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ABSTRACT

This is the second of two papers on the structure of northwest Pacific tropical cyclones as revealed by U.S.
Air Force aircraft reconnaissance. This paper describes the varying structure of the tropical cyclone’s outer-
radius wind profile in relation to its inner-core intensity or minimum sea level pressure (MSLP) and eye-size
characteristics. We explore this inner- to outer-radius structural relationship and its variability for the full range
of cyclone central pressures, eye diameters, outer-core (1°-2.5° radius) wind strengths, and for radial extent of

15 m s~ (30 kt) and 25 m s~ (50 kt) surface winds.

Results show that outer-radius wind strength and inner-core intensity can vary greatly and that there is only
a weak relationship between these parameters. However, if information is available on whether an eye-wall
cloud exists and what the size of the eye is, then a significant reduction in the wide variance between MSLP

and outer wind radius is observed.

1. Introduction

Understanding the differences in wind velocity be-
tween one segment of the tropical cyclone’s radial pro-
file of wind and the other segments is important to
both forecasters and researchers. Given the central
pressure and eye-wall characteristics of a tropical cy-
clone as measured by a reconnaissance aircraft, can
one make reasonably accurate estimates of the cy-
clone’s associated outer-core wind strength and radial
extent of 15 and 25 m s™! surface winds? Similarly, if
the cyclone’s central pressure drops and its eye-wall
size changes, what does this imply with regard to
changes in the outer wind profile?

Part I of this paper (Weatherford and Gray 1985;
hereafter Part I) gave aircraft reconnaissance derived
average information on the characteristics of these ra-
dial wind profile relationships. Eye characteristics were
not discussed. This paper portrays more individual cy-
clone analysis and discusses the relationship between
Minimum Sea-Level Pressure (MSLP) and the Quter-
Core wind Strength (OCS) for different eye-wall sizes.
These inner- to outer-core wind variations appear to
depend upon the way the cyclone has developed, the
stage of its life cycle, the characteristics of its inner-
core convection, its eye size, and other features.

2. Minimum sea level pressure (MSLP) versus outer-
core wind strength (OCS)

Figure 1 compares tropical cyclone Minimum Sea-
Level Pressure (MSLP) versus mean (1 to 2.5°) OCS.
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This figure illustrates the great wind profile variability
which can occur between individual cyclones and be-
tween different time periods of the same cyclone. Note
that there is apparently less scatter in this relationship
in tropical storms than in typhoons. For intense cy-
clones only a weak relationship exists. For example,
typhoons with an MSLP of approximately 960 mb ex-
hibited 700 mb outer-core wind strengths ranging be-
tween 10 and 30 m s}, a three-fold difference in speed
and an order of magnitude difference in kinetic energy.
The most intense cyclone was Supertyphoon Wynne
(MSLP of 890 mb) with an average OCS of only 17 m
s~1. By contrast, Typhoon Vernon had a MSLP of 940
mb but a mean OCS of 35 m s™'. The outer-core region
kinetic energy of Vernon was approximately four times
greater than Wynne’s outer-core kinetic energy, despite
Vernon’s 50 mb higher MSLP.

This large variability between MSLP and OCS
among cyclones indicates that one cannot infer a total
wind profile knowing the central pressure, for example,
or the area of storm surge warning, It also brings up
theoretical questions concerning why and how such
variability occurs.

Individual cyclones can undergo distinctly different
changes in their MSLP and OCS ratio. Figure 2 depicts
four examples. Typhoon Betty increased its inner-core
intensity while building its outer-core wind strength,
After peak intensity, OCS receded along with intensity.
If all cyclones followed the example of Typhoon
Betty, forecasting a cyclone’s OCS would be possible
simply from knowledge of its MSLP. But Betty is not
typical. Supertyphoon Wynne exhibited a very different
MSLP to OCS relationship. Once Wynne attained ty-
phoon intensity, its central pressure dropped sharply
without a change in its OCS. However, as Wynne’s
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FI1G. 1. Scatter diagram of cyclone minimum sea-level pressure
(MSLP) vs outer-core wind strength (OCS).

