extension then act as key components in the ability of convective plumes to continue
building, and eventually precipitating out. The highest values of instability (buoyancy)
are anticipated to coexist with the highest rates of precipitation within an MCS’s life.
We show that large accumulations of surface moisture and boundary layer and LE'T
instability are linked to the vertical development that large-scale precipitation requires.
This highlights the crucial importance of having enough lower-tropospheric moisture build
in order for deep convection to occur in the first place. The observed dry and warm cap at
700 hPa is thus a necessary structure for the build-up of the local moisture and buoyancy

building tropical convective systems require.



|

H
B [ —
—

FIGURE 6.1: Schematic of anticipated cloud structures based on obtained results. Blue

indicates areas of enhanced specific humidity and vice versa for tan areas and is based on

the results shown in Fig. 4.5. Green arrows indicate horizontal winds, as shown in Fig.

4.1, and the subsequent areas of convergence/entrainment and divergence/detrainment.

Red arrows indicate vertical motions, as shown in Fig. 4.2. Profiles are separated into

four areas: the surface, boundary layer (1000-850 hPa), lower free troposphere (850-600
hPa), and the upper troposphere (600-100 hPa).

Shifting to focus on the temporal evolution of lower-tropospheric moisture, it arises as an
important element in the development and initiation of tropical deep convection. How-

ever, discrepancies with previous research were observed between the moisture-buoyancy

relationship when the entire MCS life cycle is considered in the analysis (Inoue and

Back, 20154, |Schiro et al., 2018, |Schiro and Neelin, 2019). Looking specifically at pre-

cipitation rate trends, there is a notable pattern present which deviates from moisture

quasi-equilibrium. Figure 6.1 shows positive plume buoyancy anomalies occurring in
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stage 1 while Figure 4.4 shows the greatest precipitation rates occurring within stage 2.
Under moisture quasi-equilibrium, a buoyant plume is anticipated to entrain dry air thus
decreasing the buoyancy; this causes upward motions to halt, evaporation to disperse re-
maining moisture, and detrainment of the vapor into the surrounding atmosphere. Under
this framework, convection relies on the continuous creation of new convective plumes in
order to establish a moist environment where latent heating (via condensation in moist,

rising plumes) stabilizes and deepens the convective core plume (Sessions et al., [2019)).

This suggestion that moist convection uses potential energy at the rate in which it is
provided via larger scale processes is not seen in the results of this research when the
entire MCS life cycle is considered; instead, a temporal gap is present between greatest
plume buoyancy (Fig. 5.1) and moisture/precipitation (Figs. 3.3 and 4.5) in terms
of which life cycle stage they occur. The existence of a warm and dry capping layer
(Fig. 4.3) does act to follow moisture quasi-equilibrium when only convective initiation
is considered. However, when analyzed with the observation that greatest lifetime plume
buoyancy occurs during stage 1, they together diverge from moisture quasi-equilibrium.
Under said framework, the most stable environments should additionally be the moistest;
the MCS life cycle breaks from this in the time lapse observed between greatest plume
buoyancy (i.e. stage 1), precipitation rates (i.e. stage 2), and moisture (i.e. stage 3)
(Sessions et al.; 2019). Stage 3 has the highest humidity and stability, but the total
plume buoyancy observed is still negative. Moisture quasi-equilibrium does not account
for external dynamics, such as the influence of gravity waves and their dissipation, and

may explain the disconnect observed in our results (Adames Corraliza et al., [2024)). An
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interesting development, this result directly disagrees with our hypothesis that maximum

updraft speeds, buoyancy, and precipitation coevolve throughout the MCS life cycle.

Hypothesis 2: Updraft dilution by mixing with the environment acts to

suppress buoyancy and is the leading contributor to MCS decay.

