ABSTRACT

BELL, MORGAN BLISS. How Will the Inland Impacts of Tropical Cyclones Change? A
High-Resolution Modeling Study of Inland Hazards from Wind and Rain. (Under the
direction of Gary Lackmann).

This study examines the factors that affect the inland impacts of landfalling tropical
cyclones (TCs), and how they will change in a warming climate. Our focus is on near-surface
winds and the combined hazard of concurrent heavy rain and strong wind. We adopt a
pseudo-global warming numerical modeling strategy based on an observed landfalling TC
in the southeastern US: Hurricane Fran (1996). In order to eliminate the effects of terrain and
coastline complexity, an additional semi-idealized ensemble experimental design without
terrain and with a straight coastline is used to simulate present-day and future landfalls.
Our following study examines downscaled Australian TC simulations initialized from a
large ensemble climate model. We conclude our study by expanding our pseudo-global
warming dataset to include 5 additional high-resolution ensembles covering Hurricanes
Floyd (1999), Frances (2004), Ivan (2004), Matthew (2016), and Florence (2018). The TCs
in the future ensembles exhibit greater landfall intensity, a smaller radius of maximum
wind, and slightly weaker outer-core maximum wind speeds relative to the present-day
ensemble. We find that while the TC decay rate increases in the future, warmer climate,
the inland extent of damaging winds nevertheless increases in the future ensemble due to
stronger landfall intensity. Metrics related to the areal extent and coverage of over-threshold
values prove to be an important measure of hazards and their change. The area of simulated
concurrent tropical-storm force wind speeds and rain exceeding 25 mm h'! more than

doubles for end-of-century simulations under a high-emission scenario.
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CHAPTER

1

INTRODUCTION

Tropical cyclones (TCs) cause signi cant damage before, during, and after landfall, yet a
survey of peer-reviewed literature suggests that more research has been focused on over-
water TC formation and intensi cation relative to the post-landfall phase. However, most
damage and societal impacts occur during and after landfall, when TCs are weakening. The
majority of TCs decay rapidly over land, but of course that does not prevent them from
exacting severe inland impacts. What factors control the inland extent of damaging winds,
and how will these factors and damage extent change in a warmer climate? A provocative
study by Li and Chakraborty (2020) presents evidence for slower inland TC decay rate due
to anthropogenic warming, a nding which holds important implications for future inland
hazard exposure. However, there are several other factors that affect the inland extent of
damaging winds as discussed below.

The post-landfall decay rate of TCs depends on a variety of factors, some of which
are expected to change in a warming climate (e.g., Tuleya et al. 1984; Chen and Chavas
2020). TC decay rate, as de ned by Kaplan and DeMaria (1995), describes the e-folding
decay time scale of maximum post-landfall near-surface wind speed. Recent studies have
shown a reduction in post-landfall decay rate for Atlantic landfalling TCs since 1980 (e.qg.,
Li and Chakraborty 2020; Zhu and Collins 2021; Phillipson and Toumi 2021). Reduced



decay rates suggest greater inland exposure to damaging winds, all else equal. However,
there are other factors to consider that affect the extent of inland wind damage, such as TC
translation speed, storm size and structure, surface characteristics in the landfall region,
and TC intensity at landfall. There may also be climatological changes in TC landfall location
with warming. Some of these factors exhibit compensating changes with warming, adding
complexity to this already dif cult question.

Increases in greenhouse gas concentrations and concurrent increases in air and ocean
temperatures result in an increase in saturation vapor pressure. With approximately con-
stant relative humidity, this drives an increase in water vapor concentration (e.g., Held
and Soden 2000). With future temperature increases, several mechanisms that control TCs
and their impacts will be affected. Enhanced latent heat release associated with increased
water vapor concentration and condensation rate contributes to greater TC intensity (e.qg.,
Emanuel 1988). Higher water vapor content supports increased precipitation intensity and
amount (e.g., Allen and Ingram 2002; Trenberth et al. 2003; Wang et al. 2015; Emanuel 2017;
Jung and Lackmann 2019, 2021; Knutson et al. 2020; Michaelis and Lackmann 2021). There
is also indication of poleward expansion of TC landfall locations (e.g., Kossin et al. 2014;
Michaelis and Lackmann 2019; Knutson et al. 2020). Although there is lower con dence,
Kossin (2018) and Knutson et al. (2019) found a slowing of post-landfall TC translation
speed, which may be attributed to changes in TC steering patterns. These various mecha-
nisms each have arole in determining the inland extent of TC hazards and how they may
change in the future.

Many other TC characteristics affect inland damage, including the expanse of the wind

eld, duration of tropical storm strength winds, and rain rates and totals (e.g., Knutson

et al. 2010; Patricola and Wehner 2018; Done et al. 2020; Knutson et al. 2020; Hlywiak and
Nolan 2021). There have been limited studies into how combined hazards may change
in the future. More speci cally, the change in the spatial extent of hazards in a warmer
future. Recent storms, such as Irma (2017), Michael (2018), Ida (2021), and Helene (2024),
demonstrate the increasing severity of inland hazards. The combined effects of wind and
rainfall as storms move inland often result in signi cant damage. The combined hazard

of heavy rainfall and strong wind enhances damage due to increased water in ltration

in structures and greater treefall and power outages (e.g., Foster 1988; Baheru et al. 2015;
McRoberts et al. 2018; Wanik et al. 2018). Understanding how TCs will develop and decay
in a warmer climate is critical to mitigation efforts and the protection of life and property.

