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Abstract Forecasts of tropical cyclone (TC) tornadoes are less skillful than their non-TC counterparts at all
lead times. The development of a convection-allowing regional ensemble, known as the Warn-on-Forecast
System (WoFS), may help improve short-fused TC tornado forecasts. As a first step, this study investigates the
fidelity of convective-scale kinematic and thermodynamic environments to a preliminary set of soundings from
WOoFS forecasts for comparison with radiosondes for selected 2020 landfalling TCs. Our study shows
reasonable agreement between TC convective-scale kinematic environments in WoFS versus observed
soundings at all forecast lead times. Nonetheless, WoFS is biased toward weaker than observed TC-relative
radial winds, and stronger than observed near-surface tangential winds with weaker winds aloft, during the
forecast. Analysis of storm-relative helicity (SRH) shows that WoFS underestimates extreme observed values.
Convective-scale thermodynamic environments are well simulated for both temperature and dewpoint at all lead
times. However, WoFS is biased moister with steeper lapse rates compared to observations during the forecast.
Both CAPE and, to a lesser extent, 0—3-km CAPE distributions are narrower in WoFS than in radiosondes, with
an underestimation of higher CAPE values. Together, these results suggest that WoFS may have utility for
forecasting convective-scale environments in landfalling TCs with lead times of several hours.

Plain Language Summary Landfalling tropical cyclones (known as tropical depressions, tropical
storms, or hurricanes) often spawn tornadoes, which are more challenging to forecast than Great Plains
tornadoes. The development of a weather forecast ensemble model, known as the Warn-on-Forecast system,
may help improve tornado forecasts. This study compares vertical profiles of winds, temperature, moisture, and
associated severe weather metrics from the Warn-on-Forecast with observed radiosonde data (i.e., balloon-
borne instruments) in landfalling tropical cyclones. Our analysis shows agreement between the observed and
forecasted vertical structure of TC winds at all lead times including strong changes in near-surface wind speed
and direction. Nonetheless, forecasted tropical cyclone winds tend to be biased weaker than observed, which is
associated with an underestimation of environmental favorability for tornadoes. Similarly, forecasted
temperature and moisture are also reasonably represented compared to observations. However, Warn-on-
Forecast tends to overestimate moisture and near-surface temperature, with smaller-than-observed variability in
thermodynamic environmental favorability. Together, these results suggest that the weather forecast model used
here may be useful for improving forecasts of supercell environments in landfalling TCs.

1. Introduction

Tornadoes in landfalling tropical cyclones (TCs) are responsible for 3% of TC fatalities, and, at times, >$100
million dollars of damage (in 2005 dollars) that can compound the risk associated with other hazards (Rappa-
port, 2014; C. J. Schultz et al., 2009). However, forecasts of TC tornadoes tend to be less skillful at all lead times
compared to non-TC tornadoes due in part to the large variability in the number of tornadoes spawned among TCs
(Carroll-Smith et al., 2023; Edwards, 2012). Tornado warning skill is also lower in TCs compared to all envi-
ronments, as evidenced by false alarm ratios of 0.86 for TC tornadoes compared to 0.70 for all tornadoes
(Martinaitis, 2017; Nowotarski et al., 2021). This decreased forecast skill is likely due, in part, to differences with
Great Plains tornadoes including: (a) the low CAPE, high vertical wind shear environments in TCs
(McCaul, 1991; McCaul & Weisman, 1996) and (b) nearly 88% of tornadoes spawned by supercells, which are
often low topped (Edwards et al., 2012; McCaul & Weisman, 1996). Specifically, these low-topped supercells are
smaller, shorter-lived, and shallower than their Great Plains counterparts and, most importantly, typically spawn
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tornadoes with light-to-moderate damage (i.e., Enhanced Fujita (EF) or Fujita (F) scale rating of 0—1; McCaul &
Weisman, 1996; L. A. Schultz & Cecil, 2009). Moreover, these TC supercells are often characterized by weaker
rotational velocity and reflectivity, shallower updrafts, and, more broadly, the absence of radar characteristics
typical of non-TC supercells (e.g., hook echoes; Devanas et al., 2008; Nowotarski et al., 2021). These low-topped
supercells are also typically not associated with lightning before tornadogenesis, which likely limits the utility of
lightning jump algorithms for tornadic detection (Schenkel et al., 2023; C. J. Schultz et al., 2009). Given the
limited utility of radar and lightning data for TC tornado forecasting, recent case studies have shown promise in
using convection-allowing ensembles to help identify TC tornadic mesocyclones at lead times of up to 2 hr (T. A.
Jones et al., 2019; Y. Wang et al., 2022). As a more modest goal, prior work has yet to systematically evaluate
whether convection-allowing models can reasonably forecast convective-scale environments in landfalling TCs,
which is the focus of the present study.

The low CAPE, high vertical wind shear environments in landfalling TCs are broadly favorable for tornadoes,
primarily within the right-front quadrant relative to TC motion or northeast quadrant (Baker et al., 2009;
McCaul, 1991). Compared to non-TC thermodynamic environments, CAPE is often smaller and concentrated in
the lower troposphere, in association with the approximately moist adiabatic lapse rates typical of TCs (Edwards
& Thompson, 2012; McCaul, 1991). Prior work has also hypothesized that narrow regions of locally enhanced
CAPE and helicity may exist downstream (i.e., relative to the lower-tropospheric cyclonic flow) of TC rainbands.
These locally favorable environments for tornadoes may not be well-resolved within prior radiosonde clima-
tologies (Edwards & Pietrycha, 2006; McCaul et al., 2004). However, CAPE does increase with increasing
distance from the TC center (Bogner et al., 2000; Molinari et al., 2012) due to: (a) more sparse convection and
associated cirrus allowing for enhanced diurnal variability of surface heating (Knupp et al., 2006; Morin &
Parker, 2011) and (b) more frequent intrusions of ambient midtropospheric dry air, which may enhance lapse rates
via evaporative cooling, generate baroclinicity at outer radii, or even reduce CAPE due to entrainment mixing
(Curtis, 2004; Sueki & Niino, 2016). Consistent with the former hypothesis, most tornadoes, especially at TC
outer radii, occur from late morning through early evening, suggesting the strong impact of diurnal heating
(McCaul, 1991; Trier et al., 2023).

Favorable convective-scale kinematic environments for tornadoes are associated with strong speed and direc-
tional shear in the boundary layer due to friction, and the veering and weakening of the winds above this layer in
association with the TC warm core (McCaul, 1991; Novlan & Gray, 1974). This vertical wind shear may be
further enhanced by stronger friction over land as supercells move from ocean to land, providing additional
horizontal vorticity to be tilted and stretched by updrafts. This horizontal gradient in friction likely explains the
near-shore maximum in TC tornadogenesis (Eastin & Link, 2009; Gentry, 1983). TCs, especially those recurving
into the midlatitudes, are often embedded in warm air-advection regimes upstream of ridges. The veering in the
synoptic-scale environment of the TC yields enhanced vertical wind shear of the total wind field (i.e., TC plus its
environment), typically on the eastern half of the TC (McCaul, 1991; Verbout et al., 2007). This asymmetric
enhancement of vertical wind shear associated with the total wind field is due to: (a) constructive enhancement of
veering and speed shear associated with both the TC and ambient winds and (b) the tilting of the TC with height
due to differential advection by the ambient flow. The latter of these processes yields stronger lower-tropospheric
inflow, ascent, upper-tropospheric outflow as a quasi-geostrophic response to the vertical tilting of the TC
(Schenkel et al., 2020, 2021).

While convective-scale lower-tropospheric vertical wind shear in the TC is strongest near the center, most tor-
nadoes occur in the outer rainbands between a 100-500 km radius in the northeast quadrant of the TC where
CAPE (especially entrainment CAPE) is stronger whereas shear is reduced (Franklin et al., 2003; Sueki &
Niino, 2016). Rainbands at these distances are typically associated with locally enhanced vertical wind shear due
to a lower-tropospheric, TC-relative tangential jet that runs along the rainband (Barnes et al., 1983; Didlake &
Houze, 2009). This localized vertical wind shear may be further enhanced by the occurrence of cold pools when
ambient air is sufficiently dry (Ditchek et al., 2020; Eastin et al., 2012). The weaker TC outer winds can also be
frontogenetic, enhancing baroclinicity and lift associated with pre-existing baroclinic boundaries (e.g., coastal
fronts; Green et al., 2011; Knupp et al., 2006).

