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ABSTRACT

Tropical cyclone wind–pressure relationships are reexamined using 15 yr of minimum sea level pressure
estimates, numerical analysis fields, and best-track intensities. Minimum sea level pressure is estimated from
aircraft reconnaissance or measured from dropwindsondes, and maximum wind speeds are interpolated
from best-track maximum 1-min wind speed estimates. The aircraft data were collected primarily in the
Atlantic but also include eastern and central North Pacific cases. Global numerical analyses were used to
estimate tropical cyclone size and environmental pressure associated with each observation. Using this
dataset (3801 points), the influences of latitude, tropical cyclone size, environmental pressure, and inten-
sification trend on the tropical cyclone wind–pressure relationships were examined. Findings suggest that
latitude, size, and environmental pressure, which all can be quantified in an operational and postanalysis
setting, are related to predictable changes in the wind–pressure relationships. These factors can be com-
bined into equations that estimate winds given pressure and estimate pressure given winds with greater
accuracy than current methodologies. In independent testing during the 2005 hurricane season
(524 cases), these new wind–pressure relationships resulted in mean absolute errors of 5.3 hPa and 6.2 kt
compared with the 7.7 hPa and 9.0 kt that resulted from using the standard Atlantic Dvorak wind–pressure
relationship. These new wind–pressure relationships are then used to evaluate several operational wind–
pressure relationships. These intercomparisons have led to several recommendations for operational tropi-
cal cyclone centers and those interested in reanalyzing past tropical cyclone events.

1. Introduction

Possibly the most accurate and reliable measure of
tropical cyclone (TC) intensity is the minimum sea level
pressure (MSLP) either estimated from aircraft recon-
naissance flight level or obtained via direct observation
(surface or dropwindsonde). However, the destructive
potential of TCs is better related to the maximum wind
speed at or near the surface. For this reason, TC fore-
casts and advisories as well as climatological records are
most useful when they describe TC intensity in terms of
maximum surface wind speed (10-m level, 1-min sus-
tained, 10-min average, etc.)—a difficult quantity to
measure. This reality has led to the development of

relationships between the MSLP and maximum surface
wind speed, which are used both operationally and in
postanalysis of individual TC events. While these
“wind–pressure relationships” attempt to describe the
mean relationship between the MSLP and maximum
wind, the actual relationship is a function of several
factors related to TC environment and structure that
vary from case to case. As a result, there is considerable
scatter about any given wind–pressure relationship
(WPR).

Since TCs are well approximated by the gradient
wind balance (Willoughby 1990; Willoughby and Rahn
2004), one need only examine the cylindrical form of
the gradient wind equation in azimuthal mean and in-
tegral form to better understand what factors deter-
mine the MSLP in a TC (Hess 1959):

MSLP � Penv � �
r�0

renv

��Vt
2

r
� f Vt� dr. �1�
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Two obvious factors are size, which is given by the
radius of the environmental pressure, (renv) and envi-
ronmental pressure (Penv). A more subtle factor is the
integral of �[(Vt

2/r) � fVt], where Vt is the tangential
wind, � is density, and f is the Coriolis force [ f �
2� sin(� ), where � is latitude]. This integral term ac-
counts for a number of factors (radius of maximum
winds, secondary wind maxima, etc.) that are difficult to
accurately measure operationally and climatologically,
particularly in the absence of aircraft reconnaissance
data. The authors concede that in some circumstances
the radius of maximum winds can be accurately esti-
mated using satellite techniques and quite often when
aircraft reconnaissance is available. Nonetheless, any
variation in the radial profile of the tangential wind will
change the MSLP and in turn may greatly influence
how MSLP is related to the maximum surface wind.

In a modern operational setting with satellite imag-
ery and quality global analyses, five basic factors that
affect the WPR can always be estimated in operations:
size, latitude, environmental pressure, storm motion,
and intensification trend. The first two, size and lati-
tude, determine the potential magnitude of the integral
in Eq. (1). Storm motion has been shown to slightly
influence the maximum surface wind speeds associated
with TCs resulting in slightly greater intensities for
faster-moving storms if all other factors are held con-
stant (Schwerdt et al. 1979). The intensification trend
has also been shown to be an important factor for the
slope of the WPR (Koba et al. 1990). This is likely due
to the shape of the radial profiles of the tangential wind
being a function of intensification trend.

