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ABSTRACT

This is the first of two papers describing the structure of northwest Pacific tropical cyclones as revealed by
U.S. Air Force aircraft reconnaissance. This first paper describes the background philosophy for this research,
the types of flight missions flown, data reduction procedures, and the general climatological characteristics of
this region’s typhoons and tropical storms. Analysis has been performed on 700 mb aircraft data from over 500
Guam-based, WC-130 aircraft missions into 66 tropical cyclones, two-thirds of which were of typhoon intensity
sometime during their life cycle. All flight missions followed similar standardized flight tracks. Data are analyzed
for the three seasons of 1980--82.

This aircraft dataset is unique in providing wind and pressure-height profile information at radial resolutions
of 0.5° (56 km) from a tropical cyclone’s center out to 4° radius. This allows a cyclone's outer-core wind
strength to be measured in relation to its inner-core intensity. The varying relationship between cyclone inner-
core intensity and outer-core wind strength is analyzed in relation to cyclone intensity, latitude, season, time
of day, and direction and speed of cyclone motion.

Part II of this paper will discuss the variability between inner- and outer-core wind relationships and how
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this variability can be reduced by knowing various cyclone eye-size characteristics.

1. Introduction

United States Air Force WC-130 aircraft are rou-
tinely flown into tropical cyclones of the western north
Pacific to meet the operational requirements of the U.S.
Joint Typhoon Warning Center (JTWC). These flight
missions are usually conducted twice a day into nearly
all tropical cyclones from their early development pe-
riod to their later decay stages. After more than 40 yr
of western Pacific aereal reconnaissance by the United
States military, these flights will be discontinued after
September 1987.

Regular aircraft reconnaissance flights into typhoons
and tropical cyclones of this region have been con-
ducted since the end of World War II at a cost of many
millions of dollars per year. So far this flight infor-
mation has been used almost exclusively in an oper-
ational sense to track the centers of these storms and
measure how intense they are. Almost no in-depth re-
search has been done on this most extensive, unique,
and valuable storm information data file.

The measurement capability of these Guam-based
reconnaissance missions has improved in recent years,
particularly after the development and installation of
Doppler wind navigation equipment in the late 1960s.
Also, beginning in the middle 1970s, systematic flight
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patterns were instituted in' which four radial legs were
flown into and out of all tropical cyclones in equally
spaced azimuthal segments.

Flight tracks begin with an inward penetrating flight
leg from 4° radius (445 km) to the estimated cyclone
center followed by a 4-radial leg cloverleaf flight pattern
inside of 2.5° radius (278 km) as depicted in Fig. 1.
Observations of wind, height of 700 mb pressure sur-
face, temperature, and dewpoint are taken manually
every 0.5° (56 km) by an observer. Two to three
hundred such flight missions are made each season.
These standardized flight tracks allow comparisons to
be made of flight data among different cyclones and
between different time periods of the same cyclone.
Missions are flown nearly every 12 h on almost every
tropical cyclone in this region.