The different vertical profiles MCSs see throughout their life were covered in this re-
search. In reference to modern theories on the mechanics and structures that make up
tropical deep convection, we address the second hypothesis and look at the relevance
mixing and dilution play in the evolution of a convective plume. Contemporary research
has emphasized how MCS structure continues to evolve with the entrainment of high po-
tential vorticity and buoyancy (Schiro and Neelin| [2019). As shown previously, horizontal
(meridional and zonal) winds within the vertical structure of the troposphere consist of
convergence at the bottom of the active convective cell and divergence aloft. These struc-
tures result in environmental air being brought into the bottom of the plume acting to
mix before it is carried aloft through the column. Arising as a result of buoyant motions,
surface level convergence, which acts to bring in environmental air, was present in both
stages 1 and 2. During MCS decay, the convergent wind pattern occurred at a higher
elevation; here, moistened air from the middle free troposphere is brought into the plume
and mixes. As new convection creation ceases, the upper troposphere is left as a moist

and cool region.
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Having established the occurrence of mixing at multiple pressure levels for each stage
in the MCS life cycle, further conclusions can be inferred. In context with mixing, a
relationship arises between precipitation, buoyancy, and vertical motion (omega). As
shown in section 3, stages 1 and 2 saw positive, linear relationships between omega and
precipitation rates. When considering how vertical motions arise as an expression of
mass conservation by causing convergence at lower levels and divergence aloft, omega
becomes a useful metric in indicating how mixing exerts impacts on MCS structures
and their evolutions. Focusing on stage 1, upward vertical motions were confined to
the lower troposphere where, as shown in Fig 5.1, undilute (unmixed) air exerts more
influence on the buoyancy as opposed to the dilute component. Stage 2 observed near-
mean total buoyancy arising as the dilute and undilute components act to cancel one
another out; here, the convective plume was observed throughout the entirety of the
profile. Stage 3, however, diverges from our hypothesis where the undilute component is
the dominant influence. Figure 5.2 showed low MSE values near the surface and positive
vertical motions in the upper free troposphere (Figure 4.2) occurring in MCS decay.
This indicates the moisture present in the upper troposphere is acting to stabilize the
environment and directly disagrees with our hypothesis. With impacts from the dilute
component suppressed, the dilute and undilute components do not cancel one another
out as moisture quasi-equilibrium stipulates. As a result, enhanced undilute component
is associated with the stabilization of the lower troposphere and the inevitable cessation

of convective plume creation and disagrees with our hypothesis.
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6.2 Stipulations in Using ERA5 Data

A significant caveat that must be kept in mind in the reading of the results arises in terms
of reanalysis data’s accuracy and reliability. The reanalysis used here was from ERA5; not
an observation product, this data instead provides the best estimate of the real state of
the atmosphere. Models are used to fill in the blanks left behind by observations in order
to produce temporally and spatially higher-resolved products. Many of the variables used
in this research, including MSE and vertical velocity, rely on model outputs as they have
components unable to be either measured remotely or at the resolution needed (Wolding

et al., 2022).

Figures 3.3 and 3.4 reflect some of the issues associated with using reanalysis data. In
analysis of the precipitation data specifically, ERA5, a reanalysis product, was compared
to observations via IMERG data. Significant disagreements were found between the two
in terms of overall lifetime precipitation rate averages as well as the course and magnitude
of said rate’s evolution through time and space. An example of these disagreements lies
in analysis on the decay stage of the MCS life cycle where no discernable patterns were
observed between ERA5 and IMERG data. Reasons for such discrepancies are yet to
be fully understood, but a large portion of the variance may be attributed to the on-
going investigation of stratiform growth and structures in MCSs. At the moment of this
writing, capturing and modeling significant changes in the stratiform deck of mature
and decaying MCSs remains difficult. Such disagreements, especially in the tropics, are

a well-known downside of utilizing reanalysis (Xin et al., |2021). The processes behind
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precipitation formation in tropical mesoscale storms remain an area of active research
and thus partially drive our own future research endeavors in determining the physical

mechanisms underlying tropical convection.

