Abstract

HOLLINGER BEATTY, KATHERINE ELIZABETH. Inland Tropical Cyclone Precipitation and
Flooding: Sensitivity to Synoptic Environment and Climate Change. (Under the direction
of Gary Lackmann).

When tropical cyclones (TCs) move over land, they can cause devastating damage to
the areas they affect, especially in the form of heavy rainfall and associated flooding. In
the future, there is strong consensus that TC rainfall will increase, though how the rainfall
changes may differ for TCs over land or in different synoptic environments has not been
fully established. Previous studies that focus on rain rate changes for TCs over water or in
tropical environments find that the main mechanisms driving expected rain rate increases
are thermodynamic in nature (i.e. increases in temperature, moisture, CAPE, etc.). However,
for storms that move into more baroclinic midlatitude environments, these thermodynamic
mechanisms are not the only ones contributing to high rain rates - dynamic mechanisms
such as jet interactions and isentropic lift can provide additional forcing. Identifying which
of these mechanisms dominate in future TC rain rate changes is important to help us
understand how TCs in different synoptic environments will respond to climate change,
and what that means for their impacts.

Here we attempt to evaluate these mechanisms by analyzing three North Atlantic TCs
that occurred in different synoptic environments: one with minimal synoptic influence
(Hurricane Florence, 2018) and two interacting with upper level jets, but with different
tracks (Hurricanes Floyd and Matthew, 1999 and 2016). We use the Weather Research and
Forecasting model to simulate these storms in their respective present-day climates and
then in a future, warmer, end-of-century climate using the pseudo-global warming method.
All three storms exhibit increases in rain rates in the future but to varying degrees: the
purely tropical TC saw the largest rain rate increases (34%) while the synoptic-interacting
storms saw lesser increases of 21% and 23%. In analyzing the forcing mechanisms, we find
that the thermodynamics dominate and the dynamics do not appear to be as important, at
least within the limitations of our experimental design. This lack of increase in dynamic
forcing mechanisms likely explains the weaker increases in rain rates than what was seen
in the minimal-synoptic-influence storm.

With these projected rainfall changes, we also want to understand how future TC rainfall
changes coupled with future land use land cover (LULC) projections combine to affect

flood hazards across the Carolinas. Previous work has identified that large variability exists



regarding the influence that LULC changes have on flood hazards, and whether or not
climate change or land use land cover changes dominate (Pumo et al. 2017). Here we
expand on previous future flood hazard studies in North and South Carolina (Quintal 2022;
Gori 2023, Chapter 8) by considering a larger overall region and aiming to understand
at what hydrologic unit scales (HUCs) in this region LULC has the most contribution to
flooding as compared to the contribution from climate change TC rainfall changes. We use
the Super-Fast INundation of CoastS (SFINCS) model coupled with spatially varying, high-
resolution present and future precipitation data and present and future LULC projections.
We find that, in general and at large basin scales, rainfall is the dominant contributor to
changes in flood hazards (i.e. flood depth and flooded area), but as you consider these
hazards in smaller basins, the LULC plays a larger role-the average contributions from LULC
to flood depth changes at large, HUC6 scale are less than 5% while at small, HUC12 scale
LULC contributes 10-15% on average. These results highlight the fact that, even though
rainfall is the dominant driver of future flood hazard changes, excluding future LULC data
results in an underestimation of flood hazard; LULC data should be included when possible,

especially when considering smaller HUC basins and regions.



© Copyright 2025 by Katherine Elizabeth Hollinger Beatty

All Rights Reserved



Inland Tropical Cyclone Precipitation and Flooding: Sensitivity to Synoptic Environment
and Climate Change

by
Katherine Elizabeth Hollinger Beatty

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Marine, Earth, and Atmospheric Sciences

Raleigh, North Carolina

2025
APPROVED BY:
Anantha Aiyyer Jared Bowden
Walter Robinson Antonia Sebastian
Gary Lackmann

Chair of Advisory Committee



Biography

Katherine was born and raised in Lancaster, PA where she developed a passion for weather
by watching clouds and enjoying extreme weather in all seasons, from summertime severe
thunderstorms to winter storms. She attended the University at Albany, SUNY in 2016 and
graduated with a B.S. in Atmospheric Science and a minor in Emergency Preparedness in
spring 2020. She moved down to Raleigh in summer 2020 to begin her PhD at NC State Uni-
versity under the advisement of Dr. Gary Lackmann. During her time at NCSU, Katherine
was co-president of the Graduate Student Association, served as a graduate and under-
graduate mentor, and participated in multiple leadership and professional development
opportunities. She enjoys playing ultimate frisbee and pickleball and spending time with
friends and family.

ii



Acknowledgements

I would like to express my sincere gratitude to my advisor, Dr. Gary Lackmann, for provid-
ing me with this opportunity and for his unwavering mentorship, guidance, and support
throughout my graduate career. I also extend my thanks to my committee members—Dr.
Jared Bowden, Dr. Anantha Aiyyer, Dr. Walter Robinson, and Dr. Antonia Sebastian—for
their valuable feedback and guidance on all aspects of this project, as well as Matt Lauffer at
NCDOT for continuous project support, helpful discussions, and interesting applications
of this work. This research was supported by the North Carolina Department of Transporta-
tion project 2020-57, the KIETS Climate Leaders program, and the Goodnight Doctoral
Fellowship. Computations were performed using the NCSU Henry2 and Hazel clusters, as
well as RENCI. I want to thank NCAR for their support and management of the WRF model,
as well as NCEP, NOAA, ECMWE PCMDI, EPA, and USGS for various datasets and resources
used in this project.

Thank you to the past and present members of the Extreme Weather and Climate
Research Lab—Trevor, Greta, Morgan, Jacob, Chunyong, Gabby, Cameron, Lauren, Sawyer,
and Amanda—for the many scientific conversations and discussions that helped improve
both myself as a scientist and this project. To my labmates above and additional friends in
MEAS and beyond—Greg, Miranda, Sean, Zach, Nick, UNC Lauren, and many more—thank
you for your continued support and friendship over the years. I am a better person for
having met you all, and I could not have gotten through this without you.

Finally, I would like to thank my incredible family—my parents, Krista and Richard;
my siblings, Marissa, Evan, Dillon, and Cyrus; and my grandmother, Nancy—for their
unwavering love and support throughout this journey, from undergraduate studies to now.
I would not be who I am or where I am without your guidance, support, and love. I truly
cannot thank you all enough for helping me and supporting me unconditionally, even
if you didn’t always know what I was doing. A final and enormous thank you goes to my
amazing, talented, and supportive husband, Cole, for believing in me and encouraging me
even when I doubted myself. You are my rock and my best friend. You push me to be the
best I can be, always, and I would not be where I am or who I am today without you by my

side these past ten years.

iii



Table of Contents

Listof Tables. . . . .. ... ... . vi
Listof Figures . . . . . . ... ... e viii
Chapter1 Introduction.............. ... .. . ... . . . ... 1
1.1 Motivation . . . ... oo 2

1.2 Synthesis of PreviousResearch .. ........... ... ... ... .. ... ... 3
1.2.1 Tropical Cyclone Rainfall and Climate Change ................ 3

1.2.2  Forcing Mechanisms for TC Rainfall Changes . . ............... 4

1.2.3 Climate Change and Urbanization Effect on TC Rainfall and Flooding 5

1.3 Science Questions and Hypotheses . . .. ........ ... ... ... ... .... 7

Chapter2 Changes to Precipitation Characteristics Associated with Tropical Cy-

2.1

2.2

2.3

2.4

clones in Diverse Synoptic Environments as a Result of Climate Change 10

Dataand Methods . ......... .. .. . . 11
2.1.1 Caseselectionand overview .................. ... 11
2.1.2 Modelconfiguration . .......... ... ... ... . ... 12
2.1.3 Future climate simulations ............. ... ... ... ....... 14
2.1.4 Return period quantification .. .......... ... ... ... ... . ... 15
Model simulation performance. . .. ........ ... ... .. . . ... 16
2.2.1 Present day simulations compared with observations . .. ........ 16
2.2.2 Present day compared with future simulations . ............... 17
Changes in precipitation characteristics .......................... 19
2.3.1 Total accumulated precipitation. . .. .......... ... ... ...... 19
2.3.2 Distributionofrainrates . ........... ... ... . .. ... 20
2.3.3 Arealextentofrainrates ................ .. ... 21
2.3.4 Storm-centered precipitationchanges . ..................... 22
2.3.5 Changes in return period of precipitation . . . . ................ 23
Summary . .. ... e 25

Chapter3 Thermodynamic and Dynamic Contributions to Future Precipitation

3.1

3.2
3.3

3.4

Changes for Landfalling Atlantic Tropical Cyclones in Midlatitude

Environments . . . ......... ... . ... . . 46
Dataand Methods . ......... ... . . 47
3.1.1 Rainfallchanges .......... ... ... ... .. . .. . 47
3.1.2 Isentropicliftanalysis .......... ... ... .. . .. .. 47
Character of precipitation. . . .. ... .. 48
Dynamic mechanisms . ......... ... ... .. i 48
3.3.1 Isentropiclift ......... ... . .. . . . . . 49
3.3.2 Jetdynamics . ... ... ...t 52
Thermodynamic Forcing Mechanisms . .......................... 54

iv



3.4.1 MOISTUTE . . v v e e e e e e e e e e e e e 54
342 CAPEandupdrafts .......... .. ... ., 55
3.5 CoNCIUSIONS .« v v vttt e e e e e e 56

Chapter4 A Flood Hazard Analysis of Changes in Precipitation Coupled with
Changes in Land Use Land Cover Over Eastern North and South Carolina 69

4.1 DataandMethods ........ ... . ... 70
4.1.1 Hydrodynamic Flood Model Overview . ..................... 70

4.1.2 Hydrologic Scale Analysis . ............ ... .. ... 72

4.2 Results. . ... . 73
4.2.1 Flood Hazard Changes Acrossthe Domain . .................. 73

4.2.2 Local Effectsof LULCChanges . ... .......... ... ... ........ 76

4.3 Discussionand Conclusions . .. ....... . ... . i 78
Chapter5 SummaryandConclusions . .......... ... ... ... ... ... .... 98
5.1 SummaryandConclusions . . ........ ... ... . i 99

5.2 LIMItAatiONS . .. ...ttt e e 102

53 FutureWork . . . ... .. . 103
References . . ... ... .. ... 105



Table 2.1
Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 3.1

Table 4.1

List of Tables

Description of the varying options and con gurations for each storm. 28
Physics choices used for each ensemble member for WRF simulations.
Hurricanes Florence and Floyd used all 7 members, while Hurricane

Matthew onlyusedthe rst6. . ......... ... ... ... ... ........ 29
List of CMIP6 models used to compute change elds used in Hurricane
Florence PGW simulations. ... .......... ... ... ... .. ..., 30

