Z
’ atmosphere ﬂw\D\Py

Article
Numerical Weather Prediction of Hurricane Florence (2018) and

Potential Climate Impacts Through Thermodynamic and
Moisture Modification

Jackson T. Wiles 12*, Yuh-Lang Lin 2 and Liping Liu 23

1 Department of Physics, North Carolina A&T State University, Greensboro, NC 27411, USA; ylin@ncat.edu
2 Applied Science & Technology Ph.D. Program, North Carolina A&T State University, Greensboro,
NC 27411, USA; lliu@ncat.edu
3 Department of Mathematics, North Carolina A&T State University, Greensboro, NC 27411, USA;
* Correspondence: jtwiles@ncat.edu

Abstract

Hurricane Florence (2018) proved to be a damaging tropical cyclone that formed off the
coast of the Cabo Verde Islands. On 12 UTC 14 September 2018, Florence made landfall as
a weakened category 1 Hurricane in Wrightsville Beach, NC. In the midst of landfall, Flor-
ence’s ground speed stalled considerably to near zero. Because of this stall, Florence con-
tinued to accumulate feet of rain along the coastline, and the inundation of seawater be-
came extreme. Due to the impacts of Florence, the Weather Research and Forecasting
Model (WRF-ARW) was used to simulate the tropical cyclone and provide insight into the
thermodynamics and dynamics that played a significant role at the time of landfall. After
the control case, several sensitivity experiments were conducted. The historical sensitivity
experiments utilize the thermodynamic and moisture fields of ERA5 reanalysis data from
1968 and 1998, respectively, to modify the thermodynamic and moisture fields in the ini-
tial conditions of the WRF-ARW control case. In addition, to study the potential future
climate impacts of Florence, the NCAR CESM Global Bias-Corrected CMIP5 Output to
Support WRE/MPAS Research dataset was utilized. The same approach was taken as the
historical versions of Florence for sensitivity experiments for future climate, i.e., thermo-
dynamic and moisture fields for both 2038 and 2068 under the RCP6.0 and RCP8.5 climate
scenarios, respectively. Results suggest a corresponding intensity shift with minor track
deflections. Based on these modifications, synoptic and mesoscale dynamics will be stud-
ied to provide insight into how Florence-like hurricanes may change based on certain cli-
mate scenarios.
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Licensee MDPI, Basel, Switzerland. The effects of tropical cyclones (TCs) can be felt in the United States (U.S.) as they

This article is an open access article make landfall along its coasts [1]. Each year, typically billions of dollars in damage result
distributed under the terms and . . . .
from these natural disasters, ranging from inundation of seawater due to the storm surge
conditions of the Creative Commons

Attribution (CC BY) license. to the high winds associated with TC circulation. In recent years, TC activity has been on
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the rise in the Atlantic basin. Specifically, more and more intense TCs have formed from
African Easterly Waves (AEWSs) exiting the western coast of Africa [2]. Hurricane Florence
(2018) gives a prime example of this existing pattern.

On 31 August 2018, a tropical disturbance formed near the Cabo Verde Islands off
the western coast of Africa and was later named Florence (2018) by the National Hurricane
Center (NHC). Florence continued propagating westward towards the U.S. as it strength-
ened to a category 4 hurricane. The eastern seaboard, specifically North Carolina (NC),
began experiencing the effects of Hurricane Florence early on the morning of 13 Septem-
ber. However, official landfall did not occur until the morning of 14 September. Florence
made landfall as a weakened category 1 hurricane with sustained winds of 80 knots (~41
ms™) near Wrightsville Beach, NC [3]. The inundation of seawater, coupled with the abun-
dance of accumulated rainfall, produced widespread flooding. Additionally, Hurricane
Florence (2018) interacted with a stalled, yet weak, frontal system sweeping the eastern
U.S,, leading to over 30 inches (762 mm) of rainfall from 15 to 17 September. [4]. Due to
the well-defined structure of Hurricane Florence (2018) leading up to landfall, the warm,
moist core was intact, which maintained the notable convection surrounding the eyewall
[5,6]. It was estimated that Hurricane Florence (2018) caused ~$24 billion in damage to the
Carolinas alone, with a total of 52 fatalities. However, the devastating legacy of Florence
will be recorded as the life-threatening storm surge of approximately 8-11 feet (~2.4-3.4
m) above normally dry ground, as seen in Figure 1.
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Figure 1. NHC Hurricane Florence best estimate storm surge [3].

Broader patterns are emerging that likely indicate a warming trend in the Earth’s
atmosphere [7-9]. As a result, TCs are likely to become more intense as more favorable
conditions are more frequent over the tropical Atlantic basin, in particular. As discussed
in Emanuel [10], increasing ocean temperatures, which lead to more available heat and
moisture, provide prime conditions for the rapid intensification of AEWs into TCs.
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Furthermore, slower translation speeds of TCs would increase rainfall and thus enhance
the negative impacts as those storm systems make landfall.

This study aims to investigate how thermodynamic and moisture modifications as-
sociated with past and future climate conditions influence the evolution, intensity, and
precipitation of Hurricane Florence (2018), a slow-moving TC characterized by extreme
rainfall and near-stationary behavior near landfall. Unlike many previous pseudo-global
warming (PGW) studies that focus primarily on future projections and combined envi-
ronmental changes, this work systematically separates thermodynamic and moisture ef-
fects through controlled sensitivity experiments. In addition, both historical (1968 and
1998) and future (2038 and 2068, under representative concentration pathways 6.0 and 8.5)
scenarios are considered, providing a broader perspective on climate variability and
change. By analyzing how these modifications interact with synoptic-scale features such
as a quasi-stationary frontal boundary, this study provides new insight into the physical
mechanisms governing rainfall distribution, storm intensity, and propagation speed in
Florence-like tropical cyclones under varying climate conditions. Therefore, we hypothe-
size that, if Hurricane Florence (2018) were to occur under different past and future cli-
mate backgrounds, warmer climate states would produce greater storm intensity during
Florence’s final approach to landfall and higher post-landfall rainfall totals. We further
hypothesize that these enhanced rainfall totals would contribute to broader inland flood-
ing, whereas cooler climate states would produce a weaker and less impactful version of
Florence.

2. Literature Review
2.1. Atlantic Basin Tropical Cyclone Climatology

With a changing climate, potential hurricane impacts on the U.S. become an im-
portant topic. When discussing climate, the variables considered are primarily 1) precipi-
tation and 2) temperature. According to Allen and Ingram [11], one way to increase pre-
cipitation in the future climate would be to increase the widespread atmospheric water
vapor content. From numerical studies, e.g., [12], heavier rainfall was observed in simu-
lations due to an increase in water vapor content. This was further validated in [13,14].
Therefore, the precipitation variable would be a sensitive variable to diagnose the impact
of a future warming climate. In addition to precipitation, thermodynamic changes in fu-
ture climate scenarios need to be considered as well.