In the situation when aircraft reconnaissance is avail-
able, there is less of a need for WPRs, as the flight-level
winds, a proxy for surface winds, and MSLP are mea-
sured independently. Surface winds are routinely esti-
mated from flight level [e.g., as described in Franklin et
al. (2003)], though there is still uncertainty in such es-
timates. Thus, WPRs can provide additional indepen-
dent information when other techniques (i.e., satellite-
based intensity estimates) have estimated either the
MSLP or maximum surface wind speeds. This applica-
tion, however, may be more important during the post-
operational reanalysis of storm intensity.

Historically, WPRs have been derived primarily by
making use of two methods. The first is to assume cy-
clostrophic balance:

Vt
2 �

r

�

�p

�r
, �2�

where r is the radius, p is pressure, and � density. In
application, a loose approximation of cyclostrophic bal-
ance,

Vmax � C�Pref � Pc�
n, �3�

is most often applied, where Pref is a reference pressure,
Pc is the MSLP, C is an empirical constant, and n is an
empirical exponent—noting that n � 0.5 represents cy-
clostrophic balance. In this methodology, historical
data are used to find the best fit to parameters C and n.
However, as Landsea et al. (2004) point out, since the
numbers of weaker cases often outnumber the stronger
cases, one should bin the cases by intensity before find-
ing the best fit. The second common methodology
makes uses of maximum wind speed or MSLP compos-
ites. However, the development of WPRs in the past
has been most challenged by the relatively few cases
available for their development rather than by what
methodology is used to fit the data.

Five different WPRs have been used at the opera-
tional TC centers throughout the world. They are the
following:

1) Atkinson and Holliday (1977, 1975), used at the Re-
gional Specialized Meteorological Center (RSMC)
on La Reunion island, RSMC Fiji, the Perth tropical
cyclone center, and at the Joint Typhoon Warning
Center;

2) Koba et al. (1990) used at the RSMC Tokyo;
3) Love and Murphy (1985) used in the Australian

Northern Territory tropical cyclone warning center
in Darwin;

4) a method attributed to Crane used at the Brisbane
tropical cyclone warning center (Harper 2002); and

5) Dvorak (1975) (i.e., the Atlantic part of the table
column in Fig. 5) is used for the Atlantic and east
Pacific at the National Hurricane Center/Tropical
Prediction Center (NHC/TPC) and for the central
Pacific at the Central Pacific Hurricane Center.

These relationships are shown in Fig. 1a in terms of
	P � (MSLP � Penv). Also shown in Fig. 1b are the
four WPRs used by Landsea et al. (2004) for the At-
lantic best-track reanalysis (1850–1910) in terms of
	P � (MSLP � 1013). All of the operational WPRs,
except that of Atkinson and Holliday (1977, hereafter
AH), were compiled using composite methods, most
used relatively limited datasets, and all were developed
more than 15 yr ago. For a more comprehensive review
of the history of WPRs and the individual wind versus
pressure methodologies, reading Harper (2002) is rec-
ommended. However, two historical points from
Harper (2002) are important to the remainder of this
paper. First, unlike the development of other WPRs
and despite the laborious task of assembling the AH
dataset, AH did not bin their data by intensity before
creating a best fit. Second, the Dvorak (1975) WPRs
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are derived primarily from western Pacific MSLP mea-
surements and are identical save for the offset of 6 hPa
to account for the lower environmental pressure in the
western North Pacific.

Given the curves in Fig. 1, it is only natural to ques-
tion the relative accuracy of these methods and ask
whether or not one can develop better techniques with
a greater number of cases and with more recently col-
lected datasets. One consideration is that more recent
best-track data that take into account near-surface wind
measurements from GPS dropwindsondes (circa 1997)
as well as flight-level to surface wind reduction factors
developed using GPS dropwindsonde information
(Franklin et al. 2003), which have been used in opera-
tions since 
2002. However, it is worth noting that the
flight-level to surface wind reduction factors have var-
ied somewhat during the period of analysis. Also avail-
able are quality reanalyses of atmospheric conditions
(Kalnay et al. 1996), which can be used to estimate TC

size and environmental conditions. It is also now know
that TCs are closely approximated by the gradient wind
balance (Willoughby 1990) and that the cyclostrophic
balance is a less accurate balance approximation.

