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ABSTRACT

Determining the proper relationship between the minimum sea level pressures and maximum sustained
winds in tropical cyclones has been a long-standing problem. The major obstacle has been the lack of
sufficient ground truth, i.e., actual measurements of maximum wind speeds in tropical cyclones with a
wide range of central pressures. In this study 28 years of maximum wind measurements made at coastal
and island stations in the western North Pacific were collected and analyzed. Because of problems in mea-
suring and interpreting sustained surface wind speeds, only recorded peak gust values were used. These
peak gust values were reduced to a standard anemometer level of 10 m using a power law relationship and
then converted to 1 min sustained wind speeds using gust factors representative of an overwater environ-
ment. The sample was restricted to cases where it was reasonably certain that the station experienced
the cyclone’s maximum winds during its passage. The resulting equation,,

Vin=6.7(1010~ p.)0-64,

where p. is the minimum sea level pressure (mb) and V., the maximum sustained (1 min) wind speed
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(kt), indicates maximum wind speeds that are significantly lower than many previous studies.

1. Introduction

The maximum sustained surface wind in tropical
cyclones Is a function of the radius of maximum wind
and the local maximum pressure gradient. While the
maximum wind radius can be determined relatively
accurately from aircraft data and meteorological satel-
lite imagery, data to accurately determine the local
maximum pressure gradient are seldom available.
Therefore, most studies have concentrated on develop-
ing relationships between the minimum pressure (or
pressure difference between the cyclone center and outer
edge of the circulation) and the maximum winds.
While numerous equations have been developed over
the years, a stable equation for this relationship which
can stand the test of time in operational use has re-
mained elusive. Reliable center pressures from aircraft
reconnaissance have been available for many years;
however, accurate observations of the maximum over-
water surface winds are seldom available. The major
problems in obtaining maximum wind observations are
the sparseness of oceanic observing stations and the
lack of adequate wind equipment and exposure at
existing stations, anemometers breaking or blowing
away before recording the peak winds in intense ty-
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phoons, the general avoidance of tropical cyclones by
ships and lack of wind measuring equipment on board
ships infrequently caught near cyclone centers, and the
uncertainty of surface wind estimates from sea state
observations made during aircraft reconnaissance flights.

In this article, previous studies on tropical cyclone
pressure-wind relationships for the western North
Pacific are briefly reviewed. A new relationship is de-
veloped based on maximum wind observations recorded
at island and coastal stations in the western North
Pacific area during tropical cyclone passages during
a 28-year period.

2. Review of previous studies

Numerous minimum pressure/maximum wind rela-
tionships for tropical cyclones have been developed
over the years for both the North Atlantic and western
North Pacific areas. Holliday (1969) surveyed a number
of these relationships, primarily for the North Atlantic
area, and developed a new relationship for that area.
Most of the relationships for the western North Pacific
have been developed by Joint Typhoon Warning Center
(JTWC) personnel and discussed in the Guam Annual
Typhoon Reports (1952-75). Following is a ' review of
the various relationships which have been developed
for the western North Pacific area.

The first equation for relating maximum winds in ty-
phoons to central pressure was developed by Takahashi
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(1939). He used wind data from ships and island sta-
tions near or in Japan during.the late 1930’s. Since
central pressures often were not available, he estimated
these by interpolation and a statistical horizontal pres-
sure distribution model for typhoons. The following
_ form of the cyclostrophic wind equation was used:

V‘m=K(Pn—Pc)O'5: (1)

where V,, is the maximum surface wind speed (kt}, pn
the environmental pressure (mb), p. the central pres-
sure (mb) and K is a constant. He chose an environ-
mental pressure of 1010 mb as representative of the
western North Pacific area and K was determined to
be 13.4. Later, Takahashi (1952) indicated a constant
of 11.5 may be more applicable for higher latitudes.
With the introduction of aircraft reconnaissance of
Pacific typhoons, central pressure observations and
estimates of maximum winds near cyclone centers be-
came available, The Typhoon Postanalysis Board
(McKnown et al., 1952) at Guham derived an equation
based on 230 typhoon penetrations during 1951 and

1952. Using Fletcher’s equation (published in 1955 but

available earlier)
 Va=16(pa—po)0? @

as a, starting point, a family of curves was developed to
fit the reconnaissance data. Fletcher’s equation was
modified such that the constant decreased linearly with
increasing latitude. The resulting equation was

where 6 is the latitude (deg).