Skillful forecasts of TC tornadoes likely require reasonable representation of the aforementioned scales including
the supercell, rainbands, TC, and its synoptic-scale environment. One model capable of simulating these scale
interactions is the Warn-on-Forecast System (WoFS), which is a convection-allowing ensemble under
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development for use in operations, that has shown skill in simulating tornadic mesocyclones and their envi-
ronments. Specifically, WoFS is a regional ensemble modeling system for use in 0—6-hr forecasts of high-impact
severe convective weather, including TC tornadic supercells. Specifically, these studies have shown that WoFS
can: (a) predict the life cycle and location of strongly rotating mesocyclones for a variety of severe convective
weather scenarios including supercells and bow echoes (Skinner et al., 2018; Wheatley et al., 2015) and (b)
represent convective-scale severe weather environments with reasonable fidelity (Laser et al., 2022; Potvin
et al., 2020). More broadly, WoFS has also shown skill in forecasting other hazards including flash flooding
(Lawson et al., 2018; Yussouf et al., 2016).

Nonetheless, only a few studies have evaluated the forecast skill of WoFS for TC tornadoes and their environ-
ments. Yussouf et al. (2020) showed that WoFS simulations of Hurricanes Harvey (2017), Florence (2018), and
Michael (2018) reasonably represented the location of lower-tropospheric relative vorticity maxima compared to
tornado reports, while also simulating the intensity and structure of heavy rainfall. A second study showed that
WOEFS forecasts of Hurricanes Harvey (2017) and Irma (2017) adequately forecast the location and timing of
lower-tropospheric mesocyclones compared to tornado reports. These forecasts also were skillful in representing
strong surface wind gusts and heavy rainfall (T. A. Jones et al., 2019). Y. Wang et al. (2022) also examined
whether further improvements in WoFS simulations of Hurricanes Harvey (2017) and Michael (2018) occur by
reducing the model horizontal grid spacing from 3 to 1 km. While these finer horizontal grid spacing simulations
showed both stronger mesocyclone surrogates and heavier rainfall, only selected simulation cases with 1-km grid
spacing showed improvements in the location and timing of mesocyclones.

Despite the promise of WoFS in simulating TC tornadic mesocyclones, no study has analyzed model skill in
forecasting convective-scale environments in landfalling TCs. Knowledge of the fidelity of convective-scale
environments in TCs that are favorable and unfavorable for tornadoes is key to understanding potential model
biases and uncertainty, which is important for: (a) future studies identifying the environmental factors contrib-
uting to the formation and intensification of tornadic mesocyclones, (b) improving short-fused forecasts of TC
tornadoes when WOoFS is introduced into operations (Edwards et al., 2012; Y. Wang et al., 2022), and (c)
identifying future areas of focus for development for WoFS and other convection-allowing models. Hence, this
study will assess the fidelity of convective-scale environments in landfalling TCs as forecast by the WoFS system.
Specifically, we will compare WoFS forecasts against National Weather Service (NWS) weather Forecast Office
(WFO) and National Severe Storms Laboratory (NSSL) radiosondes, from selected landfalling hurricanes from
2020. This study is a preliminary investigation of WoFS performance due to the small sample of TCs examined,
although the sample is likely large enough to only yield quantitative, rather than qualitative, changes in the
conclusions if a larger, multi-year sample size were used. These soundings are not TC tornado proximity
soundings, since ~1% of radiosondes meet the proximity sounding criteria due to the short life span of tornadoes
(i.e., 3-min median lifetime) and the compound hazards posed by TCs (Potvin & Flora, 2015; Schenkel
et al., 2023). Rather, the soundings are used to more broadly assess the fidelity of convective-scale environments
in multiple TCs. We will focus on examining TC convective-scale kinematic and thermodynamic structure and
associated severe weather metrics. This study will address the following questions:

+ Is WoFS able to reasonably forecast convective-scale kinematic and thermodynamic environments in TCs?
¢ Does the fidelity of kinematic and thermodynamic convective-scale environments substantially degrade with
increasing forecast lead time?

2. Data and Methods
2.1. TC Track Data

National Hurricane Center (NHC) 6-hr TC track and intensity data for selected 2020 landfalling TCs are obtained
from the International Best Track Archive for Climate Stewardships version 4, revision 0 (IBTrACS; Knapp
etal., 2010). Specifically, our study only considers seven TCs whose landfall was simulated in real-time by WoFS
with >1 radiosonde launched during the forecast period. Only radiosondes launched during the tropical phase of
the TC life cycle are considered (i.e., tropical depression or stronger). These TC data are also used to help identify
the model TC center and compute the TC-relative location of radiosondes.
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Table 1

The Name of Each TC, its Associated Radiosondes, the Number of Forecast Soundings, and the Number of WoFS Ensemble Forecast Soundings (i.e., Number of
Forecast Soundings Multiplied by 18 WoFS Ensemble Members) in This Study

TC name Number of unique radiosondes Number of forecast soundings Number of WoFS ensemble forecast soundings
Tropical Storm Fay (2020) 8 56 1,008
Hurricane Hanna (2020) 8 34 612
Hurricane Isaias (2020) 20 86 1,548
Hurricane Laura (2020) 19 71 1,278
Hurricane Marco (2020) 6 6 108
Hurricane Sally (2020) 27 128 2,304
Hurricane Delta (2020) 9 38 684
All storms (N = 7) 97 419 7,542

Note. The Hurricane Laura (2020) radiosondes include those from the NWS and NSSL.

2.2. Radiosonde Data

Convective-scale environments with varying environmental favorability for tornadoes in TCs from WoFS are
examined using radiosondes from two sources: (a) NWS WFO soundings cataloged in the National Oceano-
graphic and Atmospheric Administration (NOAA) Integrated Radiosonde Archive (IGRA), version 2 (Durre
et al., 2006) and (b) NSSL-sponsored sampling of recent landfalling TCs (Waugh, 2024). For the IGRA data, all
radiosondes within 750 km of the TC center are selected for study, which is the distance over which 99% of
tornadoes occur (Schenkel et al., 2020, 2021). Each radiosonde is tested for both physical and internal consis-
tency. IGRA radiosondes are compared to model soundings from 1 hr prior for consistency with the actual
radiosonde release time by NWS forecast offices (Coniglio et al., 2013). NSSL radiosondes sample Hurricane
Laura (2020) with locations that were not collocated with NWS sounding sites. These NSSL soundings are
processed using National Center for Atmospheric Research (NCAR) Atmospheric Sounding Processing Envi-
ronment (ASPEN) software (Stern et al., 2016; J. Wang et al., 2015).

In addition to the numerous automated quality control checks in ASPEN, we have manually inspected each
radiosonde. We also employ the following criteria for all radiosondes (Molinari & Vollaro, 2008; Schenkel
et al., 2020): (a) data must be present below 3 km, given the importance of lower-tropospheric convective-scale
environments to miniature supercells (McCaul, 1991; McCaul & Weisman, 1996) and (b) launch locations must
be >75 km from the TC center to represent quasi-vertical profiles, since the strong cyclonic advection by the TC
winds inwards of this distance. Since geolocation data are unavailable after NWS radiosonde launch, we assume
that both NWS and NSSL sondes do not move horizontally above the surface. This ensures consistent treatment
between the two data sets. While this assumption introduces uncertainty into our analysis, we believe there are
three reasons why these errors are likely small: (a) exclusion of radiosondes within 75 km of the TC center
removes those data that are advected rapidly by the TC, (b) TC supercells, which are often low-topped, are more
sensitive to winds, temperature, and moisture within 3 km of the surface (Edwards et al., 2012; Morotomi
et al., 2020), with any sonde drift being small over this layer, (c) prior studies of mesoscale forecast model output,
including in TCs, have not corrected for radiosonde drift (Bray et al., 2021; MacDonald & Nowotarski, 2023).