Track and intensity comparison summary. Great-circle along-track
distance RMSD (km) are shown in column one, great-circle cross track
distance RMSD (km) are shown in column two, and storm minimum
sea-level pressure RMSD (hPa) are shown in column three. Rows one
through three compare observed values (NHC best track) with sim-
ulated present ensemble mean values (simulated minus observed),
and rows four through six compare present-day ensemble mean val-

ues with future ensemble mean values for each storm (present minus
future). Differences are calculated every six hours and averaged across

all model times (13 times for Floyd and Matthew, 16 for Florence).
Along track differences represent a storm moving faster or slower than

the storm it is compared to, and cross track differences represent a
storm moving to the left or right of the track it is being compared to. . 31
Change in the land area receiving rainfall thresholds of greater than 10

in (250 mm), 15in (375 mm), 20 in (500 mm), and 30 in (750 mm), plus

or minus the standard deviation. Also shown are the average percent
change in total area receiving rainfall for land regions only as well as
overthelandandocean. . ... ........ .. .. ... .. 32
Temporally and spatially averaged changes in atmospheric layer tem-
perature (surface-500 hPa) and precipitable water calculated from the
present-day ensemble mean les. Mean hourly rain rates and standard
deviations are calculated from all of the ensemble members for each
storm. The percent changes are calculated for the ensemble member
means, 90th, and 99th percentile precipitation calculations. The plus

or minus error metrics represent one standard deviation. . . ... .. .. 33

Fraction of domain 1 precipitation that fell as convective rainfall
(RAINC variable in WRF). We consider only the parent domain be-
cause the nested domain is higher resolution and convection allowing. 58

Description of the combinations of rainfall and LULC data used for
each SFINCSsimulation. . . . ... ... . . . .. 82

Vi



Table 4.2 Total ooded land area for Hurricanes Matthew, Florence, and Floyd

Table 4.3

(column 2) and the increase in ooding in the Future Land simulations
(column 3), in the Future Rain simulations (column 4), and in the
Future Both simulations (column 5). These ooded areas only include
grid cells that are land (not rivers or water category). Percent increase

in ooded area compared to the amount of ooded area in the present

is shown beside each value in parentheses. . ..................
Percentage of total residential cells that are ooded in the Present
simulations, Future Land simulations, Future Rain simulations, and
Future Both simulations. Residential cells are cells categorized as ei-
ther suburban or urban based on the Present LULC simulation, SSP245
2020 (future LULC simulation, SSP585 2100).)

vii



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

List of Figures

Observed National Hurricane Center (NHC) second-generation hurri-
cane database (HURDATZ2; Landsea and Franklin 2013) storm tracks
of Hurricanes Matthew (2016), Florence (2018), and Floyd (1999) dur-
ing the portion of their life cycles when they were approaching or
affecting the study area. Numbers correspond to month-day-hour in

Precipitation and track summary, panels (a)-(c): Black line is observed
NHC besttrack for Hurricanes (a) Matthew (2016), (b) Florence (2018),
and (c) Floyd (1999) with storm total precipitation (shaded, mm as in
legend at right). Observed precipitation for Hurricanes Matthew and
Florence is Stage IV and for Hurricane Floyd is Livneh daily CONUS
near-surface gridded precipitation provided by the NOAA PSL (Livneh
etal. 2013). Panels (d)-(f): Simulated ensemble mean track and proba-
bility matched mean total accumulated precipitation (mm) from WRF
model simulations of Hurricanes (d) Matthew, (e) Florence, and (f)
Floyd. Panels (g)-(i): ensemble mean track and probability matched
mean total accumulated precipitation (mm) from future WRF model
runs of Hurricanes (g) Matthew, (h) Florence, and (i) Floyd. ... ...
Cyclone phase space (CPS) diagrams of thickness symmetry versus
lower-tropospheric thermal wind for Hurricanes Matthew (a), Flo-
rence (b), and Floyd (c). Values are plotted every 6 hours with color
shading to indicate the minimum central pressure (hPa) for each
storm as in legend at right. The letters A and Z represent the begin-
ning and end of time window for each storm, respectively. .......
WRF domain con gurations for Hurricanes Matthew (a), Florence
(b), and Floyd (c). The full image is the 12 km parent domain and
the black box is the 4 km nested domain. The red box represents
the averaging domain used when considering rainfall changes over
the Carolinas. The simulated re ectivity is valid at 18z 08 October,
12z 14 September, and 06z 16 September for Hurricanes Matthew,
Florence, and Floyd, respectively, and at 12km and 4km resolution in

eachrespectivedomain. . ............. ... ...

Storm tracks of Hurricanes Matthew (a,d), Florence (b,e), and Floyd's
(c,f) ensemble members, ensemble mean, and observed NHC storm
for the present-day simulations (a-c) and future simulations (d-f).

The black line represents the NHC best track locations, the lighter
blue (green) represents the ensemble members, and the darker blue

(green) represents the ensemble mean for the present (future) storms.

As in Fig. 2.5 but with minimum central pressure for each storm (hPa).

viii

38
39



Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Ensemble mean along- and cross-track differences for Hurricanes
Matthew (a,d), Florence (b,e), and Floyd (c,f). Track differences are
calculated between observations and present-day simulations in
panels a-c and between future and present simulations in panels

d-f. The red lines represents cross track differences and the blue

lines represent along track differences. The solid lines represents

the mean values and the shading represents one standard deviation.
Positive values for cross track indicate the comparison storm was

to the right of the original storm, and positive along-track values
indicate that the comparison storm was ahead of the original storm.

Both of these directions are track-relative, meaning they are oriented

in the direction the storm is currently traveling at that time. . ... .. 40
Histograms of ensemble mean rain rate ( mmh *) for Hurricanes
Matthew (a,d,g), Florence (b,e,h), and Floyd (c,f,i). Here we plot rain

rates from present-day WRF ensemble members (a-c), future WRF
ensemble members (d-f), and the difference between the two (g-i).

The counts are number of cells that experienced that rain rate in

any ensemble members, normalized by the number of ensemble
members. These are also only showing rain rates that occur over land

points in our region of interest. Values greater than 5000 are omitted

to allow focus on the higherrainratevalues. . . .. .............. 41
As in Fig. 2.8 but showing instances of rain rates greater than 12

mmh ' occurring in each grid cell normalized by the number of en-
semble members and the number of days in the simulation to allow

for a better comparison betweenstorms. . ................... 42
As in Fig. 2.9 but showing instances of rain rates greater than 25

mmh *occurring in each grid cell normalized by the number of en-
semble members and the number of days in the simulation to allow

for a better comparison betweenstorms. . ................... 43
Time mean azimuthal average rain rates for Hurricanes Matthew,
Florence, and Floyd for the present and future ensemble mean (a);
difference between each storm's present and future (b); and percent
change in rain rates (c). These values are for rain rates that occurred

over the land and ocean in the averaging area over the Carolinas
ShowninFig. 2.4. . .. . 44



Figure 2.12 Intensity Duration Frequency curves for historical Atlas-14 values for

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

the New Hanover County station in eastern North Carolina (a, c, €)
and for the updated, end-of-century values which include the climate
signal from LOCA statistically downscaled climate data (b, d, f). The
curves shown represent the 50, 100, 500, and 1000 year return period
values for 1, 2, 3, 6, 12, and 24 hour time periods. They represent the
average and standard deviation for the 100 highest rain rate values
for Hurricanes Matthew (a, b), Florence (c, d), and Floyd (e, f) from
the present simulations (dashed line) and future simulations (dotted
INE). . e

250-hPa winds ( Il, barbs, kts) and sea level pressure (contours, hPa)
for present-day simulations of Hurricanes (a) Matthew, (b) Florence,
and (c) Floyd, valid 18 UTC 08 October, 00 UTC 15 September, and
00 UTC 16 September, respectively. . ......................
Hurricane Floyd ensemble mean pressure advection in precipitating
regions (I, hPa /s), wind vectors (purple), pressure gradient vectors
(green), and pressure contours (black, hPa) averaged across 7 isen-
tropic surfaces valid at 18 UTC 15 September (a,b) and 00 UTC 16
September (c,d) for present day simulation (a,c) and future simula-
tions (b,d). .. ... . ..
Timeseries of spatially averaged positive pressure advection averaged
across seven isentropic levels (308-320 K every 2 K for present and
312-324 K every 2 K for the future) and all ensemble members for
Hurricanes Floyd (a) and Matthew (b). The blue (red) line represents
the average for the present (future) day simulations, and the shading
represents one standard deviation. Values are calculated over ocean
and land grid cells within 200-600km north of the TC center and in
regions of positive pressure advection. .. ....................
Timeseries of spatially averaged pressure gradient (hPa /km; a,d),
wind speed (m / s; b,e), and angle between wind and pressure gradient
vectors (degrees; c,f) averaged across seven isentropic levels (308-320
K every 2 K for present and 312-324 K every 2 K for the future) and
all ensemble members for Hurricanes Floyd (d-f) and Matthew (a-c).
The blue (red) line represents the average for the present (future)
day simulations, and the shading represents one standard deviation.
Values are calculated over ocean and land grid cells within 100-600km
north of the TC center and in regions of positive pressure advection.
As in Figure 3.2, but for Hurricane Matthew, valid at 12 UTC 08 Octo-
ber (a,b) and 18 UTC 08 October(c,d). .. ... ... ...............

61

62

63



Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 4.1

Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5

Ensemble mean wind speed on the 2 PVU dynamic tropopause (I,
barbs; kts) and sea level pressure (dashed contours; hPa) for present-
day simulated Floyd (a), future Floyd (b), and the difference between
them (c), valid at 00 UTC 16 September. Cross sections of wind speed
(II; kts) and the 2 PVU surface (contour) for present-day Floyd (d)
and future Floyd (e) are taken across black reference line in panels a
and b, respectively. ... ... .. . ..
As in Figure 3.6 but for Hurricane Matthew, valid at 18 UTC 08 October.
Mean wind speeds (a) for present (blue) and future (red) versions
of Hurricanes Floyd (solid) and Matthew (dashed), calculated by
averaging the cross section area between the seven levels above and
below the location of the maximum wind location in each individual
cross section. Max wind speeds (b) are the maximum wind speed
found at an individual grid cell location in the cross section at each
time; line colors and styles are the same asinpanela. .. .........
Box and whisker plots of surface-based CAPE for Hurricanes Matthew
(a), Florence (b), and Floyd (c). Present and future values represent
values from the ensemble mean of all members and are valid across
all simulation times and all of domaintwo. . .................
Ensemble mean 500 - 700 hPa average updrafts (m/s) for Hurricanes
Matthew (a-c), Florence (d-f), and Floyd (g-i) for present day simula-
tions (a,d,qg), future simulations (b,e,h), and the difference between
them (c,f,i). Present and future simulation plots show the storm-
centered updrafts within 5 degrees of the TC center. .. ..........

Timeseries of domain average hourly rain rates (mm / hr) for Hurri-
canes Matthew (a), Florence (b), and Floyd (c). The blue line repre-
sents present rainfall and the orange line represents future rainfall.
The future rainfall is equal to the present rainfall multiplied by each
stormsscalefactor. ... ...... ... ...
Spatial map of SFINCS domain with cities, HUC6 boundaries (black),
state boundaries (dark gray), and large rivers / bodies of water (blue).
Spatial map of ICLUS LULC condensed categories for the present (a;

64
65

67

68

85

86

SSP245 2020) and the future (b; SSP585 2100) across the model domain. 87

Histogram of grid cells within the domain that fall within each trun-
cated LULC category from Figure 4.3 for present day LULC (SSP245
2020; lighter) and future LULC (SSP585 2100; darker). The bar colors
correspond to the categoriesinFigure4.3. . ..................
HUCS6 (black), HUCS8 (blue), HUC10 (pink), and HUC12 (yellow)
boundaries across our domain in EasternNC /SC..............

