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Abstract

ECMWEF high resolution (~ 9 km) operational forecast analyses of potential vorticity (PV) are
used to explore the diurnal cycle of Gulf Coast tropical cyclones (TCs) during 2020 — 2022. The
standard deviation of PV, gpy,, within horizontal domains centered on each TC is calculated at
the 100 hPa pressure level. A case study of TC Marco, plus two composites (all 2020 Gulf of

Mexico TCs and all 2020 — 2022 Gulf of Mexico TCs) are described in this thesis.

The upper troposphere/lower stratosphere (UTLS) is a focal region of interest since gp; exhibits
a maximum at the base of the stratosphere above TCs. Variability of PV in the UTLS is related
to updrafts in the TC. A noticeable diurnal cycle in op, was seen in the case study of TC Marco.
Marco having never reached an intensity of category 2 (C2) over its lifespan, while also never
making full landfall, was expected to have maximum values of op, around sunrise, which proved
to be true for most of the days studied. An annulus method described showed that maxima in
opy at 100 hPa also did not propagate outward from the center of the storm over the course of the

day.

The composite studies of Gulf Coast TCs showed a noticeable, yet not statistically significant,
diurnal cycle in gpy at 100 hPa for C2 or stronger TCs, with maxima around midnight. A
weaker diurnal cycle was observed when looking at C1 or weaker TCs, with maxima closer to
sunrise. The inner ring of mature hurricanes showed a statistically significant diurnal cycle in
opy at 100 hPa, with peaks aligning with the hypothesized maxima near midnight. This was

expected, as opy is tied to the location of the updrafts in convection. Convection near the center



of TCs exhibited a stronger diurnal cycle. This midnight maximum is consistent with radiative

theories of the cloud greenhouse effect.
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Chapter 1. Introduction

Tropical cyclones are strong, tropical, low-pressure systems that harm many communities
worldwide. Due to their strength and consequences, these storms have long been researched.
Recently, research has begun to highlight the diurnal cycle of hurricanes. The diurnal cycle of a
hurricane is the variation in storm strength and structure throughout a day. Even with the
increased scrutiny of the diurnal cycle, many questions remain unanswered, such as how well
high-resolution models are predicting this cyclic nature.

This study sets out to examine the diurnal cycle of potential vorticity (PV) variability in
the upper troposphere/lower stratosphere (UTLS) found in the European Centre Medium Range
Weather Forecasts IFS High-Resolution Operational Forecasts for tropical cyclones in the Gulf
of Mexico. The original focus of this study was the record-breaking 2020 Atlantic Hurricane
season. However, the focus then expanded to include both 2021 and 2022 Gulf of Mexico
tropical cyclones to allow for stronger statistical statements.

In this thesis, storms will be classified using the National Hurricane Center (NHC) and
the Saffir Simpson Scale. Table 1.1 presents the classifications and the wind speed range of each
category. A tropical depression is an organized tropical cyclone with winds up to 38 mph. A
tropical storm has winds between 39 and 73 mph, and a hurricane is classified as any tropical

cyclone with winds exceeding 74 mph.



Wind Speed (MPH) Abbreviation used in this thesis

< 38 mph

Tropical Depression TD
> 39 mph

Tropical Storm TS
< 73 mph
> 74 mph

Category 1 Hurricane C1
b < 95 mph
> 96 mph

Category 2 Hurricane C2
< 110 mph
> 111 mph

Category 3 Hurricane C3
< 129 mph
> 130 mph

Category 4 Hurricane C4
< 156 mph
> 157 mph

Category 5 Hurricane Cs

Table 1.1. Naming conventions for classifying tropical cyclone strength in the Atlantic basin.



1.1. The Historic 2020 Atlantic Hurricane Season

The 2020 Atlantic hurricane season is chosen for study because it was an overly active
storm season, especially in the Gulf of Mexico. In total, a record-breaking 30 named storm
systems occurred during the 2020 Atlantic hurricane season (Reed et al., 2022), along with 14
such storms reaching the criteria for a Category 1 or stronger hurricane. The first major
hurricane of the season, Hurricane Laura, occurred in late August. Laura was the most damaging
of the 2020 landfalling storms (Probst et al., 2021), accounting for over $18 billion according to
AON’s 2020 Annual Report (2021). Four of the top ten global economic loss events in 2020 are
tied to the Atlantic Hurricane Season (2020 Annual Report), with Laura being the second most

costly event overall.

1.1.1 2020 Gulf of Mexico

Many (nine) of the storms during the 2020 Atlantic hurricane season crossed through the
Gulf of Mexico and made landfall along the Gulf Coast, making the basin intriguing to study.
Not only were there many storms that went through the Gulf, but many had very similar tracks
and made landfall (or neared land) very close to each other. Out of the nine storms in the Gulf,
four (Cristobal, Laura, Delta, and Zeta) made landfall along the coast of Louisiana, with a fifth

(Marco) dissipating right off the coast (Blackwell 2020).



Date of Storm

Hanna July 23 — 26
Laura August 20 — 29
Marco August 21 - 25
Sally September 11 — 17
Gamma October 2 — 6
Delta October 4 — 10
Zeta October 24 — 29
Eta October 31 — November 13
Iota November 13 — 18

Table 1.2. Hurricanes used in creating a composite of 2020 Gulf of Mexico storms.

In this study, composites were created for analysis, including tropical cyclones in the
Gulf of Mexico that intensified to a Category 1 or stronger hurricane. Table 1.2 shows each

storm in 2020 that met this criterion and was thus used in the results found in this thesis.

1.1.2. Further Storms Included

To further our analysis, additional storms were added to the composite (Table 1.3). Each
of these storms passed through the Gulf of Mexico in either 2021 or 2022 and reached an
intensity of Category 1 or stronger. These two hurricane seasons were not as active as the 2020
hurricane season, but added six additional storms, bringing the total storms included in this

research to 15.



Elsa June 30 — July 9, 2021
Grace August 13 —21, 2021
Ida August 26 — September 1, 2021
Nicholas September 12 — 15, 2021
Ian September 23 — 30, 2022
Lisa October 31 — November 5, 2022

Table 1.3. Additional hurricanes included in a composite from 2021 and 2022.

1.2. Motivation: The Diurnal Cycle in Past Research

Prior to research looking at the diurnal cycle of tropical cyclones, the diurnal cycle of
other forms of tropical rainfall and convection was found to peak in the early morning around 6
AM local time, with a minimum after sunset (Gray and Jacobson, 1977). Jiang et al. (2011)
binned data collected during the Tropical Rainfall Measuring Mission to look at tropical cyclones
and found that rainfall cycles found in the satellite data were similar to that found by
observations by Gray and Jacobson (1977). Bowman and Fowler (2015) also found a 6 AM
local time peak in rainfall in a composite of 85,000 observations of tropical cyclones. Wu and
Ruan (2016) found that minima in IR brightness temperature in Typhoon Saola occurred prior to

sunrise, due to nighttime radiative cooling (Melhauser and Zhang, 2014; Duran et al., 2021).

Dunion et al. (2014) studied TCs from 2001 to 2010 and found an outward pulse of
cloud-top temperature related to behavior of the cirrus canopy, starting near the storm’s center
near sunrise. Ruppert and O’Neill (2019) attributed this pulsation as a response to solar
warming, exciting inertia-gravity waves to travel outwards from the storm center, which work to

then reduce the temperature anomalies. Navarro and Hakim (2016) hypothesized that solar



warming and latent heating were both important to aspects of the diurnal cycle of tropical
cyclones.

