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Abstract

The tropical cyclone (TC) center position is often needed in the study of the inner-
core processes although there is currently no consensus on the definition of the TC
center. While previous studies evaluated center-detecting methods in terms of the center
position, vertical tilt and decomposed symmetric and asymmetric circulations, this
study used the 1-km resolution output of the predicted Hurricane Wilma (2005) at 5-
minute intervals to evaluate the four TC centers that are frequently used in the
diagnostic analysis of the inner-core dynamics processes: the pressure centroid center
(PCC), the potential vorticity (PV) centroid center (PVC), the maximum tangential
wind center (MTC) and the minimum pressure variance center (MVC) by focusing on
the evolution of the small-scale track oscillation and vortex tilt.

The differences in the detected center position and vertical tilt are generally
small during the course of rapid intensification and eyewall replacement. The four
methods all lead to similar small-scale track oscillations that rotate cyclonically around
the mean track. While the MVC and PVC lead to a relatively smooth rotation, abrupt
changes exist in the track oscillation of the MTC; the track oscillation of the PCC
contains amplified embedded rotations that are associated with the PV mixing in the
eye region. The tracks of the MVC and PVC relative to the lower-level center (vertical
tilt) are generally smooth, while the relative tracks of the MTC and PCC contain abrupt
changes. The MVC also leads to the strongest symmetric structure in the tangential
wind, PV, and radial PV gradient in the eyewall region. This study suggests that the

MVC should be selected in the study of inner-core processes.
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1. Introduction

Advances in numerical models and computational capability have made it possible
to simulate inner-core processes of the tropical cyclone (TC) with the grid spacing less
than 1 km (e.g., Zhu 2008; Rotunno et al. 2009; Bryan et al. 2014; Stern and Bryan
2018; Rotunno and Bryan 2014; Green and Zhang 2015). The inner-core processes have
significant implications to the dynamics of structure and intensity changes (Schubert et
al. 1999; Kossin and Schubert 2001). For example, the instability of vortex Rossby
waves and PV mixing are closely associated with the radial gradient of the symmetric
component of potential vorticity (PV) with respect to the TC center (Montgomery and
Kallenbach 1997; Schubert et al. 1999; Kossin and Schubert 2001). It has been long
known that the accuracy of decomposed symmetric and asymmetric components of the
TC circulation depends critically on the TC center position due to strong wind speed
and the associated strong radial gradient in the inner core region (Willoughby 1992).
Although various methods have been used in previous numerical studies (e. g., Jones
1995; Frank and Richie 1999; Braun et al. 2006; Nguyen et al. 2014; Ryglicki and Hart
2015), there is no consensus on the detection of the TC center.

Nguyen et al. (2014) examined the performance of center-detecting methods by
simulating the rapid intensification of Tropical Storm Gabrielle (2001) with the finest
horizontal grid spacing of 1 km. After comparing the four methods, i.e., the centroid of
PV (Reasor and Montgomery 2001), the centroid of pressure, the location that
maximizes the azimuthally averaged wind speed (Reasor et al. 2013), and the location

that maximized the low-level circulation (Cavallo et al. 2013), they found that the
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pressure centroid outperformed the methods identified with the other three methods in
terms of the center position relative to storm-scale cyclonic flow, track smoothness on
an hourly time scale, vertical coherence of the vortex tilt, and sensitivity to the model
horizontal resolution. They argued that the good performance of the pressure centroid
was attributed to the smoothing effect of the pressure field, while there are localized
high-amplitude convective features in the vorticity and PV. Nguyen et al. (2014) also
evaluated the maximum circulation method and found that the identified center exhibits
an unrealistic tilt in the vertical. Nguyen et al. (2014) argued that the performance of
the minimum pressure variance method proposed in Braun (2002) and Braun et al.
(2006) is similar to the pressure centroid method.