For future changes in inland TC decay rates, Li and Chakraborty (2020) found that
in a warmer climate, TCs of the same intensity would decay more slowly after landfall



because of warmer sea surface temperatures and increased water vapor content, sustaining
greater post landfall TC strength. For a set of numerical experiments used in their study,
a clever experimental design allowed them to control for landfall intensity by simulating
instantaneous landfall at constant storm intensity. The observational aspects of this work
have been challenged by Chan et al. (2022), who question their robustness due to methods
and sample size. A healthy comment-reply exchange didnt fully resolve the issue (Chan
et al. 2022; Li and Chakraborty 2022). Decay rate is but one of several variables that control
the inland extent of wind damage, and the decay rate is sensitive to landfall intensity, with
stronger cyclones decaying at an overall faster rate (Tuleya et al. 1984). This could provide
an offsetting factor for more intense future storms (Tuleya et al. 1984; Hlywiak and Nolan
2021), but this may not be the dominant controlling factor in dictating inland wind damage.
The uncertainty of TCs' impacts in a warmer future along with the multifaceted issue of
inland decay represents a knowledge gap for how damaging inland TC winds will change in
the future.

1.1 Scienti c Questions

In this section we will present the two primary questions for the problem we are investigat-
ing.

How will climate change affect post-landfall inland wind decay rate?

Storm decay is a multifaceted issue that is composed of different factors and mechanisms
like wind speed, land surface, precipitation, atmospheric moisture, atmospheric circula-
tion, etc. that will be affected by climate change. Decay rate, as described by Kaplan and
DeMaria (1995), is dependent on the landfall max intensity and how it decreases in the
rst 24 post-landfall. Tropical cyclone development and maintenance is dependent on
warm ocean water to evaporate water and release latent heat through condensation. With
increased saturation vapor pressure (SVP) as a result of warmer temperatures, TCs are able
to evaporate more water thus releasing latent heat and grow to higher intensities. For decay
rate, the increased SVP can help the hurricane maintain its maximum wind speed while
overland due to the higher water vapor content that it will have at its disposal (Emanuel
1986; Li and Chakraborty 2020). On the other hand stronger storms have the tendency to
decay after landfall at an overall faster rate, which may act as an offsetting factor (Tuleya
et al. 1984; Kaplan and DeMaria 1995). Another question that has appeared in our research



is why our some future simulations decay more than the present by the end of the rst 24
hours, and if this is due a structural change in the storm of a change in the environment?

How does warming impact storm intensity and structure, and how might this affect
inland spatial metrics, such as the inland spatial coverage of wind and bivariate hazards?

Similar to the question above, inland spatial metrics will be dependent on the TC's main-
tenance but where it diverges is storm size. A storm's decay rate of their maximum wind
speed at landfall may not represent the decay of the wind eld or storm structure. We have
found that despite the 10m wind speed decaying at faster rates, future storms still had
increased tropical storm force wind grid cell counts throughout the rst 24 hours after
landfall. Translation speed is another contributing factor to spatial metrics. Faster storms
will be able to impact a larger area and slower storms may impact the same area for a longer
duration, an example Hurricanes Harvey (2017) and Florence (2018). Both storms produced
record rainfall after stalling near the coast. In terms of climate change, there have been
signals that translation speed is decreasing which can prolong decay depending on location
(Kossin 2018; Knutson et al. 2019). Storms that stall near the coast or interact with moist
soils can maintain longer. Storm size not only helps to steer track but also could expand or
contract spatial metrics such as winds at or above 18 ms ! and rain rates at or above 25.4
mm (1 inch) an hour. While there has not been a clear consensus on how climate change
may affect storm size, some research has found a decrease in the future storms (Hill and
Lackmann (2011) Fig. 13).

1.1.1 Approach

To address the research questions presented, this study utilizes the Weather Research and
Forecasting model (WRF) and Pseudo Global Warming (PGW) approach to investigate
the impacts of climate change on tropical cyclones. Through the use of WRF, we are able
to model previous storms at a high resolution. This allows us to not only see smaller-
scale impacts but also see changes to the entire tropical cyclone, such as intensity, decay
rates, and spatial coverage of inland impacts. PGW provides a framework for isolating the
impacts of thermodynamic changes associated with climate projections by applying future
temperature deltas onto our simulated environment. The PGW method provides realistic
comparisons between present and future simulations of the same cyclone, allowing a one-
to-one comparison for impacts. By simulating tropical cyclones under present and future
conditions, we are able to assess changes in wind intensity and decay, the spatial footprint



of damaging winds, heavy rain, and combination events, and structural changes to tropical
cyclones. This study also looks beyond wind decay metrics and emphasizes post-landfall
impact behavior, providing insight into the spatial and temporal coverage of hazards that
impact communities.

In Chapter 2, we will discuss our simulations of Hurricane Fran in 1996 and 2096. In
Chapter 3, we will analyze changes to the impacts of Australian TCs. In Chapter 4, We will
synthesize additional Western North Atlantic TCs. Finally, in Chapter 5, we will summarize
our results and discuss future work.



CHAPTER

2

INLAND TROPICAL CYCLONE IMPACTS
IN A WARMING CLIMATE:
SEMI-IDEALIZED SIMULATIONS OF
HURRICANE FRAN (1996 AND 2096)

2.1 Motivation

As mentioned in our introduction, tropical cyclones (TCs) are complex phenomena whose
impacts can extend well beyond coastal regions, often causing signi cant damage far inland.
This chapter focuses on a single storm case study, using Hurricane Fran (1996) to test and
re ne our methods. By zooming in on this speci ¢ storm, we have laid the foundation for
the rest of our research, allowing us to better understand the inland effects of TCs.

Using ensembles of high-resolution, convection-allowing present-day and future simu-
lations, we analyze the in uence of climate change on a historical tropical cyclone (TC)
event that caused considerable damage: Hurricane Fran (1996). Our analysis seeks to eluci-



date the offsetting factors that control the inland extent of damaging impacts, how they

might change in a warmer climate, and what metrics best illustrate changes in damage
potential. We explore the factors that control the inland extent of damaging impacts, in-

cluding how the spatial extent of tropical storm-force winds and heavy rain rates evolve as
the storm weakens.