Eq. (3) was based entirely on maximum surface
wind estimates from sea state observations. No differ-
entiation was made between estimates made from 1500
ft (449, of the data) and those from 700 mb (569, of
the data). Flight level winds were not available as
Doppler navigation Systems were not installed on the
WB-29s and double-drift wind readings were ex-
tremely difficult to obtain in typhoons. Procedures for
estimating maximum winds from sea state were very
subjective and lacked any ground truth verification
. data.

As reconnaissance flights at 700 mb became routine
by the mid-1950’s, Fortner (1958) derived an equation
relating minimum sea level pressure (MSLP) to the
minimum 700 mb height. This equation allowed modi-
fication of Eq. (3) so that 700 mb height values (%7, m)
could be used in lieu of p, as shown below:3

V= (20—6/5) (372 — h1/8.54)05. (4)

This change facilitated operational use as the minimum
700 mb height was available and transmitted from the
aircraft well before the MSLP computed from the
dropsonde observation.

3700 mb heights in Eqs. (4) and (5) originally given in feet
were converted to meters.
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Wacholtz (1961) modified the latitude constant based
on reconnaissance data from 1956 to 1959. In his rela-
tionship, the maximum winds for a given central pres-
sure (or 700 mb height) occurred at 15°N and de-
creased north and south of this latitude.

Seay (1964) also modified the equation using data
through 1962. He changed the latitude factor to
(19—6/5), close to that of the original 1952 equation.
A year later the JTWC staff (1965) changed the 700
mb height term slightly, obtaining the equation

Vin=(19~6/5) (364 —h:/8.54)->. )

A later modification of Eq. (5) was made by the
JTWC staff (1969) using land station reports during
the 1964-65 and 1967-68 seasons. They noted that
winds derived from Eq. (5) exceeded the maximum
winds observed at land stations by 23.4 kt on the
average. A modified graph was constructed by sub-
tracting 20 kt from the values derived from (5); how-
ever, the graph was considered valid only for wind
speeds >45 kt.

There was considerable uncertainty involved in the
existing equations and a general belief among JTWC
forecasters that they overestimated the maximum
winds. Therefore, in 1973 a new pressure-wind rela-
tionship developed by Fujita et al. (1971) was adopted
for operational use. While the Fujita relationship ap-
peared to give more realistic wind values, a large-scale
data collection effort (described in the next section)
was initiated to obtain sufficient information to verify
or refine the existing relationships.

In this review of previous studies relating maximum
surface winds to the MSLP (or minimum 700 mb
height), various problem areas became evident. These
include 1) the lack of direct surface wind measurements
near the cyclone centers; 2) the incompatibility of the
surface wind observations used due to various averag-

‘ing periods, different anemometer heights and terrain

effects; 3) the neglect of boundary layer frictional
effects when relating flight level and surface winds;
4) the attribution of wind speed variations for given
central pressures to questionable latitude effects; and
5) the inability of the equations to produce realistic
maximum winds for the higher pressure ranges.

3. Data collection

The high annual frequency of tropical cyclones in
the western North Pacific (Crutcher and Quayle, 1974)
coupled with a fair density of meteorological stations
along the periphery of East Asia provide the best
potential for gathering surface observations -during
tropical cyclone passages. A major problem, however,
is that observations of peak wind speeds and minimum
pressures are not readily available in routine publica-
tions from the various countries concerned. Therefore,
contacts were made through correspondence and per-
sonal visits to the various national meteorological
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Fic. 1. Location of meteorological stations providing data for the study and the number of cases used for each station.

agencies to gather the required data. Some of the data
were available in climatological summaries published
by some countries since the early 1950’s. Use was also
made of annual reports of tropical cyclones affecting
the Philippines (Philippine Weather Bureau, 1950—
1970), Taiwan (1947-1971) and Hong Kong (Royal
Observatory Hong Kong, 1960-1973). Earlier data from
Hong Kong were obtained on request as were data for
Pratas Island (from the Republic of China Navy).
Special reports which compiled several decades of data
on tropical cyclones affecting the Ryukyu and Japanese
islands since the 1940’s were obtained from the Japanese
Weather Association, Tokyo (1973a,b). Occurrences of
tropical cyclone passages at meteorological stations
operated by U. S. government agencies in the western
North Pacific area were screened and data were ex-
tracted from station records supplied by the National
Climatic Center, Asheville, N. C. For recent years (1970
and after), station data were obtained on an annual basis
by direct query to the various foreign meteorological
services. Because of this extensive data collection effort,
it is felt that most of the usable station data recorded
since the late 1940’s have been screened for possible
inclusion in the data sample. Fig. 1 shows the location
of stations used in the study and the number of cases
used from each station.