Ryglicki and Hart (2015) conducted a comprehensive review on the center-
detecting methods in observational and numerical studies and classified the existing
methods into three categories. The first is called the local extreme (LE) category, in
which the maximum or minimum value of a given field is detected in the inner-core
region. The LE methods work mainly for the simulation with the horizontal spacing of
~10 km. Jones (1995) defined the position of the minimum height and the maximum
PV as the TC center, while Frank and Richie (1999) used the position of the minimum
pressure to represent the TC center. Once the horizontal resolution of numerical models
is on the order of 1 km, the detailed inner-core processes are resolved and thus the LE
methods tend to track the centers of mesoscale vortices in the eye rather than the storm-
scale center (Cram et al. 2007). One possible way for solving the problem is to smooth

the selected field before detecting the center position (Stern and Zhang 2013).



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

The other two categories are called weighted grid point (WGP) and minimization
of azimuthal variance (MAV), respectively. When detecting the pressure or PV centroid,
the grid point in the WGP category is weighted by the value of the selected variable
(Reasor and Montgomery 2001; Riemer et al. 2010; Ryglicki and Hart 2012; Nguyen
et al. 2014). The methods in the MAV category seek to minimize the variance or
maximize the mean of a given quantity (Ryglicki and Hart 2015). For example, Braun
(2002) and Braun et al. (2006) iterated over grid points in the inner-core region and
calculated the azimuthally averaged variance of the pressure field over all radii, looking
for the center position with the minimum azimuthally averaged variance. The methods
that maximize the tangential wind at the radius of maximum wind were also used in
observational and numerical studies (Marks et al. 1992; Wu et al. 2006, Reasor et al.
2013).

Ryglicki and Hart (2015) analyzed 11 variations of the center-detecting methods in
the three categories using four TC forecasts from three operational models. After
comparing the spread of the detected centers, the decomposed tangential and radial
winds, and the vertical tilt of the TC vortex, they found that the tangential wind
differences are generally small and localized, while the vertical tilt derived from the
mass field is smallest. Ryglicki and Hodyss (2016) further conducted an analysis of
possible errors and inconsistencies in the decomposition of the TC symmetric and
asymmetric components, suggesting that the methods that seek to maximize the
symmetric component should be chosen when quantities are decomposed in cylindrical

coordinates.
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In these previous studies mentioned above, the center-detecting methods were
evaluated mainly by focusing on the center position relative to storm-scale strong
cyclonic flow, track smoothness on an hourly time scale, vertical coherence of the
vortex tilt, sensitivity to the model horizontal resolution, and differences in the
decomposed symmetric and asymmetric components (Nguyen et al. 2014; Ryglicki and
Hart 2015; Ryglicki and Hodyss 2016). In addition to these matrices, we think that an
effective method should detect the TC center position that also leads to smooth,
consistent evolution in the small-scale track oscillation or trochoidal motion that was
confirmed in observations (Jordan 1966; Lawrence and Mayfield 1977; Willoughby
1988; Itano et al. 2002; Hong and Chang 2005) and in numerical simulations (Liu et al.
1999; Wu and Chen 2006). Moreover, the evolution of the vortex tilt is important in the
diagnostic analyses of the inner-core dynamic processes of TCs. It is conceivable that
the evolution of the small-scale track oscillation and vortex tilt should be smooth and
consistent especially for strong TCs in the output of the numerical simulation at a time
interval shorter than one hour.

The objective of this study is to reexamine the center-detecting methods that are
most frequently used in the WGP and MAV categories by focusing on the evolution of
the small-scale track oscillation and vortex tilt, as well as the decomposition of the
symmetric and asymmetric components of TC circulation. The data used in this study
is a 72-h numerical prediction of Hurricane Wilma (2005) at the 5-minute interval
(Chen et al. 2011). Hurricane Wilma (2005) was the most powerful hurricane ever

recorded in the Atlantic basin. The lowest minimum sea level pressure was 882 hPa and
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its strongest maximum wind speed was greater than 80 m s™. The data of the predicted
Hurricane Wilma and the selected center-detecting methods are described in sections 2
and 3. Section 4 presents the differences among the center-detecting methods, followed
by a summary in section 5.

