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ABSTRACT: A statistical analysis is performed on the high-frequency (3!/3 s) output from NOAA’s cloud-permitting,
high-resolution operational Hurricane Weather Research and Forecasting (HWRF) Model for all tropical cyclones (TCs) in
the North Atlantic Ocean basin over a 3-yr period (2017-19). High-frequency HWREF forecasts of TC track and 10-m
maximum wind speed (Vmax) exhibited large fluctuations that were not captured by traditional low-frequency (6 h) model
output. Track fluctuations were inversely proportional to Vmax, with average values of 6-8 km. The Vmax fluctuations were
as high as 20kt (10.3ms™") in individual forecasts and were a function of maximum intensity, with a standard deviation of
5.5kt (2.8ms ') for category-2 hurricanes and smaller fluctuations for tropical storms and major hurricanes. The radius of
Vmax contracted or remained steady when TCs rapidly intensified in high-frequency HWRF forecasts, consistent with
observations. Running-mean windows of 3-9 h were applied at synoptic times to smooth the high-frequency HWRF output
to investigate its utility to operational forecasting. Smoothed high-frequency HWRF output improved Vmax forecast skill
by up to 8% and produced a more realistic distribution of 6-h intensity change when compared with low-frequency, in-
stantaneous output. Furthermore, the high-frequency track forecast output may be useful for investigating characteristics of

TC trochoidal motions.
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1. Introduction

Although numerical weather prediction (NWP) models for
tropical cyclone (TC) forecasting have become more sophisti-
cated with high-resolution, cloud-permitting grids and advanced
model physics (Gopalakrishnan et al. 2011; Yeh and Tallapragada
2012; Tallapragada et al. 2014; Mehra et al. 2018), the represen-
tation of TC track and intensity forecasts in dynamic models
remains a challenge (Klotz and Nolan 2019). TC model forecasts
and operational postprocessed best track from NOAA’s National
Hurricane Center (NHC) are generally available at standard
synoptic times (0000, 0600, 1200, and 1800 UTC). However, they
are not necessarily consistent with one another. Model output and
the NHC best track use different definitions for TC intensity, i.e.,
the maximum wind speed at a height of 10-m above the surface
(Vmax). The predicted TC intensity from an NWP model is
normally defined as the instantaneous value of Vmax at a single
model grid point (Tallapragada et al. 2014), which contains
both small-scale spatial and temporal fluctuations. On the
other hand, the NHC best track defines Vmax as the 1-min
average based on available data. Vmax is further complicated
by the fact that the time window varies by the TC operational
forecast centers (OFCM 2012), with some centers using the 1-min
average and others the 10-min average. Additionally, Vmax in
the NHC best track shows appreciable discrepancies depend-
ing on the availability of satellite-, aircraft-, and land-based
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observations (Landsea and Franklin 2013). The inconsistency
of data available to the NHC best track complicates the veri-
fication and evaluation of the forecast skill of TC models.

In the past decade, research and operational TC-based NWP
models have become sophisticated with cloud-permitting reso-
lutions, advanced physics parameterization schemes, improved
inner-core data assimilation, and coupling to ocean and wave
models. High-resolution TC models provide more opportunities
for studying small-scale and TC inner-core features and for
evaluating the high-frequency temporal evolution of TC track
and intensity than low-resolution ones. While many researchers
have investigated small-scale processes in high-resolution TC
models (Gopalakrishnan et al. 2011, 2012, 2013; Bao et al. 2012;
Tallapragada et al. 2014; Zhang et al. 2015, 2018), less attention
has been devoted to the evolution of TC track and intensity as
generated from high-resolution model output.

Traditionally, TC track and intensity forecast uncertainty in
NWP models has been evaluated by introducing small perturba-
tions to the initial conditions of an ensemble prediction system
(Zhang 1997, Zhang and Krishnamurti 1997, 1999). Perturbations
to large-scale flow and model physics have also been investigated
(Lang et al. 2012; Zhang et al. 2014). Zhang et al. (2014) illustrated
how perturbations in model initial conditions, the large-scale en-
vironment, and the choice of model physical parameterization
schemes affect track and intensity forecasts from the Hurricane
Weather Research and Forecasting (HWRF) Model. Grids in
operational ensemble prediction systems generally have lower
resolutions than those in their deterministic counterparts due to
computer resource limitations and operational time constraints.
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High-frequency temporal fluctuations have been explored in
TC track and intensity forecasts from high-resolution models.
Yang et al. (2020) showed that small-scale track oscillations, or
trochoidal motions, were present in high-frequency track out-
put from a high-resolution TC research model, comparable to
observations (Jordan and Stowell 1955; Jordan 1966; Lawrence
and Mayfield 1977). Klotz and Nolan (2019) recently showed
that the fluctuation of intensity represented by Vmax from a
TC model could be as large as ~15ms~! (29kt) in a very short
time period, which may induce large variations in the TC in-
tensity forecast at synoptic times. Although dynamical models
are now able to provide high-frequency and high-resolution TC
track and intensity outputs, the current observing network is
not extensive enough to provide accurate estimates of TC in-
tensity variability due to undersampling in time and space. The
TC intensity error caused by spatial undersampling in the
current TC observing system has been studied and discussed in
recent literature (Nolan et al. 2009; Uhlhorn and Nolan 2012;
Nolan et al. 2013, 2014), but the issue of undersampling in time
and its impact on the TC track and intensity forecast verifica-
tion have not been addressed.

This study analyzes and evaluates the statistical characteristics
of high-frequency TC track (location) and Vmax (intensity) from
operational HWRF forecasts of North Atlantic TCs during 2017-
19. The goal is twofold: 1) demonstrate and address the issue of
temporal undersampling in TC model output and find an
optimal representation of high-frequency TC track and intensity
forecasts in comparison with model output of instantaneous
track and intensity values at synoptic hours, and 2) identify,
quantify, and investigate high-frequency variations in the opera-
tional HWREF track and intensity forecasts. The paper is orga-
nized as follows. The TC model used in this study along with
the datasets are described in the next section. In section 3, the
statistical characteristics and fluctuations associated with the
high-frequency output of track, intensity, and radius of maximum
wind (RMW) are analyzed, followed by summary and conclu-
sions in section 4.