4. Methodology

Maximum wind observations associated with tropi-
cal cyclones occurring at meteorological stations in

JTWC’s area of responsibility were analyzed and
screened for possible inclusion in the data sample. A
rigorous set of criteria had to be satisfied before any
case was accepted. Out of hundreds of potential candi-
dates occurring during the period 1947-74, only 76
were selected. Because of the relatively small number
of cases meeting the criteria, further stratification of
the sample was not considered advisable. As more cases
become available in future years, separate relationships
could be developed for various cyclone stages (e.g.,
deepening, filling or relatively steady state), various
latitude zones, or other stratifications. Following is a
discussion of the criteria used and the rationale for
using these criteria.

The primary limiting criterion was that selection was
restricted to cases where there was a very high proba-
bility that the station experienced the maximum winds
in the cyclone during its passage. This meant that
sometime during its passage, the eye wall cloud (where
the strongest winds are normally found) must have
been over the station. Additionally, since the strongest
winds are usually found in the right-hand semicircle of
the cyclone according to the direction of movement,
selected cases were almost always restricted to cases
where the cyclone passed directly over or just to the
left of the station. Detailed mesoscale analyses of the
cyclone’s track and eye diameter as reported by air-
craft reconnaissance and land radar observations were
used in the selection process. In less intense tropical
storms which lack a wall cloud, the maximum winds
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are usually farther removed from the cyclone center
and horizontal wind speed gradients are much less
than in typhoons. For these cases, meteorological judg-
ment and analyses of aircraft reconnaissance wind ob-
servations were used to determine if the station ex-
perienced the cyclone’s maximum winds.

The maximum wind values used were restricted to
peak gust observations taken at stations with recording
anemometers. It is felt that peak gusts are the most
reliable wind observations available during strong-wind
periods. This is illustrated by Fig. 2 which shows the
wind speed record during Typhoon Tilda at Kadena AB,
Okinawa, on 2 October 1961. The peak gust of 108 kt
is easily read from the recorder roll; however, esti-
mates of the maximum sustained wind speeds for
averaging periods of 1, 5, or 10 min could vary. con-
siderably among independent observers. The restriction
of selected cases to stations with wind recording devices
is to ensure that the peak wind speed was used. At
stations where only wind dials are available, the peak
gust could easily be missed due to demanding observer
duties during such periods of violent weather. Many
potential candidates from among cyclones striking the
Philippines or various western North Pacific island
stations had to be eliminated because of this uncer-
tainty in the wind observational accuracy. Peak gust
data used in the study were measured by different
types of anemometers from various meteorological
services. It is realized that varying sensitivities and

response characteristics of different anemometers intro-

duce another source of error. The magnitude of this
error, however, is probably less than errors introduced
by techniques/assumptions required to convert peak
gust values to sustained winds at a standard height.
Therefore, a rigorous analysis of anemometer character-
istics and possible measurement errors was not made.
Data used in the analysis were limited to wind observa-
tions from relatively small islands or to coastal stations
where the peak winds blew from an onshore direction.
This restriction was necessary so that, as much as
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possible, the wind observations would be representative
of undisturbed overwater flow. While even relatively
small islands will reduce the sustained wind speeds from
those of nearby open water, the peak gusts should be
affected only slightly. This is because peak surface
wind gusts in tropical cyclones invariably occur during
periods of heavy rainfall, when maximum winds near
the surface are transported downward to the surface
in the downdraft caused by the convective activity.
As a result, surface friction effects have less time to
operate and reduce the maximum gust speeds.

The study was designed to develop the proper rela-
tionship between minimum sea level pressures in tropi-
cal cyclones and the maximum sustained 1 min average
overwater wind speeds for operational warning pur-
poses. Thus, the peak gusts for the selected cases had
to be adjusted for elevation differences and reduced to
1 min sustained wind speeds using appropriate gust
factors. The structure of the wind field near the earth’s
surface is extremely complex and has been the subject
of numerous micrometeorological studies. Fortunately,
an excellent survey of near-surface wind structure
during strong wind conditions was available from the
Air Force Cambridge Research Laboratories (AFCRL)
(Sissenwine et al., 1973) and used for determining
reasonable adjustment factors.