2. The Data of the predicted Hurricane Wilma

The predicted data of Hurricane Wilma (2005) used in this study are from Chen et
al. (2011). The detailed setup of the Weather Research and Forecast (WRF) model and
the corresponding verification can be referred to Chen et al. (2011). The 72-h prediction
was initialized at 0000 UTC 18 October 2005 and terminated at 0000 UTC 21 October
2005, covering an initial 18-h spin-up, an 18-h rapid intensification process, and a 36-
h weakening stage with an eyewall replacement process. The initial and lateral
boundary conditions were interpolated from then-operational GFDL model data. There
were four interactive domains with the horizontal grid spacing of 27 km, 9 km, 3 km
and 1 km, respectively, with 55 levels in the vertical. In this study, we mainly use the
output of the innermost domain with a horizontal resolution of 1 km, covering an area
of 450 X450 km. The model output is interpolated into the z-coordinates at 5-minute
intervals.

Figure 1 shows the comparisons of the track and intensity from the best track
dataset with the prediction after the first 12-hour spin-up. As mentioned in Chen et al.
(2011), the model predicted the general northwestward movement of the hurricane
although the predicted storm moved faster than the observation during the first 24 h

(Fig. 1a). The model predicted the initial spin-up by 18 h, the rapid intensification from
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18 h to 36 h and the intensity change associated with the eyewall replacement during
the last 36 hours, which are generally consistent with the observation (Fig. 1b). The
predicted strongest intensity is 72 m s™! in the near-surface maximum wind speed and
889 hPa in the minimum sea level pressure, which are 10 m s and 7 hPa weaker than
the observation.

Figure 2 shows the simulated radar reflectivity by 18, 36 and 53 h. The selected
three times represent the ending time of the initial spin-up, rapid intensification and
eyewall replacement. After the spin-up stage (Fig. 2a), the radar reflectivity exhibits an
asymmetric structure with the strongest convection to the south of the storm center. The
radius of maximum wind is about 20 km and spiral rainbands can be clearly seen outside
the closed eyewall. When the predicted storm reaches the peak intensity (Fig. 2b), the
storm structure became more symmetric than that during the spin-up period although
the strongest eyewall convection was still located in the southern quadrant. The radius
of maximum wind decreases to 17 km when the predicted hurricane reaches its peak
intensity at 36 h. At about 60 km from the TC center, there is a nearly-closed rainband,
which evolves into the outer eyewall at 53 h (Fig. 2¢). The radius of maximum wind
increases to 59 km at 53 h.

3. Description of center detection methods

As mentioned in Section 1, the WGP and MAV methods were suggested in the
core-resolving numerical simulation. We select four center-detecting methods in the
WGP and MAV categories, which have been often used in the analysis of numerical

simulations with the horizontal spacing of ~1 km. Three of them are included in Nguyen
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et al. (2014). The TC centers detected with the three methods are called the pressure
centroid center (PCC), the PV centroid center (PVC) and the maximum tangential wind
center (MTC).

The PCC is defined on a constant height surface and the minimum pressure
location is used as the first guess. Following Nguyen et al. (2014), the PCC is calculated

over a circle of radius R as follows:

__ ZigniPs
X === ;,_l (1)
=0 L
_ YTy
y =S (2)
Zr:OP i
P{ =Py, — P; (3)

where x¥ and y represent the longitude and latitude of the center; x; and y; are the
location of the grid point within the circle and P;’ is the pressure perturbation relative
to the specified environmental pressure P,,,. As suggested by Nguyen et al. (2014),
the radius of the circle is initially set to 100 km. The resulting latitude and longitude are
then used as the next guess and then R is set to two times of R80, i.e., the radius of 80%
maximum azimuthally averaged tangential wind at 2 km. The procedure is repeated
until there is little change in the calculated center location. In our study, P,,, is the
pressure averaged over the innermost domain.