Landsea [15] explored and isolated instances of major hurricanes (category 3 or
higher) within the available best track record at the time —1886 through 1988. Further ex-
amination revealed a distinct intraseasonal and interannual spread for significant hurri-
canes in the Atlantic basin. Within the months of August-October, approximately 95% of
all category 3 or higher hurricanes occurred with a climatological maximum in September.
When comparing stronger TCs to weaker ones, the range of weaker TC systems is broader,
which likely indicates the prime time within the Atlantic basin of environmentally favor-
able conditions for intensification: primarily higher sea surface temperatures (SST) and
low vertical wind shear.

Goldenberg et al. [16] furthered Landsea’s work and studied the uptick in Atlantic
hurricane activity from 1995 to 2000 with a comparison to the previous 24 years of activity,
1971-1994. It was concluded from their study that a multidecadal climate signal surfaced
during this period. This signal came in the form of warmer SSTs compared to average
along the main development region (MDR), along with low vertical wind shear. Overall,
seasonal conditions favored the formation of more TC systems both in number and inten-
sity. The 19952000 period produced approximately double the amount of TCs and 2.5
times the number of major hurricanes, along with five times the amount of Caribbean-
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based hurricanes. Again, warmer SSTs of the northern Atlantic, along with weaker verti-
cal wind shear over the MDR, provided the pathway for such activity to arise.

Emanuel [10] explored TCs over a 30-year time frame and found increasing intensity
to be a major part of the increasing trend of TC impacts. As a result, the Power Dissipation
Index (PDI) was created as a metric for how destructive TCs would be by blending the
intensity of a TC with its duration and overall seasonal frequency [10]. It was then found
that the PDI drastically increased during the operational weather satellite era, when better
observations could be attained than in the past. Nevertheless, in this upward trend, in-
creased destructiveness of TCs derived from the PDI was found due to more long-lived
and powerful systems. For the PDI, a strong correlation, again, ties to SSTs in the Atlantic,
which is consistent with theory, i.e., warmer oceans could form more powerful TCs. Con-
currently, Webster et al. [17] found that between 1970 and 2004, a noticeable uptick in
category 4 and category 5 TCs was found globally. As a result, the conversation on TC
intensity and energy, rather than TC frequency, was consistent with Emanuel’s findings.

Based on previous research and identifying the rise in TC activity in the Atlantic ba-
sin, Kossin and Vimont [18] formed a process-based framework for understanding Atlan-
tic hurricane variability. A well-known predictor for hurricane activity is SSTs in the
MDR, as previously discussed. However, they recognized a coupling mechanism between
the atmosphere and ocean. The Atlantic Meridional Mode (AMM) was first coined by Ser-
vain [19] and identified key patterns in the SST gradient. With a positive phase of the
AMM, a northern shift of the Intertropical Convergence Zone (ITCZ) can be found. This
can enhance the development of TCs in the North Atlantic due to warmer SSTs and
weaker wind shear. Therefore, seasonal TC activity in the Atlantic can be strongly corre-
lated to the AMM, as the AMM can be easily identified through SST analysis. By imple-
menting AMM analysis in the seasonal predictability of TCs in the Atlantic, a more gen-
eral explanation of TC development can be given rather than a pure thermodynamic ar-
gument. A community shift from a single predictor of TC activity to a more coupled mode
and process-based framework was given.

Knutson and coauthors released a series of articles revisiting the state of TCs in a
warming climate, as well as their detection and projected response to anthropogenic
warming. Knutson et al. [20] provided an intensive review of observed changes, detection
and projection of TCs within a warming climate, addressing some of the underlying un-
certainties. Because of limited historical records, differing views of the number of TCs
exist. However, based on theory and future scenario-based numerical modeling studies,
stronger and more robust TCs were found to form rather than an increased number of
TCs. Therefore, Knutson et al. [20] argued not to necessarily expect more TCs, but rather
stronger and wetter TCs. Furthermore, in Knutson et al. [21], it was found that low confi-
dence existed in detecting human influences on TCs, whether that be intensity or fre-
quency, by applying and discussing false positive (Type-I) and missed signal (Type-II)
errors. Rather, it was suggested that uncertainty came from strong natural variability and
historical record inconsistencies. However, in Knutson et al. [22], numerical modeling was
employed based on the Coupled Model Intercomparison Project (CMIP) to explore poten-
tial future climate impacts of a +2 degree C warming scenario globally for the late 21st
century. It was found that an increase of up to 10% in average lifetime and intensity could
be expected from TCs, as well as a drastic increase in their intensity, while the total num-
ber of TCs did not increase. Furthermore, rain rates within 100 km of developed TCs in-
creased significantly, by ~14%, under this future climate scenario. From their study, the
baseline was formed with which other case studies could be validated.

2.2. Future Projections of Tropical Cyclone Intensity
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Lackmann [23] explored the potential thermodynamic effects on climate-based sce-
narios for TCs by running numerical simulations of Hurricane Sandy (2012) to show dif-
ferent scenarios of what a Sandy-like hurricane could look like under different climate
regimes, i.e., before 1900 and after 2100. Lackmann advanced prior PGW work based on
Mallard et al. [24] and directly applied the PGW method to a well-known and impactful
U.S. hurricane landfall. In Lackmann’s study, the PGW approach of modifying thermo-
dynamic fields was used in numerical simulations of Hurricane Sandy (2012) to depict
how the surrounding environment may be affected without modifying the flow fields or
the intensity of Sandy. Results indicate that with climate perturbations, in the initial and
boundary conditions, under warmer thermodynamic conditions (after 2100), the intensity
of simulated Sandy increases with a lower central pressure and stronger winds surround-
ing the eyewall when compared to the control simulation. However, the simulated version
of Sandy prior to 1900 indicates the opposite, i.e., weaker intensity. Similarly, more pre-
cipitation is present in the future climate scenario, because warmer air masses can hold
more moisture, and less in the past version of Sandy. Additionally, the steering flow pat-
tern, as well as overall track, was not altered significantly, implying that thermodynamic
modifications would be more considerable in the climate signal.

Risser and Wehner [25] followed Lackmann’s approach by linking the human-in-
duced aspect of climate change to precipitation with Hurricane Harvey (2017). In their
approach, the thermodynamics were modified in their numerical simulations of Harvey
to subtract the human-induced warming influences while keeping the synoptic dynamics
surrounding Harvey intact. Two metrics were quantified with their findings: (1) the in-
crease in precipitation and (2) the ratio by which human-induced warming influenced
precipitation. It was found that over the Houston, Texas, region, a 24% surplus of precip-
itation fell in the factual simulation compared to the simulation where human-induced
warming was removed. Furthermore, the likelihood of observing extreme precipitation
accumulation was increased by approximately a factor of 4 relative to the no human
warming results.