2.2 Methods

2.2.1 Model Con gurations

For high-resolution real-case TC simulations, we selected Hurricane Fran (1996), which
made landfall at an angle approximately perpendicular to the Southeastern US Atlantic
Coast and moved quickly inland. Kaplan and DeMaria (1995) and Li and Chakraborty
(2020) present decay rate calculations that assume a singular landfall and continual land
interaction for the rst 24 hours post-landfall; Hurricane Fran was a good candidate case
that met these conditions. In addition, Hurricane Fran (1996), as mentioned above, was
notable for its high winds as far inland as the Raleigh-Durham area, allowing us to simulate
a historically signi cant event.

We used 0.25 degree, 6 hourly land surface, atmospheric, and lower boundary condition
reanalysis data from European Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis 5 (ERAS), Hersbach et al. (2020) for initial and boundary conditions, and ran sim-
ulations using the Advanced Research WRF (WRF-ARW) model, version 4.2.2 (Skamarock
et al. 2021). We varied the microphysics and planetary boundary layer (PBL) schemes to
obtain a nine-member physics ensemble (Table 2.1). Since WRF simulations are highly
sensitive to the choices made in the parameterization schemes, we carefully selected the
microphysics and PBL schemes to balance model performance and computational ef -
ciency, ensuring that they accurately represent TC structure. Each simulation used the
digital Iterinitialization feature (DFI, Lynch and Huang 1992). The DFI balances the model
initial conditions by integrating the simulation forward and backward in time and applying
a digital Iter; this also reduces spin-up time by lling cloud and hydrometeor arrays at the
initial time. Each simulation was initialized at 0000 UTC 4 September and run until 0000
UTC 8 September; model elds were output at hourly frequency beginning prior to landfall.
To resolve convective and inner-core TC features, high-resolution simulations are necessary
(e.g., Gentry and Lackmann 2010). With a 12-km outer domain (350x360 grid dimension)
and a 4-km vortex following nested domain (271x208), Fig. 2.1, we simulated Hurricane Fran



in both realistic and semi-idealized environments for both 1996 and 2096 environmental
conditions; the future simulations are consistent with a high greenhouse-gas emission
scenario.

Observational data are taken from NOAASs International Best Track Archive for Climate
Stewardship (IBTrACS; Knapp et al. (2010, 2018)). This is a reanalysis dataset based on
observations collected during active tropical cyclones and reanalyzed for track and intensity.
The data used in this study represents Atlantic basin storms, though IBTrACS includes other
basins. Recent studies have used IBTrACS to examine decay rates (e.g., Li and Chakraborty
2020; Zhu and Collins 2021). But there is a possible mismatch between when landfall is
recorded and whether the reported maximum wind speed actually occurs over land at
that time. This re ects how IBTrACS reports the maximum wind anywhere in the cyclone
circulation, which can still occur over ocean even as the center crosses the coastline. As a
result, observed landfall intensities in IBTTACS may appear higher than what the model
simulates over land.

The control ensemble (CE1996) uses observed coastal and topographic features at 12-
km grid spacing, with a vortex-following 4-km nest (Fig. 2.1). TCs in the future ensemble
(FE2096) make landfall at a more southerly latitude relative to the present which led to
increased interaction with the highest portion of the Appalachian Mountains during the

rst 24 hours post landfall (white box, Fig. 2.1a). This southerly shift in future storms may
be attributed to their taller PV towers, which likely change the steering level and produce a
more southerly path. The difference in storm tracks also affects the length of interaction
with the warm ocean water and changes the landfall time. TCs encountering elevated
terrain can lead to an accelerated weakening of the storm (e.g., Bender et al. 1985). To
isolate climate-change in uences on post-landfall evolution and eliminate differences in
topographic interaction, we conducted an additional set of simulations in a semi-idealized
environment while maintaining highly similar atmospheric conditions, semi-idealized
present-day (S11996) and semi-idealized future (S12096; Fig 2.1b).

In the semi-idealized simulations we straightened the coastline, attened terrain (to
an altitude of 1 meter), and homogenized all the land grid cells. We selected a grid cell
that is representative of the southeastern United States for land characteristics, and ho-
mogenized land variables including soil conditions (temperature and moisture), land use,
and soil properties. Finally, to account for the different landfall locations and timings, we
straightened the coastline from 31.12 N, -81.41 W to 36.01 N, -75.37 W, and lled in the grid
cells between the preexisting coast and the new coastline. In the semi-idealized ensembles
(511996 and S12096), the atmosphere and sea surface temperatures were not altered or



Table 2.1: List of physics choices for WRF mini-ensemble.

Microphysics  Planetary Boundary Layer

NASA Goddard YSU
WDM7 YSU
WDM6 YSU
WSM6 YSU

P3 YSU
Thompson YSU
Thompson MYJ
Thompson MYNN 2.5
Thompson MYNN 3

homogenized. With this semi-idealized orography, we reran our present and future physics
ensembles, varying the microphysics and planetary boundary layer schemes as in Table
2.1. The DFlI feature was used in all simulations to minimize initial imbalance and reduce

spin-up time.