The detection of the PVC is similar to that of the PCC by replacing the pressure
deficit with PV in Egs. (1) and (2). In this study, we use the grid points with positive
PV and R is set to 90 km, including the inner core region of the hurricane. We compared
the results of only using positive PV with that of using both positive and negative PV

and found that the results are very similar. The sensitivity to the selection of R is
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examined and it is found that there is little change in the resulting center location when
R is larger than 90 km, about two times of the radius of maximum wind of the outer
eyewall.

In the detection of the MTC, the azimuthal mean tangential wind is first calculated
by selecting the TC center at each grid point within the eye. The search area is within a
circle of 15 km radius in this study. The grid point with the maximum tangential wind
is selected as the next guess. The search radius of the circle centered at the new guess
is decreased by 50% and the wind field is interpolated to a finer grid with 50% of the
initial grid spacing. The procedure continues until the required accuracy of the center
location is reached.

The method for detecting the MVC is as follows. The minimum pressure center is
selected as the first guess and the azimuthally averaged variance of the pressure field is
calculated over all radii between the center and the outer portion of the eyewall. In this
study the largest radius is 90 km. Similar to the calculation of the MTC, the azimuthally
averaged variance of the pressure field is calculated at each grid point in the eye area.
The grid with the minimum azimuthally averaged variance is the next guess. Then the
search radius decreases and the pressure field is interpolated to the finer grid points
with 50% of the initial grid spacing. The procedure continues until the required
accuracy of the center location reaches. Using these four methods, the center positions
are detected for each 5-minute interval.

4. Differences of the four detection methods

a. Small-scale track oscillations

10
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In this study, the small-scale track oscillation or trochoidal motion is defined by
removing the 9-hour running mean track (Wu and Chen 2016). Comparing to the
previous studies (Liu et al. 1999; Nguyen et al. 2014; Ryglicki and Hart 2015; Ryglicki
and Hodyss 2016), the differences in the center position or track are much small because
of the strong intensity of the predicted TC. This is reflected in both the mean track and
the resulting small-scale track oscillation. The mean track exhibits little difference
among the four methods (figure not shown). Fig. 3 shows comparisons of the small-
scale oscillation, indicating that the four methods lead to very similar track oscillations
with the amplitude less than 10 km.

We further examine the small-scale track oscillation by plotting the oscillating
tracks derived from the four methods. The oscillating track generally contains two types
of cyclonic rotations. One is around the mean track and the other is embedded in the
first one with a smaller scale. Fig. 4 shows an example of the oscillating track during
12-20 h. The four methods all lead to a cyclonic rotation around the mean track. The
MVC leads to a relatively smooth cyclonic rotation around the mean track and
embedded rotations can be identified: one between 12 and 14 h and two between 15
and 17 h (Fig. 4a). The two between 15 and 17 h can be barely detected. The cyclonic
rotation around the mean track can be seen in the MTC (Fig. 4b), but erratic or abrupt
changes exist, especially for the embedded rotations. Compared to the MVC, the
embedded rotations in the PCC are obviously amplified in magnitude (Fig. 4c). The
oscillating track of the PVC is similar to that in the MVC, while the embedded rotations
are amplified in magnitude (Fig. 4d), compared to Fig. 4a. Fig. 5 shows the oscillations

11
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during 48-60 h. While the oscillating track of the MTC contains many abrupt changes,
the other three methods lead to the similar oscillating pattern. As shown in Fig. 4, the
oscillating track derived from the MVC are the smoothest one. We also examine the
small-scale oscillations during other periods and find that the MVC leads to the
smoothest oscillating track relative to the 9-h running mean track.

