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Abstract

To increase the amount of information on the intensities of tropical cyclones (TC) used in
climate research, the possibility of additional estimates of the intensity of a TC by exploring
historical data of conventional (non-Doppler) airborne and coastal radars is considered.
Based on the hyperbolic-logarithmic spiral (HLS) model of the streamline in the TC, an
assessment of the maximum wind speed in hurricanes Cleo (1958), Carolina (1975) and Alicia
(1983) was made. Literature sources containing radar signatures of spiral cloud-rain bands
(SCRBs) of these hurricanes and the corresponding results of synchronous aircraft soundings
were used. The HLS-approximation of the radar signature of the SCRB consisted of
determining the “expected” (mean) spiral of a set of HLSs “fitted” into a pattern of the
signature. The maximum wind speed was determined from coefficients of the mean HLS.
The estimates obtained were in satisfactory agreement with in situ aircraft measurements.
The considered examples manifest the possibility of applying the HLS-approximation to
determine the intensity of hurricanes by using the historical radar data with satisfactory
accuracy.
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1. Introduction

Due to the comparative rarity of tropical cyclones (TC), the studying of their response to
climate change, in general, and, in particular, to the component caused by anthropogenic factors,
is a difficult task (e.g., [1]). One of the difficulties is obtaining data on the properties of a TC,
especially its intensity in the “pre-satellite era” [2]. In this paper, the possibility of applying the
hyperbolic-logarithmic spiral (HLS) approximation to historical radar data acquired by conventional
(non-Doppler) airborne and coastal radars at the end of the “pre-satellite era” and at the initial of
the “radar era” (between 1950-1985) is considered. The main method obtaining information
about the intensity of a TC over the sea within this period was the in-situ measurements during
the aircraft sounding. It seems that non-Doppler radar data were mainly auxiliary information that
one can try to use to supplement in situ measurements. The HLS approximation (a brief
description of it is provided below) allows one to estimate the intensity of the TC only by the radar
reflectivity pattern of the cloud-rain field of the cyclone, which includes spiral cloud-rain spiral
bands (SCRBs). These data can be used also in conjunction with the Doppler data to improve the
trustworthiness of the maximum wind estimates. In brief, the HLS-approximation is based on the
following. In studies of the characteristics of SCRBs detected on radar and satellite imageries of
TCs, it was shown that the orientation of the SCRB occurs mainly along the streamlines in the
hurricane (e.g., [3-6]). Using the known distribution of forces in a cyclone and representing the
cyclone as the Rankine vortex, the analytical expression for the streamline configuration in the
form of the HLS was obtained in [7]. (This derivation is also given in the review article [8]). By
providing the several examples of satellite and radar imageries of TCs in [7-10], it was shown the
presence of spiral signatures of the SCRB, which were satisfactory approximated by the HLS. Since
HLS parameters are functions of the Rankine vortex parameters, including the maximum wind
speed, the intensity of several cyclones was accordingly estimated in the cited studies using the
calculated HLS parameters. These estimates were turned out to be close to both the results of
aircraft measurements and the Best Track data including the estimates of the most common
empirical method of Dvorak [11]. To test the similar possibility of obtaining the intensity estimates
based on historical radar data including its validation, it is necessary to have an image of a spiral
complex and data of direct aircraft (in situ) measurements of tropical cyclone characteristics
coinciding in time and location with radar measurement data. Based on the literature, three
studies of tropical cyclones accompanied by radar measurements of horizontal distribution of
reflectivity and in situ measurements of the tangential wind profile have been reported. One
report studied hurricane Cleo (1958) [12]. In this study, the composite radar structure of the
hurricane and horizontal wind profiles are presented. Another reported experiment was the radar-
aircraft sounding of hurricane Caroline (1975) on August 8 1975, before it made landfall on the
coast of Texas [13, 14]. A similar experiment was the radar-aircraft sounding of hurricane Alicia
(1983) on August 18 1983 [15] where the wind was measured also by the Doppler radar. The
subject of this work is a demonstration of the possibility of using the aforementioned literature
data as an example of estimating the intensity of TC using data from conventional radars.
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2. The Principle of HLS-assessment of the Physical Characteristics of a Tropical Cyclone