Gutmann et al. [26] followed suit from Lackmann as well, and employed a convec-
tion-permitting PGW modeling approach to explore the effects of PGW on tropical cy-
clones in the Atlantic basin, specifically for 21st-century warming trends, using the Na-
tional Center for Atmospheric Research (NCAR) Community Earth System Model
(CESM) Global Bias-Corrected Coupled Model Intercomparison Project Phase 5 (CMIP5)
Output to support the Weather Research and Forecasting Model (WRF) and Model for
Prediction Across Scales (MPAS) Research: Representative Concentration Pathway 8.5 da-
taset. In their study, additional meteorological fields were considered besides the thermo-
dynamic (exclusively temperature) fields, i.e., humidity, winds, and pressure. This ap-
proach permitted large-scale adjustments of dynamical fields while allowing for the syn-
optic structures of the TCs to remain intact. From their best-simulated TCs, 22 were kept
and showed statistically significant shifts in minimum central pressure (decreased), wind
speed (increased), propagation speed (decreased) and precipitation (increased). More im-
portantly, from the reduction in propagation speed, due to a large-scale pattern change,
more precipitation was able to accumulate, which aligns with the warmer thermodynamic
theory of air masses being able to hold more moisture. Furthermore, with the wind speed
and minimum pressure of the TCs becoming more pronounced, the results support the
broader literature findings of stronger TCs rather than more TC events [26].

Then, in Liu et al. [27], a study was conducted on Hurricane Irene (2011) to determine
how a hurricane going under extratropical transition may respond to a projected climate
change scenario. Again, CMIP5 RCP8.5 was used to perturb the initial conditions for ther-
modynamic fields. It was found that storm-integrated rainfall inherently increased by 32%
in the future climate scenario when compared to the control, which exceeded the
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Clausius—Clapeyron scaling, given a three-degree-Kelvin warming near the surface. By
altering only the thermodynamics, an increase in moisture and a strengthened circulation
of the TC resulted. Therefore, inherent dynamical effects also exist. In the extratropical
transition phase, the spatial spread of precipitation changed. In the future climate sce-
nario, an increase in rainfall surrounding the inner core was found, whereas in the extra-
tropical transition phase, the maximum rainfall shifted to the outer bands. From their con-
sideration of an extratropical transition of Hurricane Irene (2011), additional explanations
of the potential spread and change in precipitation patterns may be provided, which adds
to the Gutmann et al. and Lackmann arguments.

In the following sections, an exploration of potential climate impacts associated with
thermodynamic and moisture profiles will be shown in association with Hurricane Flor-
ence (2018). These approximate global warming modifications will loosely act as a repre-
sentation of how TCs similar to Florence may change during a warming climate.

3. Numerical Model Description and Experimental Design
3.1. WRE-ARW Domain Configuration

The Weather Research and Forecasting Model, specifically the Advanced Research
WREF core (WRF-ARW), version 4.4.2, is employed for numerical simulations, and the do-
main configuration for this study is shown in Figure 2 below. With the domain configu-
ration shown, the control case (CTRL) was attained. D01 was used to identify the synoptic-
scale environment, which covers a significant portion of the eastern seaboard and Hurri-
cane Florence’s final approach to the NC coast, specifically corresponding to the NHC best
track data from 12 UTC 10 September through the remaining life cycle of Hurricane Flor-
ence, 00 UTC 17 September. D02 allowed a transition from a coarser resolution to a finer
resolution, shown in d03 for refined mesoscale analysis over Wrightsville Beach, NC. D02
and d03 were initialized for the following time frames, respectively, 00 UTC 12 Septem-
ber-00 UTC 17 September, and 12 UTC 12 September—00 UTC 16 September. Additionally,
a time step of 20 s was used with a parent grid ratio of 4 for both domains 2 (d02) and 3
(d03), along with 49 vertical levels. Also, USGS terrain data was used to satisfy the static
geographical data requirement. Finally, the following parameterizations and schemes
were used while running WRF-ARW simulations: Microphysics—WSM 6-class graupel
scheme; Longwave Radiation—rrtmg longwave scheme; Shortwave Radiation—rrtmg
shortwave scheme; Surface Layer Physics—original MM5 scheme; Land Surface Phys-
ics—Unified Noah Land Surface Model; Planetary Boundary Layer Physics—YSU
scheme; and Cumulus Physics (d01 only) —a newer Tiedtke scheme. For detailed descrip-
tions of each scheme used and their references, refer to the WRF—-ARW user manual [28].
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Figure 2. WRF-ARW preprocessing system (WPS) version 4.4 domain configurations for d01, d02,
and d03 implemented in running WRF-ARW version 4.4.2.

3.2. ECMWF ERAS5 Dataset

In addition to the domain configuration above, the European Centre for Medium
Range Weather Forecasts (ECMWF) ERA5 dataset was employed to drive the CTRL sim-
ulation in WRF-ARW. ERAS5 offers 137 hybrid sigma/pressure levels, with the top level
reaching 0.01 hPa, along with 37 interpolated pressure levels, 16 potential temperature
levels, and one vorticity level. In terms of resolution, ERA5 has a parent resolution of ~31
km x ~31 km (0.25° x 0.25°). With this high resolution, interpolation down to d01 of 16 km
provides substantial accuracy in defining the initial state. Both the atmospheric surface
and pressure level data can be downloaded from the Climate Data Store [29].

3.3. CMIP5 Dataset 2038 and 2068

Climate modeling of Hurricane Florence is possible by taking advantage of the
CMIP5 dataset, which supported the Intergovernmental Panel on Climate Change Fifth
Assessment Report. The specific dataset utilized is the NCAR CESM Global Bias-Cor-
rected CMIP5 Output to Support WRE/MPAS Research [30]. Within this dataset, all at-
mospheric variables are present to drive the WRF-ARW model at six-hour intervals span-
ning from 2006 to 2100. In addition to the availability of the data, the data offers three
concomitant Representative Concentration Pathway (RCP) future scenarios. Namely,
those scenarios are RCP2.6, RCP4.5, RCP6.0, and RCP8.5. The scenarios of higher interest
in this research are RCP6.0, which bases the future climate on CO:z concentrations of ap-
proximately 440 ppm for 2038 and 590 ppm for 2068. For RCP8.5, the CO:z concentration
for 2038 is approximately 510 ppm and 810 ppm for 2068, as can be inferred from Figure
3 below.
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Figure 3. CESM RCP future climate scenario CO2 concentrations [31].

3.4. Climate Experiments and Projection Implementation

In this study, as mentioned above, the CTRL case was obtained and used as the base
for all experiments. Four experiments were conducted on Hurricane Florence, two for the
past climate and two for the future climate. With all experiments, the 2018 ERAS reanaly-
sis dataset was modified to fit past thermodynamic and moisture fields prior to model
execution while updating the boundary conditions and keeping the same flow fields. The
first gives a depiction of the behavior of Florence if it were to have occurred in 1968, which
is fifty years in the past. The second is for a scenario if Florence were to have occurred in
1998, which is 20 years prior to the actual landfall. The future versions of Florence, exper-
iments three and four, stem from 20 years in the future and 50 years in the future, given
the RCP6.0 and RCP8.5 scenarios. By modifying the thermodynamics and moisture vari-
ables, the sensitivity experiments loosely give either past or future representations of Hur-
ricane Florence (2018). Figure 4 shows the workflow pipeline implemented for this study.
Note that in order to pass through both the WRF Preprocessing System (WPS) and real.exe
in WRF-ARW, all essential variables are needed, as are the requirements for a standard
WRF-ARW simulation. Table 1 shows the adjusted variables in the model experiments.