Why are the embedded oscillations amplified for the PCC? Considering the short
period of the embedded oscillation, we examine the 3-km wind, PV and pressure fields
at a 10-minute interval from 15 h 50 min to 16 h 40 min (Fig. 6), in which the locations
of the MVC, MTC, PCC and PVC are also plotted. The embedded rotation corresponds
to the one in the northwest quandrant in Fig. 4. We can see that the pressure minimum
is obviously shifted to the eyewall that is indicated by the strong cyclonic winds and
strong positive PV anomalies. The center of the pressure minimum rotates cyclonically
with a period of about 50 minutes. This suggests that the amplified oscillation is
associated with the cyclonic rotation of the pressure minimum.

Careful examination of Fig. 6 indicates that the rotation of the pressure minimum
is accompanied by the strong positive PV anomaly that is pooled into the eye region.
Zhang et al. (2011) also showed the generation of subvortices inside a major vortex
during the initial spin-up period. In a barotropic framework, Schubert et al. (1999)
found that barotropic instability made the vorticity of the eyewall region be pooled into
the eye region and suggested that the observed polygonal eyewalls or mesovortices may
be due to vorticity mixing. Kossin and Schubert (2001) further found that the vorticity
mixing can significantly decrease the pressure in the eye region. Moreover, Stern and

12



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

Zhang (2013) confirmed that the eddy advection of potential temperature dominated by
the wavenumber-1 component can lead to the mid-level warming in the eye, which can
lower the low-level pressure. Although further in-depth investigation is needed, Fig. 6
suggests that the pressure minimum is associated with the PV mixing in the eye region,
which makes the pressure minimum closer to the eyewall and amplifies the embedded
oscillation of the PCC in magnitude.

To further demonstrate the effect of PV mixing, we calculate the mean track from
the four methods at one-hour intervals and obtain their deviations from the mean track
at 3-km altitude (Fig. 7). The deviations actually measure the spread of the center
position relative to the mean track. Compared to Nguyen et al. (2014) and Ryglicki and
Hart (2015), it is expected that the deviations of the center positions detected by the
four methods are generally small, less than 4 km in the zonal and meridional directions.
In particular, the deviations are smaller during the rapid intensification period (18-36 h)
than those during the initial spin-up period and the eyewall replacement process, when
the radius of maximum wind is relatively larger. Note that there is a systematic bias in
the differences shown in Fig. 7, which can be clearly seen after a 9-hour running mean
is applied to the time series. The PCC bias is consistent with that of the PVC, which is
generally located to the northeast of the MVC and MTC. The consistence further
indicates the effect of PV mixing on the embedded oscillation of the PCC.

b. Vortex tilt
Although it tends to maintain an upright structure (Wu and Wang 2001a, b; Reasor

et al. 2013), the TC-scale vortex often tilts in the vertical, in particular due to the
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influence of vertical shear of the environmental flow (Jones 1995; Frank and Richie
1999). In the previous studies (e. g., Nguyen et al. 2014; Ryglicki and Hart 2015), the
vertical tilt is measured with the relative shift of the vortex center between two levels.
Here the vertical tilt is defined using the difference of the center position between 1 km
and 8 km. Fig. 8 shows the direction and magnitude of the vertical tilt from the four
different methods. The vertical tilt can be larger than 12 km during the spin-up stage
and decreases rapidly by the onset of the rapid intensification. The tilt magnitude
remains within 2 km during the rapid intensification and then increases during the
eyewall replacement process. The increasing tilt from 32 h to 48 h coincides with the
weakening of the TC intensity (Fig. 1b). The TC intensifies after the eyewall
replacement and the vertical tilt increases by 72 h. We can see that the tilt magnitude
remains within 6 km after the initial spin-up. Further examination indicates that the
changes of the tilt magnitudes are generally consistent with the evolution of the vertical
wind shear (figure not shown), but the vertical tilt based on the MTC is most sensitive
to the shear change.