The determination of the TC intensity based on the representation of the streamline in the
form of the hyperbolic-logarithmic spiral (HLS) is based on the hyperbolic distribution of the
tangential velocity in the outer part of the Rankine vortex

V(r) =V, (rm %)" T <17 <00 (D

where r is the polar radius centered in the center of the cyclone, rm is the radius of the
maximum wind relative to which the vortex region is divided into internal and external parts, Vm is
the maximum wind speed, V(r) is the wind speed at a distance r from the center of the cyclone, n
is the hyperbolic index. Within the outer part of the vortex n = 1 for an ideal (theoretical) Rankine
vortex, and the wind speed varies according to the hyperbolic law. Real TCs differ from the
theoretical model due to various reasons and, as experimental data show, the real hyperbolic
index varies over a range n = 0.3-0.8, including its depending on the height [16, 17]. A streamline
for the external section of the Rankine vortex is described by the HLS in polar coordinates
originated in the centre of a TC [7, 8]:

1
¢ =A<yn+1 —1)—BlnyEA{e‘(”+1)my—1}—Blny, (2)
where ¢ is the polar angle and y = r / ro is the polar radius normalized to rpthat is the conditional
range of the beginning of a streamline which coincides with the range of the accepted reference
point of the polar angle of the spiral (a point within a spiral signature). Coefficients A and B in (2)
are determined by the following relationships:

A= i Vv (3)
k(n+ Drtt ™
and
f
B - E, (4)

where k is the friction factor, f is the Coriolis parameter. Thus, the parameter A, which determines
the difference between the HLS and the logarithmic spiral, is proportional to the maximum wind
speed. The HLS reflects an increase in cyclone intensity as a decrease of the steepness of the spiral
twist as it approaches the center of a TC. At this, the configuration of the spiral adjacent to the
central cloudy field of the TC is increasingly degenerating into a circular arc. Expression (2) shows
that the HLS is close to the logarithmic spiral, but only on the periphery of the cyclone, where the
normalized polar radius is slightly less than 1. As one approaches to the center of the cyclone, the
spiral begins to “round off” (with constant k and n). The maximum wind speed is higher, the
earlier (at a greater distance from the center) this happens. Thus, as follows from the definitions
of the HLS coefficients (3) and (4), the maximum wind speed and the friction coefficient can be
determined for given n, f, rm, and ro as a function of approximate estimates of the coefficients
AandB.
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3. Assimilation Approximation of a Spiral Band by a Hyperbolic-logarithmic Spiral (HLS-
estimation)