Ruppert and Hohenegger (2018) found that the lapse-rate mechanism, which states that
cooling overnight leads to greater convection, creates a bottom-heavy circulation, where
convective heating is strongest in the lower troposphere, allowing for deeper convection.
However, the differential cloudy-clear radiation mechanism delays the peak for about five hours,
explaining differences in peaks of rainfall between their organized (closer to midnight) and
unorganized (closer to 6 AM) convection model outputs. Evans and Nolan (2022) found a
similar result in the height of the cirrus canopy. Results in Hitchman and Rowe (2024) show a
similar pattern change from a peak at midnight to a peak at 6 AM when looking at UTLS opy, in

mature hurricanes versus weaker hurricanes.

1.3. Why Potential Vorticity?

The ECMWEF (2016) model provides Ertel’s PV in pressure-coordinates, which ECMWF
calculates from zonal, meridional, and vertical winds (u, v, and w) and temperature (T)
(ECMWF 2023). Although the ECMWF model does not use the conservation equation for
Ertel’s PV to calculate potential vorticity, this equation is useful for discussing formation

mechanisms. Following Andrews et al. (1987), Ertel’s PV is defined to be:
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Where X and Y are the components of the net viscous force per unit mass, and Q is the diabatic

heating rate for potential temperature, and &is the potential temperature. PV anomalies are



created through diabatic processes. In the PV conservation equation, these processes are
1

represented by the diabatic stretching tendency, ~(f+9 ‘;—S, and diabatic tilting tendency,

L (6_9"_“ _ 9 ‘7")
po "0y 0z ox 0z7°

and can be advected into the UTLS quickly by updrafts (Hitchman and Rowe

PV dipoles in the UTLS are created when an updraft brings horizontal winds to a layer
with differing winds. Chagnon and Gray (2009) found that vertical wind shear was needed for
these horizontal dipoles to be formed. Hitchman and Rowe (2014) found dipoles on the order of
10 PVU, similar to maximum values of opy in this work. The inertially unstable member of the
dipole (negative member in the Northern Hemisphere) is formed radially outward of the cyclonic
jetlet in a TC (Hitchman and Rowe, 2019). This member of the dipole can play a role in

enhancing downstream convection (Holland and Merrill, 1984).

1.4. Research Objectives
This thesis seeks to answer three main questions regarding UTLS potential vorticity
variability observed in Gulf of Mexico tropical cyclones using ECMWF high resolution data.

1. Is the diurnal cycle of opy, (standard deviation of potential vorticity) in a mature
hurricane (category 2 or stronger, or C2S) different than that in a weaker hurricane
(category 1 or weaker, or C1W)? In particular, does the peak in opy, shift from 6 AM to
midnight, as anticipated by Ruppert and Hohenegger (2018)?

2. Does opy, propagate radially outward over the course of a day, similar to the cycle in
cirrus canopy found by Dunion et al. (2014)?

3. Does the diurnal cycle of op, change when a storm nears landfall, similar to results found

in Gray and Jacobson (1977) and Jiang et al. (2011)?



Chapter 2 describes the data sets and methods used in this research. In Chapter 3 a case
study of the lifespan of Hurricane Marco will be presented, and the diurnal cycle will be
assessed. Chapter 4 describes results from the composite analyses and discusses statistical
significance of the findings. Lastly, Chapter 5 provides conclusions and a description of

potential future work.



Chapter 2. Data Sets and Methods

2.1. PV Variability
This thesis investigates the temporal variation of potential vorticity (PV) in tropical

cyclones (TCs), using a measure of mesoscale variability over the domain. opy, or the root mean

square of PV is calculated as op, = W , as in Hitchman and Rowe (2024). These values are
then expressed in potential vorticity units (PVU). Results in this paper are shown for the whole
domain of the storm (666 km x 666 km) at every time-step, which is further divided into four
quadrants of (333 km x 333 km) (Figure 2.1a), and rings of 111 km, 222 km, and 333 km radii

(Figure 2.1b).

2.2. European Centre for Medium-Range Weather Forecasts IFS High-Resolution
Operational Forecasts

This thesis uses data from the European Centre Medium-Range Weather Forecasts IFS
High Resolution Operational Forecasts (ECMWF, 2016). These operational 6-hourly
atmospheric isobaric analyses have a grid-point spacing of 0.07° or ~ 7.8 km. The data set is
available from 1 January 2016 to the present day, which fully encompasses the time period of
storms studied in this thesis. The main variable researched in this paper, potential vorticity, is
calculated in the ECMWF model using wind, temperature, and pressure values (ECMWF, 2023).
The National Center for Atmospheric Research Data Support Section (NCAR) transformed the
ECMWEF data set into a 5120 longitude by 2560 latitude Gaussian grid.

ECMWEF data are downloaded for each 6-hour time interval encompassing the whole
storm duration. At each timestep, a subset of 86 X 86 grid points is extracted in an array

centered on the storm track, which is defined by the National Hurricane Center’s Best Track data
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(HURDAT, short for Hurricane Databases). Each 86 x 86 grid is further binned into quadrants

and annuli, which will be defined in sections 2.4 and 2.5.

2.3. National Hurricane Center Reports and Best-Track Data

For every time step over the course of a storm, the center is determined using the
National Hurricane Center’s (NHC’s) Tropical Cyclone Reports that were released for each
storm months after the storm occurred. Each of these reports give detailed descriptions of the
intensity of the storms, the history of their formation, and statistics of damage, casualties,
warnings, and watches that were generated over the lifespan of the storm. These reports also
include the best track estimate for the center of the hurricanes at each timestep. The same
timeline is found using NHC’s HurDat data set, which is used to specify the storm track center
locations. The HurDat data set contains estimated storm tracks dating back to the 1800s. The
data set also includes minimum sea level pressure and maximum wind speed observed near the
center of the storm. Using the HurDat’s maximum wind speed values, the intensity of the storm
is classified according to Table 1.1. The HurDat timeline matches the timeline of the ECMWF
dataset used, thus the NHC best track estimate is used as the center of the storm when extracting

the subset of data from the ECMWF grid.

2.4. Quadrant Method

The HurDat’s best track data set allows for our original binning of the NCAR ECMWF
grid around the center latitude and longitude. Originally, an 86 x 86 grid is created around the
best track center, and this represents the entire domain of the storm, approximately a 666 X 666

km square. The entire domain is then binned once again into four quadrants that were labeled
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based off their orientation in the storm. Figure 2.1a depicts where each quadrant lies in relation

to the center of the storm (Hitchman and Rowe, 2024).

a) b)

Q2 Q1
N
Nt
Q3 Q4 A2

A3

Figure 2.1. a) Depiction of whole storm domain broken into four quadrants. Naming convention
always has Quadrant 1 in the northeast corner of the storm, and then naming progresses
counterclockwise. b) Depiction of annulus method, with A1 representing the inner ring, A2

representing the middle ring, and A3 representing the outer ring.

From Figure 2.1a, we see that Quadrant 1 is the northeast quadrant of the storm.
Numerically the quadrants progress counterclockwise, where Quadrant 2 is the northwest
quadrant, Quadrant 3 is the southwest quadrant, and Quadrant 4 is the southeast quadrant. The
figure also shows the size of each quadrant. Since the entire domain of the storm is an 86 x
86 grid, each quadrant then is 43 x 43 grid points, or ~ 333 X 333 km in area. Each quadrant
holds 1849 data points, and the whole domain is 7396 data points.