2.2.2 Future Simulations

To simulate Hurricane Fran in future (2096) conditions, we used a pseudo global warming
(PGW) or "physical climate storyline' approach (e.g., Schér et al. 1996; Frei et al. 1998; Hara
et al. 2008; Lackmann 2015; Hazeleger et al. 2015; Shepherd 2019; Baulenas et al. 2023). We
obtained climate change projection data from the Intergovernmental Panel on Climate
Change (IPCC) fth assessment experiments Coupled Model Intercomparison Project
phase 5 (CMIP5) for the Representative Concentration Pathway (RCP) 8.5 scenario. Using
20-year future and present day averages across 20 models (Table 2.2), we computed two-
and three-dimensional change (delta) elds for ve temperature variables: sea surface, soll,
skin, 2-meter, and atmospheric temperatures to update our original initial and boundary
condition data. This selection of variables guarantees that the thermodynamic effects of
climate change are implemented without signi cantly impacting the synoptic environment,
allowing direct comparison between S11996 and SI2096 storms. Modi cations to other
variables follow in a dynamically consistent way as described below.

These temperature changes (“deltas") represent the difference between the CMIP5 fu-
ture (2080-2099) and historic (1980-1999) periods, vary spatially with latitude and altitude,



and are applied during the WRF Preprocessing System (WPS) process to allow adjustment
to thermodynamic changes (Fig. 2.2). Assuming constant relative humidity, in accordance
with the Clausius-Clapeyron equation and in conjunction with warming, results in in-
creased vapor concentrations for future simulations in areas of warming. Previous studies
have shown that implicitly applying a delta to speci ¢ humidity can lead to unrealistic
distributions of relative humidity, necessitating this approach. Thus, the speci ¢ humidity
delta is applied in a consistent way that doesnt alter the relative humidity eld.

Rather than applying GCM-based change elds to geopotential, we allow the WRF pre-
processing and interpolation systems to compute hydrostatically balanced geopotential
that is consistent with the modi ed virtual temperature eld. This generates a hydrostati-
cally consistent geopotential delta. Given the generally smooth variation in the delta elds,
adjustments to horizontal wind components are not required, but use of the DFI feature
in WRF does result in adjusted wind elds that are closer to a balanced state. Based on
our prior experience with PGW simulations, we have found this procedure to be the most
effective way to produce dynamically consistent simulations of a given weather system in
altered thermodynamic environments (e.g., Lackmann 2013, 2015; Jung and Lackmann
2019) in directly adjusting only temperature-related variables, and allowing other variables
to change diagnostically to ensure consistency.

The CMIP experiments provide model projections for future changes based on increased
greenhouse gas concentrations; RCP 8.5 is a high-emission scenario which projects a mean
surface temperature warming, relative to 1986-2005, of 3.7 C by the end of the century. Using
the altered initial and boundary conditions, we reran the ensemble for future environmental
conditions. The PGW method does not fully account for all large-scale circulation changes in
the synoptic environment, but nevertheless this approach allows us to view a highly similar
future version of a present-day storm while only changing the large-scale environmental
conditions. The DFI method was used in all simulations.

2.2.3 Metrics

In order to account for run-to-run variations in landfall time and location, we objectively
detected TC landfall in the simulation output using the location of the grid cell with the
lowest sea level pressure (SLP) in the nested domain; if 3 of 5 adjacent grid cells were land
according to the landmask, a landfall ag was activated. We tracked TCs using minimum
sea level pressure, and adjusted simulation output to a landfall-relative reference time for
each ensemble member. Using this landfall determination, we applied Li and Chakraborty's
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Table 2.2: List of CMIP5 Models, Modeling Centers, and Grid Lengths.

Model
ACCESS1.0

ACCESSL1.3
CanESM2

CMCC-CM

CNRM-CM5

GISS-E2-H

GISS-E2-H-CC
GISS-E2-R-CC
HadGEM2-A0
HadGEM2-ES
INM-CM4
IPSL-CM5A-MR
IPSL-CM5B-LR
MIROC-ESM

MIROC-ESM-CHEM
MPI-ESM-LR
MPI-ESM-MR
MRI-ESM1
NorESM1-M
NorESM1-M

Modeling Center / Group Grid Length
Commonwealth Scienti ¢ and Indus- 1.25 1.875
trial Research Organization (CSIRO) and

Bureau of Meteorology (BOM), Australia

1.25 1.875
Canadian Centre for Climate Modeling 28 2.8
and Analysis
Centro Euro-Mediterraneo sui Cambi- 08 0.8
amenti Climatici (Euro-Mediterranean
Center on Climate Change)
National Centre of Meteorological Re- 14 14
search, France
NASA Goddard Institute for Space Stud- 2 25
ies
2 25
2 25
Met Of ce Hadley Centre 1.25 1.875
1.25 1.875
Institute for Numerical Mathematics 15 2
Institut Pierre Simon Laplace, France 1.25 2.5
Institut Pierre Simon Laplace, France 1.8 2.75

Japan Agency for Marine-Earth Science 28 2.8
and Technology, Atmosphere and Ocean

Research Institute (The University of

Tokyo) and National Institute for Envi-

ronmental Studies

28 28
Max Planck Institute for Meteorology 1.8 1.8
1.8 138
Meteorological Research Institute, Japan 11 11
Norwegian Climate Center, Norway 19 2.5
19 25
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simpli ed version of Kaplan and DeMaria's empirical decay rate model, calculating the
decay rate using the rst 24 hours of post-landfall over-land maximum wind speed. As
described by Kaplan and DeMaria (1995), the logarithmic slope of hourly maximum wind
speed output must be calculated to analyze the decay time scale, V (t)=V (0)e . Where V
is intensity, t is time after landfall, and is the decay time scale. The negative inverse of this

V(0)
of maximum overland wind speed at landfall. Analysis of wind speed changes after landfall

solution = F‘%ﬁ represents the number of hours it takes to attain to the e-folding value

con rms an exponential decay rate for most of the 24-h period after landfall (not shown).