This operational reconnaissance dataset appears to
offer much potential for increased knowledge about
tropical cyclones because of the massive number of
flight missions which have been flown, the standardized
flight tracks which allow easy comparison of data
among different missions and storms, the large radial
extent of the flight legs, the twice-a-day time continuity
of the flights, and the fact that missions were flown for
all stages of the cyclone’s life cycle. It is to be expected
that new knowledge about the tropical cyclone will be
forthcoming from a careful examination of many years
of this flight data. It is surprising that, thus far, so little
in-depth research has been accomplished on this dataset
of thousands of separate aircraft missions.
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FIG. 1. Typical 700 mb flight pattern with circle range marks de-
noting required 0.5° (56 km) interval observation positions. Inner
core is defined as the 0-1° radius and outer core (shaded) as the 1°-
2.5° radius region.
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Our present knowledge of the tropical cyclone’s
structure from 1°-3° radius is quite limited. This is
due to the fact that Atlantic research and operational
flights have typically terminated near 1° radius from
the center and that rawinsonde, surface reports, and
satellite-derived winds do not become dense and reli-
able until 2-3° radius from the center. That portion
of the tropical cyclone which lies adjacent to the cy-
clone’s inner-core (inner-core here defined as the region
0-1° or 0-111 km radius) has generally gone unmea-
sured except during entrance and exit legs for these
reconnaissance missions. Also, even these entrance and
exit legs may involve altitude changes rather than col-
lecting data at a standard level or in a specific pattern.
This adjacent outer core region (1°-2.5° radius or 111-
278 km radius) has thus received only minimum study.
Winds in the outer-core region are important for po-
tential cyclone outer-radius wind damage and potential
cyclone rainfall, and likely, are also related to storm
surge. There is also scientific interest in knowing what,
if any, relationship exists between the cyclone’s 1°-
2.5° radius outer-core wind strength and its inner-core
(0-1° radius) maximum wind speed and minimum
sea level pressure. This could be quite important if some
predictive relationships could be established.
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This study attempts to fill in this radial gap in
knowledge by measuring and studying the character-
istics of the wind and pressure fields in the 1°-2.5°
outer-core region. Comparisons are made of outer-core
wind strength in relation to inner-core intensity under
conditions of different stages of cyclone intensity, lat-
itude, season, time of day, and motion.

a. Previous aircraft reconnaissance

Over the last 30 years, the inner-core or 1° radius
(~111 km) portion of Atlantic tropical cyclones has
been thoroughly investigated by operational and re-
search aircraft. Most flight data research has focused
on case studies of various Atlantic hurricanes: Daisy
and Helene (Riehl and Malkus, 1961; Colon et al.,
1961, 1964); Cleo (LaSeur and Hawkins, 1963); Ella,
Janice, and Dora (Sheets, 1967, 1968); Debbie and
Hilda (Hawkins and Rubsam, 1968a,b, 1971); and Al-
len, David, Anita and Frederic (Jorgensen, 1984a,b).
In order to obtain a more general view of the inner-
core hurricane wind structure and its variability from
storm to storm, Sheets (1972), Shea and Gray (1973),
Gray and Shea (1973), and Gray (1962, 1965, 1967)
have performed many multiple case studies of Atlantic
reconnaissance information.

Much has been learned about the inner-core struc-
ture of the hurricane from all these studies. However,
because of the sparseness of outer-radius (>1° radius)
reconnaissance information, no one has been able to
deal with the question of how outer-core wind strength
is related to inner-core intensity.

The only previous extensive research on the tropical
cyclone’s outer wind strength using reconnaissance
aircraft data is that of Hughes’ (1952) important and
much quoted study of the average wind profiles of 13
late-1940s, large and mature typhoons that were re-
connoitered by the early period Guam-based storm
missions. Hughes’ study presented the first and, up until
now, only aircraft information on the low-level (900,
1500, and 5000 ft) wind profile of the typhoon from
its center out to 4.5° latitude. However, the state-of-
the-art in wind measuring during that time was prim-
itive in comparison with present standards. Hughes -
used winds obtained by different flight meteorologist’s
visual estimates of the sea state.

Despite some suspected observational shortcomings,
Hughes’ study was very important. It gave the first
quantitative information on the typhoon’s boundary
layer winds. His verification of the typhoon’s suspected
strong boundary layer inflow had much impact on later
theoretical speculation on the nature of the tropical
cyclone’s physical processes.

It is surprising that for 35 years after Hughes’ study
there have not been any in-depth follow-on studies of
the more recent and better instrumented Pacific aircraft
measurements. Although rawinsonde analysis and the
new satellite wind estimate techniques have been useful
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in measuring a tropical cyclone’s circulation beyond
2-3° radius, these measurement techniques are usually
too infrequent to be very useful in describing the cy-
clone’s 1°-2'%° radius outer-core circulation.

b. Focus of this research

This two-part study explores the extent to which this
reconnaissance data may be used for research purposes
and improvement of forecasting. Many questions are
waiting to be answered. How, if at all, do wind strengths
in the outer-core region relate to the cyclone’s maxi-
mum winds or minimum central pressure? How does
a cyclone’s wind profile from its center to 4° radius
change as the cyclone intensifies or fills? How strong
or weak can outer-core wind strength become? How
does the inner- and outer-core wind change by season,
latitude, time of day, or cyclone motion? Part I, herein,
deals with these questions. The association of cyclone
central pressure with the mean outer radius 15 m s}
(30 kt) and 25 m s™! (50 kt) surface winds is also dis-
cussed. Part I [Weatherford and Gray (1988); hereafter
referred to as Part II] discusses the relationship between
cyclone central pressure and outer-core wind strength
for many individual cyclone cases, and how eye size is
associated with this relationship.