Studies on the vertical variability of wind speed with
height indicated that wind profiles tend to obey the
power law

V/Vo=(H/Ho)", (6)

where V, is the wind speed at some reference level
(H,) and V the wind speed at level (H). The exponent
(P) can vary considerably depending on the atmo-
spheric temperature lapse rate, wind speed and surface
roughness. A typical value of P for sustained wind
speeds under neutral stability conditions is % (0.143).
The exponent for peak gusts, however, should be much
less because of the reduced frictional effects discussed
earlier. For this study, a P value ‘of $5 (0.0625) as
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F1c. 2. Wind speed record (kt) during passage of Typhoon Tilda at
Kadena Air Base, Okinawa, on 2 October 1961.
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F16. 3. Ratio of the peak wind gusts at various heights (m) to
peak gusts observed at a standard level of 10 m using an exponent
of 0.0625 in Eq. (6).

recommended by Sherlock (1953) was used to adjust
all peak gust observations to a standard elevation of
10 m. This P value was the lowest observed in all
studies surveyed by the AFCRL report and was chosen
to be on the conservative side (i.e., its use gave the
least reduction of peak gust speeds with decreasing
height). A graph giving the ratio of peak gusts at
various levels to the peak gusts at 10 m elevation using
the exponent P=0.0625 is shown in Fig. 3. The follow-
ing example illustrates application of this height ad-
justment. The meteorological station at Andersen AFB,
Guam, has-an elevation of 191 m above sea level with
an anemometer height of 4 meters. Entering the graph
in Fig. 3 at 195 m elevation, a ratio of 1.20 is found.
Thus, peak gusts observed at Andersen in tropical
cyclones were divided by 1.20 to estimate the peak
gusts that would be observed at the 10 m elevation.
Once peak gusts were adjusted for anemometer
height differences, estimates of the corresponding sus-
tained 1 min wind speeds were made. To do this, a
graph derived from recommended gust factors given in
Table 13 of the AFCRL report was used. Fig. 4 shows
a graph of these gust factors plotted against sustained
1 min wind speeds. It shows the gust factors decreasing
with increasing wind speed. This should be expected
from physical considerations due to increased instability
and turbulent mixing with increased wind speeds. The
gust factors shown in Fig. 4 are less than the gust
factors used operationally by JTWC which vary be-
tween 1.25 and 1.20 for winds exceeding 60 kt (Atkin-

son, 1974). Therefore, their use resulted in less reduc--

tion of the peak gusts to sustained winds than would
have resulted from using the JTWC operational peak
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gust factors. Again, the more conservative values were
used so that the sustained winds would be overesti-
mated in case any bias was present.

Once the maximum sustained winds were derived,
estimates were made of the MSLP in the cyclone at
the time the maximum winds were recorded. All avail-
able data were used to determine the MSLP. For
cyclones that went directly over or very near the sta-
tion, the MSLP could be determined from the station
pressure observations. In cases where the center passed
more than 10 n mi away from the station, the MSLP in
the cyclone was interpolated from aircraft reconnais-
sance observations of MSLP. For island stations, these
observations were generally available before and after
center passage; however, for coastal stations, the last
aircraft observation prior to landfall was used if it was
reasonably close in time to the time of the maximum
wind observation. Various sources of error can affect
the MSLP observations, e.g., errors in instrumentation
or measurement, errors in interpolating MSLP from
nearby stations, and errors incurred when the aircraft
dropsonde does not exactly hit the cyclone’s surface
center. To adjust for the last source of error, MSLP
values were computed from minimum 700 mb heights
in the cyclone (Jordan, 1957) and compared to the
MSLP recorded from the dropsonde. The lowest of
the two values was generally used for the MSLP. Even
with these sources of error, most of the MSLP’s. used
in the analysis are probably accurate to &5 mb.

5. Results

The derived maximum sustained wind speeds are
plotted against the MSLP’s in Fig. 5. Both linear and
nonlinear regression equations were fitted to the data
points. The bulk (959%,) of the data falls between 994
and 935 mb. Statistically, little difference is noted be-
tween the linear and nonlinear equations in this range.
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Fic. 4. Gust factors between the sustained (1 min) surface wind
speeds and the peak wind gusts over water at 10 m elevation.
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F16. 5. Plotted data of derived sustained surface wind speeds in
tropical cyclones versus minimum sea level pressures with non-
linear (solid) and linear (dashed) regression lines of best fit.

" Hatched lines show deviations of 10 kt from the nonlinear
regression line.