These criteria yield a total of 97 radiosondes in seven landfalling TCs, with 92 NWS radiosondes from the IGRA
archive and five NSSL radiosondes. These radiosondes provided comparison against 419 WOoFS forecast
soundings listed in Table 1, with the locations of NSSL and NWS radiosondes given in Figure 1. For each of the
419 soundings, 18 WoFS ensemble members are available for analysis against the radiosondes yielding a total of
7542 WoFS ensemble forecast soundings. All 97 soundings, and their respective 419 forecast radiosonde and
7542 WoFS ensemble soundings, are used in the composite analysis to follow, while a subset of four soundings
(i.e., two NSSL and two NWS) are used in a case study of Hurricane Laura (2020) in the final results section. A
single sounding may be compared to multiple forecast soundings, given that forecasts are initialized every hour.
Hence, the number of forecast soundings will exceed the number of radiosondes. Most of the soundings are
clustered in Gulf Coast states, due to the numerous TC landfalls during the 2020 season. The NSSL radiosondes
included in this study were launched from southern Louisiana during Hurricane Laura (2020), as denoted by the
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45°N/ T, 50 stars in Figure 1. We only include radiosondes if the model TC location and
the TC-relative radiosonde location fall within the model domain. We also
40 show the TC-relative location of observed soundings in Figure 2. Although
40°Nj the soundings sample all TC-relative quadrants, approximately 43% sample
30 § the northeast quadrant, where most tornadoes occur (McCaul, 1991; Novlan
O (@) Sl
35°N+ o S & Gray, 1974).
® e \@® 20> L . ) . .
o Our analysis will compare the vertical profiles of kinematic and thermody-
30°NH 7 10 namic variables between the radiosondes and WoFS. To help isolate the TC
winds, TC motion has been subtracted from the zonal and meridional winds
55N 500 km N 0 for each radiosonde, using the IBTrACS computed propagation speed for the

Figure 1. Map view of the WoFS forecast sounding locations in this study,

95°W 90°W 85°W 80°W 75°W 70°W

observed radiosondes and forecast TC propagation speed of each ensemble
member for the WoFS soundings (Baker et al., 2009; Schenkel et al., 2021).
The resulting wind field with TC motion removed is used to calculate all

with circles and starts showing the location of the National Weather Service severe convective weather parameters listed below, including Bunkers mo-
(NWS) and National Severe Storms Laboratory (NSSL) radiosondes, tion, and the TC-relative tangential and radial winds. However, subtracting a

respectively. The inset shows the border of Texas and Louisiana, where the

uniform wind speed and/or direction from the entire wind profile is not an

NSSL radiosondes were launched near the NWS Lake Charles Weather
Forecast Office.

600
£ 400
g
£ 200
()
P o
£
o
g
5 =200,
Q
c
@©
2 —400/
o

—600-

Figure 2. Joint histogram of the tropical cyclone (TC)-relative distance (km)
of WoFS forecast soundings from the TC. The azimuthal coordinate is
relative to the North, which is on the top of the plot. Range rings are drawn

option in the software (e.g., AWIPS) used by operational forecasters. We

will also use several lower-tropospheric severe convective weather metrics
including 0-3-km convective available potential energy (CAPE), 0-500-m storm-relative helicity (SRH), and 0—
3-km SRH (Davies-Jones, 1984), in addition to mixed-layer CAPE. Recent prior work has suggested that the 0—
500-m layer above ground level is important for tornadogenesis, which is likely particularly true for TC
supercells due to their shallow depth (Coffer et al., 2019; Morotomi et al., 2020), which motivates the use of 0—
500-m SRH in the present study.

Our study has six vertical levels within the lowest 500 m, which is the same number as the Coffer et al. (2019)
study. The “storm” in SRH refers to convective cells, rather than TCs and the associated ambient, synoptic-scale
vertical wind shear (Onderlinde & Nolan, 2014; Schenkel et al., 2020). For all CAPE calculations, we used a 200-
m mixed layer similar to prior TC studies (Molinari et al., 2012; Schenkel et al., 2020). Lower-tropospheric
metrics are primarily examined, given that favorable environments for tornadoes are present over a shallower
layer compared to non-TC environments (McCaul, 1991; McCaul & Weisman, 1996).

When calculating SRH, cell motion is computed using the layer between the lifting condensation level and 65% of
the equilibrium level, which performs better for shallow supercells compared to the Bunkers et al. (2000) al-
gorithm (Bunkers et al., 2014). This modified Bunkers motion algorithm can be sensitive to small changes in

winds with height (Coniglio & Parker, 2020), which is a source of uncer-

Northwest

Southwest

—600 —-400-200 O

Distance from TC center (km)

every 100 km.

~INortheast tainty. Our helicity values may be overestimated by 5%—8% due to the strong
‘ 14 cyclonic curvature of the TC winds as the radiosondes are rapidly advected
- cyclonically (Molinari & Vollaro, 2010). Before computing these parameters,
we also coarsen the observed radiosonde data to the model output grid
10 (Coniglio, 2012; Laser et al., 2022). Following the prior convention, we use
Y TC-relative tangential and radial winds, rather than zonal and meridional
8 g winds, to understand how deficiencies in the representation of the TC winds
g and its associated vertical wind shear contribute to forecast error and un-
6 £ certainty (Baker et al., 2009; McCaul, 1991).
4 .
2.3. WoFS Configuration
2 WOFS is a state-of-the-art, frequent-update cycle multiphysics regional
__Southeast ensemble system being developed for operations (T. A. Jones et al., 2016;
200 400 600 —0 Skinner et al., 2018). The 2020 version of WoFS uses a custom version of the

Advanced Research Weather Research and Forecasting model (WRF-ARW
version 3.9.1; Developmental Testbed Center, 2008) together with an
Ensemble Kalman filter (EnKF; Houtekamer et al., 2005; Whitaker
et al., 2008) from the Community Gridpoint Statistical Interpolation (GSI-
EnKF; Kleist et al., 2009). The current configuration of WoFS in this study
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Figure 3. Histogram of WoFS sounding forecast hour in this study.

Forecast hour

uses 18 ensemble members with a 3-km horizontal grid spacing, containing
300 x 300 grid points with 51 hybrid sigma-pressure vertical levels, using a

vertical grid spacing of <100 m near the surface that decreases to >1 km at the
model top (Wheatley et al., 2015; Yussouf et al., 2020). Each ensemble
member uses initial and boundary conditions from 1-hr experimental, 18-
member High-Resolution Rapid Refresh Ensemble forecasts (HRRRE;
Dowell et al., 2016). All ensemble members use the NSSL 2-moment
microphysics parameterization (Mansell et al., 2010) and the Rapid Refresh
land-surface scheme (Benjamin et al., 2016). The 18-member WoFS
ensemble is generated from the use of a unique HRRRE ensemble member for
each WoFS ensemble member, together with added physics diversity through
differing combinations of radiation and planetary boundary layer parame-
terizations. Specifically, the radiation parameterization combinations used
include the: (a) Rapid Radiative Transfer Model shortwave (Mlawer
et al., 1997) and Dudhia longwave scheme (Dudhia, 1989) and (b) Rapid
Radiative Transfer Model-Global shortwave and longwave schemes (Iacono
et al., 2008). Planetary boundary layer parameterization schemes chosen
include the: (a) Yonsei University (Hong et al., 2006), (b) Mellor-Yamada-
Janjic (Janji¢, 1994), and (c) Mellor-Yamada-Nakanishi-Niino schemes
(Nakanishi & Niino, 2004).

3-4 5-6

Real-time 6-hr WoFS forecasts were initialized every hour beginning in the
afternoon and evening of the TC landfall day, which approximately overlaps
with the peak diurnal frequency of tornadoes (McCaul, 1991; L. A. Schultz & Cecil, 2009). A 15-min cycling
frequency is used to assimilate hourly Automated Surface Observing Systems (ASOS) and Oklahoma Mesonet
data (for cases when the model grid extends over Oklahoma), Weather Survellience Radar-1988 Doppler (WSR-
88D) reflectivity and velocity data, and Geostationary Operational Environmental Satellite-16 (GOES-16) sat-
ellite cloud water path observations. NWS and NSSL radiosondes in selected landfalling TCs are not assimilated
by WOoFS nor in the HRRRE forecasts, since these data are not available for assimilation into the analysis. Hence,
these soundings provide an independent data source for model validation.

We show a histogram of forecast hours for each of the forecast soundings that the radiosondes are compared
against in Figure 3, due to the focus on forecast performance as a function of lead time. The number of soundings
is generally skewed toward later forecast hours. We also show the launch time of all radiosondes in Figure 4,
where NWS radiosondes are assumed to be launched 1 hr before synoptic times, as previously mentioned. NSSL
radiosondes are launched at non-synoptic times from locations that are not collocated with NWS offices as shown
in Figure 1.