In addition to the operational considerations, the es-
timates of WPRs have become the basis of some of the
TC intensity climatology. For instance, in the past it was
routine to estimate the MSLP from aircraft and then
assign the winds according to that pressure. Any errors
or biases in these past estimates remain in the current
best-track intensity estimates. Such errors and biases as
well as others resulting from changes in operational
procedures have become particularly important with
recent publications showing dramatic upward trends in
the intensities of global TCs (i.e., Emanuel 2005; Web-
ster et al. 2005).

With the above factors in mind, the aim of this paper
is to better understand the scatter between MSLP and
TC maximum wind speeds, use this knowledge to
evaluate operational WPRs, and to make recommen-
dations based on those assessments. To this end, com-
posites of the WPR stratified by size, latitude, and in-
tensity trend are created. It is important to note that
since the systematic differences between TC basins
(latitude, size, and Penv) are explicitly accounted for in
this methodology, the resulting WPRs are applicable to
any TC. The pressure observations come from aircraft
data and the maximum wind speeds are interpolated to
the time of the pressure observation from the best
track. A unified regression approach will be developed
from the composites. Finally, using this unified ap-
proach, the WPRs used in operations and for best-track
and climatological reanalyses will be examined, and
recommendations made.

2. Datasets

This is a 15-yr study (1989–2004) that makes use of
three separate datasets: aircraft MSLP estimates or
dropwindsonde measurements in the eye, TC best
tracks, and National Centers for Environmental Predic-
tion–National Center for Atmospheric Research
(NCEP–NCAR) reanalysis and analysis fields. Aircraft
intensity fixes are maintained in a digital database that
is part of the Automated Tropical Cyclone Forecast
(ATCF) system (Sampson and Schrader 2000). Each
aircraft intensity fix has a time (nearest minute), loca-
tion (nearest 10th of a degree), and intensity MSLP
(nearest hPa) associated with it. These fixes are the
foundation for this study and are the points in time and
space by which environmental pressure and cyclone
size are estimated. Aircraft fixes are mostly located in
the Atlantic TC basin, but there are a few (N � 268)

FIG. 1. Comparison of (a) the WPRs used at operational centers
throughout the world and (b) the WPRs used by Landsea et al.
(2004) as discussed in the text. Note all winds speeds are given in
terms of 1-min sustained winds and that the Dvorak CI number is
used to compare WPRs where 10-min average winds are the stan-
dard (e.g., Fiji, Japan, and Australia).
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storm fixes available in the central and eastern North
Pacific. Fixes within 30 km of land are not used in this
study to limit the effects of landfall-induced intensity
change. Figure 2 shows the location of the points (N �
3801) used in this study. Tropical cyclone maximum
wind speeds in the operational advisories and historical
TC databases are given to the nearest 5 kt (1 kt � 0.52
m s�1). For this reason, the nonstandard unit of knots is
used for wind speeds throughout this paper. For the
remainder of this paper Vmax refers to the 1-min sus-
tained 10-m wind speed in units of knots, as is the con-
vention at the NHC. To better compare western North
Pacific WPRs, similar fixes containing the MSLP data
collected by aircraft reconnaissance are utilized (1966–
87).

Tropical cyclone best tracks are created following the
TC season and include the best estimate of location and
intensity every 6 h (Jarvinen et al. 1984). The best
tracks are archived in an ATCF database and are avail-
able from the National Hurricane Center. Maximum
wind speeds and storm translation speeds are interpo-
lated to the aircraft fix time from 6-hourly values in the
best-track files. Maximum wind 12 h prior to the air-
craft fix time is also calculated in the same manner. The
12-h intensity trend is then easily calculated. Figure 3 is
a plot of the wind speeds reported in the best tracks
versus the maximum 10-s wind reported at flight level
within 3 h of the best-track time in the U.S. Air Force
aircraft reconnaissance data 1995–2004, which were ob-
served using a common flight pattern at standardized
heights. The high correlation (R2 � 0.90) between these
datasets indicates that best-track estimates of maximum
winds are influenced by flight-level wind values in a
systematic manner. Best-track data from the western

North Pacific, maintained by the Joint Typhoon Warn-
ing Center (JTWC), are used in the evaluation opera-
tional WPRs in that region (JTWC 2006).