The Quadrant method is useful for looking at the progression of opy in different regions
of the storm. Mesoscale variability in 6py, can be analyzed due to the structure of updrafts in the
cyclone. A couple of features that can lead to local asymmetries are land coverage (the
percentage of surface in each subdomain over land), and wind shear. The additional binning can

also allow for patterns to be shown which may be flattened out when averaging over the entire

86 x 86 grid box.
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2.5. Annulus Method

The annulus method is used to determine if there is a noticeable radial propagation of
opy outward from the center over the course of a day. Binning is similar to that of the additional
binning for the quadrant method. However, instead of being divided into four quadrants, the
original domain is broken into three rings of different diameters around the center of the storm
given by HurDat. Figure 2.1b shows pictorially how these rings look from an overhead view of
the storm. The first ring has a radius of 111 kilometers, centered at the storms center. Ring 2 has
a radius of 222 kilometers around the center of the storm; however, the inner circle of 111 km
radius is removed, isolating the part of the ring which does not overlap with the first ring. Ring 3
is similar in nature, where it has a radius of 333 km, but the inner circle of 222 km is removed to

again isolate the ring.

2.6. Statistical Tests Performed
Two main statistical significance tests were used when evaluating the data; the Welch’s t-

test and the Analysis of Variance (ANOVA) test.

2.6.1. Welch’s t-test

The Student t-test (Student, 1908) is a statistical test that assesses whether or not the
means of two data groups are statistically different (Mishra et al., 2019). The resulting p-value of
the test tells the user if the means are significantly different from each other (p-value small) or if
there is no real difference between the means (p-value large). In the work that follows, a one-

sided Welch’s t-test (West, 2021; Welch, 1938) was used to determine if data divided into
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different time bins differed in distribution. The t-tests are conducted after an Analysis of
Variance test to conclude that at least one bin had a significantly different mean than the other
time bins.

The reason for using a Welch’s T-test versus a Student T-test is due to differences in
variance. A Student’s T-test assumes that the variance of both groups are equal. However, when
using a Levene test (Mishra et al., 2019) to check for equal variance between bins, the results
showed that some, but not all, data bins had an equal variance. Also, the sample sizes in each of
the bins are not equal. The combination of non-equal sample sizes and a difference in variances
led to the decision to use Welch’s t-test. Lastly, it has been shown that using Welch’s t-test on

data with equal variance leads to conclusions similar to those of a Student’s t-test (West, 2021).

2.6.2. Analysis of Variance test (ANOVA)

An Analysis of variance (ANOVA) test was used to test the means of each of the time
bins against each other when binning data. An ANOVA test compares the means of multiple
groups and shows if there is one group-mean which is different than another (Mishra et al.,
2019). If there is one such mean that is drastically different than another group’s mean, then the
ANOVA test will return a small, statistically significant p-value (Mishra et al., 2019). The
ANOVA tests used in this thesis were done prior to performing a Welch’s t-test or a Mann-

Whitney U-test.

2.7. Times Used
The data were originally provided in Coordinated Universal Time (UTC) for ECMWF

variables and the storm track. This was then converted to the local time for each time step using
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proper time zones based on where storms were positioned at each time step. Times were
converted to daylight saving time for time steps that fell between March 8 and November 1,
2020. Any time steps that fell after November 1 at 2 AM local daylight time were converted to
standard time (most of Hurricane Eta and all of Hurricane Iota). All storms in 2021 and 2022

were converted to daylight saving time.
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Chapter 3. Hurricane Marco Case Study

3.1. Introduction to storm

Hurricane Marco was the 13™ named storm of the Atlantic Hurricane season, and the
third storm system to cross through the Gulf of Mexico. Marco impacted multiple areas,
including Cuba, Central America, and the Gulf Coast of the United States. Although Marco was
not a particularly damaging storm, the timing of it along the Gulf Coast was significant, as major

hurricane Laura made landfall close by, shortly after Marco dissipated.

95°W 90°W 85°W 80°W 75°W
30°N 30°N
305
25°N 25°N " 304
Y 303
20°N . 20N 302
: 301
D . T 300
15°N , ~ e 1AM 08/21 15°N
: - ‘ 299
' ‘, 298
10°N 10°N
£

95°W 90°W 85°W 80°W 75°W
Figure 3.1. Hurricane Marco sea surface temperature plot with hurricane track (HURDAT)

overlayed. Three key times are highlighted, when Marco first organized into a TD, when Marco

first intensified to C1, and the last time-step before Marco dissipated.
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Hurricane Marco was a short-lived TC which traversed through the Gulf of Mexico in
August of 2020. The storm system began as a tropical wave off the coast of Africa which
formed 10 days before Marco was first classified as a TD (Bevin and Berg, 2021). Marco never
made official landfall, however. Both when first strengthening near Central America (1 AM
August 21, Fig. 3.1), and when dissipating near Louisiana (7 PM August 24, Fig. 3.1), the center
of the storm was very close to land (Bevin and Berg, 2021). Figure 3.1 suggests how Marco was
aided by favorable sea surface temperatures (SSTs) in the Gulf of Mexico, where temperatures
were 302 K (28.85°C) or warmer. Marco strengthened to C1, with maximum wind speeds of 65
kt during the morning of August 23 (Fig. 3.1) before weakening to a TS that afternoon due to
wind shear (Bevin and Berg 2021). As the storm moved closer to the Gulf Coast, it continued to
weaken before dissipating, with the center of the storm being located just off the coast of
Louisiana.

Figure 3.2a shows 250 hPa geopotential height on the morning of August 23, 2020, when
Marco intensified to C1. A noticeable upper-level trough is present over Texas and Mexico, to
the northwest of Hurricane Marco. Over the course of Hurricane Marco’s duration, this trough
steered Marco toward the north-northwest (Bevin and Berg, 2021). The trough played a major
role in keeping Marco from ever making landfall, as it steered the storm center off the coasts of
Central America and Cuba early in the storm’s lifespan. It also created wind shear that caused
Marco to dissipate off the coast of Louisiana (Bevin and Berg, 2021). Figure 3.2b shows 700
hPa geopotential height at the same time as Fig. 3.2a. In this, Marco has entered the Gulf of
Mexico, having passed Cuba and the Yucatan Peninsula. Behind Marco, Hurricane Laura is
starting to deepen in the Caribbean (Fig.3.1b). Hurricane Laura would follow a similar path to

Marco, becoming the first major hurricane of the 2020 Atlantic hurricane season.
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110°W 100°W MW 80°W 110°W 100°W 90°W 80°W

a)

Figure 3.2. a) 250 hPa geopotential height (m) and b) 700 hPa geopotential height (m) on the

morning (give time) of August 23, 2020.