2.4. TC Center Tracking

We employ an object-based algorithm that uses a spatially smoothed geopotential centroid to compute WoFS
soundings in a TC-relative framework for each ensemble member for a given forecast. This methodology is
similar to previously employed algorithms used to study both precipitation features and TCs (Davis et al., 2006;
Rios-Berrios et al., 2018). Prior work has recommended the use of a centroid, similar to our approach, to avoid
sharp changes in TC track associated with local extrema (Nguyen et al., 2014; Ryglicki & Hart, 2015). This
methodology is applied to 850-hPa geopotential height, which is interpolated from the model output grid to
850 hPa using logarithmic interpolation. Prior work has used the 850-hPa isobaric level, or similar, to define the
TC center location for cases undergoing moderate vertical wind shear (Rios-Berrios & Torn, 2017; Rios-Berrios
et al,, 2016). The object-oriented methodology consists of three steps (Davis et al., 2006; Rios-Berrios
et al., 2018): (a) apply a nine-point smoother to the field of interest, (b) retain the top 5% of points, and (c)
identify the center as the geopotential centroid computed within a 50-km radius of the first guess, which is
assumed to be the observed location from IBTrACS:

Axdxd,
x = 7/’(4 ’ (€))]
/x /y Adxdy
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280 where x’ is the TC center location (i.e., geopotential centroid), x is the po-
260 sition vector at each grid point, and A is the 850-hPa geopotential height. The
2401 centroid is iteratively computed until convergence for a particular point. The
220 mean TC center difference between WoFS and observations is 52 km, which

" is comparable to the mean position uncertainty inherent to the IBTrACS data
gZOO‘ for landfalling TCs (i.e., 33 km; Landsea & Franklin, 2013). Non-trivial
5 180+ uncertainty in the WoFS TC center location exists, which should be consid-
5 1601 ered, due to the following: (a) choice of isobaric level in vertically tilted TCs
8 1401 (Fischer et al., 2022; Reasor et al., 2013), (b) TC center tracking method
‘G selected (Nguyen et al., 2014; Ryglicki & Hart, 2015), and (c) uncertainty in
g 1204 IBTrACS TC center location (Landsea & Franklin, 2013; Torn &
€ 100 Snyder, 2012).
> 80;
2.5. Vertical Coordinates
60
401 Vertical soundings from radiosondes and WoFS data are interpolated to the
201 vertical coordinate of Gal-Chen and Somerville (1975) to facilitate compar-
0 ison of radiosondes with different launch altitudes (Parker, 2014; Schenkel

0 2 4 6 8 10 12 14 16 18 20 22 et al., 2020):
Time of day (UTC)
S=Ho @)
Figure 4. Histogram of WoFS sounding launch time (UTC) in this study. H- Lsfe
National Weather Service radiosondes are assumed launched 1 hr before
synoptic times, while National Severe Storms Laboratory radiosondes are

o where z,. is the radiosonde launch altitude and H is assumed to be 16 km
launched at non-synoptic times.

consistent with the tropopause height in North Atlantic TCs, including those
spawning tornadoes after landfall (Duran & Molinari, 2016; Waco, 1970). However, there may exist non-trivial
variability in tropopause height, especially for any cases undergoing extratropical transition (Evans et al., 2017; S.
C. Jones et al., 2003). There may also be uncertainty introduced in assuming the tropopause height is 16 km in
both WoFS and radiosondes, although past work has not varied the tropopause height for this coordinate despite
differences in synoptic environments, including for TCs (Parker, 2014; Schenkel et al., 2020). Moreover, the
results to follow only show small differences in upper-tropospheric temperature (typically used in defining
tropopause height) between WoFS and the radiosondes, suggesting only small differences in tropopause heights
between the two data sets. Typically, the radiosonde launch altitude is within 10 m of the surface. This coordinate
allows for comparison of soundings with differing launch altitudes, while approximately conserving vertically
integrated quantities like CAPE and SRH. When referencing specific heights during the analysis to follow, height
values near the surface are approximately equal to the height above ground level in the vertical coordinate used
here. In contrast, heights approaching the 16 km tropopause used above are roughly equivalent to a height above
mean sea level (Parker, 2014). To ensure the WoFS and radiosonde data match in time and space, we then: (a)
coarsen the vertical resolution of the radiosonde data to the WoFS vertical grid (Coniglio, 2012; Laser
et al., 2022), and (b) interpolate the WoFS data to the time and TC-relative location of the radiosonde launch
location.

2.6. Statistical Testing

We employ a 10,000-sample bootstrap approach (with replacement) with a two-tailed test at the 5% level to
objectively determine differences in the statistics between two distributions. We also use bootstrap resampling to
calculate the 95% confidence interval of the variables being examined, and whether the Pearson correlation
coefficients are statistically different from O at the 1% level. Specifically, our study will use the bootstrap
approach to test differences among the kinematic and thermodynamic structure of the convective-scale envi-
ronments in TCs, and their associated severe weather metrics. Our study assumes that the degrees of freedom are
equal to the number of forecast soundings.

3. Analysis and Results

Section 3.1 will assess the fidelity of convective-scale kinematic environments in TCs. Following this, Section 3.2
will examine the representation of convective-scale thermodynamic environments. Finally, Section 3.3 discusses
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Figure 5. Composite median hodographs of the tropical cyclone (TC)-relative radial wind (m s~') versus TC-relative
tangential wind (m s7h computed for observed and WoFS soundings for the (a) analysis, (b) forecast hours 1-2, (c) forecast
hours 3—4, and (d) forecast hours 5-6. The star shows the median cell motion computed using a modified Bunkers storm
motion algorithm (Bunkers et al., 2014). Winds at the surface, 1 km, and 6 km are shown by dots, with error bars denoting the
95% confidence interval at each level, quantified using a 10,000-sample bootstrap approach with replacement. Range rings
are shown for every 5 m s~'. Each hodograph has been smoothed in the vertical dimension with a 1-2-1 smoother. TC motion
has been removed from each hodograph to help isolate the TC winds following Baker et al. (2009).

a case study of four selected soundings (i.e., two NWS and two NSSL radiosondes) from Hurricane Laura (2020),
which was well-sampled by radiosondes.

3.1. Kinematic Environments

We first examine composite median hodographs as a function of forecast hour in Figure 5, using TC-relative
radial versus tangential winds. This reference frame helps identify the contribution of the TC wind field to
forecast errors in convective-scale vertical wind shear (Baker et al., 2009; McCaul, 1991). Both observed and
WOoFS hodographs at all forecast hours show the following characteristics similar to prior observational studies
(McCaul, 1991; Schenkel et al., 2020): (a) strong speed and directional shear in the boundary layer (i.e., lowest
~1 km) due to decreasing impacts of friction with height and (b) veering and weakening of the winds above this
layer associated with the TC warm-core structure. The broad depth of the tangential wind maximum between 1
and 6 km shown in the radiosondes and WoFS is consistent with the vertical structure of the along-TC rainband
tangential jet, which tends to be associated with a weaker, deeper, and more elevated wind maximum compared to
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Forecast hours 1-2
Forecast hours 3—-4

radial wind 0-1 km the eyewall (Franklin et al., 2003; Hence & Houze, 2008). Small, non-
radiat wind 1-3 km significant differences (at the 5% level) exist according to testing of data,

Analysis

radial wind 3-6 km
tangential wind 0-1 km in the lowest 3 km above the surface, at selected heights shown in Figure 5

tangential wind 1-3 km

between the observed and WoFS soundings. This lower layer is particularly

Forecast hours 5-6 i
@

tangential wind 3-6 km

important to low-topped TC supercells (McCaul & Weisman, 1996; Moro-
tomi et al., 2020). Specifically, median differences among the hodographs
within the 0-3-km layer range between —1.9-1.0 m s™' for radial winds and
—2.0-1.1 m s™" for tangential winds. These values are on the order of the
uncertainty associated with radiosonde wind measurements (i.e., 2.0 m s~ ;
Dawson et al., 2012; Durre et al., 2006). These differences show small, non-
significant, at the 5% level, increases in magnitude with forecast lead time, for
both median radial and tangential winds.