2. TC model and observation datasets
a. HWRF Model setup and high-frequency output

NOAA'’s operational HWRF modeling system is used in this
study. The HWREF system is a cloud-permitting, high-resolution
dynamical model that provides real-time track and intensity
forecast guidance for active TCs over all global oceanic basins. It
is widely used by operational TC forecast centers in the world,
especially at NHC, the Central Pacific Hurricane Center (CPHC),
and the Joint Typhoon Warning Center (JTWC). HWRF became
operational at the Environmental Modeling Center (EMC) of the
National Centers for Environmental Prediction (NCEP) in 2007
and, since then, has undergone significant upgrades (Tallapragada
et al. 2014; Mehra et al. 2018). HWRF was developed based on
the Nonhydrostatic Mesoscale Model (NMM) dynamic core of
the WRF model with components specifically designed and tuned
for TC prediction, including coupling to the ocean and wave
models using a sophisticated NCEP coupler, vortex initialization
and TC inner-core data assimilation for accurate representation
of initial TC position, intensity, and structure, and a vortex tracker
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for deriving forecast parameters pertaining to TC track, intensity,
and structure. In the North Atlantic and eastern North Pacific
basins, HWRF uses the Message Passing Interface Princeton
Ocean Model (MPI-POM, Yablonsky et al. 2015). Vortex ini-
tialization and data assimilation provides dynamic and thermo-
dynamic balanced initial conditions (Tong et al. 2018).

The atmospheric model component of the HWRF system
consists of three domains with horizontal resolution of 13.5 km
for the outermost (parent) domain, 4.5 km for the intermediate
domain, and 1.5 km for the innermost domain, and 75 levels in
the vertical with hybrid sigma-pressure coordinates. The cen-
ters of the intermediate and innermost domains move to re-
main centered on the TC of interest. A scale-aware convective
parameterization scheme (Han et al. 2017) is used for all model
domains to resolve cumulus convection depending on domain
resolution and can provide more spatially detailed and realistic
TC structure. Evolution of a TC in the model is a result of
interactions among the large-scale flows, mesoscale, and sub-
grid scale processes in the inner core region. HWRF physics
parameterization schemes are carefully chosen and tuned in
each model upgrade by performing multiseason retrospective
experiments for the TCs occurring in the North Atlantic and
eastern North Pacific basins.

HWREF is an on-demand TC forecast system that is able to start
forecasts at the discretion of NHC, CPHC, and JTWC. HWRF
provides 6-hourly TC forecast guidance out to 126h for each
cycle, with forecast data reported at synoptic times (0000, 0600,
1200, and 1800 UTC). The guidance includes model-predicted TC
positions, instantaneous values of Vmax, minimum central sea
level pressure (Pmin), and the 34-, 50-, and 64-kt (1kt =
0.514ms ') wind radii in each of the TC’s four quadrants. This
TC track and intensity guidance is provided in Automated
Tropical Cyclone Forecasting (ATCF) format (Miller et al. 1990).
A sophisticated vortex tracker algorithm developed by the
Geophysical Fluid Dynamic Laboratory (GFDL) is used to ex-
tract the aforementioned information from the model post-
processed output. The algorithm is briefly described here, and
more details can be found in Marchok (2002). Twelve potential
parameters are used in the algorithm to locate the TC center,
including relative vorticity at 10m above the ground, 850, and
700 hPa; mean sea level pressure (MSLP); geopotential height
at 850 and 700 hPa; wind speed at 10 m, 850 hPa, and 700 hPa;
and geopotential thickness for the 500-850-, 200-500-, and
200-850-hPa layers. Most of these parameters are drawn
from the lower levels of the troposphere. The two upper-level
geopotential thickness variables at the 200-500- and 200-
850-hPa layers are used to maintain vertical coherence between
the predicted TC center and model upper-level warm-core,
which generally showed negligible impact on tracking results
(Marchok, personal communication). The maximum or mini-
mum value of each variable is first identified by applying a
Barnes analysis (Barnes 1964) around the first guess TC center
from the TCVitals, which is used by NCEP and many other
modeling groups to begin the process of running a TC model
and provided by NHC, CPHC, or JTWC for each TC at each
synoptic hour. The predicted TC position will then be defined
as an averaged location of all these maximum/minimum cen-
ters. The vortex tracker also reports on forecast data related to
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TABLE 1. Summary of TCs in 2017-19 Atlantic seasons (Total 45 TCs).

<TS TS Category 1 Category 2 Category 3 Category 4 >Category 5 RI
2017 1 8 2 2 2 2 2 8
2018 1 7 3 3 0 1 1 6
2019 2 11 3 1 1 0 2 3
Total 4 26 8 6 3 3 5 17

TCintensity and wind structure. For MSLP, the value reported
during the process of searching for the TC center was a
smoothed value derived from the Barnes analysis. The tracker
then analyzes the two-dimensional wind field to report on the
TC intensity by searching for the maximum wind at 10m
within a 200-km radius of the identified TC center. This TC
tracker algorithm will be referred to hereinafter as the GFDL
tracker to distinguish it from the high-frequency tracking
method described below.

In addition to TC track and intensity forecasts at synoptic
hours, HWREF also provides high-frequency tropical cyclone
forecast (HTCF) output at every model time step of the in-
nermost domain, 10/3's (3¥/3 s). The output parameters include
magnitude and location (i.e., latitude and longitude) of Vmax
and Pmin. The locations of Pmin are generally collocated or
close to the TC centers, especially for strong TCs, and there-
fore, can be utilized as high-frequency TC positions. The TC
centers derived by the high-frequency locations of Pmin only
will henceforth be referred to as the HTCF tracker. To com-
pare the TC centers derived from the GFDL tracker and the
HTCEF tracker at the synoptic times, centered running means
will be applied to the high-frequency Pmin-based tracker
output. Note that there could be some differences in the esti-
mated TC centers by the HTCF tracker and the GFDL tracker,
especially for relatively weaker TCs (discussed in the next
section). Running means with various time windows will be
computed from high-frequency output to study the character-
istics of small-scale TC track and intensity fluctuations.