We computed other metrics including total and hourly over-land grid cells that ex-
perienced tropical storm force winds, bivariate impacts (wind and rain over speci ed
thresholds), decay time scale, and maximum over-land wind speed at landfall. We selected
thresholds to measure the coverage of tropical storm force and bivariate wind  /rain grid
cells. Engineering studies have found that the combination of heavy rain and strong wind
leads to structural damage due to rain in ltration (e.g., Qin and Stewart 2020). While the
precise threshold values are arbitrary, wind speed at or above 18 ms ! and rain rates at or
above 25.4 mm (1 inch) h ! are consistent with the ranges explored by Qin and Stewart
(2020). Heavy accumulated rainfall and strong winds can also result in impacts to power
and transportation infrastructure and structures due to enhanced treefall, but we limited
our analysis to hourly precipitation thresholds.

We used the potential vortcity (PV; Rossby (1940); Hoskins et al. (1985)) to assess the
size, structure, and intensity of our simulated TCs. Plots of azimuthally averaged PV and
tangential velocity were useful in assessing changes in storm structure following landfall.
The isobaric form of PV is given by:

(2.1)

8@
?®
8(®
8[®

@
PV = 9@ a 0
where

* @ is the gravitational acceleration,

is potential temperature,

p is pressure,

u,v are the horizontal wind components inthe  x- and y-directions, respectively,

a Is the absolute vorticity
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represents static stability (strati cation).

ge ge

, % represent isobaric vertical wind shear.

Using PV and the PV tower as a diagnostics for storm strength and structure allows us
to examine changes in the height and the width of eye, providing an alternative measure
of intensity beyond wind speed. The PV tower, located immediately inside the radius of
maximum wind, is characterized by strong cyclonic values of PV beginning in the lower
troposphere and extending nearly to the stratosphere. We analyze the development of the
tower from landfall to 24 hours after landfall to quantify the hurricane's strength.

2.3 Results

2.3.1 Full Terrain Simulations

The track of Hurricane Fran was replicated reasonably well by CE1996, with average distance
errors of 110 km during the simulation period. The CE1996 ensemble mean track made
landfall further south than the observed track but maintained the same track curvature
(Fig. 2.1a). The minimum central SLP of Fran in CE1996 is higher than observed from O-
7 hours post-landfall, although some ensemble members captured the SLP better than
others (Fig. 2.3a). For example, the two ensemble members using the NASA Goddard
and P3 microphysics schemes simulated greater TC intensity, while the simulations with
the MYNN3 and MYJ PBL schemes produced weaker TCs (Fig. 2.3). The ensemble mean
maximum overland wind speed at landfall in our simulations was less than the maximum
wind speed of the observed storm, which featured 51 ms™* sustained winds compared to

36+ 3 (ms™) in the CE1996 mean. However, the observed value may not represent over-
land conditions at the time of landfall. The mean landfall maximum wind speed in the
future ensemble (FE2096) was 9+4 ms™ greater than that in CE1996, consistent with the
results of prior studies of TCs in warmer climates. By 24 hours after landfall, the maximum
wind ensemble mean of FE2096 is below the mean of CE1996 (Fig. 2.3).

Comparing Fran's decay rate in FE2096 to that in CE1996, the future ensemble TCs
decayed at a substantially faster e-folding rate of 19.8 + 1.7 hours compared to the CE1996
value of 29.6 £ 7.2 hours. The simulated TCs in FE2096 made a more southerly landfall in
South Carolina compared to CE1996, causing FE2096 to interact with the highest portion
of the Appalachian Mountains earlier than CE1996 (Figs. 2.1, 2.3). As a result, FE2096 en-
countered elevated terrain between hours 17-24, whereas CE1996 did not reach this region
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until after hour 24.This may have contributed to a faster decay in the future simulations.
To eliminate this effect and explore differences in TC inland decay due to climate change,
we will subsequently focus on results from our semi-idealized experiments as described
in Section 2. All gures hereafter are from the semi-idealized ensemble unless otherwise
noted.

2.3.2 Semi-idealized simulations

As expected, the idealized simulations exhibit slower decay rates, consistent with removal
of terrain effects (Fig. 2.4). At landfall, the SI2096 maximum ensemble-mean over land wind
speedis 47.1+4.8ms?, while forthe SI1996 ensembleitis 39 + 1 ms™. By 24 h after landfall,
the future ensemble mean maximum wind speed is below that in the present ensemble (Fig.
2.4b). Similarly, the sea level pressure (SLP) evolution (Fig. 2.4a) re ects this trend, with
the S12096 ensemble maintaining lower pressures at landfall but rising at a comparable
rate to S11996. This supports the conclusion that despite higher initial intensity, the future
storms decay more quickly post-landfall. During the period from 5-15 hours post-landfall,
the wind speed ensemble means are very similar. Given that the ensemble mean TC in
our semi-idealized future simulation (S12096) makes landfall at a higher intensity, but is
weaker than SI1996 by hours after landfall, we can ascertain that the decay rates will again
be faster for the S12096 ensemble. This indicates that even without changes in the timing of
interaction with higher terrain, the future TC still decays faster; we will explore possible
causes of the more rapid future decay rate in Section 2.3.4. A map of modeled surface
wind speed, shows that that maximum surface wind, marked as a red dot, stays near the
coast during the rst 2 hours after landfall (Fig. 2.5b). This indicates that the maximum
may not move with the eye after the storm makes landfall. Additionally, despite using a
high resolution 4-km domain, the model can still underestimates the peak wind speeds
compared to observations.

The slopes in Fig. 2.6 provide the decay time scale of the maximum wind speed, with a
steeper slope representing faster decay. The TC decay rate of the semi-idealized ensemble
exhibits a steeper logarithmic slope and a decay rate in S12096 that is consistently below that
in SI11996 (Fig. 2.6). The consistently faster postlandfall TC decay in our future simulations,
both for the full-terrain and semi-idealized simulations, initially appears inconsistent with
the results of Li and Chakraborty (2020). However, differences in landfall intensity in our
study preclude direct comparison of results.