Taylor diagrams of radiosonde versus WoFS TC-relative tangential and radial
winds, as a function of forecast hour and tropospheric layer, are used to
quantify the accuracy and variability of the TC winds (Figure 6). WoFS
tangential winds more strongly match observations relative to the radial winds

660

as shown by a comparison of correlations for all forecast hours and vertical
layers (R = 0.82-0.90 for tangential winds vs. R = 0.43-0.83 for radial

80 0.1 02 03 0.4 05 06 0.7 0. s 09 1.0 1.1 1.2 1.3 1.4 winds). The variability of tangential winds in WoFS is also more consistent

Figure 6. Taylor diagram showing Pearson correlation coefficients (black
solid lines), normalized standard deviations (black dashed lines), and root-

Owos/Osondes with observations (o, z/c.

sondes = 0.96—1.09) relative to radial winds (o, s/
Oyondes = 0.87-1.16), as shown by the tighter clustering around 1.00. The
strongest differences between the tangential and radial winds occur in the 3—

mean-square difference (solid blue lines) of tropical cyclone-relative radial 6-km layer and, to a lesser extent, the 1-3-km layer as seen by significant

(m s~ and tangential wind (m s~
soundings for the analysis, forecast hours 1-2, forecast hours 3—4,

and forecast hours 5-6 for the 0—1-km, 1-3-km, and 3—6-km vertical layers.
Error bars show the 95% confidence interval calculated using a 10,000-
sample bootstrap approach with replacement.

') between radiosondes and WoFS differences at the 5% level in both the correlation and normalized standard

deviations. These results may be partially associated with the stronger
sensitivity of the radial winds to the accuracy of the TC center location
(Nguyen et al., 2014; Ryglicki & Hart, 2015). Unlike the tangential winds, the
fidelity of the radial winds degrades with height for all forecast hours. This is
supported by a significant decrease in correlations and a significant increase, both at the 5% level, in normalized
standard deviation in the 3—6-km layer (R = 0.43-0.58; 6y, rs/0;ondes = 1.02—1.16), compared to the 0-1-km layer
(R =0.76-0.83; 6y,rs/Osondes = 0.91-1.02). The reduction in skill with increasing height above ground for radial
winds may be partially attributed to the use of radar scanning strategies that increase the sampling of lower levels
at the expense of upper levels in landfalling TCs, since radar data are assimilated into WoFS (i.e., Supplemental
Adaptive Intra-Volume Low-Level Scan (SAILS); Chrisman, 2011). Last, no significant change in correlations or
normalized standard deviations, at the 5% level, are associated with either the tangential or radial winds for
increasing forecast lead time.

The distribution of differences between WoFS and radiosonde TC-relative tangential and radial winds at each
vertical level are shown next in Figure 7. Calculating the distribution of differences shows biases not shown by
simply showing the median of the radiosonde and WoFS distributions separately, especially when one of the
distributions is more strongly skewed. Figure 7 suggests that the TC winds in the WoFS simulations are biased
slightly weaker than observed, which begin in the initial forecast hours. These biases are most pronounced in the
TC-relative radial winds, which are shifted toward negative values throughout most of the lower and mid-
troposphere. This result suggests weaker inflow toward the TC center in WoFS as shown by comparison with
Figure 5. These disparities are strong enough such that median differences, particularly below ~10 km, are
significantly different from 0 at the 5% level. Specifically, differences range between —2.1-1.1 m s~ among each
of the forecast hour subsets. In contrast to the prior results, these weak biases in radial winds exist over a greater
tropospheric depth after the analysis. In particular, these biases manifest most strongly between ~2 and 5 km in
the analysis compared to &2-10 km at forecast hours 3—4.

TC-relative tangential winds (Figures 7b, 7d, 7f, and 7h) also show similar biases primarily confined to the lower
troposphere: (a) stronger winds in WoFS below ~1 km compared to radiosondes and (b) weaker winds above
~1 km. The stronger near-surface WoFS winds are exemplified by median differences that are significantly
different from 0, at the 5% level, with values ranging from —2.3-0.3 m s™' among forecast hour bins. This near-
surface bias may be related to the TC wind field response to surface friction, which is particularly complex
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Figure 7. Joint histogram of the difference in tropical cyclone-relative (a, c, e, g) radial winds (m s ') and (b, d, f, h) tangential
winds (m s~!) for observed versus WoFS soundings, as a function of height (km), for the (a, b) analysis, (c, d) forecast hours
1-2, (e, f) forecast hours 3—4, and (g, h) forecast hours 5-6. The shaded boxes denote the percentage of grid points
normalized by the total number of grid points for each vertical level. The median, its 95% confidence interval, and the
interquartile range are shown using red solid lines, red shading, and red dashed lines, respectively.

immediately onshore in observations (Alford et al., 2020; Hlywiak & Nolan, 2022). Prior work has also shown
model sensitivity of onshore TC structure to the model land use type classification and the planetary boundary
layer parameterization chosen (Hendricks et al., 2021). Above the boundary layer, median values of WoFS
tangential winds are significantly weaker than radiosondes (at the 5% level) with differences of 0.0-1.2 m s™".
These weaker tangential winds are maximized at a 2-km height above ground level, approximately within the base
of the lower-tropospheric tangential jet maximum located in the TC rainbands. These tangential wind differences
are associated with a weaker wind maximum that peaks slightly higher in the troposphere in WoFS compared to
observations, yielding slightly weaker than observed lower-tropospheric vertical wind shear (Didlake &

Houze, 2009; Hence & Houze, 2008), as suggested by Figure 5. Like the TC-relative radial winds, the biases in
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the tangential winds at all levels begin to strongly manifest after the analysis time, as supported by the occurrence
of median values that are significantly different from O at the 5% level.

Examination of 0-3-km and 0-500-m SRH from WoFS shows reasonable agreement, albeit with stronger
variability, compared to observations as shown in Figure 8. For reference, the strong near-surface vertical wind
shear in TCs leads to most helicity concentrated below 1 km above the surface in TCs, although the 0-3-km layer
is also a useful metric for tornado forecasting (Coffer et al., 2019; McCaul, 1991). In particular, correlation
coefficients range from moderate to strong with each significantly different from 0 at the 5% level for the 0-3-km
(R = 0.67-0.88) and 0-500-m layer (R = 0.60-0.79), regardless of forecast hour bin. No significant variability
occurs, at the 5% level, when stratifying these results by forecast hour. Reasonable agreement exists between
WOoFS and the radiosondes at smaller observed helicity magnitudes, with increasing underestimates as observed
values increase. This result is consistent with the small linear regression coefficients that are significantly
different from 1.00 for half of the forecast hour bins considered in both layers, at the 5% level. WoFS helicity
values show stronger variability than the radiosondes as exemplified by comparison of the standard deviation in
the 0-3-km layer (109—136 m? s~ in radiosondes vs. 126-143 m? s™2 in WoFS) for data aggregated across all
forecast hours, with larger differences for the 0—500-m layer (80-88 m* s~ vs. 84—119 m? s~2). This larger-than-
observed variability is consistent with the TC-relative radial and tangential wind results shown in Figure 6.

Of those radiosondes that exceed the 100 m™2 s~ threshold in the 0-3-km layer associated with TC tornadoes,

only 52% of the equivalent WoFS soundings also exceed this threshold, further suggesting an underestimation of
large SRH values in TCs (Eastin & Link, 2009; Edwards et al., 2012). These weaker-than-observed large SRH
magnitudes are broadly consistent with TC and non-TC environments both in WoFS and other convection-
permitting models (Laser et al., 2022; MacDonald & Nowotarski, 2023). This bias may exist due to the
weaker-than-observed TC-relative radial winds and vertical shear of the TC-relative tangential winds shown in
Figure 7. Additionally, the relatively coarse vertical grid spacing in WoFS (i.e., 100 m near the surface) may also
be associated with the smaller than observed values of helicity, given the strong vertical variability in TC
boundary layer winds (Barnes et al., 1983; Franklin et al., 2003).

Together, these results suggest a reasonable representation of TC-relative tangential winds and, to a lesser extent,
radial winds in WoFS, regardless of forecast lead time, with a slight weak bias. This may be due, in part, to the
underestimation of TC intensity in WoFS (not shown), especially when the TC is offshore and out of WSR-88D
radar range, since WoFS does not assimilate aircraft reconnaissance data (e.g., radar, dropsondes). However, prior
work has shown that the observed winds at TC outer radii, where most radiosondes are sampling and most
tornadoes occur, show a weak relationship with TC inner-core winds (Chavas & Emanuel, 2010; Merrill, 1984).
Hence, these studies suggest any intensity underestimation in WoFS should have a small impact on outer TC
winds. While SRH calculations from WoFS also compare well with observations, the distribution of helicity in
WOFS tends to underestimate values at the upper end of the distribution. These larger values of helicity have been
hypothesized to be associated with localized regions of enhanced CAPE in tornadic TC rainbands and, thus, may
not be sampled by the radiosondes, as discussed previously (Green et al., 2011; McCaul et al., 2004). Therefore,
these results suggest the importance of resolving these environments for forecasting tornadic supercells. Machine
learning models may be able to bias correct these underestimated helicity values in WoFS to provide additional
value to forecasters, especially since machine learning has already shown improved skill over raw WoFS output in
non-TC scenarios (Clark & Loken, 2022; Flora et al., 2021).