The translation speed (c) of a storm has a small in-
fluence on the maximum surface winds in a TC, and it
is desirable to remove this influence for this study. To
remove this influence of the storm motion, a storm-
relative maximum surface wind speed (Vsrm) is esti-
mated by Vsrm � Vmax� 1.5c0.63 as suggested by
Schwerdt et al. (1979). This approximation assumes
that the maximum winds are to the right of the TC
motion in the Northern Hemisphere, which is the case

FIG. 2. Geographical location of the tropical cyclone fixes used in this study. Each hurricane symbol represents a fix.

FIG. 3. Comparison between the maximum sustained 1-min
winds in the best track vs the maximum 10-s wind reported at
flight level for 1995–2004.

74 W E A T H E R A N D F O R E C A S T I N G VOLUME 22



with flight-level winds (Mueller et al. 2006) that are
often used in operations to estimate Vmax. The maxi-
mum surface wind’s location is still a point of scientific
debate (e.g., Kepert 2001; Kepert and Wang 2001).

Six-hourly NCEP analyses are used to estimate the
TC size and environmental sea level pressure condi-
tions for each aircraft fix. Operational analyses are used
for years 2001 to present and NCEP–NCAR reanalysis
fields are used prior to that time.

Since it is the gradient of the pressure that is best
related to the wind field, the environmental pressure in
which a TC is embedded should be accounted for in any
study of TC WPRs. An environmental pressure for
each fix is estimated by calculating the azimuthal mean
pressure in an 800–1000-km annulus surrounding the
cyclone center at each adjacent reanalysis time. To
make the calculation, the MSLP is interpolated to a
finer grid (10 km). These interpolated values are then
averaged if they fall within the 800–1000-km annulus.
The final estimate is determined by interpolating the
6-hourly estimates to the time of the aircraft fix. Using
this estimate of environmental pressure (Penv), a pres-
sure deficit (	P) is estimated by subtracting Penv from
the MSLP provided by the aircraft fix.

In an operational setting, TC size is described by the
radial extent of gale force winds or the radius of the
outermost closed isobar. Both quantities are estimated
by the warning agency, which for most cases in this
study is NHC. The size can also be evaluated by the
wind fields in the reanalysis data. Ideally, the size would
be quantified according to the radius of the zero tan-
gential winds; however, this quantity is very difficult to
determine. Fortunately, the average tangential winds
calculated from the NCEP analyses in the annulus of
400–600 km (V500), calculated in the same manner as
Penv, correlate with TC size. The tangential winds in
this annulus are not only resolved by the global numeri-
cal analyses, but often correspond with the radial extent
of the cirrus canopy (Kossin 2002; Knaff et al. 2003).
Figure 4 shows the relationship (R2 � 0.25) between
V500 and the average radius of 34-kt winds reported
in the NHC advisories (1995–2004). Additionally, it
is recognized that TC size is also influenced by differ-
ences in intensity and latitude [see Eq. (1)]. To evaluate
a range of tropic cyclone sizes for differing intensities
and locations, a normalized size parameter is devel-
oped.

To remove the influence of TC intensity and latitude
from the size estimate, the V500 is then divided by the
value by the climatological tangential wind 500 km
from the center (V500c), which is estimated using a
modified rankine vortex:

V500c � Vmax�Rmax

500 �x

, �4�

where x, the shape factor, and Rmax, the radius of maxi-
mum winds in kilometers, are functions of latitude (� )
in degrees and intensity (Vmax) in knots:

x � 0.1147 � 0.0055Vmax � 0.001�� � 25� and

�5�

Rmax � 66.785 � 0.09102Vmax � 1.0619�� � 25�. �6�

Coefficients for this modified Rankine vortex model
are derived from the operational Atlantic wind radii
Climatology and Persistence (CLIPER) model dis-
cussed in Gross et al. (2004). These equations are valid
for Vmax � 15 kt.

For each aircraft fix, a value of V500 is estimated by
interpolating values calculated at adjacent analysis
times to the time associated with the fix. The value of
V500 is then normalized by dividing this value by V500c.