The dataset used in this study includes all track and intensity
forecasts from the 6-hourly GFDL tracker output and the high-
frequency HTCF tracker output for 2017-19 North Atlantic
TCs with the following classifications at the initial time and
during forecast hours: subtropical depression (SD), subtropical
storm (SS), extratropical cyclone (EX), tropical depression
(TD), tropical storm (TS), and hurricane (HU). A total of 1131
independent forecasts are included in the dataset, of which 914
were initialized as TD/TS/HU. The Vmax values range from
~20 to 160 kt. In this study, only forecast cycles reported in the
best tracks as TD, TS, and HU at the initial time are included in
the TC intensity analysis and verification, and only forecast
cycles for TCs initially with at least hurricane strength (=64 kt)
are included in the TC track analysis. Table 1 summarizes
the number of TCs in different intensity categories based on
the highest Vmax observed in a TC’s entire life cycle in the
best track.

b. Verification data

Two sets of observational data are used in this study. One is
the observed 2-min TC center positions for Hurricanes Florence
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(2018) and Michael (2018). This dataset was created by the
Hurricane Research Division (HRD) using the center fixes from
multiple NOA A-P3 and Air Force C-130 missions, following the
cubic-spline method of Willoughby and Chelmow (1982). The
dataset is available from HRD (https://www.aoml.noaa.gov/hrd/
data_sub/hurr.html). This dataset is used to compare high-
frequency modeled track output for case studies of Hurricanes
Florence (2018) and Michael (2018). Another observation
dataset is from NHC’s operational postseason best tracks
(BEST), which are used for verification of the model TC track
and intensity forecast errors. BEST is created from the real-time
best tracks (b-decks) and after-season analysis done by TC
forecasters and experts using more accurate information avail-
able after the TC season has completed each year. Normally,
NHC updates BEST by March or April of the following year.

3. Analysis of high-frequency tropical cyclone
forecast output

a. Track fluctuations

The HTCF tracker provides high-frequency TC positions
based on minimum central pressure at every model time step. In
contrast, the more sophisticated GFDL multivariable tracker is
used to produce the official 6-hourly HWRF track forecast
based on the instantaneous model state at specific synoptic
times. Therefore, the TC track forecasts provided by the two
methods could be different, especially for weak TCs. The HTCF
tracker can capture track variations that occur on much shorter
time scales than the GFDL tracker.

Figure 1 shows the predicted TC center differences produced
by the HTCF tracker and the GFDL tracker, stratified by the
strengths of the TCs using various thresholds based on the
model predicted Vmax at the forecast lead times: weaker (35—
44 kt) and stronger (45-63 kt) tropical storms (TS), category-1
(64-82 kt), category-2 (83-95kt), and category-3 and stronger
(>95kt) hurricanes. It is evident from Fig. 1 that the predicted
TC position differences identified by the HTCF tracker and the
GFDL tracker are small, with a mean difference of less than
8km for the above hurricane-strength (=64 kt) TCs, and 10 km
for stronger TS (45-63kt). Overall, the position differences
become larger for weaker TCs. For example, the position dif-
ferences are ~20km for TCs whose Vmax values are between
35 and 44 kt. The reason that the TC position difference be-
comes larger for weaker TCs is mainly that the TC positions
from the HTCF tracker are contaminated by the possibility of
multiple Pmin centers, while the multivariate algorithm of the
GFDL tracker produces more accurate positions for weaker
TCs. To ensure similar TC positions from the HTCF and GFDL
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FIG. 1. The TC position differences between the HTCF tracker
and the GFDL tracker are compared at various TC intensities:
weaker tropical storms (black), stronger tropical storms (red),
category-1 hurricanes (purple), category-2 hurricanes (blue), and
category-3-5 hurricanes (orange).

trackers, the TC track analysis and verification performed in this
study focused mainly on TCs initially with at least hurricane
strength (=64 kt).

Hurricane Florence (2018) and Hurricane Michael (2018)
results are used to illustrate typical characteristics of high-
frequency TC tracks from HWRF output. Both TCs made
landfall in the United States, and HRD flight-level airborne
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observations were available when these TCs approached the
U.S. coastline. Track forecasts, using the HTCF tracker and the
6-hourly GFDL tracker, are compared for Hurricane Florence
(Figs. 2a,b) and Hurricane Michael (Figs. 2c,d). Hurricane
Florence forecasts were initialized at 0000 UTC 9 September
2018 and Hurricane Michael forecasts were initialized at
1200 UTC 8 October 2018. These track forecasts are also
compared with two sets of observed tracks in Fig. 2: BEST and
HRD’s 2-min tracks (see section 2b). A 30-min running mean
was applied to the HTCF tracker output to smooth the track
forecasts.

Trochoidal motion, described by circular motion around a
moving center, has been previously observed for TC tracks in
radar (Jordan and Stowell 1955; Jordan 1966), satellite (Lawrence
and Mayfield 1977), and flight-level data (Marks et al. 2008;
Aberson et al. 2017). Nolan and Montgomery (2000) found that
TC trochoidal motion can be described as an algebraic azimuthal
wavenumber-one instability in the framework of two-dimensional,
nondivergent, inviscid vortices on an f-plane. Using that idealized
framework, they derived a closed form solution describing the
evolution of linearized wavenumber-one disturbances. Nolan
et al. (2001) demonstrated that trochoidal motions can also be
induced by the exponential wavenumber-one instability in a
framework of two-dimensional, divergent flows on an f-plane.
Based on their derivation, the wavenumber-one instability was
found to occur in annular vortices that resemble TCs. The rota-
tional period of the trochoidal motion was found to be slightly less
than 27r/Qmax, where (Jmax is maximum angular velocity.
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F1G. 2. HWREF track forecasts for (a),(b) Hurricane Florence initialized at 0000 UTC 9 Sep 2018 and (c),(d)
Hurricane Michael initialized at 1200 UTC 8 Oct 2018. (left) Two observed tracks, the NHC best track (black) and
HRD storm track constructed by cubic-spline smoothing (green), and two forecast tracks, operational HWRF (red)
and HWREF high-frequency (blue), are compared. (right) Track forecasts zoomed in to the area of interest outlined
inred in (a) and (c). Note that the HRD storm track was created following Willoughby and Chelmow (1982) and is
plotted here for reference. Circles show TC positions every 6 h for the NHC best track (black) and the operational

HWREF (red).
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TABLE 2. Comparison of rotational periods from HWRF using the HTCF tracker and theoretical values based on previous studies
(Nolan and Montgomery 2000; Nolan et al. 2001).