MSLP began to fill (9-11 October), its OCS, instead
of also decreasing, continued to increase. MSLP and
OCS underwent opposite and apparently independent
changes. Wynne then proceeded to fill for 2Y2 days
while maintaining a constancy in OCS. Typhoon Nel-
son intensified and then later filled without ever ex-
hibiting a significant change in OCS. Lastly, note how
Typhoon Kit began its life cycle with nearly its highest
OCS. A gradual weakening of outer winds then oc-
curred as central pressure first increased and then de-
creased.

There are cyclones which exhibit distinct periods
when their outer-core (1°-2%:° radius) winds increase
but their central pressures remain much the same. Fig-
ure 3 shows examples of some of these cases. There
are also other distinct periods in the life cycle of cy-
clones when they undergo central pressure change with
little or no outer-core wind strength (OCS) change as
seen in Fig. 4.

Plotting 12-h incremental changes in MSLP and
OCS for a random sample of cases (see Fig. 5) shows
no correlation between such changes. When one ana-
lyzes such changes over a time period of a few days or
more, characteristic life cycle changes in this relation-
ship often occur. A follow-on study by Weatherford
(1988) will give information on typical differences in
this MSLP versus OCS relationship during different
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life cycle stages of the tropical cyclone. A cyclone in
the intensifying stage has a distinctly greater ratio of
MSLP to OCS than does a cyclone of the same central
pressure but in a filling stage. Therefore, although inner-
core intensity changes are observed to occur rather in-
dependently of outer-core strength changes over short
time periods of 12-h, there is a better statistical rela-
tionship between MSLP and OCS when one takes into
account the particular life cycle of a tropical cyclone,
ie., intensifying or filling stage, etc. In the intensification
stage, the ratio of MSLP to OCS is greater than in the
filling stage.

Cyclone intensity versus mean radii for 15 ms™" (R-
15 or 30 kt) and 25 m s™! (R-25 or 50 kt) surface winds
exhibited a similar large scatter (see Figs. 6 and 7). This
is to be expected given the previous weak relationship
of MSLP to OCS. This is in agreement with Merrill’s
(1984) finding of only a very weak relationship exists
(~0.3 correlation) between tropical cyclone size (or
mean radius of outer-closed isobar) and cyclone inten-
sity. '

Figure 8 depicts individual case, 12-h changes in
MSLP versus 12-h changes in the mean radius of 25
m s~! (50 kt) surface winds. Note the large variability
of values. No detectable relationship is observed. A
similar variability was also found for the mean radius
of 15 m s™! (30 kt) surface winds.

These tenuous relationships between MSLP and
OCS, R-15, or R-25 perhaps imply a decoupling influ-
ence between a cyclone’s central pressure and its ad-
jacent outer radius circulation. Changes in the inner-
core intensity appear at times to occur almost inde-
pendently of outer radius wind changes.

a. OCS versus mean radius of 15 and 25 m s~! surface
winds

Away from the inner-core, the wind profiles show
more distinctive relationships. Figure 9 shows that a
strong relationship exists between OCS (1°-2.5° radius
mean wind) and mean radius of 15 m s™! surface winds
(correlation of 0.9). This relationship allows outer-core
wind strength to be estimated given the average radial
extent of 15 m s™' surface winds (18 m s™! flight-level
winds) or vice versa. The least-squares best fit relation-
ship between OCS and mean radius of 15 m s~! surface
winds is

OCS (m s™!) = 7.54 + .05(R-15 km).

For example, a measured mean radius of 15 m s~
surface winds of about 3.8° implies a mean OCS of 28
m s~! + about 5 m s~!. The larger the radius of 15 m
s~!, the larger the spread in the OCS.

(1a)

1

b. Farthest radial extent of 15 and 25 m s~ surface
winds along individual flight legs

All calculations presented so far have been a four-
quadrant average (or a mean of 2 quadrants beyond
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F1G. 3. MSLP vs OCS for cyclones undergoing an increase without
appreciable MSLP change. Dot denotes the end of the period.