In summary, aircraft fixes for the period (1989–2004)
collected in the Atlantic and central and eastern North
Pacific provide a date and time, location, and MSLP
associated with various TCs. Aircraft fixes within 30 km
of land are excluded from the dataset. Using the times
and locations of the remaining fixes, the best-track
maximum winds, 12-h trends and intensities, and 12-h

FIG. 4. The mean storm-relative tangential velocity calculated
from the NCEP analyses and the NCEP–NCAR reanalysis fields
vs the average radius of 34-kt winds reported in the NHC advi-
sories. The average is the mean radius of the nonzero quadrants
for each advisory. Note that TC size and Penv are estimated from
the NCEP–NCAR reanalysis fields during 1989–2000, and from
the NCEP operational analysis fields during 2001–04.
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motion are interpolated to the time of each fix. The
effects of storm motion are removed then from the in-
tensity estimate to form a storm-relative maximum sur-
face wind, Vsrm. Similarly, NCEP analyses are used to
estimate the environmental sea level pressure at 800–
1000 km (Penv) and the average tangential winds at
400–600 km (V500) associated with each fix. The influ-
ence of the Penv is then subtracted from each MSLP fix
to form a pressure deficit (	P). The estimate of V500 is
divided by a climatological value [Eqs. (4)–(6)] to form
a normalized TC size parameter, which is used to esti-
mate and account for variations in TC size. Combining
this information results in 3801 cases with estimates of
time, location, MSLP, Penv, 	P, Vmax, Vsrm, 12-h trends
of Vmax, 12-h motion, and TC size. These parameters
are used in the following sections to reexamine TC
WPRs.

3. Methodology

There are five basic factors that affect the WPR con-
sidered in this study that can be both estimated with
current datasets and in an operational setting. These
include environmental pressure, storm motion, latitude,
storm size, and intensification trend. In the following
section, each of these factors will be discussed. Other
factors, associated with the radial distribution of tan-
gential winds, particularly variations in the radius of
maximum wind (RMW), are not considered.

Statistics associated with each composite and the
whole dataset are shown in Table 1. Individual com-
posites are created by binning Vsrm every 2.5 kt for Vsrm

values less than or equal to 70 kt and every 5 kt for Vsrm

values above 70 kt. In the cases where there are less
than 10 individual cases in a bin, those cases are com-
bined with the next ascending bin(s) until at least 10
cases are utilized in each average. Detailed results of
these stratifications will be discussed in section 4.

Using the composites based upon latitude, size, and
intensity trend, which are binned by intensity, regres-

sion equations are developed for each composite using
predictors that closely approximate the likely best fit
associated with gradient wind balance (i.e., 	P � aV2

srm

� bVsrm � C). The deviation from historical practice is
justified by our current knowledge that TCs are well
approximated by gradient balance rather than cy-
clostrophic balance. These equations then will be used
to estimate the value of 	P for each Dvorak current
intensity (CI) number given in appendix B.

In addition, the composite averages of each of the
individual composites are used to create one unifying
regression equation that can be used to predict 	P as a
function of Vmax, latitude, size, and intensity trend.
Likewise, regression equations will be developed for
Vmax (i.e., Vsrm(	P) � a	P � b�|	P| � C, and Vmax �
Vsrm � 1.5c0.63, where c is storm motion), but only for
those stratifications that would be used for climatologi-
cal reanalysis. These unified approaches will be dis-
cussed in section 5. These unified regression equations
will be compared with techniques used both operation-
ally throughout the world and for best-track reanalysis
activities in section 6.

4. Factors influencing wind–pressure relationships

a. Environmental pressure

For the 3801-case dataset, the mean value of Penv is
1014.3 hPa, the standard deviation is 2.5 hPa, the maxi-
mum is 1025.1 hPa, and the minimum is 1004.5 hPa.
Figure 5, which shows MSLP versus Vmax and 	P versus
Vmax, illustrates the effect of using 	P instead of MSLP
when developing WPRs. There is a very small reduc-
tion (i.e., 0.3%) in the variance explained by a linear fit
of 	P compared to MSLP, and the resulting scatter in
Fig. 5b is still substantial.

b. Storm motion

Storms that translate at faster speeds have been
shown to have slightly larger maximum surface

TABLE 1. Mean statistics of the individual composites.