3.2. Diurnal cycle in PV variability
3.2.1 Whole Storm Domain

It is hypothesized that the diurnal cycle of op in Hurricane Marco would have maxima
and minima that would align with prior research focused on the convection and rainfall diurnal
cycles in TCs. For Hurricane Marco, past research would suggest maxima in opy; found near
sunrise and minima in the late afternoon/evening (Jiang et al., 2011, Ruppert and Hohenegger,
2018), as Marco never intensified past C1. It is also important to note that, for the duration of
when Hurricane Marco was first classified as a TD up until when it dissipated, the hurricane
never made landfall. Since Marco never made landfall, it is not expected that there would be a
second maxima in gpy, found in the afternoon similar to convection in Jiang et al. (2011) and

Gray and Jacobson (1977). Figure 3.3 shows that opy, at 100 hPa in Hurricane Marco over the
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whole storm domain exhibits a peak around sunrise (7 AM) for two of the three days when
Marco was classified as a TS or stronger. The third day of Marco’s lifespan showed a slightly
later peak around 1 PM. Daily minima in op occurred in the later evening of each day, around

7 PM local time. These maxima and minima align well with the previously stated hypothesis.

opy’

1AM 7AM 1PM 7PM 1AM 7AM 1PM 7PM 1AM 7PM 1AM 7AM 1PM 7PM
Local Time

Figure 3.3. Time series of ECMWF 100 hPa g, for TC Marco during 1 AM August 21 to 7 PM

August 24 CDT, using the full storm domain.

Figure 3.4 shows the distribution of gp in four time bins, which includes data from 1
AM August 21 — 7 PM August 24 CDT. This binning presents a complementary view of the
diurnal cycle found in Hurricane Marco. Each “violin plot” shows the density of data points as
proportional to width. A wider portion of the violin plot means that there are more samples with
that value of the vertical axis. Thin regions indicate little to no data points. If we were to look at
the violin plot representing 1 AM Local Time for Marco, there are two regions that are similarly
wide. Each of these regions have two data points in the vicinity. The thin portion in the middle

shows that there are no data points in the middle of the distribution. So, there is a bimodal



19

distribution. Inside of each violin diagram is a thin black line and a thick black line. The thin
black line spans the violin and shows the range between the maximum and minimum values.
The thick black line shows the interquartile range (75" percentile — 25" percentile). The black
lines are not important when looking at Hurricane Marco due to lack of data, however, they are
when looking at composite results in Chapter 4. Looking at Fig. 3.4, a peak in gpy, is seen
around 7 AM, where there are multiple data points (3) in between 4 and 6 PVU. The 1 PM
violin plot shows the early afternoon maximum which is seen in Fig. 3.3. However, the | PM

violin plot is widest around 2.5 — 3.5 PVU.

-t | ‘
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(2]

B

N

Local Time
Figure 3.4. Distribution of values of 100 hPa apy,, or “violin plot”, used in ANOVA test for TC

Marco for the whole storm domain during 1 AM August 21 to 7 PM August 24, 2020 CDT.

The spatial and temporal correlation between stronger PV dipoles and convective
strength can be seen in Fig. 3.5. Here, the diurnal cycle of both PV at 100 hPa and the channel
13 clean IR window satellite are shown. The clean IR window is chosen as it can be used to

estimate cloud top brightness temperature (CIMSS).
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Figure 3.5. Maps of 100 hPa potential vorticity (left), and Channel 13 IR longwave outgoing
radiances (right), showing the correlation between PV characteristics and convection throughout
the course of one day (7 PM CDT 21 August, 1 AM CDT 22 August, 7 AM CDT 22 August, and

1 PM 22 August) over Hurricane Marco.
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In the PV maps on the left, a clear diurnal cycle in PV dipoles is seen. A peak in strength
of dipoles can be seen at 7 AM, August 22 (cf. Fig. 3.3). This peak aligns with strong minima
found in the IR radiances on the right. These minima suggest strong convection in this area. A
feature to notice is that both the PV filaments and the convection have a similar comma shape.
In Quadrant 1, extended convection is found radially outwards from the negative PV filament

(inertially unstable).

3.2.2 Quadrant Method

opy in each of the four quadrants of TC Marco has the same pattern as gp, for the whole
storm domain. There were some minute differences both between the whole storm g, and
individual quadrants, and gpy between two separate individual quadrants. As stated above,
Marco was closest to land, both as it was first strengthening to a TD near Central America, and
then as it started to dissipate off the Louisiana coast. Due to this positioning, we hypothesized
that certain quadrants may peak at different times, depending on if they were over land or not,
following Gray and Jacobson (1977) and Jiang et al. (2011).

Figure 3.6 shows that for the most part, each of the quadrants in TC Marco are peaking at
the same time. opy in quadrants one (northwest) and three (southeast) peak at the same time as
the peak found in section 3.2.1 for the whole storm domain. Quadrant two (northeast) peaks in
sync with these two quadrants on days two through four, and quadrant four (southwest) does not
peak in sync with the other quadrants on days 1 and 3. Although this difference was not
explored further in this case study, it provides a hypothesis which will be tested in the composite
analysis. The hypothesis is that land could have an important effect on the diurnal cycle for

quadrant four. On the first day, when Hurricane Marco was first classified as a Tropical
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Depression, both quadrants two and three were partially over Central America. Considering how
winds around the center of a TC rotate in the Northern Hemisphere, this means that quadrant
four would be receiving dry air from the continent, compared to the moist air that quadrants one

and two would be getting.

| —— Quadrant 1
o-PV].O /A'\ ---- Quadrant 2
i\ == Quadrant 3
A\ Quadrant 4
8
6
4

1AM 7AM 1PM 7PM 1AM 7AM 1PM 7PM 1AM 7PM 1AM 7AM 1PM 7PM

Local Time

Figure 3.6. Time series showing apy for each of TC Marco’s quadrants. Quadrants were made

to determine if the diurnal cycle of opy, differs in different sections of the storm.

3.2.3 Annulus Method

The annulus method is used to see if maxima in opy; propagate outward like Dunion et
al.’s (2014) results observing the cirrus canopy of TCs. Dunion et al. (2014) found that, over the
course of a day, the timing of the peak in higher clouds varied with radius away from the storm
center. Using IR brightness temperature, the authors found that the cirrus canopy propagated
outward from the center of the storm from early morning to sunset. Then, the cirrus canopy

would shrink again until starting the process over again the next morning (Dunion et al 2014).
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This led to the creation of an annulus method for this thesis. It was hypothesized that o should
not propagate outwards like Dunion et al’s work, since opy is tied to the location of the updrafts
instead of to the outflow cirrus. The strongest updrafts found within a TC is near the center of

the storm, and the PV dipoles which o, measures are formed due to those.
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Figure 3.7. Time series showing opy for each of TC Marco’s annuli. Annuli were made to
determine if op, propagates outwards similar to Dunion et al’s (2014) work with the cirrus

canopy.

In Fig. 3.7 there is no pattern that hints of outward propagation of opy over the course of
a day. The inner ring of Hurricane Marco shows peaks at the same interval as the whole storm
domain, and has larger o, values than the middle and outer rings for the majority of the storm.
The middle ring seems to peak in synchronicity with the inner ring, and again has higher values
of opy than the outer ring for much of the storm. These features are important to note, as a large
value of op,, would correlate with stronger convection, and the strongest convection should be

found towards the center of the storm. The outer ring does not peak in synchronicity with the
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inner and middle rings. It has a much different pattern over the course of the storm, peaking at a
different time each day. The unorganized nature of these peaks shows that there is little to no

diurnal cycle in convection along the outskirts of TC Marco.