The following is a brief description of the previously developed procedure for the assimilation
approximation of a spiral band of a TC with a finite width [8, 10]. The raw data for the application
of the HLS method is a radar image of a TC from weather radar’s Plan Position Indicator (PPI). In
the current study, the images provided in the articles cited in Introduction section were used.
Assimilation approximation is based on two main points. First: a spiral band of finite width, visible
on the radar image of a TC, is a display of the result of the involvement of cloud particles in the
streamline contribution range. Second: cloudy-rain particles trace a streamline and their real
trajectories are replaced (assimilated) by hyperbolic-logarithmic spirals (HLSs). In this case, the
HLSs which have reasonable (real) physical parameters are considered to be “equally possible”.
This circumstance does not allow the use of classical regression analysis, and therefore the
approximation consists in determining the all HLSs which “fit” into the geometric boundaries of
the spiral band and calculating the “mean HLS” from their set. This determination is conducted by
computer drawing of trial HLSs from the initial end of a SCRB within the selected spiral band
borders (details are provided below). Fit spirals are defined as “signature” HLSs. A signature HLS
has coefficients A (3) and B (4) determined by different combinations of Vi, k and n. This triple of
parameters is hereinafter referred to as the term “physical characteristics”. For the most reliable
estimates of the triple Vi, k and n, their values of the corresponding mean HLS are taken.
Uncertainties in estimating mean values are determined by the root-mean-square “scatter” of
parameters of signature HLSs. Since the signature has a finite width, the point of generation of the
trial (test) HLSs is selected within the space interval connecting the near and far boundaries of the
signature along the corresponding beam of the polar angular coordinate system. This segment is
called the signature connector with the corresponding number. The tail (initial) parts of the SCRBs
signatures are sometimes not suitable for use in the HLS approximation procedure for various
reasons. Therefore, the connector from which the generation of trial HLSs is established is
determined experimentally, starting from the center furthest from the center. The suitability of
the connector for approximation is established by the emission of a large number of trial HLSs
from it (as a rule, more than 1000). The starting point for the emission of trial HLSs is usually
selected in the middle of the connector. To limit non-physical HLSs, i.e. signature spirals
corresponding to wind speeds close to zero or, conversely, unlikely high speeds, the procedure of
consecutive approximations is applied. The procedure is based on the assumption that the wind
speed in the band is distributed according to a single-mode law close to the normal (Gauss) law.
Therefore, by varying the intervals of variation of the three physical parameters, one obtains the
resulting histogram of the distribution of the maximum wind speed of signature HLS close to this
or, in any case, a single-mode distribution with a histogram value close to zero at the boundaries
of the selected speed range. As practice has shown, the most conservative parameter is the range
of the hyperbolic index that is almost always chosen in the range of 0.3-0.8. With a selected range
of speeds, the distribution histogram is reduced to a single-mode view, mainly by varying the
range of variation of the friction coefficient. The average values of the parameters <Vpn>, <n> and
<k> are considered to be estimates of the physical characteristics of the analysed signature, to
which the mean HLS corresponds. Additionally, the distribution mode of the maximum velocity
Vim_mdl is estimated. In the case of a symmetrical wind distribution across the band, the modal and
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mean values of the maximum speed are close in magnitude. Due to their large number, the
signature HLSs (trial HLSs which are fitted into a spiral band) are displayed over the image of a
SCRB as a spiral band of a regular shape in the form like a “comet tail”. The mean HLS is shown as
a single spiral similar (but not necessarily equal) to the center line of the spiral band of the
signature HLS family. Detailed flowchart of the data processing is provided in Supplementary
material 1. The above procedure of such a special approximation is referred to as the “HLS-
estimation”, and the results of data processing using this procedure are referred to as the “HLS-
estimates”.

4. HLS-estimation of TC Intensity Utilizing Historical Literature Radar Data
4.1 Hurricane Cleo (1958)
4.1.1 Radar-aircraft Data of Hurricane Cleo

Hurricane Cleo was studied by three aircraft-laboratories on August 18 1958 between 1600
GMT and 2200 GMT. At that time, the hurricane was located approximately 400 n. miles east
northeast of Bermuda in the Atlantic Ocean. A description of the experiment is reported in [12]. In
particular, with the help of a radar mounted on an airplane that performed sounding at maximum
height, a composite radar imagery of the horizontal structure of a hurricane in the layer from the
ocean surface to a maximum sounding height of 35000 feet (240 mb) was obtained, Figure 1
(Figure 3 of the original article [12]).

Figure 1 Left panel: Composite radar imagery of Hurricane Cleo, August 18 1958.
(Figure is from [12], La Seur & Hawkins. 1963.). © American Meteorological Society.
Used with permission. Right panel: Fragment of the composite imagery with
highlighted principal rainband of the spiral complex.