2%,° radius) in cyclone relative motion (or MOT co-
ordinates). The forecaster is usually more interested in
the radial extent of high winds in a particular quadrant
in the natural (NAT) coordinate system. Therefore,
the farthest radial extent of 15 or 25 m s~! surface
winds along any radial leg in the fixed or (NAT) co-
ordinate system was determined. Figures 10 and 11
indicate how the farthest radial extent of 15 and 25 m
s™! surface winds (or 700 mb, 18 and 30 m s~} wind,
respectively) in any quadrant is related to MSLP. As
expected, a wide scatter is present. The relationship is
generally weak. Correlations are —0.48 (15 m s™!) and
—0.34 (25 m s™!). The MSLP thus explains only about
10% to 25% of the variance in farthest outward radial
extent of 15 and 25 m s~! surface winds along any
quadrant. On average, the farthest radial extent of 15
m s~! (30 kt) surface winds on the strongest quadrant
was about 100 km (~50 n mi) greater than for the
four-quadrant average. For the 25 m s™! (50 kt) surface
winds this difference between the individual NAT and
the MOT four quadrant average was about 50 km (~25
n mi).

While MSLP and farthest radial extent of 15 and 25
m s~ surface winds along any flight leg are not well
related, OCS is much better related to the farthest extent
of 15 and 25 m s™! surface winds (see Figs. 12 and 13).
This is to be expected.

1047

MAC '82

900F ELSIE '8!

920} CECIL ‘82
P cv['s2 ‘
€ s40l LARA ‘81
r PERRY
‘é’ IRVING 82 MARGE '80

960

DOT ¢'82
980+
1000 1 1 1
10 20 - 30
0OCS (ms')

FIG. 4. MSLP vs OCS for cyclones experiencing primarily
MSLP change. Dot denotes the end of the period.
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FIG. 6. Scatter diagram of MSLP vs mean radius of 15 m s™' surface wind speeds.

Although satisfactory relationships between OCS and
R-15 and R-25 are found, the large variability between
MSLP and OCS implies that there is a wide range in
radial extent of strong wind, irrespective of the core
strength. Section 3 discusses how this variability is re-
duced if one takes into account knowledge of the cy-
clone s eye characteristics.

3. The association of the TC’s eye size with its outer-
radius wind profile

One goal of this research was to provide the forecaster
with an improved way to estimate the strength of a
cyclone’s outer wind circulation from reconnaissance
measured inner-core information. This is particularly
relevant in the Atlantic where reconnaissance flights
do not extend beyond 1°-1.2° radius.

The data presented so far have shown that the skill
of estimating the outer-wind profile solely from infor-
mation of the MSLP is quite low, especially for the
intense cyclones. We will show, however, that when

one uses MSLP in combination with eye-wall infor-
mation, a substantially better relationship is obtained.

Air Force reconnaissance measuring procedures
dictated that an eye-wall cloud was reported only when
a circular, inner-cloud feature was observed on 3-cm
radar to subtend at least half a circle around the cy-
clone’s center. Following normal procedures, the eye-
wall size is determined from the cyclone’s center to the
beginning of the eye-wall convection. It was required
that the eye-wall’s convection be distinct from the ad-
jacent spiralling convective bands. There were typically
two formal eye-wall reports on each flight mission. As
this study is not involved with the hourly changes in
eye characteristics, eye radii were averaged for each
flight mission. Since eye reports were about 3 h apart,
this lent a degree of short-term conservatism to the eye
measurement. Figure 14 is a scatter diagram showing
the distribution of the eye-wall size to MSLP. One can
see that eyes frequently occur in tropical storms as well
as typhoons. In this sample, 24% of all tropical storms
exhibited an eye-wall cloud. Note also that both the
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weaker tropical storm and intense supertyphoon can
have small eyes. There is not much of a correlation
between the size of an eye and MSLP. Sheets (1971)
has also shown that there is not much of a correlation
between eye size and MSLP in Atlantic hurricanes.

Figure 15 portrays the average eye size and the stan-
dard deviation of eye size as a function of MSLP. Note
that on a statistical basis the more intense a cyclone,
generally, the smaller will be its eye size. But a wide
variability can occur in individual cases. Notice that
weak intensity cyclones can also have small eye sizes.
Although very few cyclones of tropical storm intensity
form eyes early, those that do, tended to form small
ones while cyclones forming eyes later tend to form
larger ones. This gives the false impression of an early
stage expansion of the eye. One needs to interpret Fig.
15 in conjunction with Fig. 16.