Sample No. Avg lat (°) Avg size Avg Vmax Avg Vmax trend Avg Penv Avg speed (kt) Avg MSLP

Whole 3801 23.67 0.49 72.15 2.55 1014.25 9.61 979.61

20° 1226 16.51 0.48 74.86 1.99 1013.18 10.00 979.45
20°–30° 1917 24.94 0.48 71.30 3.42 1014.27 9.07 979.74
�30° 659 33.33 0.52 69.57 1.04 1015.18 10.44 979.52
Small 595 23.43 0.18 59.16 2.44 1015.12 9.81 992.74
Avg 2562 23.43 0.47 69.70 3.03 1014.18 9.68 982.03
Large 644 24.88 0.83 93.90 0.71 1013.72 9.14 957.84
Weakening/steady 1746 24.27 0.51 73.16 �5.66 1014.48 9.60 977.97
Intensifying 2056 23.17 0.47 71.30 9.52 1014.06 9.62 980.99
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(Schwerdt et al. 1979) and flight-level winds (Mueller et
al. 2006). Storm motion in this sample had a mean value
of 9.6 kt with a standard deviation of 4.6 kt and ranged
from 0 to 34.8 kt. Figure 6 shows the scatter diagram of
	P versus Vmax and 	P versus Vsrm, the effect of re-
moving this factor on the WPR. Again, as was the case
with removing the effects of Penv, removing the influ-
ence of storm motion has a relatively small effect on the
reduction of the scatter, increasing the variance ex-
plained by about 0.2%.

c. Latitude

As latitude increase, the Coriolis force also increases,
requiring lesser tangential wind to balance the pressure
gradient force. As a result, higher-latitude storms have
lower pressures given the same radial wind profile. To
explore the influence of latitude in our dataset, com-
posites are constructed. The average latitude of the
whole sample is 23.7°N with a standard deviation of
6.4°. Latitude-based composites are constructed from
fixes for regions equatorward of 20° latitude, between
20° and 30° latitude, and greater than 30° latitude. This
resulted in 1226, 1970, and 659 cases, respectively. The

mean quantities of the individual composites are shown
in Table 1.

The composite results of the latitudinal stratification
(Fig. 7) show that the 	P versus Vsrm relationship is
clearly a function of latitude. The differences seem
fairly systematic for Vsrm values greater than 45 kt. In
this intensity range, there is approximately a 5-hPa de-
crease for every 10° of latitude. These composites con-
firm that for a given Vsrm a low-latitude storm will on
average have higher values of 	P.

d. Size

Following the gradient wind balance, large TCs have
smaller Vmax for a given 	P because the pressure gra-
dient is distributed over a larger radial distance. Figure
8 shows the relationship between the size parameter
(i.e., V500/V500c) and the average radius of 34-kt winds
from the advisories. The size parameter explains 40%
of the variance of the average radius of 34-k winds (the
sample mean radius of 34-kt winds is 110 n mi). As a
test to see if the size parameter was really indicating
size, we examined the tails of the distribution for storms
with Vmax � 100 kt. The largest storms with these in-

FIG. 5. Scatterplots of (a) MSLP vs Vmax and (b) 	P vs Vmax. FIG. 6. Scatterplots of (a) 	P vs Vmax and (b) 	P vs Vsrm.
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tensities were all from the Atlantic: Isabel (2003), Floyd
(1999), Luis (1995), Gert (1995), and Mitch (1999)—all
notably large storms. The smallest storms were Charlie
(2004) and Andrew (1992) from the Atlantic, John
(1994, south of Hawaii) and Olivia (1994) from the east
Pacific, and Iniki (1992) from the central Pacific—all
notably small storms. Examining the seasonal summa-
ries and other information available about these
storms, it appears that the size parameter is providing a
good estimate of TC size. Further evidence is presented
in the composite means.

Based on this size parameter, three composites are
created containing small, average, and large storms.
The distribution of this TC size measure is nearly nor-
mal with a mean value of 0.49 and a standard deviation
of 0.22. The composites consist of those cases less than
1 standard deviation from the mean (small), between
�1 and �1 standard deviations from the mean (aver-
age), and those cases with sizes greater than 1 standard

deviation from the mean (large) resulting in 595, 2562,
and 644 cases, respectively. Further size stratification
(e.g., that used in Merrill 1984) was not attempted as
the number of large TC cases became too small. Again,
mean quantities associated with each composite are
shown in Table 1.