Vmax (m s }) Rmax (km) Qmax (X1073s71) 2m/Qmax (min) Model rotational period (min)
Florence 59 50 ~1.18 89 ~100
Michael 49 33 ~1.48 71 ~80

Trochoidal-like motion was seen in high-frequency track
forecasts from HWRF and HRD flight-level data for Hurricanes
Florence (2018) and Michael (2018, Fig. 2). In HWRF forecasts,
small-scale, counterclockwise motions were apparent in the
HTCEF tracker that oscillated around the low-frequency track as
captured by the GFDL tracker (Figs. 2a,c). The rotational pe-
riods of these oscillations simulated by HWRF, derived from the
HTCEF tracker, was ~80 min (~9 cycles in 12 h) for Hurricane
Michael and ~100min (~7 cycles in 12h) for Hurricane
Florence. For both TCs, the rotational periods from the HCTF
tracker are in reasonable agreement with the theoretical ro-
tational periods for trochoidal motion based on wavenumber-
one theory (Table 2). The values of Vmax and Rmax in
Table 2 are 12-h HTCF mean values between 84-96h for
Hurricane Florence and 36-48h for Hurricane Michael.
However, HWREF is a complex nonhydrostatic TC forecast
system with presence of moisture, baroclinicity, and other
subgrid parameterizations. These nonlinear processes, in
particular, moisture and strong convergent flows, make it
difficult to determine if the high-frequency track oscillations
from HWREF are, in fact, the theoretical trochoidal motions
described in Nolan et al. (2001) given the available output.
The annular shape vortex with wavenumber-one structure at
the vortex core was confirmed at multiple vertical levels (up
to 300 hPa; not shown). The growth-rates of various azi-
muthal wavenumber asymmetries of the vorticity fields were
examined, showing that the wavenumber-one component
dominates over the rest of the asymmetries and all grow with
time, which infers consistency with the theory. However,
whether there is an instability that grows linearly with time is
unknown at this stage due to limited parameters in the op-
erational model output. The current analysis is only intended
to show that HWREF is capable of producing small-scale TC
track oscillations that are similar to theorized trochoidal
motions. Further study and analysis are required to investi-
gate the details of TC trochoidal motions in the research
version of HWREF forecasts, a topic that is outside the scope
of this study.

In HRD flight-level data, TC center positions were con-
structed by cubic-spline smoothing (Willoughby and Chelmow
1982), revealing wobbles that resemble trochoidal motions
(Marks et al. 2008; Aberson et al. 2017). The number of TC
center fixes conducted by the aircraft affects the estimated scales
or frequency of the trochoidal-like motion that can be resolved.
When the aircraft circles within the eye of Hurricane Hugo
(1989) for a relatively long period (see Fig. 6a of Marks et al.
2008), several trochoidal loops in the storm track were observed,
and the estimated periods of these loops were in agreement with
the theory. Only from four to six eyewall penetrations were
conducted over the course of several hours in Florence and
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Michael, leading to smoother storm tracks relative to the Hugo
track. As a result, the rotational periods of trochoidal-like mo-
tions in the HRD observed tracks of Florence and Michael
(Figs. 2b and d) are larger than that calculated based on the
HWREF high-frequency output following the theory on tro-
choidal motions.

Next, all track forecast outputs from the HTCF tracker
were examined for TCs over a three-year period (2017-19),
including the magnitudes of track fluctuations, the dependence
of those fluctuations on Vmax, and impact on the accuracy of
the track forecasts. Track fluctuations are defined as the dis-
tances between the high-frequency TC positions from the
HTCEF tracker and the corresponding 1-h (+30 min) running
mean of the HTCF tracker output. The distribution of track
fluctuations for hurricanes (Vmax = 64 kt) was analyzed for
four groups based on the model-predicted TC intensities: 1)
category 1 (64-82kt), 2) category 2 (83-95kt), 3) category
3 (96-112kt), and 4) category 4 and stronger (= 113 kt). Track
fluctuations and TC intensity are inversely proportional, with
stronger TCs associated with smaller mean track fluctuations,
and vice versa (Fig. 3). For category-4 and stronger hurricanes,
track fluctuations had a mean and standard deviation of ~6 and
~3km, respectively, whereas, for category-1 hurricanes, these
values were ~8 and ~7km, respectively. This implies that
track fluctuations have less impact on the track forecast errors
of stronger TCs than they do on weaker TCs. In other words,
when a TC becomes stronger, its track is likely to be more
stable with smaller fluctuations. To show the details of track
fluctuations for an individual TC, the forecast of Hurricane
Florence initialized at 0000 UTC 9 September 2018 was ex-
amined (Fig. 4). Average track fluctuations were ~8 km and
the maximum fluctuation was greater than 20km (Fig. 4a).
Track fluctuations exhibited notable variability throughout the
forecast period, with smaller fluctuations at 12-60-, 78-90-, and
96-102-h lead times and larger fluctuations at 60-78-, 90-96-,
and 102-120-h lead times. Track fluctuations for Florence were
further investigated in a 24-h period (24-48 h lead times) in the
same forecast (Fig. 4b). Track fluctuations were smoothed by
applying a 1-h running mean, revealing ~60-80-min oscillation
period for this particular time period. Note that Vmax and
Rmax were different for this period than what was shown in
Table 2, so the oscillation period may not be the same.

The distribution of TC track fluctuations was related to TC
intensity, although the most common track fluctuation was 4—
8km for all hurricanes (Fig. 5). Furthermore, at least 80% of
hurricanes are associated with track oscillations of less than 12 km
(i.e., the summation of the first three bars in Fig. 5). In general,
weaker hurricanes have higher track oscillations than stronger
hurricanes, with fluctuations in category-1 and category-2 hurri-
canes as high as 40km (Figs. 5a,b). The impact of small-scale
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FIG. 3. The mean (solid line; left y axis) and standard deviation
(dashed line; right y axis) of track fluctuations (km) as a function of
maximum intensity (Vmax; kt) for all North Atlantic hurricanes
(Vmax = 64 kt) from the 2017-19 hurricane seasons.

track fluctuations on track forecast verification will be discussed
in section 3d.