WRF-ARW
Extract temp. and/or moist.
perturbations and insert into CTRL
- wrfinput_d01.
ERAS Past WRF Preprocessing System (WPS) [
Climate
Past Climate Past Climate
ERAS ERAS
Gridded Data ERAS 2018 wrfinput_d01 wrfbdy_d01
| 7

t f CTRL
| Wrfinput_do1

real.exe

CMIP5 RCP
Scenarios

. >

Static

CTRL |
Data wrfbdy_do1

y

CMIPS RCP CMIPS RCP
Scenarios Scenarios
wrfinput_d0O1 wrfbdy_d0O1

Extract temp. and/or

moist. perturbations

and insert into CTRL
wrfinput_do1.

Figure 4. Flowchart depicting the CTRL framework and both past/future climate scenario simula-
tions adhered to in this study.
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Table 1. Modified thermodynamic and moisture variables for sensitivity experiments based on
ERAS5 1968 and 1998 profiles, as well as NCAR CESM Global Bias-Corrected CMIP5 RCP6.0 and
RCP8.5 future climate scenarios for 2038 and 2068.

Thermodynamic Variables

SST Sea Surface Temperature
T2 2 m Surface Temperature
TMN Soil Temperature at Lower Boundary
TSK Surface Skin Temperature
T 3D Temperature
TSLB Soil Temperature
Moisture Variables
Q2 Water Vapor Mixing Ratio at 2 m
QVAPOR 3D Water Vapor Mixing Ratio
QCLOUD Cloud Water Mixing Ratio
QRAIN Rainwater Mixing Ratio
QICE Ice Mixing Ratio
QSNOW Snow Mixing Ratio
QGRAUP Graupel Mixing Ratio
SMOIS Soil Moisture
SH20 Soil Liquid Water
SMCREL Relative Soil Moisture
SNOW Snow Water Equivalent
CANWAT Canopy Water

4. Observational and Simulated Analyses

4.1. Observational Analyses

Using Hurricane Database 2 (HURDAT?2) data [32,33], individual TC yearly analyses
were compiled from 1980 to 2020 to indicate the climatology anomalies of TC numbers in
the Atlantic Basin. This analysis covers tropical storm status, hurricane (categories 1-2)
status, as well as major hurricane (categories 3-5) status systems, shown in Figure 5 below.
Additionally, trend lines are superimposed for tropical storms and hurricanes. Notice the
positive trend for both tropical storm status systems, as well as hurricane status systems.
This positive trend suggests a recent rise in TC frequency. However, the positive trends
are likely exaggerated due to the outlier years of 2005 and 2020. However, evidence sug-
gests that without the outlier years, a positive trend in TC activity still exists but is drasti-
cally less noticeable. This analysis corroborates recent evidence that a noticeable upward
tick in TC frequency is less certain than that of more intense TCs in a future climate [34].

Figure 6 shows the official track of Hurricane Florence along with the corresponding
intensity. Specifically, on 10 September, Florence (2018) re-intensified back to major hur-
ricane status as it continued its west-northwest propagation towards Wrightsville Beach,
NC. This re-intensification stemmed from warm SSTs and weak vertical wind shear, lead-
ing to a favorable environment for enhanced TC maintenance to occur. Additionally, near
the time of landfall, as previously mentioned, Florence (2018) stalled near the coast as it
began interacting with a quasi-stationary frontal system parallel to the eastern seaboard
stemming from the dissipation of the mid-level steering flow between two ridges of high
pressure. After the mid-level steering pattern dissipated, westward motion slowed to less
than 5 knots (2.57 ms™). From this stall and interaction between the frontal system, Flor-
ence caused significant rainfall.
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Figure 5. Tropical cyclone climatology anomalies (solid) and trend lines (dashed) for the Atlantic
Basin. Results derived from HURDAT?2 data [32,33].
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Figure 6. NHC official track and intensity of Hurricane Florence (2018) based on HURDAT?2 analysis

13].

Figure 7 shows the surface analysis charts at 00 UTC 14 September and 12 UTC 14
September 2018. Prior to landfall, as shown in Figure 7a, the stationary front becomes ev-

ident and begins wrapping around quadrants I (NW) and II (NE) of Florence, with an

extension into the Atlantic. As this quasi-stationary front is in place, an air mass boundary

is set up, which acts as a blocking mechanism for continued perpendicular landfall along
the NC coastline. However, by 12 UTC 14 September (Figure 7b), as Florence makes land-
fall, the stationary front pulls poleward slightly and meanders along the Appalachian
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Mountain Range (AMR). From this steering effect of the quasi-stationary front, Florence
(2018) is directed equatorward slowly, causing major inland flooding from an abundance
of rainfall. By 00 UTC 15 September, as shown in Figure 7c, Florence (2018) has moved
equatorward with its center being in South Carolina (SC), at this point still with the front
poleward over the AMR. With the continued effect of the quasi-stationary front, Florence’s

forward-moving speed is negligible.

Figure 7. NOAA WPC surface analysis charts for Hurricane Florence (2018) valid on (a) 00 UTC 14
September, (b) 12 UTC 14 September, and (c) 00 UTC 15 September 2018 [35].

Regarding SST analysis, ERA5 reanalysis data for the month of September was gath-
ered for 1990-2018 and averaged together to show the SST climatology along the eastern
seaboard. By subtracting the SST of the CTRL simulation from that of climatology, a dras-
tic and noticeable increase in SST can be seen, as shown in Figure 8. Along the Outer Banks
of NC, consistent with the majority of the Atlantic Ocean poleward of 30° N, anomalously
warm ocean temperatures exist, upwards of 2—4 degrees C. Specifically, along the North
Carolina coast and off the coast of Maine, the SST is approximately four degrees above
average. When Florence (2018) passes over the warm waters west—southwest of Bermuda,
intensification is likely due to this favorable environment.

37.5°N

35°N

32.5°N

<)
WRF SST — ERA5 SST (°C)

30°N |)°

T
|
N

27.5°N

-4
25°N

85°W 80°W 75°W 70°W 65°W 60°W

Figure 8. WRF-ARW CTRL case SST subtracted by ERA5 Climatology (from 1980 to 2018).
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From Figure 9, it is evident how significant the accumulated rainfall from Florence
(2018) was. Near Wrightsville Beach, NC, a narrow yet substantial swath of rainfall ex-
ceeding 30 inches (762 mm) fell, extending well inland; the maximum fell in Elizabeth-
town, NC, with 35.93 inches (912.62 mm) accumulated within the five-day period of 13-
18 September 2018. A secondary swath of rainfall near 30 inches (762 mm) fell just to the
north of the landfall location, likely attributed to the onshore push of significant outer
bands of Florence. Furthermore, due to the overall stalling of the TC after landfall, ap-
proximately half of NC received at least five inches (127 mm) of rain (Figure 9).