Xi

88



Figure 4.6 Maximum ood depth (m) across the domain for Hurricanes Matthew

(a-c), Florence (d-f), and Floyd (g-i) for the Present simulations (a,d,g),

Future Both simulations (b,e,h), and the difference between Present

and Future Both simulations (c,f,i). . ......... .. ... .. .. .... 90
Figure 4.7 Maximum ood depth values (m) across the land points in the do-

main for Hurricanes Matthew (a), Florence (b), and Floyd (c) for the

Present simulations (gray) and the Future Both simulations (red).

Dashed lines represent the mean values for the present (gray) and

future (red). . . . .. oo 91
Figure 4.8 Difference in maximum ood depth (m) between (a, c, e): Future

Land simulations and Present simulations, and (b, d, f): Future Rain

simulations and Present simulations for Hurricanes Matthew (a,b),

Florence (c,d),and Floyd (e,f). .. ... ... ... ... ... ... ... .... 92
Figure 4.9 Total ooded residential area (suburban and urban LULC categories)

inthe Present, Future Land, Future Rain, and Future Both simulations

for Hurricane Matthew (blue), Florence (yellow), and Floyd (red). The

lighter colors represent ooded residential area based on SSP585

2100 LULC classi cations and the darker colors represent ooded

residential area based on SSP245 2020 LULC classi cations. . . .. .. 93
Figure 4.10 Percent contribution from the LULC change to the total ood depth

change for Hurricanes Matthew (a,d,q,j), Florence (b,e,h,k), and Floyd

(c,f,i,l) for HUCG6 (a-c), HUCS8 (d-f), HUC10 (g-i), and HUC12 (j-1)

scales. HUC6 boundaries are outlined in a thicker black line in all

PaANEIS. . . 94
Figure 4.11 Box and whisker plots of percent contribution from the LULC change

to the total ood depth change for Hurricanes Matthew (a,d), Flo-

rence (b,e), and Floyd (c,f). Top panels (a-c) include positive and

negative percent contributions and bottom panels (d-f) include just

positive percent contributions. Blue lines represent median values

and black dots represent mean values. Boxes represent the interquar-

tile range (IQR); whiskers extend to data within 1.5 xIQR of the lower

and upper quartiles; outliersare notshown. . ... .............. 95
Figure 4.12 Percentage of HUC10 that is developed. Caluclated as the number

of grid cells that are categorized as suburban, urban, or developed

divided by the total number of grid cells in that HUC10. ......... 96
Figure 4.13 Magnitude increase in total rainfall across the model domain, taken

as future total rainfall divided by present total rainfall for Hurricanes

Matthew (a), Florence (b), and Floyd (c). The thicker black outline rep-

resents the model domain and the thinner black lines represent the

HUC10 boundaries. Future rainfall is represented by the present rain-

fall multiplied by the scale factors 1.24, 1.31, and 1.19 for Hurricanes

Matthew, Florence, and Floyd, respectively. .................. 97

Xii



CHAPTER

1
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1.1 Motivation

As tropical cyclones (TCs) affect coastlines and communities, they can cause substantial
structural damage and loss of life. One of the largest contributors to these impacts is heavy
precipitation and subsequent ooding or ash ooding. Rappaport (2014) found that
for historical Atlantic TCs affecting the United States (US), approximately one quarter of
the fatalities were a result of rain-induced ooding. When considering the frequency of
fatalities, they found that nearly half of the TCs that resulted in at least one US fatality had
a fatality due to rain-induced ooding (Rappaport 2014). This is especially true in the US
states of North and South Carolina, where in the last 10 years, ooding from storms such as
Hurricane Helene (2024), Hurricane Florence (2018), and Hurricane Matthew (2016) have
collectively resulted in hundreds of fatalities, multiple road washouts, and the closure of
multiple major state and interstate highways (Stewart 2017; Stewart and Berg 2019; Hagen
et al. 2025).

In response to these continued impacts and damages from landfalling TCs, of cials
in North Carolina developed and issued Executive Order 80, which requires all cabinet
agencies to evaluate the impacts of climate change on their programs and operations and
integrate climate change adaptation and resiliency planning into their policies. The North
Carolina Department of Transportation (NCDOT), which manages more than 80,000 miles
of highway and 15,000 bridges and culverts, is likewise working to implement solutions
to become more resilient to weather extremes in the future. This has prompted multiple
research projects with the overarching goal of providing NCDOT with various projections of
future precipitation extremes to be able to inform resilient infrastructure design; multiple
different methods are used to encourage con dence in the nal projected changes. The
work presented here is one part of this larger, long-term project for NCDOT.

While many of these societal impacts from TC rainfall occur once the storms approach
land, much of the previous work done to evaluate how TC rainfall will change with climate
change has been focused on storms over the ocean (e.g., Knutson et al. 2020). Of those that
have considered overland TC rainfall changes (Wright et al. 2015; Liu et al. 2018; Stans eld
et al. 2020; Knutson et al. 2022), almost none have differentiated between transitioning
and non-transitioning TCs. While some extratropical transition studies have evaluated
how the rainfall associated with extratropical transitioning TCs in the future will change,
they have predominantly been focused on TCs over water or in idealized simulations.
Additional forcing mechanisms are at play for these transitioning, midlatitude TCs, however
how these mechanisms may change along with the rainfall changes has received almost



no attention; most of the mechanisms identi ed and focused on for future TC rainfall
studies are thermodynamic in nature (i.e. moisture, convective available potential energy
(CAPE)). Here we aim to Il these gaps (discussed more below) by evaluating how the
rainfall associated with landfalling TCs may differ for those that are transitioning versus
non-transitioning. We want to understand what mechanisms are driving these changes,
and how those mechanisms, speci cally the synoptic forcing mechanisms associated with
the transitioning TCs, will change in the future as well.

1.2 Synthesis of Previous Research

1.2.1 Tropical Cyclone Rainfall and Climate Change

Itis clear that heavy rainfall from TCs has caused devastating impacts historically, and many
previous studies have also examined how precipitation and its associated impacts may
change as the climate warms. Per the IPCC Sixth Assessment Report (AR6) (Seneviratne
et al. 2023), there is high con dence that TC rain rates will increase in the future; for
TCs passing over or near North Carolina, speci cally, Kunkel et al. (2020) reports that
the heavy precipitation associated with TCs is very likely to increase. Of the numerous
studies that have analyzed TC precipitation changes with climate change, a central nding
is an increase in rain rates that either follows, or in some studies exceeds, the Clausius-
Clapeyron scaling (7% increase per degree Celsius of warming) (Knutson and Tuleya
2004; Hill and Lackmann 2011; Knutson et al. 2015). Knutson et al. (2020), in reviewing
multiple studies, found that near-storm TC rain rates globally increase by a median value
of 14% with a range from 6 to 22%, with slight variations by ocean basin, fora2 °C warming
scenario; studies of North Atlantic TCs show a median increase of 16% (Knutson et al.
2020). While rainfall characteristics for TCs over water are important to understand, most
of the societal impacts from TC rainfall, such as ooding, road washouts, and fatalities,
occur once the storm is over land. A smaller portion of TC rainfall studies have focused
explicitly on these landfalling /overland changes in precipitation (e.g., Wright et al. 2015;
Liu et al. 2018; Stans eld et al. 2020; Knutson et al. 2022), and their results are consistent in
showing increased average post-landfall TC rain rates. While these studies provide useful
insight, one limitation of many such studies is their use of lower-resolution simulations
and datasets, and methods that may not capture the full extent of changes in TC intensity
or precipitation (e.g., Liu et al. 2018; Stans eld et al. 2020).

When TCs make landfall or interact with land, especially once they enter the mid-



latitudes, they often undergo the process of extratropical transition (ET) and some of their
tropical features are replaced with extratropical characteristics. This phenomenon has
been studied extensively (e.g., Jones et al. 2003; Evans et al. 2017; Keller et al. 2019), and its
correlative changes in rainfall characteristics, including a shift of the heaviest precipitation
into the northwest quadrant of the storm, are fairly well understood (e.g., Atallah et al.
2007). How these extratropical transitioning storms will change with climate warming has
also received recent attention (e.g., Liu et al. 2017; Michaelis and Lackmann 2019; Bieli
et al. 2020; Liu et al. 2020; Michaelis and Lackmann 2021; Jung and Lackmann 2021, 2023),
however only a few studies have focused speci cally on rainfall, and how ET TC rainfall
changes compare with non-ET TCs that are more tropical in character (e.g., Liu et al. 2018).
Another factor that coincides with TCs in various life-cycle phases is the different synoptic
environments within which they exist, and how the rainfall produced by TCs in distinct
environments may change as the climate warms. To the authors' knowledge, this aspect,
speci cally, has received very limited attention.

1.2.2 Forcing Mechanisms for TC Rainfall Changes

Previous studies have identi ed several environmental factors that contribute to expected
increases in tropical cyclone (TC) rain rates in the future. One known mechanism is an
increase in the atmospheric moisture content (e.g., Knutson et al. (2020) and references
therein). Per the Clausius-Clapeyron relation, for every degree Celsius of warming, there is
an expected 7% increase in the vapor capacity which, under constant relative humidity, re-
sults in an equivalent increase in the vapor content (e.g., Allen and Ingram 2002). If realized,
this then results in a comparable increase in rain rates. Another mechanism that has been
suggested is that if in the future there is a stronger intensity TC with a stronger primary
circulation, those stronger wind speeds coupled with a stronger secondary circulation and
increased moisture in the future will result in more moisture convergence (Liu et al. 2019;
Jung and Lackmann 2021) and therefore higher rain rates.

While these mechanisms may explain changes in TC precipitation over water and in the
tropics, transitioning TCs have additional factors and forcing mechanisms that affect their
precipitation, such as TC-jet interactions and isentropic lift (e.g., Moore 1992; Atallah and
Bosart 2003; Lackmann 2011; Evans et al. 2017). Previous studies focused on extratropical
transition and climate change have identi ed that the upper-level TC out ow can merge
with the jet stream, producing an "out ow jet". Prior studies have found that this jet feature
strengthens in a future, warmer climate relative to its present-day counterpart (Jung and



Lackmann 2021; Michaelis and Lackmann 2021). However, these studies focused primarily
on transitioning TCs over the ocean as opposed to those over land. For isentropic lift, it is
projected that TCs in the future will be stronger (e.g., Knutson et al. 2020), and therefore
have stronger winds forcing air up isentropes if the TC enters a baroclinic environment with
sloped isentropes. This in turn would result in stronger isentropic lift. A future environment
may, however, have uneven meridional warming and Arctic ampli cation (e.g., Jung and
Lackmann 2021, 2023) or uneven warming between land and ocean, which in turn could
lessen the slopes of the isentropes and result in weaker overall isentropic lift.

How these two dynamic mechanisms will change in the future has received limited
attention, especially for transitioning TCs over land where additional mechanisms have an
in uence (e.g., frictional processes, orographic lift, etc.). One hypothesis is that dynamical
enhancements lead future transitioning storms over land to exhibit super-Clausius Clapey-
ron precipitation increases, similar to what has been seen for transitioning TCs over water
and in idealized simulations (e.g., Jung and Lackmann 2021; Michaelis and Lackmann 2021).
Here we aim to understand how dynamic mechanisms (namely isentropic lift and TC-jet
interactions) may change in the future, and how those changes could feed back onto future
precipitation changes for TCs that interact with them. We determine if the future TC rainfall
changes are driven predominantly by the classic thermodynamic forcing mechanisms
discussed in previous studies, namely increased water vapor concentration, or if dynamic
mechanisms have a positive or negative in uence on future TC rainfall increases.