The WPRs resulting from the composite averages are
shown in Fig. 9. Interestingly, the differences between
small TC and average-sized TC composites are rather
small, but for the large storms, 16.9% of the sample, 	P
tended to be significantly lower than storms with simi-
lar Vsrm. In Fig. 9, there appears to be a slight discon-
tinuity in the large composite cases occurring in the
intensity range 85–120 kt that requires further explana-
tion. This was examined and is related to the mean
latitude of the composite averages stratified by inten-
sity. As the intensity increased, the mean latitude de-
creased from 
28° at 85 kt to 
20° at 125 kt.

e. Intensity trend

Koba et al. (1990), using surface MSLP and satellite
wind estimates gathered in the western North Pacific,
found that the WPR was also a function of intensity
trend. The steady and weakening (intensifying) storms
tended to have lower (higher) pressures at intensities
below 65-kt strength (i.e., Dvorak T-number 
5.5) and
higher (lower) pressures above this threshold. These
trends may be the result of the TC life cycle and typical
structural differences (vortex size and radius of maxi-
mum winds) between developing and decaying TCs
(i.e., those discussed in Weatherford and Gray 1988).
Composites of steady and weakening storms are com-
pared with those that are weakening, repeating the
analysis of Koba et al. (1990). Mean statistics associated
with these composites are shown in Table 1.

Composite averages based on intensity trends are
shown in Fig. 10. These data confirm the results re-

FIG. 8. A plot of the relationship between the TC size parameter
(V500/V500c) and the average 34-kt wind radii from operational
advisories (1989–2004).

FIG. 7. Plots of 	P vs Vsrm for the three latitudinal composites. FIG. 9. Plots of 	P vs Vsrm for the three size-based composites.
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ported in Koba et al. (1990) that showed that weaken-
ing/steady and intensifying storms have different
WPRs. The shapes of these curves suggest that the in-
tensity trend of a given storm is an important factor in
determining the WPR.

Using independent data, the differences found by
Koba et al. (1990) were confirmed here. Findings show
that weakening/steady (intensifying) storms have a ten-
dency to have lower (higher) pressures below intensi-
ties of 
40–65 kt and higher (lower) pressures at inten-
sities greater than 
40–65 kt. However, examining the
composite results with respect to trend also shows that
the intensifying storms are smaller and at lower latitude
than the weakening storms in the same ranges of maxi-
mum wind speed in which the WPR has the greatest
differences. Figure 11 shows the average size and aver-
age latitude versus the storm-relative maximum wind
for the intensifying and weakening/steady composites.
Furthermore, these relationships have been fit to sec-
ond-order polynomials shown by the black and gray
lines, which shows that there are clearly size and lati-
tude differences between these composites. These re-
sults suggest that the differences in the WPRs between
intensifying and weakening systems are likely due to
differences in size and latitude between intensifying
and weakening storms. Several studies have shown that
the circulations associated with TCs become larger
the longer the storm exists (Cocks and Gray 2002;
Weatherford and Gray 1988; Merrill 1984). The results
suggest that the majority of storms intensify early in
their life cycle when on average they are smaller and at
lower latitude and weaken latter in their life cycle when
they are larger and at higher latitude. The results how-
ever suggest that it is the size differences that are most

important. In the intensity range of 64–100 kt the sizes
are 
0.30 standard deviations smaller for the intensify-
ing composite, but only a couple of degrees latitude
equatorward. This result will be examined further in
the next section discussing the development of unified
WPRs.

5. Unified wind–pressure relationships

A unified WPR to predict MSLP is derived using
multiple linear regressions where the predictors tested
are TC size, latitude, and intensification trend. The in-
tensity trend predictor, while added as a potential pre-
dictor in the multiple regression approach, resulted in
less than a 0.01% reduction of the variance when lati-
tude and size were included as predictors. For this rea-
son, intensity trend is not considered. This further em-
phasizes that intensity trend is not independent of the

FIG. 10. Plots of 	P vs Vsrm for the two intensity trend-based
composites.

FIG. 11. Composites of average storm-relative maximum sur-
face winds (Vsrm) vs (top) composite average TC size and (bot-
tom) average tropical cyclone latitude. Composites are stratified
by 12-h intensity trends. The averages of storms with steady or
weakening (intensifying) intensity trends are shown by the black
(gray) points. Second-order polynomial trend lines are added with
the same shading.
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factors size and latitude. The resulting multiple regres-
sion equation is

MSLP � 23.286 � 0.483Vsrm � � Vsrm

24.254�2

� 12.587S

� 0.483� � Penv, �7�

where Vsrm is the maximum wind speed adjusted for
storm speed, S (i.e., � V500/V500c) is the normalized size
parameter discussed in section 3, and � is latitude (in °).
When applied to the individual cases used to make the
composites, this equation explains 94% of the variance
with a root-mean-square error (RMSE) of 5.8 hPa and
a mean absolute error (MAE) of 4.4 hPa. For compari-
son, the standard Dvorak curve for the Atlantic ex-
plained 91% of the variance with an RMSE of 7.1 hPa
and an MAE of 5.4 hPa.