As follows from the above Figure 1, the pronounced spiral shape has the main SCRB, which was
used for the HLS approximation. In the cited study, data on physical parameters, in particular, the
profile of horizontal wind speed, were obtained for three levels of 7000, 17000 and 35000 feet
(800, 560 and 240 mb, respectively) in the direction from west to northeast through the center of
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the hurricane (Figure 2 of the original article [12]). The aircraft route was + 100 miles from the
center of the hurricane. Wind profiles according to a one-time flight at all heights turned out to be
asymmetric. Since the principal band is located at approximately at level 800 mb [6] and it was
located mainly in the eastern sector (Figure 1), then the nearest accessible northeastern part of
the horizontal wind profile was selected at a level of 800 mb from Figure 2 of [12]. At 800 mb level,
the speed and radius of the maximum wind zone of the profile branch from the center of the
hurricane to the northeast were 22.7 miles (42 km) and 90 kts (46.3 m s1), respectively. The least

squares approximation of this section of the profile at a distance of 42 to 72 km gave an estimate
of the hyperbolic index n=0.42 + 0.04.

4.1.2 HLS-estimates of Maximum Wind of Hurricane Cleo

The HLS-approximation was applied to the principal band according to the method described

above. Signature spirals for the initial signature connector (No. 0) are shown in Figure 2. The total
number of signature spirals was 10567.
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Figure 2 Illustration of HLS-approximation of principal rainband of Hurricane Cleo by
means of allocation of signatural HLSs (regular spiral band expanding towards the

centre of the cyclone) originated from the initial signatural connector (No. 0). Mean
spiral is shown in red. Remaining explanations are in the text.

Average maximum wind speed data, estimates of the hyperbolic index and the friction factor
are shown in Table 1 for the principal rainband.
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Table 1 Comparative data of direct measurements (in situ) of physical characteristics of
Hurricane Cleo during aircraft sounding and results of the HLS-approximation of the
principal rainband.

Parameter HLS-estimate In situ
<Vm>, mst kts 47.6+1.0 92.5+1.9
" . (kts) ( ) 46.3 (90.0)
Vim_md, M 'S (kts) 42.2+2.0 (82.0%3.9)
<k>10°, s1 9.4+0.2 N/A*
<n> 0.57+0.01 0.42+0.04

*) N/A - Not Applicable

As follows from table 1, the obtained results indicate a satisfactory coincidence of the HLS-
estimates with in-situ data on the maximum wind speed. Their discrepancy is + 1.3 m s (2.5 kts)
for the average velocity (3%) and -4.1 m s (~ 8 kts) (~ 9%) for the modal velocity value. The
indicated discrepancy between the velocities, and between the hyperbolic indexes by 0.15 (~ 36%)
could be due to the wind sensing route was to the northeast, which is not quite adequate to the
location of the principal band. It would be preferable to have an orientation of the route from the
centre to the east or southeast, corresponding to the region of formation of the principal rainband.
The mean HLS shown in red in Figure 2 has coefficients <A>=6.16 and <B> = 0.85.

4.2 Hurricane Caroline (1975)
4.2.1 Radar-aircraft Data of Hurricane Caroline

At the time the aircraft crossed the centre of Hurricane Caroline at 1830 GMT on 30 August
1975, the hurricane's eye was approximately 260 km from the meteorological radar site in
Brownsville, Texas, making it possible to obtain a radar horizontal section of the cyclone with
spiral rainbands adjacent to the eye, Figure 3. Coordinates of the radar were: 25.916° N, 97.419°
W. Coordinates of the centre of the hurricane at the time of the aircraft passing through its centre
were: 23.87° N, 96.33° W. Simultaneously, the wind profile was measured using airborne sounding
at an altitude of 4504100 m through the geometric centre of the hurricane. Airborne sounding
was carried out from the West (W) to the East (E) along a straight track through the geometric
centre of the hurricane. The wind profile was asymmetric according to the data of the one-time
flight. The western part had Vim = 31 m s (60.3 kts), Rm = 37 km; and the eastern part had Vi, = 46
m s (89.4 kts), Rm = 27.8 km [14]. Using the above-mentioned results of the tangential wind
profile measurements along a distance of approximately 40 km (Figure 6 in [13]), the hyperbolic
index (n) was determined to be approximately 0.44 for the western sector and 0.52 for the eastern
sector. The wind speed data from measurements, which carried out during several flights in the
direction to the right and perpendicular to the trajectory of the movement of the hurricanes
centre (along a flight track of about 170 km) as it approached the coast, are provided in Figure 12
in [13]. It follows from these data that V= 47.4 m s (92.1 kts), Rm = 29.1 km and n = 0.53. These
results are similar to the above-mentioned data obtained for a single flight in the eastern sector.
Figure 3 shows a part of the radar image of the hurricane reproduced from Figure 5 in [14], which
refers to its core and two rainbands. The two regular spirals superimposed on the principal and
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secondary bands in the figure belong to the original drawing and represent (according to the cited
article) logarithmic spirals with the crossing angle of 18°.