3.2. Thermodynamic Environments

Composite median skew 7-logp diagrams show that the thermodynamic environments compare reasonably be-
tween the radiosondes and WoFS (Figure 9). Both WoFS and the radiosondes show nearly moist adiabatic lapse
rates with low CAPE, relative to Great Plains tornadic supercell environments, typical of the tropical environ-
ments in TCs (McCaul, 1987, 1991). However, WoFS is biased moister and, to a lesser extent, warmer in the
boundary layer. Above the boundary layer, WoFS is cooler and moister suggesting that it is closer to saturation
than observations within this layer. Due to the approximately moist adiabatic lapse rates, these temperature and
moisture biases are often associated with substantially larger mixed-layer CAPE in WoFS compared to observed
environments where there is little to none, as will be shown later in Figure 12. However, these differences in
temperature and dewpoint, especially in the lower troposphere (i.e., lowest 3 km), are small and not significant at
the 5% level, at all forecast lead times throughout the troposphere. Median differences range from —0.6-0.6°C for
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Figure 8. Joint histogram of (a, c, e, g) 0-3-km and (b, d, f, h) 0-500-m storm-relative helicity (m~ s
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Figure 9. Skew T-logp diagram showing the composite median temperature (°C; solid lines) and dewpoint (°C; dashed lines) along with their 95% confidence interval
computed from a 10,000-sample bootstrap resampling approach, with replacement (shading), for radiosonde versus WoFS soundings for the (a) analysis, (b) forecast
hours 1-2, (c) forecast hours 3—4, and (d) forecast hours 5-6. The dotted lines show the theoretical median parcel ascent curve based on parcel theory.

temperature and —0.1-1.0°C for dewpoint, respectively, within the lowest 3 km. This layer is particularly rele-
vant, given that the limited CAPE in TCs is typically concentrated in the lower troposphere, and that TC
supercells can be as shallow as 3—4 km in depth (McCaul & Weisman, 1996; Morotomi et al., 2020). These values
are also of comparable magnitude to the uncertainty associated with radiosonde measurements of temperature
(0.2°C) and dewpoint (0.5°C; Durre et al., 2006).

We next show Taylor diagrams of temperature and dewpoint for WoFS versus observations in Figure 10. Both the
correlations and normalized standard deviations suggest stronger agreement between the radiosondes and WoFS
for temperature (R = 0.88-0.96; 6y, r5/05onges = 0.94—1.00 for all bins) compared to dewpoint (R = 0.74-0.86;
Owors!Osondes = 0.68—0.92), similar to non-TC environments (Laser et al., 2022; Potvin et al., 2020). The 0-1-km
layer has the strongest correlations for dewpoint (R = 0.83-0.86) with significant decreases in correlations as height
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temperature 0-1 km increases (e.g., R = 0.74-0.79 for 3—-6-km layer), at the 5% level, also similar to
these prior WoFS studies. Although the correlations remain strong, their

Analysis
Forecast hours 1-2 temperature 1-3 km
() Forecast hours 3-4
) Forecast hours 5-6 temperature 3-6 km . . . .. . .
dewpoint 0-1 km degradation with height is likely due to a large number of in situ surface
Q dewpoint 1-3 km
@

dewnai moisture observations constraining near-surface layers. Above-surface data
lewpoint 3-6 km

Q,ﬁ» available for assimilation are typically more sparse, especially in areas with

o )%% clouds where satellite data cannot be assimilated due to its inherent uncertainty

i (Derber & Wu, 1998; T. A. Jones et al., 2018). In contrast, temperature shows
. small, yet non-significant, increases at the 5% level in the correlation between

the O—1-km layer and those layers above it. Compared to the correlations,
normalized standard deviation also shows a significant reduction with height,
at the 5% level, for dewpoint (6, rs/Csonges = 0-88—0.90 for 0—1-km layer vs.
Owors!Osondes = 0.68-0.72 for 3—6-km layer), which are larger changes than
those for temperature (6y,rs/Csondes = 0-98—1.00 Vs. oy, Csonges = 0.94—
0.96). These decreases are due to strong increases in radiosonde variability that
are underestimated by WoFS. Last, neither temperature nor dewpoint show
significant reductions, at the 5% level, in correlations and normalized standard

660

deviations with increasing forecast lead time in any vertical layer.

i Vertical profiles of the temperature difference between WoFS and the ra-

0.l EE—— ! . . . :
80 01020304050607 0809 1011121314 diosondes show three regions with strong changes after the analysis

Figure 10. As in Figure 6, but for temperature (°C) and dewpoint (°C).

Owors/Osondes

(Figures 11a, 11c, and 11e). First, WoFS is shifted toward warmer boundary-
layer temperatures, similar to biases observed in non-TC environments (Laser
et al., 2022). This bias is exemplified by median differences that are signif-
icantly different from 0, at the 5% level, with magnitudes as large as 0.8°C. Above the boundary layer, WoFS is
biased toward cooler than observed values, although these differences are smaller than in the boundary layer (i.e.,
median differences up to 0.6°C), and are not consistently present. These cooler temperatures together with the
warmer than observed temperatures in the boundary layer suggest slightly steeper than observed lapse rates in
WOFS. WoFS is also shifted toward warmer temperatures than observed above 14 km as shown by significant, yet
small median differences, at the 5% level, ranging from —0.9 to 0.2°C. The height of these erroneous differences
is maximized at >16 km, which may be attributed to displacements in the height of upper-tropospheric warm
temperature anomalies associated with the TC warm core (i.e., observed maximum at 14 km), the tropopause (i.e.,
observed height of 15-17 km), or the overlying stratospheric cool temperature anomalies (Frank, 1977; Stern &
Nolan, 2012).

Figures 11b, 11d, and 11f show that WoFS is biased moister particularly within the mid and upper troposphere,
with these biases occurring both in the analysis and all forecast lead times. The moister than observed troposphere
in WoFS is sufficiently large to be associated with medians that are significantly greater than O at the 5% level,
with values ranging from —4.4 to 0.0°C. These differences occur throughout most of the troposphere and typically
increase with height such that maximum differences are located at 16 km. A similar bias has been observed in
non-TC environments in WoFS, as well as in TC environments in other convection-allowing models (e.g., High-
Resolution Rapid Refresh; Laser et al., 2022; MacDonald & Nowotarski, 2023).

Both 0-3-km CAPE and mixed-layer CAPE are reasonably represented in WoFS, albeit with a narrower dis-
tribution compared to observations (Figure 12). Relative to Great Plains environments, CAPE is weaker in TCs
while being primarily confined to the lower troposphere (McCaul, 1991; Schenkel et al., 2020). Both 0-3-km
CAPE (R = 0.53-0.60) and mixed-layer CAPE (R = 0.62-0.70) show moderate-to-strong correlations. These
values are significantly different from 0, at the 5% level, between WoFS and the radiosondes among all forecast
lead times. However, both types of CAPE are overestimated, particularly for mixed-layer CAPE, at small
observed magnitudes, as supported by large median absolute errors and linear regression fit intercepts. As an
example, WoFS median mixed-layer CAPE among all forecast hour bins range from 27 to 98 J kg™! compared to
observed median values of 5-15 J kg™', when considering only those soundings with <300 J kg™'. The over-
estimation of CAPE at these lower observed magnitudes may be due to the aforementioned stronger lapse rates
and moister troposphere in WoFS.

CAPE in WoFS is also underestimated at the upper end of the observed distribution estimates, similar to prior
non-TC studies using WoFS (Laser et al., 2022; Potvin et al., 2020). When considering observed soundings with
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Figure 11. As in Figure 7, but for temperature (°C) and dewpoint (°C).

mixed-layer CAPE >1,200 J kg™", median WoFS values among forecast bins vary between 1,310— 1,613 J kg™"
compared to 1,784-1,972 J kg™" in observations. Compared to those radiosondes exceeding the 100 J kg™
threshold over the 0-3-km layer associated with TC tornadoes, only 46% of WoFS soundings also exceed this
value (Baker et al., 2009; Eastin & Link, 2009). These significant differences in CAPE between WoFS and the
radiosondes may be partially due to the magnifying properties of multivariate indices like CAPE, which can yield
larger disparities than the base variables themselves. Neither the correlations nor the underestimation of CAPE
varies significantly, at the 5% level, as a function of forecast lead time, despite the previously shown temperature
biases that become stronger after the analysis.