A striking feature in Fig. 8 is the considerable fluctuations in both the direction and
magnitude of the vertical tilt. The mean and variance of the vertical tilt are calculated
for each method. The mean vertical tilt and variance derived from the MVC (PVC) is
smallest (largest) in magnitude. We also examine the vertical tilts between 1 km and 5
km and between 1 km and 12 km (not shown). Similar to the vertical tilt between 1 km
and 8 km, the MVC leads to the smallest vertical tilt in the two layer, suggesting that

the predicted TC maintains a vertically coherent structure.
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The fluctuations in the direction and magnitude can be futher demonstrated by
plotting the 8-km level track relative to the 1-km level track. Fig. 9 shows the relative
tracks for the MVC, MTC, PCC and PVC during the periods 16-20 h, 42-46 h and 54-
58 h. The selected periods correspond to the ending time of the spin-up, post rapid
intensification stage, and eyewall replacement. For clarity, the zonal and meridional
scales vary in different panels. The relative tracks of the MVC and PVC are generally
smooth, but the pattern and magnitude are different between the MVC and PVC, with
larger vertical tilt for the PVC. The relative tracks of the PCC and PVC contain abrupt
changes. In particular, the fluctuations in the MTC are generally in a zigzag nature.

Figure 9 indicates that the relative tracks also contain cyclonic rotations. The
fluctuations of the vertical tilt have not confirmed in the observation. Considering that
the TC vortex is not a solid object, we think that it is not surprising that vortex vertical
tilt fluctuates in time. Since the predicted Wilma is a very intense hurricane, the abrupt
changes on such a short time scale should be unrealistic and unphysical. Fig. 9 suggests
that the MVC and PVC exhibit a good performance in the vertical tilt. It should be
mentioned that the vertical wind shear in the case is small and we cannot find a clear
relationship between the vertical tilt and the vertical wind shear.
¢. Symmetric and asymmetric circulations

As mentioned above, the relatively larger differences in the detected center position
occur during the initial spin-up period, while the smallest differences are during the
rapid intensification. To demonstrate the influence of the center location on the

decomposed circulations of the predicted Hurricane Wilma, we compare the symmetric
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and asymmtric circulations at 18, 36 and 53 h, respectively. For convenience, we
compare the symmetric structure resulting from the PCC, PVC and MTC with that
based on the MVC. Since the differences at 36 and 53 h are much smaller than those at
18 h, we show only the differences at 18 h. Note that the decomposition is based on the
center detected at each vertical level.

Figure 10a shows the azimuthally averaged tangential wind based on the MVC at
18 h. In this figure we also plot the radius of maximum wind (RMW) at each altitude.
Note that the zigzag feature of the RMW results from the 1-km vertical resolution of
the interpolated model output. The maximum tangential wind exceeds 50 m s™! and the
RMW tilts radially outward below 14 km. Figs. 10b-d show the differences of the
azimuthally averaged tangential wind based on the MTC, PCC and PVC from that
based on the MVC. For clarity, note that the scales of the shading in Figs. 8b-d are
different. The MTC leads to the maximum difference of about 0.5 m s in the
symmetric component of tangential wind, which is much smaller than the PCC and
PVC. Since the MTC is identified to maximize the symmetric component of tangential
wind, we conclude that the MVC can also maximize the symmetric component of
tangential wind. Compared to the MTC, the symmetric component of tangential wind
derived from the PCC and PVC is weaker near the RMW. The maximum reduction is
about 7 m s! for the PCC and 3.5 m s™! for the PVC. We also compare the differences
of the azimuthally averaged radial wind at 18 h and find that the PCC and PVC lead to

relatively larger differences (figure not shown).
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The differences in the symmetric component can lead to differences in the
asymmetric component. Fig. 11 shows the asymmetric wind fields in the inner core
region at 3 km. As expected, the asymmetric flows based on the MVC and MTC are
weaker than those from the PCC and PVC. The maximum asymmetric winds exceeding
20m ! for the PCC and 12 m s™! for the PVC can be found within the RMW. Compared
to the MVC and MTC, the MVC and MTC lead to the very similar symmetric structure
in the tangential wind, while the PCC and PVC result in the reduced tangential wind
near the RMW and strong asymmetric winds in the eye region.