Figure 3 Radar imagery of Hurricane Carolina at 1830 GMT 30 August 1975 from radar
installed in Brownsville (BRO), Texas. The range marks are depicted over 50 n.m. (92.6
km) (Figure is from [14], Willoughby. 1978), © American Meteorological Society. Used
with permission. Remaining explanations are in the text.

4.2.2 HLS-estimates of the Maximum Wind of Hurricane Caroline

Analysis of Figure 3 shows that the most pronounced SCRB, suitable for HLS approximation, is
the secondary band located in the eastern sector. Therefore, only this band was selected for
analysis. Figure 4 shows the result of its filling with signature HLSs (5575 spirals). Due to the partial
overlapping of signature spirals, the family of signature spirals is depicted in the figure as a light
green spiral band starting in the middle of signature connector No. 0 and then diverging as it
approaches the center of the cyclone. The red spiral inside this signature band is the mean
signature HLS. The Rankine vortex model, on the basis of which the HLS was derived, assumes only
a symmetric distribution of wind speed and, of course, only one value of the radius of the
maximum wind zone. Because of that, the average value of the maximum wind radius based on
the data of a one-time flight was found to be approximately 32 km.
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Figure 4 lllustration of the HLS approximation of the secondary spiral band of the
eastern sector of the radar imagery of Hurricane Carolina. A family of signature HLSs is
shown as a light green spiral band expanding toward the center of the cyclone. The
mean signature spiral is indicated in red. The remaining explanations are in the text.

The HLS-estimates are shown in Table 2. In the same table, for comparison, the data of direct

measurements (in situ) during airborne sounding are shown.

Table 2 Comparative data of direct measurements (in situ) of physical characteristics of

Hurricane Carolina resulted from aircraft sounding and results of the HLS-

approximation.

Vi, m st (kts) n k-10°, st
Sector HLS
In-situ In-situ*** HLS HLS
Mean Modal
East 46 (89.4)* 0.52+0.03
47.610.4 49,5455
0.54+0.01 11.4+0.1
(92.5+0.8) (96.2+10.7)
0.53+0.02

Traverse 47.4 (92.1)**

*) From [14], p. 845

**) From [13], Figure 12, p. 1304
***) Estimates based on graphical data given in Figure 6 and Figure 12 from [13]

The mean signature HLS has coefficients <A>=3.95 u <B>=0.52. As follows from table 2, the
obtained results indicate a satisfactory coincidence of the HLS estimates and in-situ data on the

maximum wind speed and the hyperbolic index.
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4.3 Hurricane Alicia (1983)
4.3.1 Radar-aircraft Data of Hurricane Alicia

Hurricane Alicia was probed between 0108 and 0200 UTC on August 18 1983, when it was in
the Gulf of Mexico (28.5°N and 94.8°W; about 90 km south of Galveston, Texas). Maximum wind
speeds recorded by the aircraft Doppler radar at a flight altitude of 1500 m were 50-53 m s (97.2-
103.0 kts), with the minimum central pressure of 967 mb [15]. The maximum wind radius from
these measurements was approximately 18 km. A radar image of Hurricane Alicia from PPI of
meteorological radar WSR-57 at Galveston is shown in Figure 5.