b. Intensity fluctuations

To avoid the impact of land on the intensity forecast
analysis, the running-mean method was only applied to Vmax
from the HTCF tracker when a TC was at least 3h away from
the coastline. The conventional 6-hourly intensity values at
synoptic times from HWRF were used when a TC was close to
land and after landfall. Temporal Vmax fluctuations were
explored in 5-day forecasts of Hurricane Florence initialized
at 0000 UTC 9 September 2018 (Figs. 6a,b) and Hurricane
Michael initialized at 0000 UTC 8 October 2018 (Figs. 6¢,d).
TC Vmax forecasts were compared for the GFDL tracker (every
3h), the HTCF tracker at every model time step (3Y/3s), a 60-min
running average of the HTCF tracker, and a 360-min running
average of the HTCF tracker. It is worth noting that although a
relatively large fluctuation (~20kt) exists in Vmax (Figs. 6b,d),
fluctuations in Pmin are relatively small (~4 hPa; not shown).
When smoothing over smaller time windows (=60 min), these
time series appear to be very similar to the raw high-frequency
HTCF output. Conversely, the 360-min (i.e., =3-h window)
running-mean time series was much smoother and was generally
similar to the 6-h GFDL tracker output provided to NHC as
official forecast guidance. The timing of rapid intensification
(RI) might be impacted in these running-mean time series, as
indicated by forecast hour 21 when Hurricane Florence was
completing its RI period in the GFDL tracker and just starting
its RI period in the 360-min running-mean time series (Fig. 6b).
The raw HTCEF tracker output showed a much sharper increase
to Vmax that occurred between forecast lead times of 20-21 h.
RI in the GFDL tracker may have been artificially slow due to
coarse temporal resolution. Note that the Vmax fluctuations
shown here are consistent with those found in WRF simulations
in Klotz and Nolan (2019). It is interesting how the low-
frequency and high-frequency time series tell different stories
about the evolution of Vmax. The 3-hourly GFDL tracker out-
put provides a steady snapshot of instantaneous TC intensity
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FIG. 4. (a) High-frequency (3'/3 s) track fluctuations (km) for 12—
120-h forecast lead times from an HWREF forecast for Hurricane
Florence initialized at 0000 UTC 9 Sep 2018. (b) As in (a), but for
24-48-h forecast lead times. The corresponding 1-h running mean
(red) is overlaid in (b).

from HWRF. However, the HTCF tracker output suggested that
the model-predicted Vmax constantly fluctuated, so the 3-hourly
Vmax value could occur in a peak or valley of those fluctuations.
For example, the RI period of Hurricane Florence was more
complex in the HT'CF tracker than in the GFDL tracker, with an
initial Vmax increase from 18.5 to 19.5h, a slight decrease in
Vmax from 19.5 to 20 h, and a more rapid Vmax increase from
20 to 21 h. The HTCEF tracker output indicates that Vmax fluc-
tuations exist on subhourly time scales that may be important to
contextualize TC forecast guidance from high-resolution models.

To study the general characteristics of the intensity
fluctuations, a similar approach to the TC track fluctuation
analysis was used. The differences between the high-frequency
(every 3!/3 s) Vmax and the corresponding 6-h (=3-h window)
running means are first computed for all TCs from 2017 to 2019.
The results are categorized into several groups based on TC in-
tensity and classification, and the absolute values of the Vmax
intensity differences are then averaged for each group. Figure 7
shows the standard deviation of Vmax variations as a function of
TC intensity based on a composite analysis for various TC in-
tensities and classifications. For tropical storms and minimal
hurricanes (<85kt), Vmax fluctuations increase as Vmax
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increases, starting from ~2.5 kt for minimal tropical storms and
reaching a peak fluctuation of 5.5 kt when the Vmax is 90kt (i.e.,
category-2 hurricane). For higher values of Vmax, intensity
fluctuations gradually decrease in magnitude to near 2.5kt for
very strong TCs (Fig. 7). Interestingly, minimal tropical storms
exhibit a similar variance of Vmax fluctuations as TCs stronger
than category 4. The small Vmax variations for weaker TCs can
be explained by the relatively small values of corresponding
Vmax; that is, Vmax fluctuations are limited by weak Vmax. On
the other hand, Vmax variations gradually decrease for major
hurricanes.

The distribution of Vmax fluctuations is explored in various
model-predicted TC intensity classifications (Fig. 8). The per-
centage of near-zero Vmax fluctuations (i.e., when high-frequency
Vmax approximately matches low-frequency Vmax at specific
synoptic times) is between 22% and 30% for all tropical storms
and hurricanes, with the highest percentage (29.2%) for category-
4/5 hurricanes. Category-2 hurricanes had the largest Vmax
fluctuations and had the lowest percentage of near-zero Vmax
fluctuations (22.1%), further confirming that the high-frequency
Vmax fluctuates the most for category-2 hurricanes. Based on the
analysis above, the intensity forecasts taken at one single
model grid point from the operational HWREF at a specific
instant may not be a good representation of the Vmax in
comparison with BEST because that instantaneous Vmax
value could occur when Vmax fluctuations are nonzero. The
running mean of the high-frequency intensity output at 6-h
time windows (*3 h) is as smooth as the official HWRF Vmax
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forecasts at 6-hourly synoptic times (cf. Fig. 6). Intensity
forecasts will be verified in section 3d.

¢. Vmax location and intensity changes

The HTCF data also include the predicted position of Vmax,
from which the distance between the TC center and the loca-
tion of Vmax can be calculated. Note that the high-frequency
distance to maximum winds (DMW) is similar, but not iden-
tical, to RMW that is defined as the radius where the azi-
muthally averaged wind speed is greatest. The high-frequency
TC centers and DMW from Hurricane Florence forecast ini-
tialized at 0000 UTC 9 September 2018 are shown in Fig. 9a.
The Vmax was generally located to the right side of the TC
motion vector, which makes sense given that the TC circulation
and the large-scale steering flow add constructively to one
another on that side of the cyclone. High-frequency Vmax
positions exhibited trochoidal motion similar to that observed
in high-frequency TC center positions (cf. Fig. 2), except the
Vmax location oscillations had larger spatial and temporal
scales than the TC center oscillations.

TC RI, defined as when Vmax increases by at least 30kt in
24 h (Kaplan and DeMaria, 2003; Kaplan et al. 2010), is one of
the most challenging problems in TC prediction (Fischer et al.
2019). Figure 9b shows the time evolution of the predicted
high-frequency Vmax together with DMW for the Florence
forecast. Hurricane Florence was predicted to go through a RI
during the forecast period (lead times of 12-36 h), gradual in-
tensification (36-72 h), and near-steady and gradual weakening
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FIG. 6. The Vmax from HWRF forecasts of (a),(b) Hurricane Florence initialized at 0000 UTC 9 Sep 2018 and
(¢),(d) Hurricane Michael initialized at 0000 UTC 8 Oct 2018 for (left) the entire 5-day forecast period and (right)
the specific 24-h periods indicated by red arrows in (a) and (c).