Analysis of decay time scale as a function of maximum wind speed at landfall reveals
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the correlation between intensity and decay rate (Fig. 2.7). Larger decay time scales equate
to a slower decay rate which has an inverse relationship with landfall maximum wind speed.
The semi-idealized ensemble has a slower decay, as expected in the absence of terrain, but
still maintains this correlation. Thus, our result of a faster future inland decay rate holds
with or without terrain effects in these simulations. The mean SI1996 decay time scale is
36.6+ 10.7 hversus 25.0+ 3.1 hin SI2096 (Fig. 2.7c). For the future simulations FE2096
and SI2096, values are more clustered as seen in Fig. 2.7b and Fig. 2.7c which leads to a
smaller standard deviation compared to the present-day CE1996 and S11996 ensembles.
This conclusion corresponds with previous ndings in the full terrain ensemble and is
consistent with recent research from Zhu and Collins (2021). The breakdown of the control
ensemble vs the semi-idealized ensemble shows that terrain does affect the overall decay
rate, with slower rates in the S11996 and S12096 ensembles. However, this does not change
the relationship between higher wind speeds at landfall and an overall faster decay rate,
nor does it change the nding of faster future decay rates.

2.3.3 Spatial Hazard Metrics

Using the total number of land grid cells that experience wind speeds at or above tropical
storm strength, as de ned by the Saf r Simpson Hurricane Wind Scale, is a proxy metric for
the areal extent of damaging winds. The number of such grid cells increases signi cantly
between the SI11996 and S12096 ensembles (Fig. 2.8). This pattern is consistent among all
ensemble members, with the greatest increases evident in ensemble members using the
WSM6 microphysics scheme and the MYNN3 boundary layer scheme. The ensemble mean
grid-cell count increases by  51%, equivalent to an additional 300000 km? experiencing
tropical-storm force winds or greater. This increase indicates that faster decay of maximum
wind speed does not alone dictate the expanse of the wind eld and the total area that
will experience tropical storm-force winds, and in fact may be a poor metric for such
assessments.

The time series of the over-land tropical storm strength wind grid cell count in the rst
24 hours after landfall indicates greater coverage of tropical-storm force winds in S12096
relative to SI11996 at all times (Fig. 2.9). The increased future coverage of tropical-storm
force winds throughout the simulations is contrary to the maximum post-landfall wind
speed, in which the strongest wind in SI2096 is below that in SI1996 beginning at 17 hours
after landfall (Fig. 2.4). This indicates that using a single grid cell to identify the maximum
wind is not representative of the larger storm structure. The average future increase in
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tropical-storm force wind coverage between the ensemblesis 800 grid cells, equivalent to

13000km?. The consistent future increase in tropical-storm force wind coverage indicates
that area-integrated metrics are more meaningful to assess storm impacts than maximum
wind speed alone; further, decay rate does not provide a complete or consistent picture of
changing TC hazards in our simulations.

So far, we have limited our analysis to near-surface wind speed changes. However, the
combination of strong winds and heavy rain is known to exacerbate damage, as discussed
in the introduction and in numerous previous studies (e.g., Silva de Abreu et al. 2020).
This motivated us to compute additional spatial impact metrics that account for the co-
occurrence of heavy rain and strong winds, speci cally, the bivariate occurrence of wind
speeds at or greater than tropical storm force occurring simultaneously with rain rates at or
above 25.4 mm (1 inch) per hour. Areas with bivariate grid cell hazards represent a higher
risk of damage due to increases in structural intrusion of rainwater into built infrastructure.
Combined hazards using wind speed and total accumulated precipitation would also be
meaningful and may correlate more strongly with treefall, but for brevity we present only the
hourly rain-rate bivariate analysis here. Owing to the challenges of computing rainfall for the
mobile 4-km domain, we use the 12-km domain for this computation. Figure 2.10 illustrates
bivariate coverage for the S11996 ensemble, revealing that for the thresholds we selected,
wind exceedance grid cells outnumber those exceeding the rain rate threshold. One of the
ensemble members with the weakest representation of Fran, using the MYNN3 boundary
layer parameterization, also has the least amount of bivariate grid cells. In contrast, the
ensemble member with the strongest TC, using the P3 microphysics scheme, exhibits
signi cantly more wind grid cells (Fig. 2.10c), re ecting a stronger near-surface wind eld
that expands the area exceeding the tropical storm threshold. This increased wind coverage
enhances the spatial overlap of extreme wind and rainfall, offering an alternative proxy for
storm intensity beyond traditional metrics..

The bivariate hazard metric for the S1I2096 ensemble exhibits a signi cant increase in
coverage over the present-day S11996 ensemble. Using a pairwise percent change (compar-
ing the same ensemble member in each ensemble), all three impact metrics increased by an
average of at least 75% with the largest increase in bivariate grid cells, 196% * 96%, between
the SI11996 and S12096 (Table 2.3). The increase in grid cells exceeding the rain threshold
increased 82% + 18% while the wind coverage increased by 76% + 23%. With these changes,
we can see that the faster decay is compensated by a more intense landfall maximum wind
speed and increased spatial coverage of tropical-storm force wind. In gure 2.12d, we can
visually con rm that the heat map extends further inland, which is quantitatively proven
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Table 2.3: Percent change (S12096-S11996) of total wind, rain, and bivariate gridcell along
with total gridcell count values (S11996, S12096).