Figure 12a shows the radius-height cross section of the symmetric component of
PV from the MVC at 18 h. We can see large positive PV at the middle levels inside the
RMW. Figs. 12b-d show the corresponding differences from those derived from the
MTC, PCC and PVC. Note that the scales of the shading are also different in the figures.
The intensities of the symmetric PV component derived from the MTC, PCC and PVC
are weaker than that from the MVC. The reduction of the PV intensity is significant for
the PCC and PVC. For PCC (PVC), the PV intensity at the middle levels can be reduced
by 50% (30%), while it decreases by less than 10% for the MTC. Moreover, the positive
and negative pattern of the PV difference in Figs. 12b-d suggests that the radial PV

gradient in the eyewall region is reduced, especially for the PCC and PVC.

5. Summary
In this study, the 1-km resolution output of the predicted Hurricane Wilma (2005)
at 5-minute intervals is used to evaluate the PCC, PVC, MTC and MVC, which are

frequently used in the diagnostic analysis of the inner-core dynamics processes.
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Hurricane Wilma (2005) was the most powerful hurricane ever recorded in the Atlantic
basin. We assume that the small-amplitude track oscillation and the fluctuations of the
vortex tilt should evolve smoothly and consistently. Our focus is placed on the evolution
of the small-scale track oscillation and vortex tilt.

Compared to the previous studies (Nguyen et al. 2014; Ryglicki and Hart 2015),
the differences in the detected center position and vertical tilt are generally small during
the rapid intensification and eyewall replacement due to the strong TC intensity. The
four methods all lead to similar small-scale track oscillations that rotate cyclonically
around the mean track. While the MVC and PVC leads to a relatively smooth rotation,
abrupt changes exist in the track oscillation of the MTC; the track oscillation of the
PCC contains amplified embedded rotations that are associated with the PV mixing in
the eye region. The tracks of the MVC and PVC relative to the lower-level center
(vertical tilt) are generally smooth, while the relative tracks of the MTC and PCC
contain abrupt changes. The MVC leads to the strongest symmetric structure in the
tangential wind, PV, and radial PV gradient in the eyewall region. Although this study
is only based on a single case, it is suggested that the MVC should be selected in the
study of the inner-core processes.

In this study, the predicted Wilma has a well-developed structure and a single case
study is provided. It should be noted that the conclusions may be affected by the size
of the storm eye, the strength of the storm, the underlying topography (e.g. islands with
high altitude topography), and even the depth of the storm. Therefore, further

investigation is needed in the future.
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Figure Captions

Figure 1 (a) The observed (red) and predicted (blue) tracks of Hurricane Wilma
(2005) during the period 1200 UTC 18 October 2005 (12 h) to 0000 UTC 21
October 2005 (72 h) and (b) the predicted maximum wind speed (red, m s') and
minimum sea level pressure (SLP) (blue, hPa).

Figure 2 The predicted 3-km radar reflectivity (shading, dBZ) at (a) 18 h, (b) 36 h and
(c) 53 h. The plus symbol denotes the position of the tropical cyclone center with
arrows indicating the vertical wind shear between 200 hPa and 850 hPa.

Figure 3 The zonal (a) and meridional (b) oscillations of the tropical cyclone tracks at
z =3 km derived by removing the 9-hour running mean. The oscillations are
based on the PCC (blue), PVC (yellow), MTC (red) and MVC (black).