There is a systematic difference in the percent of eye
reports for intensifying and filling cyclones of identical
MSLP. Figure 16 shows that intensifying cyclones have
a significantly higher percent of reported eyes than do
filling cyclones of similar MSLP. This is especially the
situation for the weaker intensity systems. Note that
there are almost twice as many reported eyes for in-
tensifying as there is for filling cyclones of identical
MSLP for cyclones with central pressures greater than
960 m. This supports the hypothesis that the concen-
tration of inner-core convection is more of a feature
of the intensification process. Cyclone inner-core in-
tensification typically precedes outer-core wind increase
(Weatherford, 1988). Similarly, inner-core filling typ-
ically precedes outer-core weakening. These relation-
ships are being studied currently and will be reported
in a future paper by the first author.
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FIG. 9. OCS vs mean radius of 15 m s™! surface wind.
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Farthest Extent of 15ms™ (km)in NAT

FIG. 10. MSLP vs the farthest reported 15 m s™! wind speed for
any radial leg (not averaged) for the case where motion of the cyclone
center has not been subtracted out (NAT coordinate).

a. Eye-size classes

In order to better relate a cyclone’s eye size to its
adjoining outer-radius wind profile, eye size was clas-
sified into the various size groups of small, medium,
and large. A fourth class, having many typhoons, rep-
resents the situation when no eye was observed. Table
1 defines eye classes. The small eye class (eye radius
< 15 km) comprised 15% of the data sample. Typhoon
Dinah exhibited the smallest inner-eye size of 4 km
radius. The medium sized, eye-wall class (16-30 km
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FIG. 11. MSLP vs the farthest reported 25 m s~ wind speed for
any quadrant for the case where the motion of the cyclone center
was not subtracted (NAT coordinate).
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FIG. 12. The OCS vs farthest extent of 15 m s~! surface wind
measured in NAT coordinates (cyclone motion not subtracted out).

radius) comprises one-quarter of the sample. The av-
erage size of this medium eye class was 22 km. Finally,
the large sized eye-wall class (radius > 30 km) made
up only 8% of the flight missions. Typhoon Thad had
the largest eye of 120 km. Figure 17 shows the distri-
bution of eye sizes. A quite broad range of eye sizes
were observed.

Note that 53% of all flight missions reported no eye-
wall cloud. This is an observation of considerable note.
Guam reconnaissance personnel over the years have
often commented to the second author about the large
number of tropical cyclones they flew into that did not

O | 1
0 |(50 200 360 4(130
Farthest Extent of 25 ms™ (km) in NAT

FIG. 13. OCS vs furthest extent of 25 m s™! surface wind
measured in NAT coordinates. ’
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have eye-walls—particularly cyclones whose central
pressure was higher than about 950-960 mb.

It appears that the northwest Pacific may have a
somewhat higher percentage of cyclones without eyes
than occurs in Atlantic cyclones of comparable MSLP.
This may be related to the large number of Pacific cy-
clones which develop within the already established
large-scale circulation of the monsoon trough. Twenty-
nine percent of all missions into typhoons did not find
an eye. The phenomenon of a typhoon without an eye-
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wall cloud has been well documented by Fett (1968)
for the case of Typhoon Ethel.

b. Relationship of eye size of MSLP and OCS

A better relationship between cyclones MSLP and
OCS is obtained if one separates the data by eye-wall
class. Figure 18 shows how an approximate straight
line might be drawn to best represent this relationship
for each eye-size class. Although there is still a very
large scatter between individual observations, the scat-
ter is significantly reduced by taking into consideration
the size of the eye wall. Looking at just the small eye
versus no eye cases, Fig. 19 gives a better portrayal of
this association of MSLP and OCS given eye size. Cy-
clones with a specific MSLP will have a considerable
greater OCS if they have no eye than if they have a
small eye. Similarly, cyclones with a specified OCS > 10
m s~! have a lower MSLP if they have a small eye than
if they have no eye. The linear least-squares best fit
relationships between cyclone OCS and MSLP for eye
classes of NW Pacific is given as follows:

small eye: OCS = 156 — 0.146 (MSLP) (2a)
medium eye: OCS = 183 — 0.171 (MSLP) (2b)
large eye: OCS = 260 — 0.248 (MSLP) (2¢)

no eye: OCS =401 — 0.391 (MSLP) (2d)

TasLE 1. Classification of eyes by size.

Eye-class Radius (km) No. of cases Percent of total
Small eye 4-15 79 15
Medium eye 16-30 122 24
Large eye 31-120 42 8
No eye 274 53