(72-120h). This intensity evolution allowed us to investigate
the possible relationship between Vmax and DMW variations
and TC intensity change. DMW shrunk before the onset of RI
(lead times up to 12h) with large fluctuations and remained
steady state during the RI period. Interestingly, DMW con-
tinued to grow even as Florence intensified. DMW fluctuations
clearly increased in amplitude as Florence began to weaken
(lead times longer than 72 h). For this case, DMW fluctuations
were as large as 25km (~16 model grid points) in one hour.
The linear fit of Vmax fluctuations for a Hurricane Florence
forecast initialized at 0000 UTC 9 September 2018 showed
three distinct periods: prior to RI, RI, and steady state
(Fig. 10). It is evident that Vmax fluctuations were larger be-
fore RI, linearly decreased during the RI period, and finally
remained smaller in the subsequent intensification period.
The relationship between Pmin center (i.e., TC center) fluc-
tuations and corresponding Vmax center fluctuations was in-
vestigated for different TC categories using a composite analysis
method (Fig. 11). The composite data were generated by aver-
aging HTCF Pmin center fluctuations and Vmax center fluctu-
ations for hurricanes at each 30-min interval throughout the
entire 5-day forecast. The data were then stratified into four
groups based on Vmax: 1) category-1 hurricanes, 2) category-2
hurricanes, 3) category-3 hurricanes, and 4) category-4 and
stronger hurricanes. In general, stronger TCs had less TC
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position fluctuations than weaker TCs. The correlation coeffi-
cients between the TC center fluctuations and Vmax center
fluctuations were ~22% and 34% for category-3 and category-4
storms, respectively, indicating that larger TC Pmin center po-
sition variations were associated with larger Vmax center posi-
tion variations for these TC categories. There is no clear
relationship between Pmin center fluctuations and Vmax center
fluctuations for TCs weaker than category 2.

It is well established that TC RI is generally accompanied
by a reduction in RMW, also known as storm contraction
(Willoughby 1990; Liu et al. 1999; Yau et al. 2004; Rogers 2010,
Qin et al. 2016; Zhang and Rogers 2019). Figure 12 compares
24-h changes of Vmax and RMW from using BEST and 24-h
changes of Vmax and DMW from HTCF data. It is worth
mentioning that the RMW data in BEST are not postanalyzed
by NHC because they are largely based on operational esti-
mates. BEST shows that the 24-h RMW changes are either
near zero or negative for RI events and are either near zero or
positive for rapid weakening events (Fig. 12). In other words, a
TC either maintains or shrinks its size when it undergoes RI,
whereas it either maintains or grows its size during periods of
rapid weakening. This result is consistent with Stern et al.
(2015). The relationship between the 24-h tendencies of Vmax
and RMW for RI and rapid weakening events in DMW from
the HTCF tracker was similar to that in BEST (Fig. 12). That
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19 North Atlantic hurricane seasons that were classified as TS or

stronger (Vmax = 34 kt) were included in the sample.

said, DMW from the HTCF tracker exhibited much larger
tendencies (>250km per 24 h) relative to the RMW values in
BEST (<200 km per 24 h). Of course, the definitions for RMW
and DMW are different, so that could partly explain differ-
ences in the fluctuations. Other possibilities to explain differ-
ences in storm size fluctuations are: 1) the operational HWRF
generally overpredicts the TC size, leading to larger TC size
fluctuations in the HTCF data for intensifying and weakening
TCs; 2) DMW (and likely RMW) have more fluctuations
than previously thought that are not captured in BEST at the

=]
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synoptic times; and 3) the vast majority of TCs lack sufficient
observational data to accurately calculate RMW, especially
those that are not sampled by aircraft reconnaissance.

d. Verification for running-mean track and intensity
forecasts using HTCF data

As mentioned in section 2a, BEST was used as truth for TC
track and intensity in this study. BEST generally reflects only
an estimate of temporally averaged TC positions and inten-
sity, especially when aircraft data are unavailable (Landsea
and Franklin 2013). In BEST, a latitude and longitude loca-
tion for a TC is provided only at specific synoptic times
(i.e., 0000/0600/1200/1800 UTC), and it does not typically
capture small-scale oscillations due to its coarse temporal
resolution (6 h). It is important to note that BEST positions
are somewhat subjectively smoothed, and, as a result, they
may not exactly match the locations observed by high-
resolution aircraft center fixes at a given synoptic time. For
more details, see section 2 of Landsea and Franklin (2013).
Furthermore, Vmax values in BEST represent averaged maxi-
mum sustained winds over a certain time period near the syn-
optic time (e.g., 1200 UTC), rather than the instantaneous
intensity at the exact synoptic time (Landsea and Franklin
2013). While NHC uses 1-min maximum sustained winds to
describe the TC intensity, other international TC forecast cen-
ters such as the Japan Meteorological Agency and the Chinese
Meteorological Administration use 10-min maximum sustained
winds (Harper et al. 2010). Similarly, the instantaneous values
produced every 6 h from the operational HWREF are not able to
capture high-frequency temporal fluctuations that are important
to understand how the model represents TC motion and intensity.
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Histograms of TC Vmax fluctuations from 6-h running mean for different TC classifications: (a) tropical storms, (b) category- 1

hurricanes, (c) category-2 hurricanes, (d) category-3 hurricanes, and (e) category-4 and category-5 hurricanes.
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F1G. 9. Track, maximum 10-m wind speed (Vmax), and radius of
maximum winds (RMW) for an HWREF forecast of Hurricane
Florence initialized at 0000 UTC 9 Sep 2018. (a) Track forecasts
are compared from the operational 6-hourly GFDL tracker (red),
30-min running mean of the HTCF tracker (blue), NHC best track
(black), and the Vmax location from the HTCF tracker (green).
The NHC best track and the operational 6-hourly GFDL tracker
are marked every 6 h by a circle. (b) Forecasts of Vmax (blue) and
the distance to maximum winds (DMW; red) are compared, with
thin lines representing the 30-min running mean and thick lines
representing the 6-h running mean.