Ensemble Member Wind Rain Bivariate

NASA 27% (5340,6817) | 90% (1384,2628) | 117% (580,1260)
MYNN3 245% (1143,3949)| 79% (748,1338) | 342% (199,879)
MYJ 51% (2941,4450) | 63% (894,1458) | 120% (278,611)
MYNN25 130% (1631,3762)| 100% (927,1851) | 210% (260,807)
P3 73% (5072,8822) | 22% (1532,2096) | 189% (588,1702)
Thompson 52% (3935,5991) | 89% (1109,2143) | 192% (344,1005)
WDM6 90% (2573,4895) | 108% (1029,2143)| 401% (210,1005)
WDM7 78% (2837,5055) | 105% (1120,2294)| 168% (355,1053)
WSM6 123% (2825,6321)| 99% (1182,2356) | 222% (317,935)

Ensemble Mean 76%+ 23% 82%=+ 18% 196%+ 96%

by the increase in the bivariate ensemble mean coverage. In the timeseries in Fig. 2.11b,
the hourly bivariate grid cell count increases as the storm interacts and continues inland

over the course of 30 hours, from hours 27 to 50.

2.3.4 Changes to Storm Structure

The previous study by Li and Chakraborty (2020) found that TCs decay more slowly in
warmer environments; they attributed this to increased water vapor content associated
with warming. The experimental design used in their numerical experiments provided
instantaneous landfall at constant TC intensity. Our simulations using a PGW approach yield
different results, with a faster decay rate in a warmer climate. However, in our experiments,
the TC intensity at landfall is not constant. Earlier studies have documented the tendency
for stronger TCs to decay faster after landfall (Tuleya et al. 1984), so we may be able to
reconcile our results with those of Li and Chakraborty (2020) in part on that basis. However,
we found that the simulated TCs in the future, warmer environment continued to decay
faster even after reaching equal intensity with present-day storms. This suggests that the
faster future decay is related to structural differences between the present and future storms.
The ensemble maximum storm-relative over-land wind speed during the rst 24-h
following landfall, and the accompanying difference eld (Fig. 2.12) exhibits an increase

in maximum wind speed within 160 km of the eye, with weak decreases at larger radii.
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Using the vortex-following domain, we can see that the greatest increases in maximum
wind speed occur in an annulus surrounding the eye (Fig. 2.12a). We see a hotable future
decrease in maximum wind speed at greater radii, even with an increase in the coverage of
tropical-storm force wind speeds noted previously. Structurally, the difference eld shown

in Fig. 2.12a is consistent with a more consolidated future storm, in which the most intense
winds have become more concentrated around the eye. This consolidation may also provide
a physical explanation for the faster future decay rate and matches ndings from previous
studies (e.g., Hill and Lackmann 2009).

To analyze the change in storm size and structure between the ensemble simulations,
we compute the radius of maximum wind (RMW, Fig. 2.15). The simulated future TCs
feature a substantially smaller radius of maximum wind, with an average difference of 18
+ 5 km. The ensemble mean RMW in SI12096 remains consistently below that in SI1996,
which may be consistent with a faster weakening rate after landfall: A smaller inner-core
region means a reduced overall mass de cit, consistent with a faster post-landfall decay
rate in the future. This further supports our contention that structural differences impact
the decay rate differences in these simulations. A smaller RMW does not necessarily mean
a smaller overall storm wind eld, but does mean a smaller region of inner-core pressure
de cit. Analysis of intensity versus RMW for all ensemble members reveals the expected
size-intensity relation, and RMW versus decay rate provides a consistent relation (Fig 2.13) .
Our storms with smaller RMWs tend to have faster decay rates or a shorter decay time scale.
We nd that there is also a signi cant relationship with a p-value .01.

Weaker outer-core winds (Fig. 2.12) may be related to the larger future saturation de cit
as a result of warmer atmospheric temperatures (Rappin et al. 2010; Mallard et al. 2013),
which could reduce outer-core rainband activity. Previous studies, (e.g., Hill and Lackmann
2009), found that decreases in the environmental humidity lead to smaller TCs and also a
smaller RMW (though the RMW is a measure of inner-core, not outer-core size). In that
future environment, simulated TCs were still more intense but the environment, with a
larger saturation de cit, was likely less conducive to convection in outer rainbands. Our
reduced outer rainband activity is consistent with smaller TC size, as found by Hill and
Lackmann (2009). Their argument related to diabatic potential vorticity (PV) production
in outer rainbands; suppressed outer band precipitation reduces the generation of lower-
tropospheric cyclonic PV there, limiting the size of the outer core cyclonic wind eld.
Idealized TC simulations by Hill and Lackmann (2011) also found a somewhat narrower
and more intense PV tower in TC simulations with a warmer environment. Our simulations
feature a 45% increase in saturation de cit at the 700-hPa level, shown in Fig. 2.14) for the
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NASA ensemble member as Fran approaches landfall.

Differences in the vertical structure of the ensemble-mean TCs are evident in azimuthal
averages of the ensemble mean storms (Fig. 2.16). The SI2096 ensemble mean TC features
a taller and narrower cyclonic PV tower relative to that in the SI11996 ensemble (Fig. 2.16).
Consistent with Fig. 2.15, the azimuthally averaged cross section of tangential velocity ex-
hibits a smaller radius of maximum wind for the future ensemble, and this is also consistent
with a narrower future PV tower (Fig. 2.16). The contoured maximum of tangential winds
for S12096 is smaller than that found in SI1996 at landfall but expands to be larger by the
end of the rst 24 hours. The lower-tropospheric tangential winds exhibit a tighter radial
gradient from landfall to 24 hours after landfall. Tangential ow in the future ensemble
is also stronger throughout the simulations, despite weaker maximum wind speeds after
hour 17 (Figs. 2.16, 2.4).