Correlation coefficients are 0.92 for both relationships.
Standard errors of estimate are the same at 8.8 kt. In
the range of pressures below 930 mb the linear relation-
ship appears to fit the data more closely than the non-
linear relationship. However, few data (four cases) are
available to make any meaningful conclusions.

The nonlinear equation

Vm=06.7(1010— p,)0-64¢, Q)

where V,, is the maximum sustained surface wind speed
(kt) and p, is the MSLP (mb) was selected for two
reasons. First, from physical considerations the equa-
tion should be similar to the form of the cyclostropic
flow relationship shown by Eq. (1). Most studies of
tropical cyclone wind-pressure relationships have used
this form of the equation to estimate maximum surface
winds. To simplify operational use with little loss of
accuracy, a representative value of peripheral pressure
is usually chosen. The value of 1010 mb used in several
other studies is felt to be representative of the environ-
mental pressure in the western North Pacific area;
however, in other tropical cyclone regions other values
may be more appropriate. For example, the average
environmental pressures near the region of maximum
tropical cyclone activity in the North Atlantic is about
10 mb higher than the corresponding area in the
western North Pacific. The exponent of 0.644 is slightly
higher than the 0.5 value used in other studies and
implied by the cyclostrophic relationship. The other
reason for selecting the nonlinear form of the equation
is that it gives a better fit to the data at the higher

MONTHLY WEATHER REVIEW

VoLuME 105

pressures and lower wind speeds. A rule of thumb used
by JTWC forecasters is that tropical depressions with
central pressures near 1000 mb normally have maximum
winds around 30 kt and the systems usually develop
tropical storm force winds as the pressures drop a few
millibars below 1000 mb. In Eq. (7), 1000 mb corre-
sponds to winds of 30 kt and 997 mb to winds of 34 kt
(minimum tropical storm intensity). Conversely, the
best-fit linear relationship (V,,=1180.3—1.143p.) gives
winds of 37 kt for a pressure of 1000 mb.

Seventy-five percent of the cases fall within 4=10 kt
of the line of best fit (shown by the hatched lines in
Fig. 5). While the scatter of data points about the
regression line is larger than desired, it is considerably
smaller than achieved in any previous studies of tropical
cyclone wind-pressure relationships. It is felt that using
the more reliable peak gust observations as the basic
wind data input and applying standard adjustment
factors for height differences to derive the maximum
sustained winds significantly reduced the large scatter
found in earlier studies. The remaining scatter is at-
tributed to departures in individual cases from the
standard height and gust factor adjustment values
used, the errors in accurately determining the maxi-
mum winds and minimum pressures, and differences in
wind-pressure relationships in individual cyclones. The
last factor can be adjusted subjectively on an individual
case basis. For example, a number of tropical cyclones
develop each year in the 20°-30° latitude zone. These
cyclones, which are normally induced by upper tropo-
spheric lows in the tropical upper tropospheric trough
(Sadler, 1976), form in areas of easterly trade wind
flow where the environment peripheral pressure may be

- significantly above 1010 mb. For these cases, the maxi-

mum winds for any given pressure should be expected
to be somewhat higher than those derived from Eq.
(7). Conversely, cyclones which form in the monsoon
trough near the Asian mainland may have environ-
mental pressures below 1010 mb and lower maximum
winds than indicated by the equation. These adjust-
ments from the regression equation can be made opera-
tionally by considering mean monthly SLP distribu-
tions and the current synoptic pressure analysis. Even
in these cases, however, it is not advisable to depart
more than #-10 kt from the regression equation value
if reliable MSLP observations are available.

6. Summary

In contrast to previous maximum wind/minimum
pressure relationships for tropical cyclones in the west-
ern North Pacific, the equation V,,=6.7 (1010—p.)%-8
is the only one derived on sufficient ground truth. This
new relationship is-moted to give lower maximum wind
speeds for a specific central pressure than the previous
equations. The most significant feature in the develop-
ment of this equation was the use of peak gust observa-
tions which were converted to a standard anemometer
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height and then to an estimated sustained 1 min wind
speed. The derived equation proved suitable for both
high and low wind speeds, a feature not found in
previous relationships. Data scatter about the regres-
sion line is within limits for creditable operational use
and is considerably smaller than in previous studies.
Hopefully, this wind-pressure relationship can be re-
fined and improved in future years as more cases are
added to this sample and more accurate techniques for
measuring surface winds in tropical cyclones are
developed.
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