In fact, the instantaneous values from HWRF sometimes could
be outliers that become difficult to compare with the smoothed
values from BEST. It is expected that the model-predicted track
and intensity will be more consistent with those in BEST if these
small-scale temporal fluctuations are removed from modeled
high-frequency outputs.

To estimate the impact of temporal fluctuations in the high-
frequency outputs on HWREF’s forecast performance, TC track
and intensity verifications were performed against BEST for all
2017-19 North Atlantic TCs. The following model products are
compared with each other: the operational HWRF 6-hourly
output from the GFDL tracker (HWRF) and the HTCF
tracker output averaged over a 3-h (*=1.5-h) time window
(180M), a 6-h (*3-h) time window (360M), and a 9-h (*=4.5-h)
time window (540M). The track and intensity verification for
the operational HWRF will be used as a baseline to compute
forecast skill scores for 180M, 360M, and 540M. Therefore, the
forecast track and intensity skill scores for each model product
are calculated as follows:

Eyrwrr ~ Emodel
— 0
Eywrr

Skill Score =

where Eywgrr denotes the average forecast error from
HWRF and E,qe; denotes the individual forecast errors
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FIG. 10. Maximum intensity (Vmax) fluctuations for a 5-day
HWREF forecast of Hurricane Florence initialized at 0000 UTC 9
Sep 2018. The black line represents high-frequency (3'/3 s) fluctu-
ations, the red line represents the 6-h running mean of high-
frequency fluctuations, and the blue line represents the linear best
fit for the three distinct periods in the TC life cycle: prior to RI
(0-12h), RI (12-36 h), and steady-state/weakening (36120 h).

from high-frequencyproducts, that is, 180M, 360M, and
540M. A positive skill score indicates improved performance
for a given product relative to the standard HWREF output,
and vice versa.

The track forecast skill was similar at most of the forecast
lead times among the operational HWRF, 180M, 360M, and
540M, except for an ~3% improvement in the track forecast
skill from 540M over the operational HWREF at early forecast
lead times (not shown). Track forecasts were only verified for
TCs of at least hurricane intensity at the model initialization
time (=64 kt) because TC center positions from the HTCF
tracker and the GFDL tracker were small for those intensities.
This result was expected because the spatial scale of fluctua-
tions caused by trochoidal motions was too small to have a
meaningful impact on the large-scale TC movement (see
section 3a).

Verification of intensity forecasts from smoothed HTCF
tracker output showed notable improvements over HWREF at
all lead times (Fig. 13). Intensity forecasts were verified for all
TCs that were reported as SD, SS, TD, TS, and HU in BEST at
the model initialization time. For all TCs, intensity forecast
skill scores for 360M and 540M showed at least ~2%-8%
improvements over the operational HWRF Vmax forecasts at
all lead times, with higher skill scores at shorter lead times
(Fig. 13a). 180M intensity forecast skill scores were positive (up
to 4%) at every forecast lead time as well. The verification was
then stratified for weaker TCs (34 = Vmax < 64kt) and
stronger TCs (=64 kt), with similar results (Figs. 13b,c). All
three intensity products that used running means of the high-
frequency intensity forecasts outperformed the operational
HWREF for both weaker and stronger TCs, with higher inten-
sity forecast skill improvements for weaker TCs than for
stronger TCs. Interestingly, a larger running-mean time win-
dow (i.e., 540M) produced slightly more skillful results than
smaller time windows (i.e., 360M and 180M) at all forecast lead
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FIG. 11. A scatterplot for composited Pmin TC Center fluctua-
tions vs TC Vmax center fluctuations around a 60-min running
mean. The composite data were generated by averaging TC posi-
tion fluctuations and Vmax center fluctuations for hurricanes at
each 30-min interval throughout the entire 5-day forecast. Data for
four TC classifications are shown: category-1 hurricanes (black
asterisk), category-2 hurricanes (red square), category-3 hurricanes
(green diamond), and category-4/5 hurricanes (blue triangle).

times. It is worth noting that the running mean is not applied
3 h prior to and after TCs make landfall, such that the running-
mean approach should not affect the accuracy of TC intensity
forecasts for landfalling TCs. Because the dynamic model
guidance is usually delivered to the forecast center later than
other model guidance, an “‘early” version of the dynamic
model is interpolated from the previous model forecast to
provide real-time forecast guidance to NHC and other opera-
tional centers. An early version of 360M intensity forecasts was
computed and compared with the official early version of
HWREF intensity forecasts. The verification shows that there
was not much difference between the two interpolated versions
(not shown). The early model version uses the TC intensity
difference between the 6-h forecast from the previous cycle
and current best track data to adjust and correct the predicted
intensity at longer forecast lead times. Since, in general, the
intensity difference between the GFDL tracker and the 6-h
running mean of the HTCF tracker was small relative to the
intensity offset applied at that time, the same bias correction
was applied to compute the early version of HWRF and 360M.
This could explain why the running-mean method does not
affect the early model verification.

The impact of high-frequency running mean on the late
model TC intensity forecasts was examined in Fig. 14 by only
verifying the forecast cycles in which RI occurred (DeMaria
and Franklin 2019). It shows that the intensity forecast skill
scores for the RI forecasts improved at all forecast lead times
up to 72 h, with the largest improvements occurring at 36 and
72 h, when running-mean intensity forecasts using HTCF data
were up to 8% more skillful than the intensity forecasts pro-
duced by the operational HWRF. The exception was 540M at
24 h, which showed an insignificant degradation.

The 6-h TC intensity changes predicted by 180M, 360M,
540M, and HWRF were also verified against BEST (Fig. 15).
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FIG. 12. A scatterplot of Vmax tendencies vs RMW tendencies
from BEST (red) and Vmax tendencies vs DMW tendencies from
the HTCF tracker (black). All tendencies have units of kilometers
per 24 hours.

The 6-h intensity change is an important verification metric
because it helps diagnose if the model predicts TC intensifi-
cation, weakening, or steady state at the right time. By
applying a running mean to the high-frequency HWRF outputs
to remove small-scale intensity fluctuations, the errors of 6-h
intensity change were reduced by ~2kt. The verification re-
sults indicate that the larger the average time window, the
closer the predicted Vmax values were to BEST. However,
since Vmax in BEST is reported every 6 h, it is not desirable to
apply a time window greater than this time interval because
that would impact the timely delivery of these datasets as
forecast guidance. Thus, analysis focuses on the 360M intensity
verification hereinafter.