" 2. Characteristics of the data and reduction procedures

All the data of this study were taken at the 700 mb
pressure level. This is believed to be representative -of
a cyclone’s lower tropospheric circulation. Data pro-
cessing involved adjusting all flight data to a cyclone-
relative coordinate system and constructing a repre-
sentative mean radial profile of tangential winds for
each flight mission. Pressure~height and eye-size char-
acteristics were processed.

Henderson (1978) has extensively discussed the me-
teorological measuring equipment on board the WC-
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130. Of interest in this study were the radar, navigation,
and Doppler wind equipment. Measurements of the
eye were obtained from 3-cm radar while navigation
relied on the LORAN and Omega equipment. The
Doppler wind equipment had two sources of error:

1) It registered signals relative to the position of the
sea below. A moving sea under the stress of the wind
will act to underestimate the real flight-level wind speed
by about 5% to 8% (Grocott, 1963).

2) The Doppler signal was occasionally attenuated
by heavy rain. This disrupts the wind measurement.

Both of these effects were most pronounced in the eye-
wall. The attenuating influence did not occur very fre-
quently, but often enough to cast some doubt on the
values of the maximum wind and radius-of-maximum-
wind measurements on some of the flights. On the other
hand, minimum sea level pressure was measured very
reliably. For these reasons, a measure of the minimum
sea level pressure is used for the determination of in-
tensity over the maximum wind measurement.

This dataset is comprised of over 500 flight missions
on 337 days into 66 tropical cyclones during the 3-yr
period of 1980-82.

All data were obtained from the U.S. National Cli-
mate Center in Asheville, NC. Data compilation in-
volved reorganizing the raw data into one common
dataset and carefully sorting for possible recording and
instrumental errors. Knowledge of the code changes
was crucial. All data that included any remark denoting
some measurement inconsistency were sorted out and
deleted. Any other suspicious appearing data were also
deleted.

a. Data navigation

The typical speed of motion of cyclones in this da-
taset was 5 m s~!. About 85% of all cases moved at
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FIG. 2. Center fix adjustment made to navigate data positions. (a) Use of the best
track centers alone provides continuous center positions but may deviate from aircraft
measured center, (b) in order to compensate for this discrepancy the best track path is
shifted over to pass through the aircraft measured center. Positions always use best

track central velocity and direction.
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FIG. 3. Typical distribution of tangential wind data points per mission in both the natural (or NAT) and cyclone motion (or MOT)
coordinate systems shown on the left and right, respectively. Least squares best fit course drawn through points.

speeds between 2 and 8 m s~'. All observational data
were navigated relative to the moving cyclone center.
We denote this MOTion coordinate system as MOT.
It was necessary to position each observation relative
to the center of the cyclone at the time the observation
was taken. Therefore, the problem of navigation in-
volved finding the most accurate source of center fixes
and interpolating these fixes in time so that each ob-
servation could be positioned relative to the center. To
accomplish this, a reconciliation was made between
the two basic sources of center fixes. The Guam-based
Joint Typhoon Warning Center (JTWC) provides po-
sitions of the surface cyclone center every 6 h. These
are called the “Best Track™ positions. These postcy-
clone determined Best Track positions were derived
from a combined analysis of center positions from air-
craft, satellite, land-based radar, and synoptic weather
charts. Although the Best Track file provides good
continuity of positions, its center positions, on the av-
erage, varied from the actual aircraft’s measured surface
center positions by about 25 km. This was likely due
to the different analysis levels used, navigational errors,
and frequent short period oscillations in the paths of
the cyclone which are usually smoothed out in the best
track analysis. (See the Guam Annual Tropical Cyclone
Reports of the Joint Typhoon Warning Center, Guam,
1980-1982 for detailed information on the character-
istics of each cyclone in this analysis.)