1.2.3 Climate Change and Urbanization Effect on TC Rainfall and Flood-
ing
Tropical cyclones can produce substantial rainfall and associated ooding when they move
over land. Rappaport (2014) found that about a quarter of TC fatalities between 1963 and
2012 came as a result of rainfall-induced freshwater oods and mudslides. Seneviratne et al.
(2023) report high con dence that heavy, extreme precipitation events, like those brought
on by TCs, will be more frequent and more intense in the future. This increase corresponds
with a high con dence that pluvial ooding will increase in frequency and magnitude as
well, given that it is mostly precipitation driven. Many studies have examined how future
precipitation projections affect future ooding, considering varying ood hazards such
as discharge, ood extent, and compound ooding, using a wide variety of methods, and
considering different scales from global to local (e.g., Whit eld 2012; Naz et al. 2016; Bates
et al. 2021; Goulart et al. 2024; Grimley et al. 2024).



However, while climate change alone can have a substantial impact on future ood
hazards, Bloschl (2022) emphasizes the importance of considering multiple processes—
namely land use land cover (LULC), hydraulic structures, and climate change (CC)—when
evaluating future changes in ood hazards. LULC change speci cally has been shown in
multiple studies that focus on historical LULC changes to substantially affect ood hazards.
For example, Sebastian et al. (2019), in evaluating how historical urbanization affected
ooding from Hurricane Harvey, found that LULC changes increased peak discharges by
54% (x 28%) and climate change has increased peak discharge by about 20% ( +3%). On
the other hand, in a study focused on future climate change, Skougaard Kaspersen et al.
(2015) instead found that climate change had a larger effect on pluvial ood exposure than
historical LULC changes. The variability between studies like these that consider LULC
change effects on ooding is likely due to differences in the land characteristics of the
chosen domain (i.e. amount of urbanization, soil, topography), as well as the tributary
and channel sizes; larger tributaries are able to absorb additional runoff and overland ow
better than smaller tributaries (Gori 2023, Chapter 8).

Many of these combination LULC CC studies focus on historical LULC changes coupled
with future rainfall changes, or consider future LULC changes alone. Several studies have
combined future LULC with future rainfall projections to evaluate changes in multiple ood
aspects across the globe (Pumo et al. 2017, and references therein), and similarly nd large
variability depending on the size of the basins considered and data and methods used. These
studies highlight the importance of understanding the land characteristics of the particular
study area you are interested in, as well as the complications with generalizing results
more broadly across studies. Here we consider how the combination of LULC change and
CC-adjusted rainfall affect ooding in and outside of the rivers and tributaries in Eastern
North Carolina (NC) and South Carolina (SC). Two previous studies have focused on the
combination of these effects in this region, but were focused on smaller basins within the
larger watersheds of this region (Quintal 2022; Gori 2023, Chapter 8). Quintal (2022), which
focused on peak ow and discharge changes in the area around Goldsboro, NC, found
that climate change had a much larger effect on peak stream ow than LULC, but that
the effect from LULC changes is heterogeneous and depended largely on the pattern of
localized change. Gori (2023, Chapter 8) analyzed a much larger river (Cape Fear River) in
the Carolinas, and found small contributions from LULC change to peak ood levels and
duration in that area, especially compared to the changes from rainfall and sea level rise.
However, when they looked at the smaller tributaries in the estuary, they found larger LULC
contributions due to the fact that these tributaries are predominantly rain-fed and thus



ood level changes are more dependent on runoff.

Here we expand on previous future ood hazard studies by combining future LULC
projections with future TC precipitation data from high resolution numerical weather
simulations of historical TCs to evaluate changes in ood hazards across a larger domain
in North and South Carolina. We expand on previous work in this region (Quintal 2022;
Gori 2023, Chapter 8) by considering a larger region and aiming to understand at what
hydrologic unit scales (HUCs) in this region LULC has the most contribution to ooding as
compared to the contribution from climate change. We use a similar modeling framework
to Grimley et al. (2024), but deviate from it by including the effects of future LULC changes
to understand changes in inundation and exposure and excluding any contributions to
future ooding from sea level rise.

1.3 Science Questions and Hypotheses

Despite decades of research on the topic of climate change and TCs, there are still sev-
eral important questions in the eld that have not been addressed in previous studies,
for example, regarding differential impacts of climate change on TCs in various synoptic
environments. The goal of this dissertation is to build on past studies that have focused on
future TC rainfall over water, and the smaller selections of TC rainfall change over land, and
establish the knowledge surrounding what environmental factors may be contributing to
these changes. We also go one step further to understand how these changes all translate
to changes in ood hazards and impacts that are felt at the residential scale to help inform
resilient infrastructure planning and land use planning for the future. We will do this by
addressing the following questions:

1. How will future TC rainfall over land change? Will it differ from the rainfall increases
expected over water, and will it vary for transitioning versus non-transitioning TCs?

It has been established that future TC precipitation will increase with increasing
atmospheric temperatures. Questions remain, however, if the changes in rainfall
will differ for TCs over land versus over water. Chen et al. (2025) found that land-
falling TCs historically have weaker rain rates than similar TCs over the ocean. How
these differences translate to future changes has received less attention, and how
landfalling transitioning TCs versus those that are not transitioning has not been
studied, to the best of the author's knowledge. Many high-resolution studies that
evaluate transitioning TC rainfall nd that the largest rain rate increases in future TCs



can be found nearest the TC center and are often greater than what is projected by
Clausius-Clapeyron scaling alone. When constricting results to only TCs over land,
however, Wright et al. (2015) found that the largest increases in future TC rain rate
occur farther from the TC center. This study however did not differentiate their re-
sults by storm phase (tropical or transitioning) or by synoptic environment. When
considering storms that are undergoing extratropical transition near the East Coast of
the US, Jung and Lackmann (2023) found that the largest rain rate increases (almost
double Clausius-Clapeyron scaling) were found within 100-km of the storm center.
These studies with varying results point to the need to understand how TC rainfall
over land will change with climate change, and to separate those changes by storms
in varying transition states as well as synoptic environments. We plan to consider
these changes in multiple precipitation metrics outside of just changes by radius, as
has been the historical focus.

2. Which factors contribute most to future rainfall changes? Is it mostly the vapor in-
crease and associated buoyancy changes or are the synoptic forcing mechanisms
increasing as well for storms that interact with midlatitude weather systems?

Several factors have beenidenti ed as contributing to increased TC rainfall, including
increased atmospheric moisture, increased CAPE, and stronger updrafts. Storms over
land and in differing synoptic environments, however, may have additional contribu-
tions to their precipitation such as increased friction over land or interactions with
midlatitude systems. Previous literature has pointed to the possibility that a future
environment features weaker lower-tropospheric baroclinic conversion as a result
of Arctic ampli cation and weaker meridional temperature gradients (e.g. Jung and
Lackmann 2021, 2023). When storms like Matthew and Floyd made landfall in the
Carolinas, they interacted with midlatitude fronts and an upper level jet which likely
increased their total precipitation amounts. While this contributed historically, these
contributions have not been studied in a future climate. Will future TC precipitation
changes be primarily in uenced by the “usual suspects” or will synoptic in uences
also increase in the future? Two competing factors may be at play for synoptic in-
uence on TCs: stronger future TCs would have a stronger primary circulation and
associated winds to interact with fronts and isentropic surfaces, butin a reduced baro-
clinic environment the isentropic slopes that it interacts with may be atter. Trying

to identify which factor becomes dominant in the future can help us understand how
precipitation for TCs interacting with differing synoptic environments may change in



a future climate. This work is somewhat of a merger of traditional TC rainfall studies
and the ET/ETC studies. We hypothesize that some of the feedbacks on rain rate that
were found in our earlier ET studies will also apply to some TC synoptic settings over
land, and that a super-CC precipitation increase will result.

3. How will changes in precipitation and land use land cover affect inundation in eastern
NC? At what scale are LULC changes most in uential?

Grimley et al. (2023) found that the modeled ood extent for Hurricanes Matthew
and Florence increased by 18% and 13%, respectively for the end of the century for
a high-emission scenario. These changes may however be a conservative estimate,
given that it is likely that the parts of the Carolinas that were impacted by these
storms will experience an increase in urban footprints. Urban land-use areas are
more impervious and result in additional surface runoff and an expansion of ooded
areas. In an extreme urbanization case, Sebastian et al. (2019) found that for Hurricane
Harvey in Houston, the historical increase in impervious surfaces in the region to date
led to anincrease in peak discharges of 54% ( £ 28%) relative to pre-urbanization. When
you consider the effect that climate change had already added to that storm (20%
+3%), the combination of climate change and urbanization almost doubled the peak
discharges from Harvey (84% + 35%) (Sebastian et al. 2019). However, as discussed
above, the contribution to ooding from LULC changes is quite dependent on the
land characteristics (i.e. amount or urbanization, soil moisture, topography), size of
the basin considered, and the future climate change data chosen (Pumo et al. 2017).
Therefore, the question remains as to how much urbanization and land use changes
could increase ood hazards in a future climate for a large area in the Carolinas
comprised of 5 different watersheds, and if there are certain watershed scales at
which LULC changes become more important or even contribute more to inundation
changes than climate change rainfall changes.

The rst two sets of questions will be answered by analyzing output from a set of high-
resolution Weather Research and Forecasting Model simulations that use a 4 km nested
domain over the East Coast of the United States, and extensively evaluating the resulting
ensemble model output. The nal set of questions will be answered using output from a set
of model runs using a hydrodynamic model, the Super-Fast INundation of CoastS (SFINCS)
model that use data from the WRF model runs and simulated land use land cover as input.
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2.1 Data and Methods

2.1.1 Case selection and overview

For this study, we chose to analyze Western North Atlantic Hurricanes Matthew (2016),
Florence (2018), and Floyd (1999) with a speci ¢ focus on the portion of their lifetime as they
approached and impacted the US states of North and South Carolina. We selected these
cases on the basis of their contrasting synoptic environments, which in uenced the track
(Fig. 2.1), structure, and evolution of these systems: one remained more purely tropical
(Florence) and two underwent ET but followed drastically different track evolutions and
experienced different amounts of environmental vertical wind shear (Floyd and Matthew).
Hurricanes Matthew and Florence in particular resulted in the closure of multiple major
interstate highways. While these storms do not represent all possible storm evolutions that
could impact this region, they provide diverse synoptic representations of impactful storms
in this region.

Hurricane Matthew brie y made landfall in northeastern South Carolina near Mc-
Clellanville around 1500 UTC 8 October 2016 before making a sharp eastward turn as it
interacted with an eroding subtropical high and an approaching mid-latitude trough (Stew-
art 2017). Because of the interactions with the approaching trough and an existing front
over North Carolina, Hurricane Matthew's cloud and precipitation shield was shifted to the
northwest of the storm center, resulting in large regions of greater than 250 mm (10 inches)
of rain over central and eastern NC, with a maximum measured value of 481 mm (18.95
inches) reported near Evergreen, NC (Fig. 2.2a) (Stewart 2017). This left-of-track precipita-
tion shield, which was in uenced by an existing front and increasing southwesterly shear
from an approaching trough, is similar to what was seen with Hurricane Floyd, though the
tracks for these two storms differed substantially (Figs. 2.1,2.2a,c). It is also indicative of a
shift to an asymmetric warm-core system instead of a more tropical symmetric warm core
TC (Fig. 2.3a). After impacting North Carolina, Matthew continued to move eastward over
the Atlantic before fully losing its tropical characteristics around 1200 UTC 9 October, then
merging with the frontal system by 0000 UTC 10 October (Stewart 2017).