3.3. Chapter Summary

Hurricane Marco exhibits a noticeable diurnal cycle in opy, at 100 hPa. Marco was short-
lived (four days from first being classified as a tropical depression to ultimate dissipation), thus
no significance testing was done. However, Figs. 3.3 — 3.7 show a pattern of larger op values in
the morning, with minima found in the late evening. Over most of Marco’s duration, opy, in all
four quadrants peaked at the same time each day, with small discrepancies which can be due to
quadrants being partially over land. The annulus method shows no pattern hinting at outward
propagation. Instead, opy in the middle and outer rings seem to peak at the same time as each
other. The peaks for these two rings follow the peaks found over the whole storm. The outer
ring seems to peak at varying times over the four days and does not show a pattern that alludes to
a preference of time for these peaks.

Due to Marco being short-lived, the effects of land on the diurnal cycle are not looked at
in detail. Overall, there was not enough data to make strong conclusions regarding whether the
diurnal cycle did indeed change when certain quadrants were partly over land. This will be
examined further when looking at composite results, along with more solid statistical evidence
looking at the diurnal cycle. Overall, Marco did show signs that our hypothesis has merit and led

to the creation of the composite results shown in the next section.
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Chapter 4. Composite Results for 2020 and for 2020-2022 Gulf TCs

4.1. Description of composites

After researching each of the 2020 hurricanes individually, a composite was made to test
the validity of results. By combining the storms into one data set, observations that were seen in
individual storms could be tested statistically. This allowed for binning by strength of storm and
by percentage of storm over land. Compositing allows for statistical testing, as the sample sizes
are greater than for an individual storm. It was hypothesized (Question 1) that when the
composite data is binned by storm strength, the timing of the peak of 6, would differ. The
subset of storm days where storms were C2 or stronger is expected to have a peak in opy, near
midnight, while the subset of storm days where storms were C1 or weaker is expected to have a
peak near 6 am. This result would be consistent with the results of Ruppert and Hohenegger
(2018), if true. It was also hypothesized (Question 3) that land would influence the diurnal
cycle of opy. It is expected that the diurnal cycle of 6py as a storm progressed farther over land
would mirror results in rainfall and convection found in Jiang et al. (2011), and Gray and
Jacobson (1977), where a second, greater peak would be found in the afternoon.

Two composites were made. The first was a composite of just 2020 Gulf of Mexico
hurricanes. This was the subset of storms used when beginning research on this subject and
consists of the storms listed in Table 1.2. However, when binning by storm strength, there still
was a relative lack of sample size, so a second composite was created. This composite included
Gulf of Mexico storms from 2020 through 2022. Six storms, four from 2021 and two from 2022,
were added to the original composite (Table 1.3), resulting in a total of 15 storms in the second

composite.
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Each composite data set was first binned by storm strength. Two subsets were created,
one being category 1 or weaker (C1W) storms, where all data were taken from times when each
storm was classified as C1W according to the Saffir-Simpson scale, and the other being category
2 or stronger storms (C2S). The C1W subset had much more data in it than the C2S subset,
partially since not every storm in each composite reached strength C2. The discrepancy in
sample size between the two subsets led to the addition of six more storms from 2021 and 2022
to include in the second composite.

Later, the composite data sets were also binned by fraction of storm over a land mass.
The ECMWEF land mask variable was used to assign each grid box in the model a number
between zero and one, which represents the percentage of the box over land. A land mask of zero
means that a box is fully over water, whereas a land mask of one means that the grid box is fully
over land. Any number between zero and one represents a grid box that is partially over land and
water. Since the whole storm domain consisted of 86 X 86 grid boxes, a percentage can be
calculated for how much of a storm was over land for each given time step. For example, if a
storm were fully over land for a specific time step, the land mask total would be 7396, and if the
storm were only half over land, the land mask would be 3698. Not only can the land mask be
used to evaluate the entire storm domain, it can also be easily used to look at different quadrants,
which may be helpful in understanding why certain quadrants do not always have the same

diurnal cycle as others.
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4.2. Whole Storm Domain
4.2.1. Category 1 or Weaker Storms

4.2.1.1. Results for 2020 Composite

a) 30 b) 20
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Figure 4.2. a) Violin plots showing the distributions for each time bin (in PVU) for the 2020
CI1W composite. Wider portions of violins mean higher density of data points. b) Mean values
of opy for each local time bin.

As in the Hurricane Marco case study above, the full domain was used for analyzing the
diurnal cycle. When binning into the four time bins, each bin for the 2020 composite had N =
48. Figure 4.2a shows how the values were distributed between the four time bins for CIW in
2020. Each time bin will be referred to as the middle time held within the bin (i.e. the [9PM —
3AM) bin will be referred to as the 12 AM or midnight bin). In comparison to the violin plot
shown in the Hurricane Marco case study, the distributions for each bin in Fig. 4.2 do not vary
drastically. Also, it should be noted that the thin black line in each violin shows the range of the
data in each bin. The more solid black line shows the interquartile range. Since Hurricane
Marco’s bins only held four data points, these lines did not help me understand the distribution.
However, since much more data is in each of these composite violin plots, the ranges should be

noted. Here, in Figure 4.2, the widest portion of the 6 AM violin seems to be higher than the
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widest portions of each of the other bins. This would suggest that there is a slight peak in opy, in
the early morning hours around sunrise in C1W storms. This peak is slightly more noticeable
looking at the plot of the time bin means in Figure 4.2b. However, the peak does not seem to
largely differ from the other means , so this suggests that this peak is not statistically significant.
When looking at the medians (white dots in each violin), the 6 AM peak becomes clearer, with
median value 6.2 PVU. The median values for the 12 AM, 12 PM, and 6 PM time bins are 5.7,
5.0, and 5.1 PVU respectively. Thus, the peak of op, does seem to be found in the 6 AM bin
when looking at the distribution without using any statistics. This peak would be in line with the
previous research done by Ruppert and Hohenegger (2018) who found that in an idealized

model, rainfall peaked near sunrise in lesser organized storms.

Hypothesized Greater Time-bin Hypothesized Lesser Time-bin Welch’s t-test p-value returned

[3AM -9 AM) (6 4M) [9 PM — 3 AM) (12 4AM) 192
[3AM -9 AM) (6 4M) [9 AM -3 PM) (12 PM) 135
[3AM -9 AM) (6 4M) [3 PM -9 PM) (6 PM) 207

Table 4.1. Welch’s one-sided t-test results for 2020 C1W.

To test if this 6 AM peak seen in Fig 4.2. is significant, a one-sided ANOVA test, and
one-sided Welch’s t-tests are performed. Since it is hypothesized that the peak in opy, is found at
6 AM, both due to previous cited research on the diurnal cycle of tropical cyclones, and from
looking at Fig. 4.2, the one-sided t-test allows us to see if the mean of opy, in the 6 AM bin is
greater than the mean of the other bins. The ANOVA test has a p-value of 0.712, suggesting that
the null-hypothesis that the means of the four time bins are the same cannot be rejected. This
result matches with the results of the t-tests performed shown in Table 4.1, where the p-values
returned from the t-tests are not significant on a 0.1 or lower alpha level. However, since each of
the p-values are small (~ 0.2 or less), they do suggest that there is a slight peak seen in opy,

around sunrise.
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4.2.1.2. 2020 - 2022 Composite

After statistically analyzing the 2020 composite, six new storms were added from 2021
and 2022 to form the 2020 — 2022 composite. Figure 4.3 shows the distribution of the 2020 —
2022 composite data. Although more data are now included in each bin (N = 83, 83, 81, 80), the
plot has the same main features of the 2020 composite in the previous subsection. Overall, when
adding the two years of extra data, the diurnal cycle is still not large. A peak in opy in the early
morning is slightly more noticeable when looking at the distribution of violins for each time bin.
The means of each time bin (Fig. 4.3b) also show a discernable diurnal cycle, with a peak in the

6 AM bin of 6.2 PVU, and a slight minimum in the 12 PM bin of 5.0 PVU.
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Figure 4.3. Violin plot showing distribution of time bins for the 2020 — 2022 C1W composite. b)

mean of opy, for each time bin.