The 6-h intensity change histogram at 24, 72, and 120 h from
HWREF, 360M, and BEST were compared in Fig. 16. It can be
clearly seen that for all forecast lead hours, the 360M 6-h in-
tensity change histogram was closer to that of BEST than
HWREF, especially in terms of the percentage of cases in the bins
from —5 to 5 kt. In addition, the HWRF distribution was broader
than 360M and BEST, with a higher-than-expected percentage
of large intensity change values (i.e., >15 or <—15kt). These
results provided guidance on how the operational HWREF track
and intensity forecasts could be improved with existing model
output and provided valuable information on the variations as-
sociated with Vmax predictions. The intensity forecasts gener-
ated by an earlier version of 360M, which applied the 6-h
running mean to HTCF without taking account for landfall im-
pact, was implemented in 2020 operational HWRF and were
provided to NHC as an additional HWREF intensity forecast
guidance. A new version of 360M based on the results from this
study is planned to be implemented during the next HWRF
upgrade, which applies the 6-h running mean to HTCF until the
TC moves within 3 h of landfall in the forecast.

4. Conclusions

In this study, the high-frequency (3'/3s) outputs of TC track
and intensity forecasts were analyzed from the operational
HWREF system for the 2017-19 North Atlantic hurricane
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FIG. 13. Intensity forecast skill scores for (a) all forecast cycles,
(b) forecast cycles with TCs of at least hurricane strength (=64 kt) at
the initial time, and (c) forecast cycles with TCs below hurricane
strength at the initial time. In each panel, four forecasts are com-
pared: the operational HWRF (HWRF; blue circles), the running
mean of the HTCF tracker over a *1.5-h time window (180M; purple
asterisks), the running mean of the HTCF tracker over a =3-h time
window (360M; red squares), and the running mean of the HTCF
tracker over a =4.5-h time window (540M; green diamonds).
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the running mean of the HTCF tracker over a =3-h time window
(360M; red squares), and the running mean of the HTCF tracker
over a =4.5-h time window (540M; green diamonds).

seasons. Evidence was provided to show that temporal vari-
ations exist in both the TC track and intensity forecasts in the
HWREF high-frequency outputs. These high-frequency out-
puts differed from the instantaneous operational 6-h HWRF
forecasts produced by the GFDL tracker that were provided
to the operational TC forecast centers and exhibited charac-
teristics that were more consistent with BEST. Running
means at various time windows were applied to the high-
frequency outputs to study their statistical characteristics in
comparison with the conventional 6-h outputs. The high-
frequency data showed that predicted TC tracks exhibited
small-scale oscillations with rotational periods from ~80 to
~100min in Hurricanes Michael and Florence. Average
amplitudes of TC track oscillations ranged from ~6 to ~8 km,
while the deviations varied from ~2.5 to ~7 km, depending
on the TC intensity. More intense TCs were associated with
smaller track oscillations. An individual track fluctuation
could be as large as 12 km, as shown in Hurricane Florence.
An interesting result was that the high-frequency track fluc-
tuations in HWREF forecasts resembled trochoidal motions as
documented in theory and observations, such that these
forecasts could be used to investigate detailed characteristics
of TC trochoidal motions in future research.

The HTCF Pmin-based tracker data were used to estimate
high-frequency track and Vmax fluctuations that were considered
to be uncertainties in the 6-hourly GFDL tracker output. It was
found that the variations in high-frequency track outputs had
negligible impact on the track forecast verification when com-
pared with BEST. On the other hand, the high-frequency fluc-
tuations of Vmax could cause higher errors than 6-hourly
instantaneous intensity forecasts. Running means were applied to
the high-frequency HTCF data using centered windows of 3-9h,
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FI1G. 15. Six-hour intensity change errors (kt) are compared for
the operational HWRF (HWREF; blue circles), the running mean of
the HTCF tracker over a =1.5-h time window (180M; purple as-
terisks), the running mean of the HTCF tracker over a *3-h time
window (360M; red squares), and the running mean of the HTCF
tracker over a =4.5-h time window (540M; green diamonds).

and, as a result, TC intensity forecasts improved by up to 8% over
the operational 6-hourly HWRF forecasts. A histogram analysis
of the TC intensity based on the 6-h running mean of the high-
frequency HTCF data showed that the temporal fluctuations of
Vmax varied with TC intensity. The Vmax fluctuations were
largest for category-2 hurricanes and were smaller for tropical
storms and major hurricanes (category 3 or greater).

The relationship between the forecasts of TC intensity
changes and DMW variation were also evaluated using HTCF
data. The high-frequency DMW showed similar small-scale
oscillations as in the high-frequency TC track, except with rel-
atively large temporal and spatial scales. Results also showed
that the Vmax was generally located at the right side of the TC
track, where the TC steering flow added to the symmetric tan-
gential wind of the TC vortex typically resulted in stronger
winds. The HWREF high-frequency output was able to produce
the relationship between TC intensity change and DMW time
change revealed by BEST for RI TCs, that is, a TC either
maintained or shrunk its size while TC was intensifying, while it
either remained constant or grew it size when TCs weakened.

The high-frequency output from HWRF demonstrated that
the model was able to capture variations associated with the TC
track, intensity, and structure that were comparable to observa-
tions. These data could further improve impact-based forecasts
for downstream applications, such as storm surge and inundation
models that could more accurately represent characteristics of
landfalling TCs. Although intensity forecast errors from 6-h
running mean of the HTCF tracker output (360M) were smaller
than those of the instantaneous, conventional GFDL tracker
output (HWRF), that did not necessarily indicate that instanta-
neous intensity predictions from the operational HWRF were
inaccurate; it may indicate that instantaneous Vmax reported by
the GFDL tracker was near the tail of the distribution and that
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smoothing out that variability in high-frequency outputs was
more consistent with BEST.

Future studies include examination of the impact of HCTF
outputs on the interpolated or early model track and intensity
forecasts, composition of high-frequency tracks based on TC
track type, size, intensity to better understand trochoidal mo-
tions, and more in-depth analysis of the impact of HTCF data
on coastal surge and inundation models.
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