Hurricane Florence made landfall near Wrightsville Beach, NC as a category one hurri-
cane around 1115 UTC on 14 September 2018 (Stewart and Berg 2019). As it approached
North Carolina from the east-southeast, its steering ow weakened, which caused a sub-
sequent decrease in translation speed. This slow translation speed allowed for continued
onshore ow of warm, moist air from over the warm Gulf Stream waters off the coast of
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the Carolinas, resulting in multiple rain bands passing over the same parts of southeast-
ern North Carolina and prolonging the duration of heavy precipitation. There were large
regions of greater than 250 mm (10 inches) of rainfall in central and southeastern North
Carolina, with a smaller region of greater than 500 mm (20 inches) over far southeastern
NC, and a localized region of greater than 750 mm (30 inches) from the persistent rain
bands; the peak rainfall reported was 912 mm (35.93 inches) near Elizabethtown, NC (Fig.
2.2b) (Stewart and Berg 2019). Because of its slow translation speed, Florence continued to
produce heavy rainfall over some parts of central and eastern North Carolina for over 72
hours, and maintained symmetric warm core tropical characteristics until it reached West
Virginia around 1200 UTC 17 September when it was of cially considered extratropical
(Stewart and Berg 2019; Fig. 2.3b).

Hurricane Floyd made landfall near Cape Fear, North Carolina at 0630 UTC on 16
September 1999 as a category two hurricane on the Saf r-Simpson scale (Pasch et al. 1999).
In the roughly 24 hours that Floyd directly affected the Carolinas, it produced large regions
of 250-400 mm (10-15 inches) of rain, with a peak value of 611 mm (24.06 inches) reported
near the coast in Wilmington, NC (Fig. 2.2c) (Pasch et al. 1999). This rainfall was likely
enhanced by Floyd's interactions with an approaching cold front and upper-tropospheric
trough (Atallah and Bosart 2003). As Floyd approached and moved across North Carolina,
its translation speed increased. It then turned north-northeast and encountered an en-
vironment with increased south-southwesterly shear, and began to acquire extratropical
characteristics which classi ed it as an asymmetric warm core system (Fig. 2.3c). Floyd
moved up the East Coast and continued to interact with the front, producing rainfall totals
greater than 250 mm across Maryland, Delaware, and New Jersey and record breaking
rainfall in Philadelphia (Pasch et al. 1999). It was classi ed as a frontal low by the time it
reached Maine, thus completing its extratropical transition. See Atallah and Bosart (2003)
and Colle (2003) for a thorough analysis of Hurricane Floyd's life cycle and extratropical
transition along the US East Coast.

2.1.2 Model con guration

We simulated each storm using the Weather Research and Forecasting (WRF) Model ver-
sion 4.2.2 (Skamarock et al. 2019). We experimented with different initialization (and lat-
eral boundary condition) datasets to identify which yielded simulations that most closely
matched observations. We initialized Hurricane Matthew with the 0.25  ° ERAS dataset (Hers-
bach et al. 2020) and simulated the period from 00 UTC 06 October until 00 UTC 10 October
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2016. For Hurricane Florence, we used the 0.25 ° Final Global Data Assimilation System
(GDAY FNL) dataset (National Centers for Environmental Prediction, National Weather
Service, NOAA, U.S. Department of Commerce 2015) and simulated the period from 00
UTC 13 September until 18 UTC 17 September 2018. For Hurricane Floyd, we used the
0.5° Climate Forecast System Reanalysis (CFSR) (Saha et al. 2010) dataset and simulated
the period from 00 UTC 14 September to 00 UTC 17 September 1999. We selected these
initial condition data for each case in order to optimize the representation of TC track and
precipitation over the study area. We ran a mini-ensemble of simulations for each storm
based on varying physical parameterizations; this ensures that results are not particular to a
speci c set of model physics choices, and offers a more robust solution, while also providing
ensemble statistics and information about uncertainty. For Hurricane Matthew, we ran

six ensemble members while for Hurricanes Florence and Floyd we ran seven ensemble
members. The full list of the key physics choices made in each ensemble member is listed in
Table 2.2. Each of our storms had a parent domain with 12-km grid spacing and a stationary
inner nest with 4-km grid spacing (Fig. 2.4); we used two-way nesting so that information
from the high-resolution domain was fed back to the parent domain. The physics choices
for each ensemble member are the same for both the parent domain and the nest, with the
exception of the cumulus scheme which was turned off for the nested domain given the
higher resolution. All ensemble members also used the ocean mixed layer model to adjust
for the cold wakes behind the TCs and the "isftc x" in WRF is set to the Donelan  / Garret
formulation to adjust the overwater surface ux exchange coef cients at high wind speed
(Donelan et al. 2004).

Given that the focus of our study is overland precipitation and how it responds to climate
change, it is imperative that our present and future storms overlap as much as possible;
as such, the simulation veri cation metric we emphasize is the accumulated storm-total
rainfall. To maintain track similarity and more similar accumulated rainfall distributions,
we used spectral nudging for each ensemble member for Hurricanes Matthew and Florence
(Waldron et al. 1996; von Storch et al. 2000; Bowden et al. 2012; Otte et al. 2012). Our speci ¢
con guration included nudging of only the winds above the boundary layer (model level
10 which corresponds to 800 hPa base state pressure) at wavenumbers three and smaller
on the parent domain; this corresponds to features at spatial scales on the order of 2000 km
and greater. We did not nudge geopotential, temperature, or water vapor, and we did not
nudge any variables in the nested domain. Our goal with this con guration was to nudge
just the large-scale pattern to the reanalysis data to allow the steering ow to be similar in
the present and future environments while still allowing the storm-scale features to evolve
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as freely as possible, and to maintain the warmer thermodynamic conditions for the future
simulations. While we tested nudging with Hurricane Floyd, we ultimately did not use it
because the tracks were suf ciently similar to observations without nudging (Fig. 2.5c¢,f).
We recognize that nudging limits modi cation of the future TC environment.

In order to compensate for large underestimations in TC intensity in available reanaly-
ses for Hurricane Floyd, we initialized simulations of that storm with a synthetic vortex,
following Nolan et al. (2021). This method allowed the intensity of the storm to be closer
to observations relative to simulations initialized with the reanalysis alone. The synthetic
vortex was especially useful for Hurricane Floyd, but was not used for Matthew or Florence.
For Florence, the intensity, track, and precipitation distribution using reanalysis alone
aligned well with the observations (discussed in section 3), so the vortex was not needed.
For Matthew, the precipitation distribution and the tracks were close to observations with-
out the synthetic vortex, however the intensity was substantially weaker than observed. To
attempt to resolve this disparity, we tested one ensemble member using the synthetic vor-
tex, and while the intensity improved, the storm track and precipitation distribution were
more poorly represented (not shown). Given the purpose of these simulations for assessing
transportation risk to hurricane precipitation in a warmer climate, the non-synthetic vortex
Matthew runs were suf cient. Throughout the model con guration process, all simulations
were compared with their respective storm's observed track, intensity, and precipitation
distribution to assess their validity, which will be discussed in more detail in section three.
The differences between each of the storm simulation con gurations are displayed in Table
2.1.

2.1.3 Future climate simulations

To investigate how these storms would differ in a future thermodynamic environment,

we used a PGW approach (Schar et al. 1996; Frei et al. 1998; Kimura and Kitoh 2007; Sato
et al. 2007) as has been done successfully in numerous previous studies (e.g. Mallard et al.
2013a,b; Lackmann 2013, 2015; Trapp and Hoogewind 2016; Gutmann et al. 2018; Jung and
Lackmann 2019; Carroll-Smith et al. 2020; Dougherty and Rasmussen 2020; Dougherty
et al. 2023). After evaluating our present-day simulations against observations (see section
three), we then simulated each storm with projected end-of-century conditions. To accom-
plish this, we calculated 20-year difference elds ("deltas") for ve different temperature
variables (skin temperature, surface temperature, soil temperature, air temperature, and
sea-surface temperature) using an ensemble of Phase 5 Coupled Model Intercomparison
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Project (CMIP5) or CMIP6 models using the Representative Concentration Pathways (RCP)
8.5 or Shared Socioeconomic Pathway (SSP) 5-8.5 emissions scenarios (Moss et al. 2010;
Gidden et al. 2019). We also hold relative humidity constant, which, with warming, results in

a moisture delta that is consistent with the given synoptic weather patterns. The nal step

is the WRF preprocessing interpolation that recalculates geopotential height and ensures
hydrostatic balance with the new virtual temperature eld. For both present and future
simulations, we use digital lter initialization (DFI) (Lynch and Huang 1992; Peckham et al.
2016) to minimize high frequency noise that may occur in the model as a result of thermo-
dynamic changes, and to generate hydrometeor and cloud elds for the initial model time,
reducing the need for long model spin-up time.

For Hurricanes Matthew and Floyd, we calculated deltas using an ensemble of 20 CMIP5
models for a future time period of 2080-2099 minus a historical time period of 1980-1999.
This results in a 100-year temperature delta. For Hurricane Florence, we instead calculated
deltas using an ensemble of 20 CMIP6 models for a future time period of 2080-2099 and a
historical time period of 1995-2014, which results in an 85 year delta. We explicitly calculate
these deltas by averaging each variable over the respective time periods and across all
the chosen models, then subtracting the two time periods (future and historical). These
deltas are then applied to their respective temperature variables in the WRF initialization

les to represent thermodynamic environments that are 100, 85, and 100 years after the
storms originally occurred for Hurricanes Matthew, Florence, and Floyd, respectively. There
is not a distinguishable difference in the time- and ensemble-averaged projected future
temperature in our study region between CMIP5 and CMIP6 ensembles (not shown). The
list of CMIP5 models we used is the same as those used in Jung and Lackmann (2019), and
the CMIP6 models we used are listed in Table 2.3. Six of these models have equilibrium
climate sensitivity (ECS) values above 4.5 degrees Celsius, categorizing them as "hot models"
(Tokarska et al. 2020; Hausfather et al. 2022).

2.1.4 Return period quanti cation

Given larger projected changes in extreme storms in the future with additional atmospheric
warming (Seneviratne et al. 2023), it is important to investigate climate change projections
and the issue of non-stationary within readily available climate information especially as it
relates to precipitation extremes. In particular, there is growing interest in precipitation
changes and how these changes may impact hydrologic design (Wright et al. 2019; Kourtis
and Tsihrintzis 2022). Hydrologic design standards in North Carolina (NC) and throughout
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a majority of the US use existing intensity-duration-frequency (IDF) curves (NOAA Atlas 14;
Bonnin et al. 2004); however, these curves do not consider non-stationarity and climate
change.