Figure 4 The track oscillations (km) relative to the 9-hour running mean tracks
derived from the MVC (a), MTC (b), PCC (¢) and PVC (d) at z= 3 km,
respectively, during 12 - 20 h. The numbers by open circles are the hours from
1200 UTC 18 October 2005.

Figure 5 The track oscillations (km) relative to the 9-hour running mean tracks
derived from the MVC (a), MTC (b), PCC (¢) and PVC (d) at z= 3 km,
respectively, during 48 - 60 h. The numbers by filled circles are the hours from
0000 UTC 20 October 2005.

Figure 6 The wind (vectors, m s-l), PV (shading, PVU) and pressure fields (contour,
hPa) at z= 3 km during 1550 UTC and 1640 UTC 18 October 2005. The filled

star, circle, triangle and square denote the location of MVC, MTC, PCC and
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PVC, respectively.

Figure 7 The zonal (a) and meridional (b) differences of the identified tracks by PCC
(blue), PVC (yellow), MTC (red) and MVC (black) from the mean center
position averaged with the four center positions at z = 3 km. The thick lines
represent the 9-hour running mean of the corresponding time series.

Figure 8 The direction (a) and magnitude (b) of the vertical tilt of the Wilma vortex
between 8 km and 1 km during 12 - 72 h, derived from the MVC (black), MTC
(red), PCC (blue) and PVC (green). The direction is measured clockwise from
due north.

Figure 9 The 8-km center position relative to the center at 1 km during 16 - 20 h, 42 —
46 h and 54 — 58 h, derived from the MVC (a - ¢), MTC (d - f), PCC (g - 1) and
PVC (j - 1), respectively. The numbers by filled circles are the hours.

Figure 10 The altitude-radius cross section of the azimuthal mean tangential wind
(shading, m s™) for the MVC (a) and the differences (shading, m s') between the
azimuthal mean tangential wind based on the MTC (b), PCC (c¢) and PVC (d) and
that based on the MVC at 18 h. The red line indicates the radius of maximum
wind for the corresponding center while the black line indicates the radius of
maximum wind for the MVC. Note the scales of the shading are different in (b),
(c) and (d) for clarity.

Figure 11 The z = 3 km asymmetric wind fields (vectors, m s™) based on MVC (a),
MTC (b), PCC (c) and PVC (d) at 18 h. The shading indicates the magnitude (m
s of the asymmetric wind, and the dashed circle denote the radius of maximum
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558 wind for the corresponding center.

559  Figure 12 The altitude-radius cross section of the azimuthal mean potential vorticity

560 (shading, PVU) for the MVC (a) and the differences (shading, PVU) between the
561 potential vorticity based on the MTC (b), PCC (c¢) and PVC (d) and that based on
562 the MVC at 18 h. The red line indicates the radius of maximum wind for the

563 corresponding center while the black line indicates the radius of maximum wind
564 for the MVC. Note the scales of the shading are different in (b), (c¢) and (d) for
565 clarity.
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Figure 8 The direction (a) and magnitude (b) of the vertical tilt of the Wilma vortex

between 8 km and 1 km during 12 - 72 h, derived from the MVC (black), MTC (red),

PCC (blue) and PVC (green). The direction is measured clockwise from due north.
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Figure 11 The z = 3 km asymmetric wind fields (vectors, m s') based on MVC (a),
MTC (b), PCC (c) and PVC (d) at 18 h. The shading indicates the magnitude (m s™') of

the asymmetric wind, and the dashed circle denote the radius of maximum wind for the

corresponding center.
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Figure 12 The altitude-radius cross section of the azimuthal mean potential vorticity
(shading, PVU) for the MVC (a) and the differences (shading, PVU) between the
potential vorticity based on the MTC (b), PCC (c) and PVC (d) and that based on the
MVC at 18 h. The red line indicates the radius of maximum wind for the corresponding
center while the black line indicates the radius of maximum wind for the MVC. Note

the scales of the shading are different in (b), (¢) and (d) for clarity.
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