The results of the Welch’s one-sided t-tests (Table 4.2), and ANOVA test performed on
this composite show similar results to those found in the 2020 composite. For the 2020 — 2022
composite, the mean of the 6 AM time bin is not significantly different than the 12 AM bin and

the 6 PM bin (p-value not below 0.1). However, it is significantly different than the 12 PM bin.



31

Although the p-values when comparing the 6 AM bin to the 12 AM and 6 PM are not significant,

they still do suggest that there is a slight peak in opy, found near 6 am.

Hypothesized Greater Time-bin Hypothesized Lesser Time-bin Welch’s t-test p-value returned

[3 AM -9 AM) (6 4M) [9 PM -3 AM) (12 4M) 125
[3 AM -9 AM) (6 4Mm) [9 AM -3 PM) (12 PM) .073 *
[3 AM -9 AM) (6 4M) [3 PM -9 PM) (6 PM) 147

* = significant on .1 alpha level
Table 4.2. Welch’s one-sided t-test results for 2020 — 2022 C1W.

Although not statistically significant, results for the C1W composites do show a similar
peak to the peak in rainfall found by Ruppert and Hohenegger (2018), using their idealized
models for lesser organized storms. These results also are similar to peaks found in both Gray
and Jacobson (1977) and Jiang et al. (2011), where each found a morning peak in rainfall and

convection.

4.2.2. Category 2 or Stronger Storms
C2S was studied next to compare with the results of C1W. It was hypothesized that C2S
would show a peak in opy close to midnight, compared to the slight peak around 6 AM in C1W

(Ruppert and Hohenegger, 2018).

4.2.2.1. 2020 Composite

A more pronounced diurnal cycle is seen when looking at the 2020 C2S, compared to
both C1W composites. This is evident from Fig. 4.4, where a slight peak is seen in the midnight
time-bin, and a noticeable minimum is seen in the late afternoon, and early evening. When

looking at the medians of the data in each time bin, the peak in op, around midnight (14.7 PVU)
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becomes more noticeable. The smallest median value is found in the 6 PM time-bin (7.7 PVU).
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Figure 4.4. Violin plot showing distribution of 2020 C2S broken into four time bins. b) mean of
opy for each time bin.

Unlike the Welch’s one-sided t-tests performed on the C1W subsets, the 12 AM time-bin
is now hypothesized to hold the peak in opy. This peak is noticeable when looking at Fig. 4.4b
where the mean of opy, in the midnight bin is 14.0 PVU. Thus, each test will assume that the
mean of the 12 AM bin is greatest, and test each other bin against this hypothesis. Results of an
ANOVA test taken on the 2020 C2S data returns a significant p-value (0.0009), meaning that at
least two of the time bins have means that are significantly different from each other. Table 4.3
shows results of each of these new Welch’s t-tests. Overall, the mean of the midnight time bin is
significantly greater than the mean of the noon time and 6 PM means, with p-values of 0.0029
and 0.0007 respectively. The p-value when comparing the midnight and 6 AM bin was not
statistically significant (0.278), thus rejecting the null hypothesis that the midnight bin’s mean is
significantly greater than the 6 AM bin. The 2020 C2S composite shows a definite morning peak

in opy, with an afternoon to evening minimum. Figure 4.4 also suggests a possible peak in opy,
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in the midnight bin, but the peak cannot be said to be significant.

Hypothesized Greater Time-bin Hypothesized Lesser Time-bin Welch’s t-test p-value returned

[9 PM -3 AM) (12 4Mm) [3AM -9 AM) (6 4M) 278
[9 PM — 3 AM) (12 4Mm) [9 AM - 3 PM) (12 PM) .003 ***
[9 PM — 3 AM) (12 4M) [3 PM -9 PM) (6 PMm) .0007 **x*

*** = significant on .01 alpha level

Table 4.3. Welch’s one-sided t-test results for 2020 C28S.

It is important to note that each bin did not hold as many data points as one would hope
when performing statistical tests. The midnight time-bin holds only 9 data points, whereas the 6
am, 12 PM, and 6 PM bins hold 10, 8, and 8 data points respectfully. Thus, these statistics
cannot be said to be too conclusive. This led to the addition of more storms, and the creation of

the 2020 — 2022 composite previously mentioned.

4.2.2.2. 2020 - 2022 Composite

The 2020 — 2022 composite increased the amount of data slightly, allowing for statistical
statements to be a bit stronger. The midnight and 6 AM bins now hold 13 data points each, the
12 PM bin holds 12, and the 6 PM bin holds 14. Future work will be to add more data to each
bin as the lab group expands the storm data sets. Slight changes are noticeable when comparing
Fig. 4.5. to Fig. 4.4., where each of the violins plots look better filled-out. Both the medians and
the means show a minimum in oy, found in the 12 PM bin (median = 8.0 PVU, mean = 8.4
PVU). Similar to the 2020 C2S composite, the midnight bin has the largest median (13.5 PVU)
and mean (13.2 PVU). Overall, the distributions of data points in both the midnight and 6 AM
bins are similar between the two composites. Statistical tests performed also show similar results
to the tests performed on the 2020 C2S composite. An ANOVA test taken on the 2020 — 2022

C2S data also returned a significant p-value, suggesting that the means in at least two of the time
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bins again differ significantly.
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Figure 4.5. Violin Plot showing distribution of 2020 — 2022 C2S broken into four time bins. b)

mean of gpy; for each time bin.

Table 4.4 shows that when testing the midnight bin for the 2020 — 2022 C2S composite
against the 12 PM and 6 PM bins, the mean of the midnight bin was significantly greater than
that of the other two (p-values = 0.003 and 0.002, respectfully). However, the mean of the
midnight bin again was not significantly greater than the mean of the 6 AM bin (p-value = 0.331)
although it is slightly greater (13.2 PVU vs 12.5 PVU). Thus, similar statistical results were

found when adding in the extra two years of data.

Hypothesized Greater Time-bin Hypothesized Lesser Time-bin Welch’s t-test p-value returned

[9 PM — 3 AM) (12 4M) [3 AM -9 AM) (6 4M) 331
[9 PM -3 AM) (12 4M) [9 AM -3 PM) (12 PM) .003 **x*
[9 PM -3 AM) (12 4M) [3 PM -9 PM) (6 PM) .002 ***

*** = significant on .01 alpha level

Table 4.4. Welch’s one-sided t-test results for the 2020 — 2022 C2S composite.



35

4.3. Annulus Method

Much of the previous research done on diurnal cycles has focused on radial propagation
outward over the course of a day, stemming from work done by Dunion et al. (2014), which
focuses on the cirrus canopy. Although it is hypothesized that 6, does not propagate outward
in a similar fashion, due to PV dipoles being formed in the powerful updrafts of convection in
tropical cyclones, it is important to show this.