Here we put the simulated hurricanes (present and future) in the context of NOAA
Atlas 14 and a scaled version of Atlas 14 for NC (Bowden et al. 2024, 2025) that considers
plausible future changes using downscaled climate change projections from the Localized
Constructed Analogs dataset (LOCA; Pierce et al. 2014). This method creates a regional
scale factor for the eight climate divisions in NC for each General Circulation Model (GCM),
different return periods, greenhouse gas emission scenarios, and time horizons of concern.
An ensemble of all downscaled GCM scale factors is created and applied to adjust Atlas
14. Scaling Atlas 14 is noted as a viable option (Kilgore et al. 2019) with scale factors devel-
oped for other regions using downscaled climate change projections, similar to the work
presented by Miro et al. (2021) for the US Mid-Atlantic region. An assumption is made to
estimate the sub-daily rainfall accumulations and intensities using the 24-hr regional scale
factors. The historical and projected changes in the scaled IDF values are compared with
the simulated hurricanes to begin investigating non-stationarity in the future IDF curves.

To calculate the return periods for our simulated storms, we store the highest 100
precipitation values at nested domain grid cells for the six thresholds from each ensemble
member: 1-hr, 2-hr, 3-hr, 6-hr, 12-hr, and 24-hr. Then, we calculate the mean and standard
deviation of the stored data for each time interval. For comparison, observed NOAA Atlas
14 values were selected for the location in eastern North Carolina with the highest return
period values, New Hanover County. We chose the observed maximum IDF values in the
region because the events we are simulating are extreme. The future (scaled) IDF values
for end-century and the same high-emission scenario for the centroid county estimate are
used to estimate projected rainfall for the different durations and return periods.

2.2 Model simulation performance

2.2.1 Presentday simulations compared with observations

Each ensemble mean storm tracks align fairly well with the observed tracks: all simulated

storms have mean along and cross track root mean square deviations (RMSD) that are
less than 50 km (Table 2.4). For the simulated tracks, we de ne the TC center location as
the grid cell on the 4-km WRF nest with the lowest sea level pressure. Of the three storms,
the ensemble mean for Matthew has the largest along and cross track RMSDs due to the
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simulated storm traveling slower than and to the right of the observed storm after brie y
making landfall in the Carolinas (Fig. 2.7). We explored several options to improve these
deviations in Hurricane Matthew's track (not shown here), however the con guration
presented here represents a combination of the best simulated track and precipitation
distribution compared to observations. The ensemble mean tracks for Hurricanes Florence
and Floyd were quite similar to the observed, consistent with smaller quantitative along
and cross track differences (Table 2.4, Fig. 2.7).

The intensity for the present-day simulations was more dif cult to align with observa-
tions, particularly for Hurricane Matthew. The large discrepancy in intensity with Hurricane
Matthew is due to a more westward simulated track that resulted in greater land interaction
relative to observations. In addition, Matthew's representation in the reanalysis was much
too weak, resulting in a 40-hPa initial condition error. The RMSD of the ensemble mean cen-
tral pressure for Matthew is too highby  21-hPa (Table 2.4). While this is a large difference,
simulated precipitation over North and South Carolina compared well with observations
(Fig. 2.2a,d), so we accepted the intensity error in these simulations. Simulated intensities
for Hurricanes Floyd and Florence aligned much better with observations, with error values
ofonly 5and 7 hPa, respectively (Table 2.4).

As mentioned above, an important metric we used to ensure the adequacy of our runs
was the similarity between the observed and modeled total accumulated precipitation
for each storm (Fig. 2.2a-f). We subjectively analyzed each storm's simulated ensemble
probability matched mean accumulated precipitation and compared its spatial footprint
and maximum precipitation amounts with the Stage IV precipitation analysis for Hurricanes
Matthew and Florence, and Livneh (Livneh et al. 2013) precipitation for Hurricane Floyd.
Overall, the spatial footprint of the accumulated precipitation aligns well for all of our
storms, but the single grid-cell maximum storm total precipitation differs by over 100 mm
for Hurricanes Matthew and Floyd (Fig. 2.2). We also compared how well the simulations
captured the extratropical transition of our storms, and all present day simulations follow
very similar transition patterns and timing when we compare them to reanalyses (Fig. 2.3).
Considering the track, intensity, transition, and precipitation similarities, we deemed the
ensemble simulations suf ciently realistic to proceed with analysis.

2.2.2 Present day compared with future simulations

Comparing the resulting present-day and future ensemble mean storm tracks, we nd that,
as expected, they are quite similar for all storms (Fig. 2.5). While subtle track differences do
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exist with each storm, overall their tracks are suf ciently similar to allow for precipitation
comparisons, especially given that many of the comparisons will be done via an averaging
box over North and South Carolina land points (Fig. 2.4). Future tracks that are closer to
present day tracks can assist with downstream modeling as rainfall shifts are expected to
be minimized when the tracks are similar to each other. For each of our storms, the future
ensemble mean track falls within a reasonable distance from the present ensemble mean,
with along-track RMSD values less than 30 km for all three storms, and cross-track RMSD
values between 20 and 45 km for all three storms (Table 2.4). The largest average along-track
RMSD values exist with Hurricane Florence (29.9 km), which traveled slightly faster on
average in the future compared to the present; the largest cross-track RMSD values exist
with Hurricane Floyd (44.7 km) which deviated further to the left in the future compared to
the present (Fig. 2.7).

The future simulations for all storms are more intense and reach lower ensemble mean
minimum central pressures than their respective present-day counterparts (Fig. 2.6). This
aligns with ndings from Knutson et al. (2020) where, in reviewing multiple studies, they
report a 5% increase in intensity for 2 °C warming in the future, and medium-to-high con -
dence among the authors that future TCs will increase in intensity. The largest intensity
increase occurs with Hurricane Floyd, which, at its highest intensity, features a minimum
central pressure thatis 17-hPa lower in the future ensemble mean relative to the present-day
simulations of Floyd. The time-average difference between the present and future ensemble
mean minimum central pressure shows that the largest difference also exists for Hurricane
Floyd, which has a 12-hPa time-averaged difference (Table 2.4). We also compared the
future extratropical transition of our storms to the present. The transition patterns and
timing are very similar for all three storms—Hurricane Florence stays warm core symmetric
at all considered times for observations and simulations, and Hurricane Matthew becomes
asymmetric just 6 hours later in both simulations than in observations. The largest differ-
ence occurs with Hurricane Floyd which, while the simulations and observations become
asymmetric at the same time, the future simulation brie y returns to symmetric in the
future when the present remains asymmetric (Fig. 2.3).
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2.3 Changes in precipitation characteristics

2.3.1 Total accumulated precipitation

Several TC rainfall metrics can be used to quantify TC precipitation change between present-
day and future simulations. One such metric is the total amount of precipitation that a
system produces over land, for example, total accumulated rainfall at all land grid cells
(Fig. 2.2). In the PGW simulations, the tracks deviate slightly, resulting in an associated
shift of the precipitation swath which can complicate using a direct grid-cell difference
between the present and future accumulated precipitation. However, we can still visually
see an expansion of the 375-mm isohyet (15 in) over land in all three cases (Fig. 2.2).
Examining a variety of thresholds, we see an increase in the area receiving greater than 250,
375, 500, and 750 mm of accumulated rainfall in all future cases where those thresholds
are met (Table 2.5). The largest areal increase for Floyd occurred where precipitation totals
exceeded 250 mm (22400 400km 2), for Matthew where precipitation totals exceeded
375 mm (27000 500km 2), and for Florence where precipitation totals exceeded 375 mm
(9900 400km 2). Out of all three storms, we see the largest areal increase in overland
precipitation for any threshold above 250 mm in Hurricane Matthew (27000 500km 2 for
areas receiving greater than 375 mm). Hurricane Florence's largest areal increase for any
threshold is less than Matthew and Floyd's largest changes by about half, indicating it had
the smallest changes in footprint for high accumulated precipitation amounts (Table 2.5).
When we consider how the total land area receiving any amount of rainfall changes in the
future, we nd that the largest increase exists with Hurricane Floyd ( +5.7%), but Hurricanes
Florence and Matthew experience slight decreases in average area (-0.2%). When we include
rainfall that fell over the water in our Carolinas box to account for slight deviations in
future tracks, Floyd still has the largest increase in area receiving any precipitation ( +9.1%),
Hurricane Florence has a slight increase in area ( +0.4%)and Matthew still has a decrease in
area (-0.3%) (Table 2.5). Analyzing the change in the maximum accumulated precipitation
value for a single grid cell over the Carolinas, we also found an increase for all storms,
though the range is quite large between the three storms ( +7% for Floyd, +90% for Matthew,
and +46% for Florence, not shown).

Most studies that evaluate TC rainfall and climate change report their percent changes
as an average over a large area, making it dif cult to compare when considering a smaller
region. However, Wright et al. (2015) found that for North and South Carolina, when com-
paring rainfall for present-day TCs with future projections from CMIP3, and CMIP5 early
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and late twenty- rst century, the spatial map of percent changes in rainfall show increased
values ranging from 50 to 150% across our study region. This is quite similar to what we
nd here with localized regions of over 100% increases in accumulated rainfall for all three
storms in parts of North and South Carolina (not shown), and average changes ranging
from 40-130% across all three storms (not shown). It is important to note, however, that in
our study we use RCP8.5 and Wright et al. (2015) used RCP4.5 A1B emissions pathways.
Liu et al. (2018) also evaluated how eastern US landfalling TC rainfall would evolve with
climate change, and in doing so found that for landfalling TCs between July and November,
the increase in rainfall over North and South Carolina ranged from 0-50% for the RCP4.5,
end-of-century scenario. The large differences between their study and ours may be due in
part to their model resolution being much coarser than ours (50-km grid spacing compared
to 4-km), and their use of RCP4.5 instead of RCP8.5. Our results are also for three speci c,
extreme cases as compared to years-long composites of multiple storms. Jalowska et al.
(2021), which evaluated the same three storms as in our study, found 22-44% increases
in total rainfall across a similar study region based on end-of-century RCP4.5 and RCP8.5
warming. The dampened increases compared to what we nd are not entirely surprising
given their data 36-km grid spacing compared to our 4 km, as well as the fact that they
utilized a statistical downscaling approach based on GCMs which doesntinclude TCs. They
did, however, nd increases of 46-130% in the maximum total rainfall, which overlaps with
the range of increases in maximum total rainfall we found here as well (7-90%).

2.3.2 Distribution of rain rates

An important precipitation characteristic is the distribution of overland rain rates for each

of the storms, and how those distributions change in a warmer climate (Fig. 2.8). All three

storms exhibit a decrease in the frequency of weaker rain rates (less than 12 mm per hour)
and an increase in rain rates greater than 25 mm per hour, with Florence and Floyd showing

future increases at all rain rates above 12 mm per hour. The biggest future increase in the
occurrence of a given rain rate varies by storm, with Matthew having the largest increase
around 30to 33 mm (1.2 to 1.3 inches) per hour, Florence having the largest increase around
20 to 23 mm (0.8 to 0.9 inches) per hour, and Floyd having the largest increase around the
12 to 15 mm (0.5 to 0.6 inches) per hour range, when only considering rain rates above
12 mm per hour. The overall pattern of a decrease in the frequency of lower rain rates
and increase in the frequency of higher rain rates aligns with previous studies (Lackmann

2013; Gutmann et al. 2018), and also points to the potential for our future storms to have
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higher ash- ooding potential than their present-day counterparts. A subsequent paper
will explore the causes for this change in rain rate distribution.