Similar to the prior section, these results suggest that temperature and, to a lesser extent, dewpoint are reasonably
represented in WoFS at all lead times, despite the occurrence of biases toward steeper lapse rates. However, both
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Figure 12. As in Figure 8, but for 0-3-km CAPE (J kg™") and mixed-layer CAPE (J kg™").
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Figure 13. Plan view plot of four radiosonde launch locations (white stars), IBTrACS tropical cyclone center location (black
Xs), and composite reflectivity (dBZ; shading) in Hurricane Laura (2020) from the Multi-Radar/Multi-Sensor product (Smith
et al., 2016) for (a) 0235 UTC 27 August 2020 with observed maximum 10-m wind speed of 130 kt (National Severe Storms
Laboratory (NSSL) radiosonde), (b) 0430 UTC 27 August 2020 with observed maximum 10-m wind speed of 130 kt (NSSL
radiosonde), (c) 2300 UTC 27 August 2020 with observed maximum 10-m wind speed of 38 kt (National Weather Service
(NWS) radiosonde), and (d) 2300 UTC 27 August 2020 with observed maximum 10-m wind speed of 38 kt (NWS radiosonde).

CAPE parameters studied are overestimated at lower observed values and underestimated at higher observed
values. Challenges exist in the representation of convective-scale thermodynamic environments, especially above
the surface in cloudy regions where observations are sparse and satellite radiances are unable to be assimilated
(Derber & Wu, 1998; T. A. Jones et al., 2018). Some of this disagreement may also stem from the non-trivial
uncertainty that exists in forecasting TC convective structure even within the analyses (Yussouf et al., 2020; Y.
Wang et al., 2022). Accurate representation of TC outer rainbands in particular is key to properly simulating
processes, including insolation-induced surface heating associated with any dry slots and cold pools associated
with rainbands (Baker et al., 2009; Eastin et al., 2012). Sensitivity may also exist in the location of any potential
midtropospheric dry air intrusions, which are hypothesized to contribute to tornado outbreaks (Baker et al., 2009;
Curtis, 2004).

3.3. Case Study: Hurricane Laura (2020)

Hurricane Laura (2020) was chosen as our case study. Laura was the only case during our study period in which
NSSL radiosondes were launched during WoFS forecasts, providing extra data at non-synoptic times. Hurricane
Laura made landfall in western Louisiana as a category four hurricane with maximum 10-m winds of 130 kt and a
minimum mean sea-level pressure of 931 hPa (Pasch et al., 2020). The strong intensity of Laura at landfall,
together with the atypically large number of false alarm tornado warnings during 0235-2300 UTC 27 August
2020 (i.e., the study period), make this a notable case (i.e., 36 warnings and 2 tornado reports; IEM, 2020;
Martinaitis, 2017). We have selected four radiosondes (i.e., two NWS and two NSSL radiosondes) to examine in
the eastern half of the TC, where tornadoes typically occur (Hill et al., 1966; Novlan & Gray, 1974). The ra-
diosondes were launched from 0235 UTC 27 August 2020 to 2300 UTC 27 August 2020. Note that one NSSL
radiosonde (launched at 0235 UTC 27 August 2020) shown here only has limited data up through a ~6-km height
above the surface. This precludes the calculation of SRH in these cases due to insufficient data to calculate
Bunkers storm motion vectors (Bunkers et al., 2014). The location of each radiosonde overlaid on the nearest
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Figure 14. Hodograph of the tropical cyclone-relative radial wind (m s™") versus tangential wind (m s~') computed from radiosondes and the 18-member WoFS
ensemble for Hurricane Laura (2020) at (a) 0235 UTC 27 August 2020, (b) 0430 UTC 27 August 2020, (c) 2300 UTC 27 August 2020, and (d) 2300 UTC 27 August
2020. The star shows the cell motion computed following (Bunkers et al., 2014). Winds at the surface, 1 km, and 6 km are shown using dots. Range rings are shown at
10 m s~ intervals. Each hodograph has been smoothed in the vertical dimension with a 1-2—1 smoother. The 0-500-m storm-relative helicity (SRH) for the radiosondes
along with the median and standard deviation of SRH among the WoFS ensemble members are shown. Panel (a) does not have SRH calculated due to the insufficient
radiosonde data in the vertical to calculate the modified Bunkers cell-motion algorithm.

Multi-Radar/Multi-Sensor System reflectivity data (Smith et al., 2016) are shown in Figure 13. These four ra-
diosondes are launched in a variety of locations, including both inner and outer TC rainbands, both near landfall
with the TC near peak intensity, and well inland when the TC was a weak tropical storm. Comparison is made
against forecasts at both shorter (i.e., 2.5-2.6 hr) and longer lead times (i.e., 5.0 hr).

The vertical structure of TC-relative winds in Hurricane Laura (2020) is shown using hodographs for each
radiosonde and the associated WoFS-derived soundings in Figure 14. Except for Figure 14c, WoFS typically
matches the shape of the observed hodograph, albeit smoother, as suggested by strong correlations of radial
(R = 0.87-0.94) and tangential winds (R = 0.88-0.95) between the radiosondes and WoFS. However, WoFS
underestimates the strength of the tangential and radial winds in the two radiosondes sampling the TC outer
rainbands before landfall (Figures 14a and 14b), particularly in the lowest 3 km, such that the radiosonde
hodographs mostly fall outside the ensemble envelope. Despite this underestimate, the lower-tropospheric ver-
tical wind shear is stronger than observed in WoFS as supported by 0-500-m helicity for the radiosonde of
286 m* s~ compared to median values for WoFS of 451 m? s™2. The magnitude of TC winds is in better
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Figure 15. Skew T-logp diagram showing the temperature (°C; solid lines) and dewpoint (°C; dashed lines) from radiosondes and the 18-member WoFS ensemble for
Hurricane Laura (2020) at (a) 0235 UTC 27 August 2020, (b) 0430 UTC 27 August 2020, (c) 2300 UTC 27 August 2020, and (d) 2300 UTC 27 August 2020. The 0-3-
km CAPE and mixed-layer CAPE for the radiosondes, along with the median and standard deviation of 0—3-km CAPE and mixed-layer CAPE among the WoFS
ensemble members are shown below each panel.

agreement following landfall near the eastern flank of the rainbands (Figure 14d). WoFS may have too much
lower-tropospheric vertical wind shear in post-landfall soundings, as suggested by the stronger than observed 0—
500-m SRH values (ensemble median of 140 m? s %) compared to the radiosondes (85 m?s72). Figure 14c shows
that the strongest disagreement between WoFS and the radiosondes occurs directly to the south of the primary
rainband in Hurricane Laura post-landfall (Figure 13c). Observed hodographs show very weak vertical wind
shear below 6 km with small 0-500-m SRH (12 m? s™2). In contrast, WoFS hodographs show TC winds that
resemble the profiles in the remaining three panels associated with much stronger 0-500-m SRH (167 m? s™2).
Correlations between WoFS and the radiosondes are much lower for this radiosonde, especially for the radial
winds (R = 0.53). This result is also consistent with its previously shown larger uncertainties compared to
tangential winds. These differences may be partially associated with the location of this sounding in between the
TC center and the primary rainband, such that small discrepancies in the TC center location can yield large
differences in the winds (Nguyen et al., 2014; Ryglicki & Hart, 2015).