Hurricane Florence
September 13-18, 2018
4162 sites

ST
0LBOOOE

RRALOHAL
CQQ = = = =

SO

9.99"
-34.99"
5-35.93"

OUIOVIONUIW =

WWNN ==

Maximum: 35.93
Elizabethtown 6.2 NW, NC

Track

Figure 9. Official track of Hurricane Florence (2018), as well as accumulated precipitation valid for
13 September—18 September 2018. Note, the maximum accumulated precipitation occurred in Eliz-
abethtown, NC, with 35.93 inches of rainfall (912.62 mm) [3].

4.2. Simulated Analyses
4.2.1. CTRL Simulation Analysis

Figure 10a presents the minimum sea level pressure (MSLP) in hPa and wind barbs
in ms™ prior to landfall from the CTRL simulation. Florence (2018) approaches as a weak-
ened category 1 hurricane, with wind speeds around 38 ms™, and interacts with the sta-
tionary frontal system, as observed. This frontal system is shown over the AMR with the
perturbation in the isobars. As a result, Florence begins moving equatorward after land-
fall. However, by implementing the nests shown in Figure 10b,c, the TC intensifies due to
increased domain resolution. With d02, the minimum SLP drops from 980 hPa to 964 hPa,
and the wind speed increases from ~38 ms-' to ~47 ms!. Further intensification is evident
in d03, as shown in Figure 10c. This intensification represents the effects of the localized
environment surrounding Florence. It is worth noting that with finer resolution, Flor-
ence’s simulated intensity is misrepresented, specifically with higher wind speeds com-
pared to the observed.
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Figure 10. WRF-ARW-simulated CTRL minimum sea level pressure (MSLP, hPa) and wind barbs

(ms™) valid for 00 UTC 14 September 2018, prior to landfall. MSLP and max wind velocity for panels

(a—c) are (980.1 hPa, 37.8 ms™), (964 hPa, 46.8 ms™, and (965.1 hPa, 51.4 ms™, respectively.

In Figure 11, accumulated precipitation is shown for all three domains from the CTRL
simulation. As evidenced in Figure 11a, the outer domain captures Florence’s final ap-
proach to Wrightsville Beach, NC, with the bulk of precipitation occurring after landfall.
This again indicates a drop in propagation speed at the time of landfall. Along
Wrightsville Beach, NC, lies an area, similar to the observed, where approximately 28-30
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inches (~711-762 mm) of precipitation fell. However, in the d02 and d03 simulation in
Figure 11b,c, rainfall is overamplified compared to the observed values, but with the cor-
rect spread. Therefore, d01 will primarily be used for further analysis due to its compara-
ble wind speeds and precipitation to the observed.
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Figure 11. WRF-ARW-simulated CTRL accumulated precipitation (inches) valid from 12 UTC 10
September to 00 UTC 17 September (a), 00 UTC 12 September to 00 UTC 17 September (b), and 12
UTC 12 September to 00 UTC 16 September. Maximum rainfall for panels (a—c) are 33.8 inches (~858
mm), 46.15 inches (~1172 mm), and 39.6 inches (~1006 mm), respectively.
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4.2.2. Thermodynamic Modification

For the first experiment, thermodynamic profiles were modified in the CTRL simu-
lation based on the 1968 profiles for the same time period, 12 UTC 10 September to 00 UTC
17 September. In Figure 12a, the two-meter air temperature difference is given for 00 UTC
14 September. Minor cooling can be seen over land from eastern Georgia (GA) poleward
through Pennsylvania (PA). Poleward of 30° N latitude, a moderate one-to-three-degree
cooling can be seen mainly over the Atlantic. For this representation of Florence, noticea-
ble cooling of the inner eyewall is found. The moderate cooling over the Atlantic is directly
attributed to much cooler SSTs in the same region, above 30° N latitude, as seen in Figure
12c. Therefore, due to the cooler temperatures of both the SSTs and above the surface, less
precipitation falls during landfall, as seen in Figure 12b, along the coast of NC. However,
with the TC coming inland, it is propagating faster, as will be shown in the track and
intensity. Furthermore, the rainfall that is available falls well inland instead of at the coast,
as the TC interacts with a weakened stalled frontal system.

Next, a future climate projection of Florence is given based on the thermodynamic
profiles of the CESM CMIP5 RCP8.5 scenario for 2068. Similar to Figure 12, the same fields
are shown in Figure 13: surface temperature differences, accumulated precipitation and
SST differences. However, in this climate scenario, moderate warming takes place over
much of the domain (both land and ocean). Prior to Florence’s landfall, 00 UTC 14 Sep-
tember shows one-to-two-degree warming of the two-meter air temperature within the
inner eyewall of Florence, likely indicating favorable conditions for a more intense version
of the TC, as shown in Figure 13a. In Figure 13c, near-surface temperature warming is
likely due to increased surface sensible heat flux warming of the SSTs. Equatorward of 32°
N latitude, moderate warming has taken place, with some areas surrounding Florida and
the Bahamas showing nearly two-degree-warmer temperatures or more. As a result of the
considerable warming of the atmosphere and SSTs induced by an increased CO: content,
the TC produced more than the observed rainfall along southeastern NC and the coast,
with a maximum of nearly 50 inches (1270 mm), as shown in Figure 13b. Therefore, in this
scenario, the intensity of the TC would likely be more than the CTRL, and the projected
rainfall would increase by ~67%.
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Figure 12. WRF-ARW-simulated past climate projection of Hurricane Florence (2018) based on ther-
modynamic profiles of September 1968. Panel (a) represents the two-meter temperature (degrees C)
difference from the CTRL simulation. Panel (b) represents the accumulated precipitation (inches)
from 12 UTC 10 September to 00 UTC 17 September 2018. Panel (c) represents the SST (degrees C)
difference between the CTRL and 1968 profiles.
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Figure 13. WRF-ARW-simulated future climate projection of Hurricane Florence (2018) based on
thermodynamic profiles of the RCP8.5 scenario for September 2068. Panel (a) represents the two-
meter temperature (degrees C) difference from the CTRL simulation. Panel (b) represents the accu-
mulated precipitation (inches) from 12 UTC 10 September to 00 UTC 17 September 2018. Panel (c)
represents SST (degrees C) difference between the CTRL and 2068 profiles.

4.2.3. Moisture Modification
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In Figure 14, the 1968 climate representation of Florence is given under the moisture
conditions of 1968, based on ERA5. However, note that in the moisture-modification fig-
ures, SST differences are not given because there are no changes from the CTRL. It is no-
ticeably clear that moisture modification alone does not lead to drastic temperature vari-
ations over the Atlantic. However, more variation is shown over land in Figure 14a. By
modifying the moisture variables, the stationary front has become more apparent due to
the strong contrasting temperature gradient over the AMR. As a result of the frontal sys-
tem becoming stronger, it is plausible that more precipitation will fall in conjunction with
the front. This is evident in Figure 14b. However, this TC is considerably weaker than the
CTRL and only accumulates ~14 inches (~356 mm) of rainfall along the NC coast compared
to nearly 30 inches (762 mm) in the CTRL.
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2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Figure 14. WRF-ARW-simulated past climate projection of Hurricane Florence (2018) based on
moisture profiles of September 1968. Panel (a) represents the two-meter temperature (degrees C)
difference from the CTRL simulation. Panel (b) represents the accumulated precipitation (inches)
from 12 UTC 10 September to 00 UTC 17 September 2018.