As mentioned previously, a central nding of studies that examine changes in TC precip-
itation is an increase in rainfall that either follows or exceeds the Clausius-Clapeyron (CC)
scaling ( 7% increase per degree Celsius of warming) (e.g. Knutson and Tuleya 2004; Hill
and Lackmann 2011; Knutson et al. 2015). For all of our simulations, the average tempera-
ture increase across the lower and middle troposphere (surface to 500 hPa) from present to
future was 4.5K (Table 2.6). This temperature increase implies a vapor increase of  35%
for all storms. When we calculate the percentage change in precipitable water (PWAT), we

nd that all three storms have PWAT increases slightly under the expected vapor increase
given by the CC scaling - these variations are understandable given that we averaged the
4. 5K temperature change across height and location. Comparing the average rain rates from
the histograms, we nd percentincreases of 23 9%, 34 12%, and 21 6% for Hurricanes
Matthew, Florence, and Floyd respectively (Table 2.6), which are sub-CC scale, CC scale,
and sub-CC scale, respectively. When we consider the changes in the 90th percentile of
these distributions, or the more extreme rain rates, we ndincreasesof 37 7%,55 20%,
and 25 8% for Hurricanes Matthew, Florence, and Floyd respectively (Table 2.6), which
are CC scale, super-CC scale, and sub-CC scale respectively; when we consider the most
extreme rain rates, 99th percentile, we see smaller percent changes that are closer to the
changes seen in the mean rain rates. This disparity could indicate that the most extreme
rain rates are not increasing as much as the higher end rain rates, at least for the rain in our
storms that falls over land and over the Carolinas. In general though, for all three storms,
this implies that the higher-end precipitation rates are increasing more than the averages,
which could result in future ooding being more ashy.

2.3.3 Areal extent of rain rates

While the frequency of rain rate occurrences is valuable, it is also important to see where
these rain rates occur to determine if the spatial extent of heavy rain rates changes along with
the distribution. These plots are also useful to show us regions that may have experienced
these rain rates multiple times, thus exacerbating impacts (Fig. 2.9). The heat map for
greater than 12 mm h ! of rain is presented here, but larger thresholds were also computed
(Fig. 2.10). The largest difference these heat maps reveal is a shift in track between the
present ensemble members and the future ensemble members for all storms. Along with
the track shift, however, we also see an expansion of the regions experiencing greater than
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12.7mmh !rainrates (Fig. 2.9). When we average the number of land grid cells in which the
frequency of rain rates exceeding 12 mm h !is greater than zero, we nd increases of 20%,
28%, and 28% for Hurricanes Matthew, Florence, and Floyd respectively. This indicates an
increase in the amount of land grid cells experiencing these higher rain rates in the future.

If we do this same calculation for rain rates exceeding 25 mm h !, the percentages increase
to 32%, 38%, and 21%, respectively. When we average the highest 5% of these frequency
values, which gives an idea of how much the area of repeated rain rate occurrence changes
at a given threshold, the percent increases are 17%, 47%, and 21% for Hurricanes Matthew,
Florence, and Floyd respectively. For 25 mm h 1, the percentage increases are larger, now
71%, 89%, and 55%, respectively, indicating that the frequency of these higher rain rates is
increasing more than for the smaller rain rates. These precipitation metrics are important

to consider as they give insight into another potential cause of ooding or ash- ooding:
changes in the duration of high-intensity rain rates.

2.3.4 Storm-centered precipitation changes

Because of present to future track shifts, it is useful to consider storm-centered precipita-
tion changes by computing the distance from the TC center where the highest rain rates
are occurring, and examining how that shifts. As has been shown in previous TC and ET
literature (Atallah et al. 2007; Liu et al. 2018; Jung and Lackmann 2019, 2021), TCs with
more tropical characteristics exhibit the highest rain rate increases near the TC center;
then, as the storm begins to undergo ET, the region of maximum rain rates extends outward
away from the TC center. Since our storms are in various stages of ET when they impact
North Carolina (Fig. 2.3), we evaluate where the maximum rain rates exist in relation to the
distance from the TC center, and how that changes with warming. To do this, we calculated
the azimuthal average rain rate values for land points for all of our storms across all simu-
lation times (not shown) and then averaged across the simulation time (including times
from both before and during extratropical transition; Fig. 2.11). For the storm that most
strongly retained tropical characteristics, Florence, we nd that in the future the rain rate
increases the most (  190%) between 50 and 100 km from the storm center. For Matthew,
which was transitioning while impacting the Carolinas (Fig. 2.3), we see the largest increase
in rain rates further from the TC center, between 100 and 150 km. The mean magnitude
of this difference is an increase of  140% from present to future. Floyd, which exhibited
both tropical and extratropical characteristics when its rain bands were over South and
North Carolina, exhibits a double peak: the rst between 50 and 100 km and the second
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between 100 and 150 km. The magnitudes of these increases peak at about 90% and 100%,
respectively. The highest simulated mean rain rates were associated with Hurricane Floyd,
the largest increase in rain rates occurred with Hurricane Floyd, and the largest percent
increases in rain rates from present to future were associated with Hurricane Florence.
While the magnitude of the changes differ, we nd that rain rate increases within 100 and
300 km for our tropical and transitioning storms are super-Clausius Clapeyron; this aligns
with the ndings in Jung and Lackmann (2021, 2023).

The values presented in Figure 2.11 are for rain rates that occurred over land in our
Carolinas averaging box; if we instead consider the entire 4-km domain that our storms
moved through (not shown), we nd that all storms have a rain rate peak within 200 km of
the center (as Florence does in Fig. 2.11) and Matthew and Floyd exhibit a secondary rain
rate peak between 100 and 200 km radial distance. The largest rain rates and the largest
increase in rain rates are in future Hurricane Floyd within 75 km of the storm center. While
this provides context to the tropical and extratropical-transitioning nature of the full life
cycle of these storms, our area of primary interest is the Carolinas, where Florence was
tropical and Floyd and Matthew were being in uenced by baroclinic systems.

2.3.5 Changes in return period of precipitation

Given larger projected changes in extreme storms in the future with additional atmospheric
warming (Seneviratne et al. 2023), it is important to investigate climate change projections
and the issue of non-stationary within readily available climate information especially as it
relates to precipitation extremes. In particular, there is growing interest in precipitation
changes and how these changes may impact hydrologic design (Wright et al. 2019; Kourtis
and Tsihrintzis 2022). Hydrologic design standards in North Carolina (NC) and throughout
a majority of the US use existing intensity-duration-frequency (IDF) curves (NOAA Atlas 14;
Bonnin et al. 2004); however, these curves do not consider non-stationarity and climate
change.

Here we put the simulated hurricanes (present and future) in the context of NOAA Atlas
14 and a scaled version of Atlas 14 for NC (Bowden et al. 2024) that considers plausible future
changes using downscaled climate change projections from the Localized Constructed
Analogs dataset (LOCA; Pierce et al. 2014). This method creates a regional scale factor for
the eight climate divisions in NC for each General Circulation Model (GCM), different return
periods, greenhouse gas emission scenarios, and time horizons of concern. An ensemble
of all downscaled GCM scale factors is created and applied to adjust Atlas 14. Scaling Atlas
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14 is noted as a viable option (Kilgore et al. 2019) with scale factors developed for other
regions using downscaled climate change projections, similar to the work presented by
Miro et al. (2021) for the US Mid-Atlantic region. An assumption is made to estimate the
sub-daily rainfall accumulations and intensities using the 24-hr regional scale factors. The
historical and projected changes in the scaled IDF values are compared with the simulated
hurricanes to begin investigating non-stationarity in the future IDF curves.

To calculate the return periods for our simulated storms, we store the highest 100
precipitation values at nested domain grid cells for the six thresholds from each ensemble
member: 1-hr, 2-hr, 3-hr, 6-hr, 12-hr, and 24-hr. Then, we calculate the mean and standard
deviation of the stored data for each time interval. For comparison, observed NOAA Atlas
14 values were selected for the location in eastern North Carolina with the highest return
period values, New Hanover County. We chose the observed maximum IDF values in the
region because the events we are simulating are extreme. The future (scaled) IDF values
for end-century and the same high-emission scenario for the centroid county estimate are
used to estimate projected rainfall for the different durations and return periods.

Here, we quantify the return period for all three storms for different precipitation du-
rations (1-hr, 2-hr, 3-hr, 6-hr, 12-hr, and 24-hr; Fig. 2.12). For all cases, the future storms
had a higher return period (e.g., from 100-yr to 500-yr) than the present-day version for
all time intervals. At the shorter time intervals, Hurricanes Matthew and Florence exhibit
the largest increases in maximum rain rate, with future Matthew exhibiting larger values
than Florence at all times shown. When we consider the longer time intervals (i.e. 12-hr
and 24-hr), we nd that Hurricane Florence has larger increases - this is not surprising as
Hurricane Florence was a much longer duration storm than either Matthew or Floyd.

When we consider all of these precipitation values in the context of the climate-model
(LOCA) adjusted Atlas-14 data, all storms in the present and future and at each rainfall
duration period shift to lower return intervals (i.e. if we consider 50, 100, 500, and 1000 year
return periods, they shift from 500 to 50 or 1000 to 100 when comparing with historical
versus LOCA). This means that when we include future climate information into the IDF
curve values, rain rates that were historically considered 500-year events now are only
100-year events; this means that extreme values from the historical IDF curves become
less extreme when you include the non-stationarity from climate change. Even with these
adjustments, however, future Florence is greater than a 1000 year event for four of the six
time intervals here, and future Matthew is greater than 1000 year event for all six times. This
speaks to just how rare these storms were historically, and how in a future scenario they
can become more frequent but still have even more extreme precipitation. However, this
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also may suggest that LOCA fails to fully represent TC precipitation, and that what appears
here to be a 1000-year event may not be quite as rare.

2.4 Summary

Tropical cyclone rain rates are expected to increase as the climate continues to warm, but the
extent of that increase and how it may differ for TCs in contrasting synoptic environments,
or at different stages in their life cycle, is less clear. Here, by evaluating overland rain rate
characteristics of three Atlantic TCs at various stages of their life cycles, in diverse synoptic
patterns, and in altered climate conditions, we nd that there is strong variability among
the three storms for multiple rainfall characteristics: accumulated rain, distribution of rain
rates, spatial distribution of rain rates, and historical extremity of rain rates. We evaluated
these three synoptically diverse TC events using high-resolution ensembles in the current
climate, and for a high-emission end-of-century thermodynamic environment (RCP 8.5 and
SSP585). The main results for changes in each precipitation characteristic are as follows:

* For storm-total accumulated rainfall, the land area receiving at least 250mm of rainfall
expanded by 17600 800km2,9800 500km 2, and 22400 400km 2 for Hurricanes
Matthew, Florence, and Floyd, respectively - Hurricanes Matthew and Floyd had
almost double the areal expansion of Florence. The largest areal expansions for each
storm occurred above a 375 mm threshold for Matthew, 375 mm for Florence, and
250 mm for Floyd.

* When considering how the overland rain rates changed for each storm, we see an
increase in all rain rates greater than 5 mm h ! for each storm, and a decrease in
the rain rates below that threshold. We also nd that, while Matthew and Floyd have
higher average overland rain rates in the present and future, Florence has the highest
percent increase in both the average rain rates and 90th percentile rainrates ( 34 12%
and 55 20%).

» Each storm exhibits a greater than 19% increase in the areal coverage of overland rain
rates greater than 12.7 mm h 1, and a greater than 17% increase in the number of
hours during which those rain rates occurred. The largest increases in both of these
metrics exist with Hurricane Florence (28% and 47% respectively).