To check for outward propagation, Welch’s one-sided t-tests are again used to test
statistical significance. Here it is expected that each ring would peak at separate times. Dunion
et al.’s (2014) clock (see their Fig. 10) is used to pick which times each of the annuli would peak
if opy did propagate outwards like the cirrus canopy. Dunion et al. (2014) found a peak in IR
cooling at a radius of 200 km right around sunrise (6 AM time-bin), and a peak at a radius of 300
km near noon (12 PM time-bin). They also found that there was not an evident cycle when
looking at the innermost ring of 100 km (Dunion et al. 2014). In their paper, the authors also
only looked at hurricanes that were category 2 or stronger, as they did not find a true cycle in

weaker storms. So, this analysis will follow and only use the C2S composite when comparing.

4.3.1. Inner Ring

Unlike in Dunion et al.’s work with the cirrus canopy, Fig. 4.6 shows a discernable
diurnal cycle for opy in the inner ring (~ 100 km radii). The cycle of opy, for the inner ring
seems to follow that of what was seen in the previous section when looking at oy, in both C2S
composites, with a peak in opy, found around midnight. In both the 2020 C2S and 2020 — 2022
C2S composites, the mean of the midnight bin was significantly greater than both the 12 PM and

6 PM means, according to Table 4.5. In the 2020 — 2022 C2S composite, the mean of the
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midnight bin was also significantly greater than that of the 6 AM bin, unlike what was found

when looking at the whole storm domain.
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Figure 4.6. Violin plots for a) 2020 C2S inner ring, and b) 2020 — 2022 C2S inner ring.

Hypothesized Greater Time-bin | Hypothesized Lesser Time-bin 2020 p-value 2020-2022 p-value

[9 PM -3 AM) (12 AM) [3AM -9 AM) (64M) 114 .089 *
[9 PM — 3 AM) (12 4M) [9 AM — 3 PM) (12 PM) .008 *** .006 ***
[9 PM -3 AM) (12 AM) [3 PM — 9 PM) (6 PM) 001 **x* .001 ***

* = significant on .10 alpha level
** = significant on .05 alpha level
*** = significant on .01 alpha level

Table 4.5. C2S inner ring significance testing.

4.3.2. Middle Ring
If opy were to propagate outwards similar to the cirrus canopy in Dunion et al. (2014),
opy in the middle ring (~ 200 km) would peak in the 6 AM bin. Thus, when running statistical

tests, the 6 AM mean was hypothesized to be greater than the means in the other three bins.
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Figure 4.7. Violin plots for a) 2020 C2S middle ring and b) 2020 — 2022 C2S middle ring.

Compared to the inner ring, the diurnal cycle of the middle ring is much less recognizable
(Fig. 4.7). Overall, the distribution of the 6 AM bin (hypothesized to be greater if the pattern of
opy were to propagate outward) does not look to be greater than that of the midnight bin.
Significance testing shows that the mean of the 6 AM bin is greater than the means of the 12 PM
and 6 PM bins. However, the p-values when comparing it to the midnight bin are very far from
significant, and even suggest that the mean of the midnight bin is higher than the 6 AM bin for
the middle ring. Thus, opy in the middle ring does not peak with the cirrus canopy cycle found
in Dunion et al. (2014). So far, both the inner and middle rings show similar diurnal cycles to
the whole domain studied earlier. The inner ring has a bit more pronounced of a cycle than the
whole domain, and the middle ring has a bit less recognizable diurnal cycle. Even with the lesser
diurnal cycle, it is still clear that there is a strong peak in opy, early in the morning (midnight — 6

AM), which is significantly greater than the means in the afternoon/evening.

Hypothesized Greater Time-bin | Hypothesized Lesser Time-bin 2020 p-value 2020-2022 p-value

[3AM -9 AM) (64M) [9 PM -3 AM) (12 4M)
[3AM -9 AM) (64M) [9 AM -3 PM) (12 PM) .009 *** .002 ***
[3 AM -9 AM) (6 4M) [3 PM -9 PM) (6 PM) .006 *** .007 ***

*** = significant on .01 alpha level

Table 4.6. C2S middle ring significance testing.
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4.3.3 Outer Ring

If the diurnal cycle of opy in the outer ring (~ 300 km) were to be the same as the diurnal
cycle found in the cirrus canopy, it is hypothesized that the peak would be found in the 12 PM
bin. Figure 4.8 shows a different story. The 6 AM time bin shows a clear peak in op,. Statistics
tell a similar story, with the p-value, when testing if the 12 PM bin has a greater mean than the 6
AM bin, was > 0.950 (Table 4.7), suggesting that the 6 AM mean is significantly greater than
the 12 PM mean. The 12 PM mean was also not greater than either the 6 AM or 6 PM means,
thus opy’s diurnal cycle in the outer ring is not the same as what is found in Dunion et al. (2014).
Neither the diurnal cycle of op, in the middle ring, or in the outer ring match that found with the
cirrus canopy at similar radii around the center of a tropical cyclone. Thus, it is concluded that
opy does not propagate outwards similar to the cirrus canopy described in Dunion et al. (2014).
This result aligns with our original hypothesis that a peak in o, would not propagate outwards
since PV dipoles in the UTLS are formed within convective updrafts (Hitchman and Rowe 2019,
Jascourt 1997). This also aligns with why a strong diurnal cycle can be seen within the inner
ring which aligns with the diurnal cycle of the whole domain in mature hurricanes. This does not
set out to disprove Dunion et al.’s (2014) work with the cirrus canopy, as solar radiation

differences throughout the day explains why the canopy propagates outwards after sunrise.
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Figure 4.8. Violin plots for a) 2020 C2S outer ring and b) 2020 — 2022 C2S outer ring

Hypothesized Greater Time-bin | Hypothesized Lesser Time-bin 2020 p-value 2020-2022 p-value

[9AM -3 PM) (12 PM) [9 PM -3 AM) (12 4M)
[9AM -3 PM) (12 PM) [3AM -9 AM) (64M) .954 .972
[9AM -3 PM) (12 PM) [3 PM -9 PM) (6 PM) 219 .203

Table 4.7. C2S outer ring significance testing.

4.4. Does Land Affect the Diurnal Cycle?

The last question to answer was one which I was intrigued about while reading Gray and
Jacobson (1977) and Jiang et al. (2011). In both papers, a second peak in rainfall and convection
was seen in the afternoon when the storms they studied were more over land. This led me to
wonder, does landfall change the diurnal cycle of a hurricane? If so, is this change seen in 6py,?
To answer this question, new bins were made for both the 2020 — 2022 C1W and 2020 — 2022
C2S composites. Each bin created represented a different percentage that the storm was over
land, using the ECMWF land mask variable. The first bin has times when each storm was almost
entirely over ocean (0-10% over land). Then each bin following has times from each storm
where they were progressively more over land. The second bin held data points where the

storms were still mainly over the ocean (10-25% over land). The third and fourth were where the



40

storm was near 50% over land (25-50% over land, and 50-70% over land). The fifth and final bin
was when the storm was mainly over land (75-100% over land). If the diurnal cycle of op; were
to change as a storm transitioned from over land to over ocean, then it would be expected that a

peak later in the day would become more prominent in each of the CI1W and C2S datasets.