From the moisture modification of the CTRL based on the future climate projection,
RCP8.5 2068, a representation of the future version of Florence is given in Figure 15. Prior
to landfall on 00 UTC 14 September, the eye of Florence is considerably cooler than that
of the CTRL (~1-2 degrees), while the eye wall and outer bands are warmer (~1-2 degrees).
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However, an area of cooler surface temperatures is seen off the coast of SC, giving a clear
boundary controlling the path of the TC. Additionally, the stationary front appears to be
unchanged in location and relative intensity, as seen in Figure 15a. In Figure 15b, the
majority of precipitation still occurs well inland over the AMR due to the faster translation
speed of the TC remnants. In this scenario, less rainfall is observed over the landfall region
while more rainfall is observed over the AMR, likely due to orographic lifting of air
parcels impacting the AMR.

70°W 65°W 60°W

40°N
38°N
36°N
34°N
32°N

30°N

28°N y B
26°N ‘ s

(b) A, N

85°W 80°W 75°W 70°W 65°W 60°W

BNk i
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Figure 15. WRF-ARW-simulated future climate projection of Hurricane Florence (2018) based on
moisture profiles of the RCP8.5 scenario for September 2068. Panel (a) represents the two-meter
temperature (degrees C) difference from the CTRL simulation. Panel (b) represents the accumulated
precipitation (inches) from 12 UTC 10 September to 00 UTC 17 September 2018.

While moisture availability is a necessary condition for precipitation, it is not suffi-
cient to enhance rainfall without corresponding increases in thermodynamic instability
and surface energy fluxes. In the thermodynamic modification experiments, increased SST
and near-surface temperature enhance surface enthalpy fluxes and convective available
potential energy (CAPE), leading to stronger convection and increased latent heat release,
which intensifies the storm and increases precipitation. In contrast, moisture-only modi-
fications primarily redistribute water vapor without significantly enhancing instability or
vertical motion. Consequently, precipitation is more strongly controlled by storm
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dynamics, including propagation speed, frontal interaction, and orographic lifting, which
can lead to reduced rainfall accumulation in coastal regions despite adequate moisture
availability.

4.2.4. Thermodynamic and Moisture Modification

The prior experiments implemented the modifications of thermodynamic profiles
and moisture profiles for past and future climate scenarios separately. In this section, ther-
modynamic and moisture profiles are both modified for each scenario in WRF-ARW, and
the results are shown.

Figure 16 demonstrates the effects of both thermodynamic and moisture modifica-
tions on Florence based on the ERA5 reanalysis data profiles from 1968. In Figure 16a, a
carryover of a stronger temperature gradient over land is seen, particularly over the AMR,
while considerable cooling is present over much of the domain east of 83° W and 30° N.
With the combined effects of both thermodynamic and moisture modifications, this ver-
sion of Florence is even weaker than the previous experiments due to significantly cooler
air temperatures over both land and ocean (Figure 16a) and cooler SSTs (Figure 16c). How-
ever, due to the combined effects of the stalled front, stronger temperature gradient over
land, and orography of the AMR, significant rainfall accumulates well inland rather than
at the coast (Figure 16b).

For the future climate projection of Florence, with respect to both thermodynamic
and moisture modifications, it still appears to be stronger than the CTRL but weaker than
the thermodynamic modification alone, when compared to Figure 13. However, surface
temperature is overall warmer than the CTRL but cooler than the CTRL in the eye of the
TC, as seen in Figure 17a. In Figure 17c, SSTs are still significantly warm, but rainfall is
less than in Figure 13b, as seen in Figure 17b. This likely indicates the moisture
modification negatively affected the TC and therefore produced less rainfall than
thermodynamically modifying the CTRL alone. However, considerable rainfall still exists
and is constrained to the NC coastline, as seen in Figure 17b. With the relatively warmer
environment in place, and the combined effects of the future moisture fields, a more
intense TC still exists compared to the CTRL.
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Figure 16. WRF-ARW-simulated past climate projection of Hurricane Florence (2018) based on ther-
modynamic and moisture profiles of September 1968. Panel (a) represents the two-meter tempera-
ture (degrees C) difference from the CTRL simulation. Panel (b) represents the accumulated precip-
itation (inches) from 12 UTC 10 September to 00 UTC 17 September 2018. Panel (c) represents SST
(degrees C) difference between the CTRL and 1968 profiles.
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Figure 17. WRF-ARW-simulated future climate projection of Hurricane Florence (2018) based on
thermodynamic and moisture profiles of the RCP8.5 scenario for September 2068. Panel (a) repre-
sents the two-meter temperature (degrees C) difference from the CTRL simulation. Panel (b) repre-
sents the accumulated precipitation (inches) from 12 UTC 10 September to 00 UTC 17 September
2018. Panel (c) represents SST (degrees C) difference between the CTRL and 2068 profiles.
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4.2.5. Track, Intensity, and Statistical Analyses

From the initialization of WRF-ARW on 12 UTC 10 September for all simulations, it
is evident that for the first 36 h of the simulations, Florence followed the observed path
closely, based on the HURDAT?2 analysis (black) and ERA5 reanalysis data (green, under
HURDAT?2), as shown in Figure 18a. After the first 36 h, an equatorward bias is present in
all simulated tracks, with the largest bias being associated with the WRF RCP8.5 Moist
case. An equatorward bias for all sensitivity experiments is likely carried over from the
CTRL simulation. As a result, the equatorward propagation of Florence is not well cap-
tured in the simulated results but shows more of a straight-line representation of landfall.
In Figure 18b, a zoomed-in region surrounding the landfall location is shown. For the
HURDAT?2 analysis (black), it is overlayed last, and the black-filled star gives the official
landfall time: 12 UTC 14 September 2018. In the ERA5 reanalysis data, it closely follows
the HURDAT?2 analysis with a similar track location at the official time of landfall (under
the HURDAT?2 star). For the CTRL experiment, the simulated TC propagated slightly
slower than the observed but made landfall at approximately the same time as the ob-
served, just slightly northeast. However, for most sensitivity studies, the simulated prop-
agation speed was faster than the observed, as shown by the inland stars representing the
official landfall time rather than the simulated landfall time. Perhaps more importantly,
though, across all simulated Florence cases, the track changed only marginally, and the
landfall region remained broadly similar, consistent with prior PGW studies [22-24,26,27].