Another issue that arose in the course of this research pertains to the disagreements
between the omega and precipitation values analyzed; figs. 3.4 and 3.6 highlight this dis-
parity. One possible explanation lies in the algorithms of the storm tracking dataset used
to create our areal composites of MCS life cycle stages. In it, the definition of the spatial
bounds used are well-known to experience difficulties in accurately following consecutive
objects through different time steps. Fast-propagating MCSs within a sheared environ-
ment and long time gaps between consecutive time steps are both capable of moving
and shifting a system faster than what can be captured in certain temporal resolutions.
Beyond the tracking algorithm, however, the likely culprit for the omega-precipitation
disagreements lies in the reanalysis’s precipitation product. Previous research has shown
there are biases in certain ERAb5 products. Precipitation rates and accumulations are
consistently underestimated; ERA5 struggles to accurately model highest-observed pre-
cipitation values (Lavers et al., 2022). General locations and large-scale patterns are still
captured, but do not apply within the scope of this research. As such, the results of this
research must be interpreted with these limitations in mind; addressing these limitations

is included in our anticipated future analysis.

The tropics, in particular, stand out as an area where ERA5 struggles to accurately cap-

ture the mechanisms present. Vitart et al.|(2022)) showed ERAD5 struggled with forecasting



50

convective precipitation, even when utilizing a 12 hour lead. Reasons for this disparity
were shown to be a result of the ERA5 model misrepresenting upper-level divergence.
Potential further error may lie in the disparities present within the interactions between
convection and surface anomalies (Lavers et al., 2022). While these disagreements may
be a caveat to our research, they help to identify ways in which reanalysis can be adjusted

to more accurately describe the state of the atmosphere.

6.3 Future Plans and Applications

With the current composite data, future endeavors will include significance and impact
studies of storm location; continental and oceanic systems will be compared and fur-
ther regional dependence will be explored. Current research has begun to address these
regional differences (Galarneau Jr et al., 2023, Houze Jr, 2004, 2014} Schumacher and
Rasmussen, 2020). Additionally, as shown in Fig. 3.1, concentrations of MCS occurrence
varies widely across the tropics where different environmental factors may influence con-
vection in different ways. To address ERA5’s underestimation of precipitation rates, it
will be calculated as a residual from the dry static energy budget. Constrained by obser-
vations, this method may produce better precipitation estimates from the reanalysis used
(Back and Bretherton, [2009). Profile analysis of the buoyancy and its component terms
will additionally be considered; uncertainty still lies in the vertical distribution and impact
of buoyant forces above the boundary layer and LFT. Further analysis will include cloud
morphology data from CloudSat (Stephens et al., 2008) and CALIPSO (Winker et al.|

2010)) satellites with the goal to better understand the disagreements between IMERG
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and ERA5 during MCS decay. Exploring alternate definitions of the decay stage, such as

the charging and discharging cycles highlighted in Wolding et al. (2020), could also help

us better understand this discrepancy.

6.4 An Afterword

Lastly, the research and hypotheses surrounding this topic must be considered within
the mindframe of real world impacts and implications. Despite ongoing progress in the
research and understanding of tropical deep convection, the humanitarian motivation still
remains. The tropics contain 40% of the human population (Edelman et al., 2014)). The
processes that occur within the tropics are thus vital to the livelihood of these people,
and are also fundamental to the stability of earth’s climate in the redistribution of global
energy |Zipser| (2003)). MCSs are notorious for producing dangerous conditions including
strong winds, landslides, and lightning, any of which are capable of significant damage and
may lead to loss of life (Engel et al. 2017, Rajagopal et al. 2023). Better understanding
of the relationship between tropical deep convection and MCS structures and evolutions
ultimately mean better simulation of them in both climate and forecasting models, acting

to save lives by improving severe tropical storm forecasting and preparedness.
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