While an increased saturation de cit in future environments is consistent with smaller
RMWs and suppressed outer bands, the extent to which this translates into faster overall
decay of TC energy and structure remains uncertain. Hill and Lackmann (2009) reported
fewer eyewall replacement cycles leading to smaller RMWs in future storms, which allows
storms to Il in more quickly due to mass convergence. Results show that future Fran
maintains higher PV values than present Fran throughout its inland evolution. Our results
also show that the decay timescales of maximum wind at landfall are within an order of
magnitude for our two scenarios, although faster for the future. This suggests TCs' surface
winds decay differently, particularly the maximum 10-m wind speed, in comparison to the
broader storm structure and energy. Although WRF performs well in simulating tropical
cyclones, including realistic structure and intensity, the lack of surface observations of
overland wind elds limits our ability to fully validate the modeled surface wind decay. A
more thorough evaluation of how saturation de cit interacts with storm thermodynamics
and the surface wind eld, including the role of the boundary layer, is beyond the scope of
this study but should be further investigated.

2.4 Implications, Limitations, and Summary

Changes in the inland impacts of TCs with climate warming are of great societal impor-
tance, yet the postlandfall decay of TCs has received somewhat limited research attention,
especially for changes in inland wind speed. Here, we focus on potential changes in the
extent of damaging inland winds and bivariate wind and rain hazards using a historical case
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study and ensemble PGW experiments. We simulated Hurricane Fran in present (1996) and
future (2096) conditions based on RCP8.5 projections, with small physics ensembles. Owing
to differences in terrain interaction between our initial present-day and future simulations,
we ran a second set of simulations with semi-idealized conditions that removed terrain
and homogenized coastal and land-surface conditions.

In both sets of ensembles, the future storms make landfall at greater intensity and decay
at an overall faster rate, the latter result in contrast to the study of Li and Chakraborty (2020).
If these results hold more broadly, this represents a potential offsetting factor for future
inland TC impacts. However, we found that our simulated future storms are accompanied by
a substantial increase in overland damaging winds. Despite a faster future e-folding decay
rate in maximum 10-m wind speed, we found a substantial 50% increase in tropical-storm
force wind coverage in the future simulations. This demonstrates that decay rate is not a
comprehensive metric for assessing potential inland wind damage changes. We present
evidence that the faster future decay rate is due to more compact storm structure and a
decrease in the radius of maximum wind. This in turn may be due to the greater saturation
de citin the warmer, future environment. These ndings are based on a single storm case
study, and further research incorporating additional storms and different climate scenarios
is necessary to assess the robustness of this result. Some key takeaways from this work:

 Future simulations of Hurricane Fran with full terrain decayed at a substantially faster
rate with a mean e-folding time scale of 19.8 +1.7 h compared to 29.6 £7.2 h for the
1996 simulations.

« Future semi-idealized TCs (S12096) also decay at an overall faster rate, 25.0 £3.1 h
versus 36.6+ 10.7 h for SI1996; this eliminates changes in terrain interaction as the
primary factor for faster future decay rates, which was a possibility in our full-terrain
simulations.

» The increased future decay rate appears to be due to greater landfall intensity and
a smaller radius of maximum wind. Earlier work by Tuleya et al. (1984) shows that
stronger TCs decay faster in comparison to weaker ones, consistent with our ndings.

» The smaller RMW is consistent with a narrower and taller cyclonic PV tower and
more compact TC structure, which is also evident in changes in maximum 10-m wind
speed. These structural differences are consistent with faster decay in maximum wind
speeds.
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» The decay time scale provides an incomplete picture of inland wind impacts. Despite
a faster decay rate, there is increased coverage of tropical storm force winds in all
future ensemble members, with an average increase equivalentto 300000 km? in
the future or a 51% increase.

» Using threshold values for wind speed and rain rate allows assessment of changes
in bivariate inland TC hazards. Pairwise analysis for tropical storm force winds and
25.4 mm h! rain rates revealed substantial increases of 218% + 90% in future inland
coverage equivalenttoa 90000 km? increase.

» A smaller RMW in the SI2096 simulations corresponds to an increased decay rate
based on maximum 10-m wind speed, but structurally in PV and azimuthally averaged
tangential velocity, the future storm maintains greater intensity.

In addition to limitations inherent in our PGW approach, we also recognize that basing
our experiments on a speci ¢ case study, even if semi-idealized, may not be representative
of the broader phenomenon. Our ongoing and future work includes analysis of several
additional landfalling storms with similar experiments. A greater variety of storms will
provide a more complete understanding of future inland TC impacts, for example studying
landfalling storms of varying intensity. The Atlantic basin also may not be representative
of all basins; studies of storms in other geographical regions are required before these
results can be generalized. While much prior research has analyzed intensifying TCs over
the ocean, decaying, landfalling TCs have a great societal impact. We have begun additional
work applying our methods to additional storms, Hurricane Florence (2018), Matthew
(2016), Floyd (1999), and Ivan (2004) and analyze their decay, bivariate, and storm structure
metrics. We suggest that additional work on this problem is required in order to evaluate
and mitigate for future TC hazards.
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Figure 2.1: Observed Hurricane Fran (1996) track (white) 6 hourly track from NOAAs
International Best Track Archive for Climate Stewardship (IBTrACS) data (Knapp et al. 2010,
2018) (a) CE1996 (blue) and FE2096 (red) tracks from 00Z 09/ 04 to 00Z 09/ 08. (b) S11996
(blue) and S12096 (red) tracks from 00Z 09 / 04 to 00Z 09/ 08. Shading represents terrain
height from 100- 2000m. White box represents the highest portion of the Appalachian
mountains. Entire plotting surface represents 12-km domain and vortex following 4-km
nested domain, d02, represented with green box.

23



Figure 2.2: Present, future, and difference elds (future - present, right panel) for 850-hPa
water vapor mixing ratio (a-c, g /kg), 850-hPa atmospheric temperatures (K, d-f), 500-hPa
temperature (g-i), and 250-hPa temperature (j-I). Abscissa represents latitudinal grid cells
and ordinate represents longitudinal grid cells.
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