Figure 19 shows all simulated and observed scenarios for the MSLP of the TC. The
solid black line indicates the HURDAT?2 analysis SLP, which shows considerably lower
pressure than that of all simulated versions of Florence prior to 12 UTC 12 September.
ERADS reanalysis data (dot-dashed green) indicates a considerable issue in the representa-
tion of Florence (2018), therefore limiting the abilities of this study. Since the initial data
(ERA5) severely underestimates Florence from the start of the simulation onwards, the
simulated version of Florence in the CTRL does not fully achieve the observed intensity
on its final approach toward land. This trend carries over into the sensitivity experiments
as well. All simulations begin at the same intensity of SLP, ~998 hPa, rather than the ob-
served value of ~955 hPa. Due to the limitations of ERAS5, as it consistently underestimates
the observed conditions of Florence (2018), most sensitivity experiments, including the
CTRL, closely follow the pattern of ERA5 MSLP. Only the more extreme sensitivity exper-
iments, like the RCP6.0 2068 Thermo, RCP6.0 2068 Combo, RCP8.5 2068 Thermo, and
RCP8.5 2068 Combo simulations, approach the MSLP of the observed, especially during
the TC’s approach to land (12 UTC 12 September-12 UTC 14 September). Therefore, sim-
ulated MSLP intensity is drastically limited by the initial data employed in WRF-ARW.

Concurrently, Figure 20 indicates the wind intensity at 10 m for all simulations and
observed data. Similar to the MSLP intensity in Figure 19, ERA5 severely lacks wind ve-
locity compared to HURDAT2 data. At the initialization time of the WRF-ARW simula-
tions, ERAS indicates a wind velocity of ~22 ms, while the observed was ~54 ms™'. There-
fore, in ERA5, an inaccurate representation of Florence is already given. As a result, all
simulations start by poorly representing the wind velocity. However, with time, WRF-
ARW simulates a higher wind velocity that more closely represents the HURDAT2 data.
The CTRL simulation increases wind velocity by as much as 10 ms™ consistently when
compared to ERA5. However, for future climate projections of Florence, because of the
warmer environment, stronger wind velocities are present that surpass the CTRL simula-
tion and ERAS5 reanalysis. As the simulations approach the official time of landfall (which
is the area of focus in this study), most experiments are in error by ~10 ms when com-
pared to the observed. After landfall, all simulations trend towards lower wind velocities,
which is expected. However, comparing the CTRL to the future climate simulations, based
on a warmer and potentially moister environment, a stronger version of the TC forms.

https://doi.org/10.3390/atmos17050438



Atmosphere 2026, 17, 438

24 of 30

90°W 85°W

75°W

70°W 65°W 60°W

42°N

39°N

36°N

33°N

30°N

27°N

24°N

81*wW

79°W

42°N

1968-Combo
1968-Moist
1968-Thermo
1998-Combo
1998-Moist
1998-Thermo

ERAS

Florence-2018
RCP6.0-2038-Combo
RCP6.0-2038-Moist 36°N
RCP6.0-2038-Thermo
RCP6.0-2068-Combo
RCP6.0-2068-Moist
RCP6.0-2068-Thermo
RCP8.5-2038-Combo
RCP8.5-2038-Moist
RCP8.5-2038-Thermo
RCP8.5-2068-Combo
RCP8,5-2068-Moist | 30°N
RCP8.5-2068-Thermo
=== HURDAT2 Best Track

39°N

33°N

FREERELE BEEEERLEEL

27°N

24°N

78w 7w 76°W

sen [(b)

36°N

33°N

32°N

81°W

79°W

=== 1968-Combo 4 38°N
e 1968-Molist i
== 1968-Thermo
=== 1998-Combo
—— 1998-Moist
= 1998-Thermo 37°N
=== ERAS

== Florence-2018

e RCP6.0-2038-Combo
=== RCP6.0-2038-Moist.
~=— RCP6.0-2038-Thermo | _
——— RCP6.0-2068-Combo § 36°N
= RCP6.0-2068-Moist
== RCP6.0-2068-Thermo
- RCPB.5-2038-Combo
—— RCPB,5-2038-Moist
== RCP8.5-2038-Thermo || 35°N
—— RCP8,5-2068-Combo
=== RCP8.5-2068-Moist

{ == RCP8.5-2068-Thermo
-~ RDAT2 Best Track

34°N

33°N

78w 7w 76°W

Figure 18. WRF-ARW-simulated past and future climate track projections of Hurricane Florence

(2018) based on all scenarios simulated: past thermodynamic and moisture profiles, future thermo-

dynamic and moisture profiles and the inclusion of both thermodynamic and moisture profiles for
1968, 1998, 2038, and 2068. Additionally, the CTRL simulation is plotted alongside the ERA5 version
of Florence (2018) and the HURDAT? Best Track. Panel (a) shows the zoomed-out track from model
initialization to the end of the respective simulations. Panel (b) shows the zoomed-in landfall region.
The filled stars represent the official landfall time of 12 UTC 14 September.
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Figure 19. WRF-ARW-simulated past and future climate MSLP (hPa) projections of Hurricane Flor-
ence (2018) based on all scenarios simulated: past thermodynamic and moisture profiles, future
thermodynamic and moisture profiles and the inclusion of both thermodynamic and moisture pro-
files for 1968, 1998, 2038, and 2068. Additionally, the CTRL simulation is plotted alongside the ERA5
version of Florence (2018) and the HURDAT?2 Best Track.
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Figure 20. WRF-ARW-simulated past and future climate wind (ms™) projections of Hurricane Flor-
ence (2018) based on all scenarios simulated: past thermodynamic and moisture profiles, future
thermodynamic and moisture profiles and the inclusion of both thermodynamic and moisture pro-
files for 1968, 1998, 2038, and 2068. Additionally, the CTRL simulation is plotted alongside the ERA5
version of Florence (2018) and the HURDAT?2 Best Track.

To quantitatively evaluate the performance of the CTRL simulation and provide a
basis for the sensitivity experiments, statistical analyses are conducted by comparing the
simulated results with HURDAT?2 best-track data. In Figure 21a below, the landfall loca-
tion error is given for each experiment, ordered from smallest to largest. Notice firstly that
the CTRL experiment made landfall with an error of approximately 32 km, indicating
good agreement with observations. Based on the CTRL simulation, where past climate
thermodynamical and moisture-related states were implemented into the model, varia-
tions in the landfall position were degraded noticeably, where the Thermo 1968 experi-
ment landfall position error increased to approximately 56 km, while the Combo 1968 and
Moist 1998 cases were significantly closer to the observed landfall position (~15 km). For
future climate experiments, overall, the landfall position varied more than in the past
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climate experiments, but the difference is still reasonable, as the greatest landfall location
error came from the Combo RCP8.5 2068 experiment of ~71 km, which is roughly double
that of the CTRL. However, the modulation of the Combo RCP6.0 2038 experiment
yielded negligible error in landfall position. As a result, reasonable geographic confidence
is given that the climatic modulation in the thermodynamic and moisture fields will only
produce mild track deflections and that the model captures the large-scale track behavior
of Hurricane Florence (2018) with reasonable accuracy. In Figure 21b, the heading at the
position of landfall is given, with the dashed vertical line representing the heading of Flor-
ence (2018) in the HURDAT?2 analysis. Consistently, resulting from the CTRL experiment,
the headings of most simulated versions of Florence surround 296°, which translates to a
west-northwest heading instead of a west-southwest heading, as in the observed. This
discrepancy likely stems from the overarching push of a straight west-northwest track
over the ocean without strictly recurving southward after landfall.