44.1. C1W

When looking at non-mature hurricanes, it was found earlier that there was a slight peak
seen in 0py near sunrise (6 am) that was not statistically significant, but is recognizable in Figs.
4.2. and 4.3. When dividing the 2020 — 2022 C1W time bins into the additional land mask bins,
this peak is still evident (Fig. 4.9) in the mean of both land mask bins where the storms were
mainly over water (0-10% and 10-25% over land). This peak then vanished when storms were
partially over land. The mean of the 25 — 50% over land bin showed a clear peak that occurred in
the 6 PM time bin, and the 50 — 75% over land bin showed a peak that occurred around
midnight. In the 50 — 75% bin, op, decreased over the course of the day, until around sunset,
whereas in the 25 — 50% bin, the opy increased throughout the whole day. Lastly, when storms
were mainly over land (75 — 100% over land), the 6 AM peak was well-pronounced. This change
in pattern could be due to the fact that the number of data points held in the 75 — 100% over land
bin was just 24. When dividing that by the four time bins, this led to an average of six data
points in each bin (max = 7, min = 4). Each of the other land mask bins held at least 42 data

points.
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Figure 4.9. C1W diurnal cycle changes as percentage of storm shifts over land.

When looking at all the land mask bins except for the 75-100% over land bin. An
afternoon to evening peak in opy as a storm moves over land, similar to what was hypothesized.
The 75 — 100 % over land bin clouds this result a bit, but also did not hold a significant amount
of data. Another interesting takeaway is that opy in all time bins are smaller when storms are

greater than or equal to 50% over land.

4.4.2. C2S

Similar to the low data in the 75 — 100% over land bin when looking at the C1W
composite, each of the land mask bins for C2S do not hold many data points. Due to this, the 50
— 75 % over land and 75 — 100 % over land bins are not used when looking at C2S. Even though
there is the restraint of lower amounts of data, Fig 4.10 does show a later peak in 6p;; when these
mature hurricanes are more over land. As was seen in the previous section, these mature

hurricanes had a slight peak around midnight in opy,, although not statistically significant. When
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storms were mainly over ocean, the peak in opy occurred at midnight (Fig. 4.10), similarly to
when looking at all storm times previously. However, when storms were more over land (25 —
50 % over land), this peak in op shifted to 6 AM.

Although there is a shift in where opy, peaks, this result for mature hurricanes does not
seem to follow previous results on rainfall and convection found by Gray and Jacobson (1977)
and Jiang et al. (2011). Two factors could be the reason for this discrepancy. The first is that
there is not enough data for times when these storms in the Gulf of Mexico were classified as
category 2 or stronger. Further expanding our data set to include more years of data hopefully
would help this, but possibly not much. The second factor is that these mature hurricanes rarely
make it this close to land. SSTs in the Gulf of Mexico drop off quite a bit prior to the shore, and

these colder waters are not conducive for the storms to hold intensity.
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Figure 4.10. C2S diurnal cycle changes as percentage of storm shifts over land.
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Chapter 5. Conclusions and Future Work

This study analyzed the diurnal cycle of potential vorticity variability (opy,) in the UTLS
found in the ECMWF IFS High Resolution Operational Forecasts (ECMWF 2016). Three main
hypotheses were tested.

1. The diurnal cycle of 6py, in a mature hurricane (C2S) is different than that in a weaker

hurricane (C1W), with the peak in opy, shifting closer to midnight, similar to work done

by Ruppert and Hohenegger (2018).

2. opy does not propagate radially outward over the course of a day, similar to the cirrus

canopy cycle found in Dunion et al. (2014).

3. The diurnal cycle of 6p; changes when a storm nears landfall, similar to results found in

Gray and Jacobson (1977) and Jiang et al. (2011).

This study originally focused on just the 2020 Gulf of Mexico storms that reached an
intensity of C1 at some point in their lifespan. However, the inclusion of 2021 and 2022 Gulf of
Mexico storms allow for stronger statistical statements to be made.

It is concluded that a slight shift in the peak of opy is found between weaker and more
mature tropical cyclones. Figures show that there is a slight peak in opy, found closer to
midnight in mature hurricanes, and one closer to sunrise in weaker hurricanes. However,
statistical tests found that these peaks were not statistically significant (p-value > 0.10). Even
though these tests did not prove a significant difference, the distributions in Figures 4.2 —4.5 do
show a slight shift in the cycle. A statistically significant peak in opy at midnight is found when
solely looking at the inner annulus in mature TCs. This peak can be attributed to stronger
convection near the center of a storm. Also, in both CIW and C2S storms, the overnight and

early morning values in opy ([9 PM — 9AM)) are significantly greater than those found in the
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late morning through evening times (p-value = 0.096 when analyzing if mean of CI1W and C2S
overnight and morning is greater than the mean C1W and C2S afternoon and evening data).

It is also concluded that 6, does not propagate outward similar to the cirrus canopy
cycle in Dunion et al. (2014). The timing of the peak of op, does not align with the timing of
Dunion et al’s. (2014) peak in IR brightness temperature. This result makes physical sense, as the
cirrus canopy’s outward propagation relies on solar radiation differences throughout the day,
whereas potential vorticity anomalies must align within the convective updrafts, which remain
more central. This also explains the statistically significant diurnal cycle found when looking at
the inner ring of mature hurricanes. Strong updrafts and convection near the center of a hurricane
creates stronger PV dipoles in the UTLS, leading to higher variability. The timing of this diurnal
cycle also relates to Ruppert and Hohenegger’s previous work using idealized models for
convection (2018).

Lastly, it is also concluded from the C1W composite that the diurnal cycle of hurricanes
does change as a storm is nearing landfall. This change in cycle was seen when an
afternoon/evening peak in op,; became apparent in bins of data where storms were 25 — 75%
over land. The same conclusions cannot be made currently when looking at the C2S composite
due to lack of data.

This leads to future work. In the future, it would be beneficial to increase the composites
with more data. The ECMWF data set used dates back to 2016, so the first step would be adding
storms that went through the Gulf of Mexico during 2016 —2019. Also, as the National
Hurricane Center publishes new HURDAT data for 2023 and 2024 storms, these storms should
also be included in the composites. Adding these additional years will start to help the problem

of relatively small sample sizes.
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Also, storms should be added from different basins in the future. Currently, there is a
very narrow focus on the Gulf of Mexico, but the diurnal cycle found in these storms may not
tell the full story of those found in other basins. Hitchman and Rowe (2024) shows similar
results when looking at tropical cyclone Yasa in the South Pacific. It would be beneficial to
combine results from all different ocean basins to narrate a more complete story of the tropical
cyclone diurnal cycle.

Another interesting idea that could be studied in future projects is the effect of wind shear
on azimuthal asymmetries over the open Atlantic Ocean, far from land. In tropical cyclone
research, wind shear is a very widely discussed variable when looking at their life cycles. As far
as [ know, there are no papers that have tied wind shear to an effect on the diurnal cycle. Dunion
et al (2014) used storms with low wind shear in their analysis. However, Leppert and Cecil
(2016) found no significant difference in the diurnal cycle when comparing between low-shear
storms versus storms with varying shear. It is expected that different levels of shear should not
affect the diurnal cycle of opy .

Although a pulsation outwards of op; was not found in this work, it might be interesting
to use annuli to analyze other segments of storms, including spiral rain bands, or normalizing

annuli radii by storm size.
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