1 i
0612 24 a8 72 96 o128 z

Figure 5 Radar imagery of Hurricane Alicia (1983) obtained at 0128 UTC (Figure is from
[15], Marks & Houze. 1987). © American Meteorological Society. Used with permission.
Remaining explanations are in the text.

The stationary spiral complex [4] of Hurricane Alicia consists of a secondary rainband extending
in the direction from the south to the northeast, and the principal rainband starting in the eastern
sector of the image. The hyperbolic index was not determined, due to the short distance of the
tangential wind profile measurement in the external part of the vortex (~ 25 km).

4.3.2 HLS-estimates of Maximum Wind in Hurricane Alicia

The HLS-approximation was applied to a fragment of the principal band and to a more
extended secondary band. The signature spirals are shown in Figure 6.
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Figure 6 lllustration of the HLS-approximation of spiral rainbands of Hurricane Alicia by
means of allocation of signature HLSs. The family of signature HLS is shown as a light
green spiral band expanding toward the center of the cyclone. Left panel: HLS-
approximation of the principal band from initial signature connector (No. 0); Right
panel: HLS-approximation of the secondary band from signature connector No. 20. The
mean signature spiral of the principal and secondary bands is marked in red.
Remaining explanations are in the text.

The staring signature connector for the principal band was No. 0. For the secondary band, the
signature HLSs were available starting from signature connector No. 20. The average maximum
wind speed data, hyperbolic index and friction factor are shown in Table 3 for both rainbands. The
same table shows the parameters of the mean HLS for both bands.

Table 3 Results of assessment of physical characteristics of Hurricane Alicia by means
of the HLS-approximation of the principal and secondary rainbands.

HLS-estimates

Parameter Rainband
Principal Secondary
<Vm>, m s (kts) 51.2+0.8 (99.5+1.5) 50.8+0.3 (98.7+0.6)
Vin_md, m s (kts) 46.5+4.5 (90.4+8.7) 43.0+1.0 (83.61.9)
<k>-10°, s! 5.44+0.06 2.95+0.01
<n> 0.52+0.01 0.521+0.01
Vm in situ = 50-53 m s (97.2-103.0 kts)
Parameters of mean signature HLS
<A> 12.06 29.91
<B> 1.28 2.36
Number of 1331 16145

signature HLSs
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As follows from table 3, the results obtained indicate, as in the cases considered in the previous
sections, a satisfactory coincidence of the HLS-estimates both between different bands and with
Doppler radar data (50-53 m s (97.2-103.0 kts) ) on the maximum wind speed in this hurricane.
An exception is the estimate of the modal value of the velocity of the secondary band that was
approximately 7 m s (13.6 kts) lower than the average value for the approximation HLS and the
data of direct measurements. The revealed difference is apparently due to the asymmetric
distribution of the wind in the section of the secondary SCRB. The case considered is an example
of the conjunction utilization of Doppler and non-Doppler radar data.

5. Summary

The literature data on direct (in situ) measurements of the intensity of Hurricanes Cleo (1958),
Carolina (1975) and Alicia (1983) obtained as a result of airborne and radar soundings are
compared with the results of hyperbolic-logarithmic approximation of spiral cloud-rain bands
(SCRBs) of these TCs. The processing of the radar signatures of the SCRBs consisted of determining
the average over the set of hyperbolic-logarithmic spirals (HLSs) that "fit" into the geometric
boundaries of the signatures. A comparison of the results of direct aircraft measurements of the
intensity of the considered hurricanes as well as with the Doppler radar data (case of Hurricane
Alicia) with the results of the HLS-approximation of the corresponding conventional radar data
confirmed their satisfactory agreement. The obtained positive result of the analysis of the
considered examples indicates the possibility of performing the HLS-estimates of the intensity of
hurricanes with satisfactory accuracy from historical and archival data of radar measurements by
conventional radars for their use in climate studies relevant to tropical cyclones.
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