Use of the Best Track alone would have caused dis-
crepancies among the center positions, possibly placing
the aircraft-observed maximum winds too near the
center or on the wrong side of the center. This would
have seriously affected the interpretation of the inner
wind measurements. It was determined that the best
procedure to solve this problem would be the incor-

poration of both the Best Track and the aircraft-fixed
positions in combination. This involved starting with
the Best Track center fixes to provide smoothed con-
tinuity of speed and direction of motion so that the
cyclone center could be reliably tracked. Akima’s
(1970) five center-point interpolation scheme was used
to provide continuous positions between the 6-h center
fixes determined by JTWC. Akima’s routine best de-
picted changes in cyclone direction and speed, provid-
ing gradual, rather than abrupt, turns and accelerations.
It handled looping motions quite well. Secondly, when
the Best Track (as shown in Fig. 2) varied from an
aircraft measured center; it was shifted to pass through
the exact point in space and time of the aircraft fix.
Thus, critical close-in winds and the other observations
could be appropriately navigated relative to the moving
cyclone center. The Best Track and flight center fixes
were mutually adjusted in this way so that no interior
wind would disagree with the common center position.

b. Constructing the wind profile

Since the spatial resolution of flight observations in
these Pacific missions was much less than in Atlantic
cyclones, it was expedient to average all four radial legs
per mission together to obtain a symmetric wind pro-
file. All tangential wind profiles were adjusted to the
moving cyclone center. For example, Fig. 3 portrays
the tangential wind profile of Typhoon Bill with respect
to the center in both the fixed, or NATural or earth
coordinates (NAT system), and the relative MOTion
coordinate system (MOT system). Note how the large
scatter of wind speeds in the NAT system has been
reduced in the MOT system.

A curve-fitting routine was chosen to best depict the
wind profiles in a least-squares manner. The routine
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FIG. 4. Illustration of typical cyclone inner-core intensity and outer-
core wind strength, plus mean radius of 15 m s™! (R-15) and 25 m
s~! (R-30) winds.

used—seen by the solid curves in Fig. 3—was called
MONDER by its originators, Fritsch and Carlson
(1980). This smoothing scheme calculated radial av-
erages at 56 km (30 n mi) intervals. This matches the
observational frequency. The MONDER curve routine
computes 40 radial slopes and radial derivatives be-
tween these points via a piecewise cubic-spline inter-
polation. This provided smooth curves. Because the
maximum wind was sometimes not well sampled, the
smoothing scheme was programmed to use the maxi-
mum wind during an individual flight mission, not an
average of the maxima for each leg.

¢. Wind profile definitions

For the purposes of this paper, and other studies, we
define the 0-1° radius of the tropical cyclone as the
inner-core region and the 1°-2.5° radius area as the
outer-core region. We further define the mean tangen-
tial wind velocity of the 1°-2.5° region as the Quter-
Core wind Strength or OCS.
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FI1G. 5. Scatter plot of minimum sea level pressures as measured
by dropsonde vs 700 mb height measured on the aircraft.
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There is a good physical rationale for these two re-
gional designations. The inner- and outer-core regions
of the cyclone each appear to have distinctive physical
features. The maximum wind, minimum pressure, and
eye-wall cloud is nearly always contained within 1°
radius of the cyclone center, and is generally the focus
of the cyclone’s most destructive circulation. The 1°-
2.5° OCS area of the cyclone is usually covered by
clouds and typically has less destructive winds than the
inner-core region. Although rainfall rates are substan-
tially larger in the inner-core, the greater than five times
larger areal extent of the outer-core results in a larger
portion of the tropical cyclone’s (TC’s) rainfall occur-
ring in the OCS than the inner core. Overall, TC rainfall
is more related to the strength of the wind in the OCS
than to the maximum wind or MSLP of the inner core.
We will show that this 1°-2.5° radius or outer-core
region contains special cyclone wind-pressure char-
acteristics not necessarily related to the wind-pressure
characteristics of the 0-1° radius inner-core region. It
appears that this 1°-2.5° radius region of the tropical
cyclone needs special analysis and study by itself.