The vertical structure of temperature and, to a lesser extent, moisture from WoFS is also reasonably represented,
although with smaller vertical variability in structure, compared to the radiosondes (Figure 15). Similar to the
Skew T-logp composites, both WoFS data and the radiosonde located south of the primary TC rainband at landfall
in Figure 12b, show a nearly saturated troposphere with approximately moist adiabatic lapse rates and small 0-3-
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km CAPE values in WoFS (median of 38 J kgfl) and the radiosonde (51 J kgfl). Additionally, median absolute
errors are low for temperature (1.0°C) and dewpoint (0.9°C). Additionally, correlation coefficients are also very
strong for both variables between WoFS and the radiosondes (R = 0.99-1.00). However, WoFS does not simulate
the remaining soundings as well (Figures 15a, 15¢, and 15d). These radiosondes contain more substantial vari-
ability in temperature and dewpoint associated with temperature inversions and mid-to-upper-tropospheric dry
layers, previously shown in landfalling TCs (Baker et al., 2009; Curtis, 2004). The dry layers are particularly
pronounced in the post-landfall radiosondes, and the uncertainty of their representation in WoFS is comparable to
that shown in WoFS forecasts of non-TC severe weather environments (Laser et al., 2022). Despite these dis-
parities, modest agreement exists between WoFS and the radiosondes in Figures 14a, 14c, and 14d, which show:
(a) 0-3-km CAPE from WoFS (median ranging from 15 to 77 J kg_]) versus the radiosondes (0—83 J kg_l) and (b)
correlation coefficients for temperature (R = 0.99-1.00) and dewpoint (R = 0.97-0.99).

Together, these results suggest that the vertical structure of winds, temperature, and dewpoint are simulated with
reasonable fidelity in Hurricane Laura (2020). More broadly, this case study shows general agreement with the
results of the full sample shown in Sections 3.1 and 3.2. Nonetheless, these selected soundings suggest that WoFS
occasionally underestimated the magnitude of TC winds and associated SRH, while showing deficiencies in the
representation of temperature inversions and midtropospheric dry layers. This uncertainty is to be expected, due
to potential errors in TC location and rainband structure at forecast lead times of up to 5 hr. This is especially true,
given the strong horizontal gradients in winds, temperature, and moisture that can exist in TC rainbands (Eastin
etal., 2012; McCaul et al., 2004). Additional uncertainty may have been introduced by the destruction of the Lake
Charles WSR-88D radar at approximately 0600 UTC 27 Aug 2020, reducing the radar data available for
assimilation in the post-landfall set of forecasts (i.e., Figures 13c and 13d; Pasch et al., 2020). Other sources of
uncertainty are associated with the presence and structure of dry midtropospheric layers. These results suggest
some caution should be exercised in using WoFS to identify favorable convective-scale thermodynamic envi-
ronments, resulting from the non-trivial shortcomings associated with forecasting these dry layers.

4. Summary and Discussion

This study investigated the fidelity of severe convective weather environments in landfalling TCs as simulated by
the Warn-on-Forecast System (WoFS). This analysis is a preliminary verification of WoFS performance in TCs
due to the small sample size of landfalling TCs examined (i.e., 2020 hurricane season). Our study first examined
the representation of convective-scale kinematic environments and their sensitivity to forecast lead time. The
remainder of this work performed a similar assessment for convective-scale thermodynamic environments,
followed by an analysis of the fidelity of WoFS simulated kinematic and thermodynamic environments at four
sounding locations from Hurricane Laura (2020).

Convective-scale kinematic environments in WoFS were shown to reasonably match radiosonde data. WoFS and
radiosondes showed strong near-surface vertical speed and directional shear, and veering and weakening of winds
above this layer. Moderate-to-strong correlation coefficients together with comparable standard deviations for TC-
relative radial and, especially, tangential winds between WoFS and the radiosondes suggest a fair representation of
kinematic environments in WoFS. WoFS showed biases in TC winds, including: (a) weaker inflow throughout
most of the troposphere and (b) stronger-than-observed near-surface tangential winds with weaker winds imme-
diately above this layer. These biases became stronger after the analysis. WoFS also showed reasonable agreement
with observed 0-500-m and 0-3-km SRH values, with greater error for stronger observed helicity values.

WOFS also reasonably forecasted convective-scale thermodynamic environments showing nearly moist adiabatic
lapse rates associated with low CAPE. Specifically, the composite vertical structure of temperature and, to a lesser
extent, dewpoint in WoFS was not significantly different from the radiosondes. Correlation coefficients were
strong and standard deviations were comparable for either temperature and, less so, for dewpoint between WoFS
and the radiosondes. Dewpoint above the boundary layer showed less agreement with near-surface values
compared temperatures. WoFS showed a moist bias throughout the troposphere with steeper than observed lapse
rates. These biases yielded a more unstable atmosphere, which may be one reason why WoFS overestimated
CAPE and 0-3-km CAPE at low observed values. Similar to SRH, CAPE was underestimated at more extreme
observed values in WoFS.

Analysis of soundings from Hurricane Laura (2020) showed general agreement with the composite sounding re-
sults. Specifically, TC-relative tangential and radial winds were reasonably represented, with a bias toward weaker-
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than-observed winds before TC landfall. Temperature and dewpoint in WoFS also agreed well with observations,
but WoFS showed disparities in forecasting temperature inversions and mid- and upper-tropospheric dry layers.

In summary, these results show that WoFS simulates convective-scale kinematic and thermodynamic environ-
ments in landfalling TCs with reasonable fidelity. Forecasters should consider the convective-scale biases in
WOoFS shown above. Particular interest should be provided to the weaker than observed lower-tropospheric
winds, and uncertainties associated with the location and magnitude of temperature inversions and dry layers,
given their importance to TC tornadoes. These results also address the aforementioned questions raised in the
Introduction:

e Is WoFS able to reasonably forecast convective-scale kinematic and thermodynamic environments in TCs?
Yes, WoFS can forecast convective-scale kinematic and thermodynamic environments with reasonable fidelity.
However, WoFS tends to underestimate TC winds and its associated vertical wind shear, while also showing
biases toward more thermodynamically unstable environments for observed soundings with low CAPE.

e Does the fidelity of kinematic and thermodynamic convective-scale environments substantially degrade with
increasing forecast lead time?

WoFS shows small, non-significan increases in biases within convective-scale kinematic and thermodynamic
environments with increasing forecast lead time.

Despite these uncertainties, WoFS provides the promise of eventually improving short-term TC tornado forecasts,
which are strongly reliant on radar data and, tend to be lower skill than their non-TC counterparts (Martinai-
tis, 2017; Nowotarski et al., 2021). This analysis motivates a similar analysis of TC tornado proximity soundings,
once a sufficiently large sample size exists, coincident with the period of WoFS availability. Prior work has shown
that CAPE and SRH may be locally much higher in the near-supercell environment in TCs (Edwards, 2012;
McCaul et al., 2004). A similar large-sample analysis of tornadic lower-tropospheric mesocyclone proxies in
WoFS compared to observed radar data should also be undertaken, although recent case studies suggest that these
forecasts may be less skillful, especially with increasing forecast lead time (T. A. Jones et al., 2019; Y. Wang
etal., 2022). Verifying the forecasts of the structure and location of TC outer rainbands would also be useful, since
most tornadoes occur there (Carroll-Smith et al., 2023; Edwards, 2012). Nonetheless, our incomplete physical
understanding of the response of the TC rainbands to landfall may make the associated forecasts prone to
particular uncertainty (Alford et al., 2020; May, 1996). Indeed, prior work has shown that these rainbands are
associated with enhanced vertical wind shear, buoyancy, and potentially cold pools, suggesting that reasonable
forecast location and structure of rainbands may help isolate mesoscale regions for forecasters to focus on (Eastin
etal., 2012; McCaul et al., 2004). This may be a more modest goal than simulating low-topped supercells in TCs,
which likely requires a much finer horizontal grid spacing than 3 km used in the current WoFS configuration (i.e.,
<1 km; Carroll-Smith et al., 2019; Morin & Parker, 2011). More broadly, this analysis raises questions about
whether similar results also occur in convection-allowing operational models used for severe convective weather
(High-Resolution Rapid Refresh; Dowell et al., 2022) versus those models used for TCs (i.e., Hurricane Analysis
and Forecasting System, Hurricane Weather Research and Forecasting model; Gopalakrishnan et al., 2011;
Hazelton et al., 2021).

Data Availability Statement

TC track data were provided by NCEI (Knapp et al., 2010). NWS radiosonde data were provided by NOAA NCEI
(Durre et al., 2006). NSSL radiosonde data were provided by Sean Waugh (Waugh, 2024). WoFS forecasts were
provided by NSSL (Schenkel et al., 2024). All soundings and severe convective weather metrics were calculated
using SHARPpy, version 1.4.0 (Blumberg et al., 2017), available under the SHARPpy license at https://sharp.
weather.ou.edu/dev/index.html. All figures were made using Matplotlib, version 3.6.3 (Caswell et al., 2023;
Hunter, 2007), available under the Matplotlib license at https://matplotlib.org/.
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