Landfall Diagnostics Relative to HURDAT2

(a) Landfall Location Error (b) Heading at Landfall
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Figure 21. Simulated landfall diagnostics to HURDAT2 data of Hurricane Florence (2018). Panel (a)
landfall location error of all simulations of past and future climate scenarios (1968, 1998, RCP6.0
2038, RCP8.5 2038, RCP6.0 2068, and RCP8.5 2068). Panel (b) simulated TC headings at landfall for
all past and future climate scenarios compared to the HURDAT?2 observed heading of Florence
(2018) in the vertical black dashed line.

Figure 22 further quantifies model performance using track error (panel a), MSLP
error (panel b), and maximum 10 m wind speed error (panel c). Initially, the track error,
per the six-hourly timestep available in the HURDAT2 data, remains minimal during the
initialization of the model simulations. However, as time marches on in the simulations
(carried over by the CTRL), all experiments exhibit moderate track errors starting after 12
September 00 UTC. After this time, as seen in Figure 18, the track of Florence moderately
shifts southward of the observed track. Figure 22a validates this. An important interpre-
tation of the track error is that the simulated storms generally propagate faster than the
observed Florence, indicated by the integrated stars in Figure 22, which represent the
rounded-down/up time (based on the availability of HURDAT?2) of the center of circula-
tion first impinging on land. Furthermore, as previously mentioned, these errors are
partly attributable to known limitations in the ERA5 representation of tropical cyclone
intensity. As shown in Figure 22b, the MSLP error starts significantly high at the
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initialization time of the model simulations and never fully attains the minimum pressure
of Florence. However, the stronger future climate scenarios of Florence more closely fol-
low the HURDAT? observed pressure after initialization. In Figure 22¢, a similar explana-
tion can be given for maximum wind error compared to HURDAT?2, except that the sim-
ulated maximum 10 m winds reach within ~10 ms™ of the observed in the CTRL simula-
tion, providing additional confidence in the model’s ability to represent storm intensity.

Overall, these quantitative metrics demonstrate that the CTRL simulation reasonably
captures the track, timing, and intensity of Hurricane Florence (2018), with errors compa-
rable to those reported in previous WRF-based tropical cyclone studies. This provides a
reliable baseline for assessing the impacts of thermodynamic and moisture modifications
in the sensitivity experiments.

Track Error vs HURDAT2
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Figure 22. Statistical analysis of all past and future climate scenarios of Hurricane Florence (2018)
(1968, 1998, RCP6.0 2038, RCP8.5 2038, RCP6.0 2068, and RCP8.5 2068). Panel (a) simulated track
errors of all potential versions of Florence compared to HURDAT2 data. Units are in km. Panel (b)
MSLP error of all potential versions of Florence compared to HURDAT?2 data. Units are in hPa.
Panel (c) maximum wind error of all potential versions of Florence compared to HURDAT?2 data.
For plotting purposes, the times considered are from the initialization of the model (12 UTC 10 Sep-
tember) to 00 UTC 15 September, which incorporates the landfall time.

5. Discussion

The results of this study are broadly consistent with previous PGW investigations,
which indicate that thermodynamic warming leads to increased TC intensity and precip-
itation. For example, Lackmann [23] and Gutmann et al. [26] demonstrated that increases
in sea surface temperature and atmospheric temperature enhance surface enthalpy fluxes
and atmospheric instability, resulting in stronger storms and increased rainfall. Similarly,
the thermodynamic modification experiments in this study produce substantial increases
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in precipitation and storm intensity, supporting the dominant role of temperature-driven
energy enhancement in tropical cyclone intensification.

In contrast, the moisture-only experiments reveal a more complex response that is
less emphasized in prior studies. While increased atmospheric moisture is often associ-
ated with enhanced precipitation, e.g., [25], the results presented here indicate that mois-
ture availability alone does not guarantee increased rainfall accumulation. Instead, pre-
cipitation is strongly modulated by storm dynamics, including propagation speed and
interaction with synoptic-scale features such as stationary fronts. In particular, faster in-
land motion reduces residence time over coastal regions, limiting rainfall accumulation
despite sufficient moisture content. This highlights the importance of distinguishing be-
tween moisture availability and moisture convergence in controlling precipitation.

Furthermore, the case of Hurricane Florence (2018), characterized by its unusually
slow translation speed and interaction with a stationary frontal boundary, underscores
the importance of large-scale environmental controls on rainfall distribution. The sensi-
tivity of rainfall accumulation to storm motion identified in this study suggests that future
projections of TC impacts should consider not only thermodynamic intensification but
also potential changes in storm propagation and environmental steering flow. This is con-
sistent with previous studies, e.g., [22], emphasizing that both thermodynamic and dy-
namical factors jointly determine future tropical cyclone impacts. These findings provide
a process-based explanation for the differing impacts of thermodynamic and moisture
changes, addressing a gap in previous PGW studies.

6. Conclusions

Hurricane Florence (2018) proved to be a very impactful TC, which made landfall
along the NC coastline. As a result of its slow propagation speed after landfall, nearly
stalling, torrential rainfall occurred upwards of 35 inches along the NC coastline and in-
land due to the collapse of the deep-layer steering flow and interactions of the quasi-sta-
tionary frontal system right after landfall. This loss of mid-level steering uniquely affected
Florence, as there was essentially no meaningful background flow directing the circula-
tion away from the NC coastline. Significant freshwater runoff and severe seawater inun-
dation occurred, leading to catastrophic flooding in the region, with the most severe in-
undation of seawater coming from the strong and constant onshore easterly flow from
Florence. The most severe storm surge was found along the Neuse River, Pamlico Sound
and surrounding tributaries in NC. Florence was chosen for climate studies due in part to
its significant impacts, as well as the synoptic-to-mesoscale dynamics in play surrounding
landfall. At the time of landfall, SSTs in the Atlantic were climatologically warmer, espe-
cially along the NC coast. As a result of the slowed propagation speed, atmospheric insta-
bility was utilized, especially along the NC coast, to produce extensive rainfall accumula-
tion. Past climate projections from the thermodynamic and moisture modifications indi-
cate that Florence still would have formed but would have been considerably weaker in
both intensity and potential rainfall, as can be seen compared to the CTRL simulation.
Additional effects on the stationary front can also be seen in the temperature gradient
changes along the AMR and extending poleward. As a result, more intense rainfall was
projected to fall along the AMR due to the orographic lift and the conditional instability
of the environment.

Future climate projections of Florence (2018) indicate a stronger and better organized
TC in which minimum SLP and wind velocities approach the observed HURDAT?2 data.
Additionally, in the future climate projection driven solely by thermodynamic modifica-
tion, rainfall approached nearly 67% more than the CTRL. However, modifying only
moisture profiles does not necessarily increase precipitation in model simulations, as evi-
dent in the results. Primarily, a warmer climate given by higher concentrations of CO2
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could represent stronger and more impactful TCs without necessarily modifying the track
drastically. However, limitations do exist in this study due to the poor representation of
Florence (2018) in the ERAS reanalysis data profiles. Further analysis is needed to deter-
mine the overall effects of a warming climate.
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