» Adiscernible difference between precipitation metrics for these storms emerges when
we consider overland, time-averaged rain rates as a function of distance from the TC
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center. For Hurricane Florence, a storm that strongly retained tropical characteristics,
the highest values and the largest change in rain rate occur within 100 km of the center.
Matthew and Floyd, both transitioning storms interacting with synoptic features,
exhibited peak rain rates further from the TC center at distances greater than 100 km.
The highest rain rate of any storm and the largest magnitude increase in mean rain
rate occurred with Hurricane Floyd.

» Each of our future storms was greater than a 100-year return period event for multiple
durations when considering both the historical Atlas-14 scale as well the LOCA-
adjusted Atlas-14 that accounts for climate change. Even with the LOCA-adjusted
Atlas-14 data, however, future Hurricane Florence is greater than a 1000 year event for
four of the six time intervals, and future Hurricane Matthew is greater than 1000 year
event for all six times. Hurricane Matthew's 1-hr, 2-hr, 3-hr, and 6-hr future maximum
rain rates were the highest out of all three storms, while Florence had the highest
future maximum rain rates for 12-hr and 24-hr duration.

The ensemble of present-day and future simulations can be used to assess future threats,
for example to transportation infrastructure. For such applications, where highly localized
present-to-future comparisons are needed, a "scale factor" approach is useful because it
eliminates challenges created by the shifts in the simulated spatial precipitation distribution.
For such applications, we recommend computing precipitation change statistics from the
present-day and future ensembles to determine scale factors, such as the percent changes
we calculated from the histograms here. Then, the scale factor can be applied to either
observed or simulated present-day precipitation. For more on this approach, see Grimley
et al. (2024). This scale-factor approach can be modi ed to consider different storm types,
different percentile thresholds, or different regions.

The con guration of this study has a few limitations, one of which is the use of spectral
nudging for two of the cases. Nudging was used to minimize differences between present
and future tracks. Given that nudging constrains track changes, these simulations are
not useful for understanding future changes in TC track or translation speed. Nudging
also reduces environmental changes that may have impacted the resulting precipitation
elds, though only the large-scale steering ow was nudged in an attempt to minimize this
in uence.

Another limitation of this study is the limited sample size of storms studied; only three
storms are compared, all of which are relatively modest in intensity and only represent a
subset of synoptic environments. We also are only examining one future scenario (RCP8.5)
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out of many, and one future time period out of many (end of century). While we acknowledge
that three storms in one future scenario is not suf cient to fully generalize future TC rainfall
changes for storms in a large variety of synoptic settings, and a larger catalog of storms would
be preferred in order to represent the variability, there are still some patterns we can identify
from our subset of storms. One such pattern is that, while Hurricanes Floyd and Matthew
have larger average rain rates in the present and future than Florence (when considering
the whole distribution of rain rates), we nd the largest percent increases in average rain
rate with Hurricane Florence. When we consider these rain rate changes as a function of
distance from the TC center, we see that again the largest percent increases in average rain
rates exist with Hurricane Florence within 75 km of the storm center. However, Hurricane
Florence also has a much smaller areal increase in total accumulated precipitation than
both Matthew and Floyd when we consider totals above 250 mm. These ndings may point
to a difference in climate change response for more tropical, non-synoptic TC rainfall as
compared to more extratropical-transitioning, synoptic-interacting TCs. Itis also important
to point out that the changes we are identifying are mostly focused on overland changes
in our Carolinas domain (Fig. 2.4) and do not all include precipitation that fell over the
ocean. Because some of our storms took slightly different tracks in the future, and therefore
spent more or less time over the land, this focus on overland only may not represent the
full changes in these precipitation metrics. However, given that this work is motivated by
and used for land transportation applications, this limitation is justi ed.

Each of these storms produced substantial rainfall when they occurred historically, and
the changes described above indicate that when similar storms occur in a future, warmer
climate, the impacts could be even more devastating. We also highlight the importance of
evaluating these precipitation changes as a function of the TC environment. It is important
to understand how TC rainfall, evaluated from multiple different lenses at different spatial
scales, may change as the climate continues to warm in order to help inform infrastructure
planning, as well as to assist in attempts to mitigate damage and loss of life caused in the
wake of these destructive TCs.
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Table 2.1: Description of the varying options and con gurations for each storm.

Hurricane  Hurricane  Hurricane
Matthew Florence Floyd
Initial and lateral BCs ERA5 GDAS CFSR
Vortex initialization? no no yes
Spectral nudging of winds? yes yes no
Number of ensemble members 6 7 7
CMIP data CMIP5 CMIP6 CMIP5
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Table 2.2: Physics choices used for each ensemble member for WRF simulations. Hurri-
canes Florence and Floyd used all 7 members, while Hurricane Matthew only used the rst

6.

Microphysics Cumulus (domain lonly) PBL Surface layer
Memberl Thompson Tiedtke YSU MM5
Member2 WSM6 Tiedtke YSU MM5
Member3 Thompson BMJ MYJ Eta
Member4 Goddard Tiedtke YSU MM5
Member5 P3 Tiedtke YSU MM5
Member6 WDM6 Tiedtke YSU MM5
Member7 WDM7 Tiedtke YSU MM5
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Table 2.3: List of CMIP6 models used to compute change elds used in Hurricane Florence
PGW simulations.

Models
ACCESS-CM2  ACCESS-ESM1-5 BCC-CSM2-MR
CAMS-CSM1-0 CanESM5 CESM2
CESM2-WACCM CMCC-ESM2 CNRM-CM6-1
EC-Earth3 FGOALS-g3 GISS-E2-1-G
IPSL-CM6A-LR MIROC6 MPI-ESM1-2-HR
MPI-ESM1-2-LR MRI-ESM2-0 NorESM2-LM
NorESM2-MM TailESM1
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Table 2.4: Track and intensity comparison summary. Great-circle along-track distance
RMSD (km) are shown in column one, great-circle cross track distance RMSD (km) are
shown in column two, and storm minimum sea-level pressure RMSD (hPa) are shown in
column three. Rows one through three compare observed values (NHC best track) with
simulated present ensemble mean values (simulated minus observed), and rows four
through six compare present-day ensemble mean values with future ensemble mean values
for each storm (present minus future). Differences are calculated every six hours and
averaged across all model times (13 times for Floyd and Matthew, 16 for Florence). Along
track differences represent a storm moving faster or slower than the storm it is compared
to, and cross track differences represent a storm moving to the left or right of the track it is
being compared to.

Avg
Avg along Avg cross minimum
track RMSD track RMSD central
(km) (km) pressure
RMSD (hPa)
Matthew Pre_sent 498 16.7 211
to Observations
Florence Prgsent 20.5 196 6.8
to Observations
Floyd Present to 31.1 16.9 4.9
Observations
Matthew Present 122 34.7 54
to Future
Florence Present 20.9 20.6 59
to Future
Floyd Present to 211 44.7 116
Future
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Table 2.5: Change in the land area receiving rainfall thresholds of greater than 10 in (250
mm), 15 in (375 mm), 20 in (500 mm), and 30 in (750 mm), plus or minus the standard

deviation. Also shown are the average percent change in total area receiving rainfall for
land regions only as well as over the land and ocean.

Matthew
(2016)

Florence
(2018

Floyd (1999)

250 mm.
375 mm.
500 mm.
750 mm.
average change
over our study
region (land
only)
average change
over our study
region
(including
ocean)

17600 800km 2
27000 500km 2
14000 100km 2
2200 100km ?

-0.2%

-0.3%

9800 500km 2
9900 400km 2
9000 500km 2
4600 300km ?

-0.2%

+0.4%

22400 400km ?
9900 300km 2
1300 100km 2

+5.7%

+9.1%
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Table 2.6: Temporally and spatially averaged changes in atmospheric layer temperature
(surface-500 hPa) and precipitable water calculated from the present-day ensemble mean
les. Mean hourly rain rates and standard deviations are calculated from all of the ensemble
members for each storm. The percent changes are calculated for the ensemble member

means, 90th, and 99th percentile precipitation calculations. The plus or minus error metrics
represent one standard deviation.

Matthew Florence
2016) 2018) Floyd (1999)
Temperature +4.5K +4.5K +4.5K
change
Expected CC 35% 36% 36%
scaling
Present PWAT 40.9 mm 45.3 mm 43.6 mm
Future PWAT 54.2 mm 58.1 mm 57.4 mm
PWAT percent 3204 28% 31%
change
Presentmean || 1) 6 g4mmh | 9.2 07mmh ® | 121 0.8mmh
rain rate
Futremean |\ 4/ 3 1 ommh L | 123 07mmh ! | 146 1immh
rain rate

Mean rain rate %
90th percentile
rain rate %
99th percentile
rain rate %

23 9%
37 7%

26 10%

34 12%
55 20%

36 15%

21 6%
25 8%

20 14%
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Figure 2.1: Observed National Hurricane Center (NHC) second-generation hurricane

database (HURDAT2; Landsea and Franklin 2013) storm tracks of Hurricanes Matthew
(2016), Florence (2018), and Floyd (1999) during the portion of their life cycles when they
were approaching or affecting the study area. Numbers correspond to month-day-hour in

UTC.
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Figure 2.2: Precipitation and track summary, panels (a)-(c): Black line is observed NHC
best track for Hurricanes (a) Matthew (2016), (b) Florence (2018), and (c) Floyd (1999) with
storm total precipitation (shaded, mm as in legend at right). Observed precipitation for
Hurricanes Matthew and Florence is Stage IV and for Hurricane Floyd is Livneh daily CONUS
near-surface gridded precipitation provided by the NOAA PSL (Livneh et al. 2013). Panels
(d)-(f): Simulated ensemble mean track and probability matched mean total accumulated
precipitation (mm) from WRF model simulations of Hurricanes (d) Matthew, (e) Florence,
and (f) Floyd. Panels (g)-(i): ensemble mean track and probability matched mean total
accumulated precipitation (mm) from future WRF model runs of Hurricanes (g) Matthew,
(h) Florence, and (i) Floyd.
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Figure 2.3: Cyclone phase space (CPS) diagrams of thickness symmetry versus lower-
tropospheric thermal wind for Hurricanes Matthew (a), Florence (b), and Floyd (c). Values
are plotted every 6 hours with color shading to indicate the minimum central pressure
(hPa) for each storm as in legend at right. The letters A and Z represent the beginning and
end of time window for each storm, respectively.
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Figure 2.4: WRF domain con gurations for Hurricanes Matthew (a), Florence (b), and
Floyd (c). The full image is the 12 km parent domain and the black box is the 4 km nested
domain. The red box represents the averaging domain used when considering rainfall
changes over the Carolinas. The simulated re ectivity is valid at 18z 08 October, 12z 14
September, and 06z 16 September for Hurricanes Matthew, Florence, and Floyd, respectively,
and at 12km and 4km resolution in each respective domain.
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Figure 2.5: Storm tracks of Hurricanes Matthew (a,d), Florence (b,e), and Floyd's (c,f)
ensemble members, ensemble mean, and observed NHC storm for the present-day sim-
ulations (a-c) and future simulations (d-f). The black line represents the NHC best track
locations, the lighter blue (green) represents the ensemble members, and the darker blue
(green) represents the ensemble mean for the present (future) storms.
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Figure 2.6: As in Fig. 2.5 but with minimum central pressure for each storm (hPa).
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