Figure 4 depicts this concept for Supertyphoon Elsie,
along with the mean radius of 25 and 15 m s™! surface
winds. Cyclone inner-core intensity and outer-core
wind strength were measured as follows:

(@) INNER-CORE INTENSITY. The minimum sea
level pressure (MSLP) or central height of the 700 mb
pressure surface.

Intensity is normally thought of as the maximum
wind of the cyclone. However, as previously discussed,
maximum wind intensity was sometimes not well
measured in this dataset so the center height at the 700
mb pressure surface or the dropsonde determined
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FIG. 6. Scatter diagram of cyclone minimum sea level pressure vs
measured maximum tangential wind speed relative to moving cyclone
center. X



MAy 1988

a0 FREAL L TYPHOON——{SUPERTYPHOON

301
[TF] .: o
° ® ...
E 20 ° ... .. See e
el o e L, 2
S AP
10+ H
EQ 1 1 1 1 1 -
10i0 990 . 970 950 930 910 890
MSLP  (mb)

FIG. 7. Scatter diagram of cyclone MSLP vs latitude.

Minimum central Sea-Level Pressure (MSLP) was used
as the measure of intensity. Dropsondes, however, are
less frequently taken than measurements of the mini-
mum height of the 700 mb flight level. As Fig. 5 shows,
however, 700 mb center height is a very good measure
of the MSLP. The two parameters correlate very well.
Thus, either the minimum 700 mb pressure-height
converted to MSLP or the directly measured minimum
sea-level pressure from the dropsonde was used as the
measure of cyclone intensity.

(b). OUTER-CORE WIND STRENGTH (OCS). An
area-weighted average tangential wind speed from 1°
(111 km) to 2.5° (278 km) radius in a cyclone relative
motion coordinate system. Each flight mission of full
data coverage provided one measurement of outer-core
strength (OCS).

These radial leg wind measurements provide a con-
venient comparison of the cyclone’s inner- and outer-
core wind speeds and the 12-h and multiday changes
of these wind fields.

Although wind data were not measured at the sur-
face, 700 mb level winds can be used to approximate

30f

LATITUDE
N
o

STRENGTH (ms")

FI1G. 8. Scatter diagram of outer-core wind strength vs latitude. Line
runs through the median latitude.
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FIG. 9. Scatter diagram of latitude vs mean radial extent of 25 m s™'
(50 kt) surface winds. Curve goes through median values.

surface wind speed. Studies of wind differences between
buoy-measured surface winds and flight-level winds by
Powell (1982), flight-level studies by Shea and Gray
(1973) and Jorgensen (1984a,b), and rawinsonde stud-
ies by Frank (1976, 1977) and Frank and Gray (1980)
indicate that sustained over-ocean surface wind speeds
are typically about 85% of the 700 mb level winds.

. Applying this estimate, measurements of the mean ra-

dius of 15 (30 kt) and 25 m s~ (50 kt) surface winds
were obtained using 18 and 30 m s™!, 700 mb flight-
level winds, respectively.

Knowledge of the mean radius of 15 m s™! surface
winds (or R-15) is an operational requirement for
JTWC warnings. This radius can vary from near the
center for weak systems to beyond the 4° radius. In-
formation on R-15 was unavailable when the entire
wind profile was greater than 15 m s™! (implying that
the size is larger than the 4° radius boundary of the
flight data) or when the cyclone was a tropical depres-
sion that never attained 15 m s™!. The areal extent of
25 m s~} (50 kt) or R-25 surface wind speeds (30 m s™*
700 mb winds) was used to determine the radial extent
of the beginning of damaging force surface speeds.

For more information on this flight data and the
reduction techniques the reader may consult the CSU
project report by Weatherford (1985).
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FIG. 10. Cyclone MSLP distribution by month. Stippled area indicates
values below the median for each month.