One could solve Eq. (7) for Vsrm, but analogous to
solving for the gradient wind, the solution has two
roots. The WPR can also be derived as a separate re-
gression equation to estimate Vmax given 	P. In the
development of this regression equation, the square
root of 	P is used as a predictor in addition to 	P, size,
and latitude:

Vmax � 18.633 � 14.960S � 0.755� � 0.518�P

� 9.738�|�P| � 1.5c0.63, �8�

where c is the storm translation speed. Applying this
relationship to the individual fixes explains 93% of the
variance of the wind speed and results in an MAE of 6.0
kt and an RMSE of 7.8 kt. Again for comparison, the
Atlantic Dvorak curve explains 90% of the variance,
with an MAE of 7.6 kt and an RMSE 9.8 kt. Because S
is a function of Vmax, a good estimate of Vmax is needed;
otherwise, Eq. (8) should be iterated to a solution of
Vmax. Convergence within 1 kt is usually obtained in
two iterations.

The WPRs developed in this section [i.e., Eqs. (7)
and (8)] account for the influence of TC size and lati-
tude, storm motion, and environmental pressure when
estimating MSLP and Vmax. Figure 12 shows the depen-
dent relationships from Eqs. (7) and (8). Both relation-
ships can be used in operations to help with the assign-
ment of Vmax, given a measurement of MSLP, and to
estimate MSLP when Vmax has been estimated (e.g.,
Dvorak intensity estimates). Since there is still consid-
erable uncertainty with the various observations (satel-
lite estimates, reconnaissance wind reduction, wind av-
eraging periods, etc.), these equations can also be used
to add consistency to operational Vmax and MSLP esti-
mates. Furthermore, since both Eqs. (7) and (8) ac-

count for Penv, TC size, and latitude—the same factors
that account for the differences between TC basins,
then these equations can be applied to any TC basin.
Under that premise, these relationships are used in the
next section to examine other WPRs used at opera-
tional centers.

A possibly more important use of these equations is
to offer an improved way to estimate intensities for the
climatological reanalysis of TC intensities. There is an
increasing need to reanalyze the best-track intensities
in all basins since these historical records are being used
to assess climate change (e.g., Webster et al. 2005;
Emanuel 2005). While the Atlantic basin best track in-
cluding intensity has been reanalyzed from 1850 to 1910
(Landsea et al. 2004), future reanalysis of these inten-
sities will be aided by the results presented here. With
this type of application in mind, section 7 presents a
comparison of results generated by Eq. (8) with the
method used in Landsea et al. (2004).

FIG. 12. The dependent results of (a) Eq. (7) for predicting
MSLP given Vmax and (b) Eq. (8) for estimating Vmax given
MSLP.
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6. Reexamination of operational wind–pressure
relationships

The first operational WPR examined is from Dvorak
(1975, 1984) for the Atlantic, which is used for estimat-
ing MSLP in the Atlantic and eastern and central Pa-
cific. To examine the Dvorak (1975) Atlantic WPR, the
published tables were fit to a function MSLP � 1021.36
� 0.36Vmax � (Vmax/20.16)2, which introduces an MAE
of 0.7 hPa, an RMSE of 0.8 hPa, and a bias of 0.1 hPa
to the Dvorak WPR table. The developmental data
were then passed through this function. The results are
then compared with MSLP computed from Eq. (7) us-
ing the observed environmental pressure as well as the
sample average environmental pressure for Penv. Those
results were then compared with the observed MSLP
and MAE, RMSE, and bias, shown in Table 2. Results
that are statistically different, assuming 211 degrees of
freedom (df) [i.e., df � �n log(r1), where r1 is the lag 1
autocorrelation] and a standard two-tailed student’s t
test, from those produced by Eq. (7) are set in italics
(95% level) and boldface (99% level) in the table.

Using Eq. (7) along with the observed environmental
pressure led to improvement over the Atlantic Dvorak
WPR relationship. Even the use of mean environmen-
tal pressure in Eq. (7) instead of the observed environ-
mental pressure yielded slightly better results. The ef-
fectiveness of the Dvorak WPR is however remarkable
considering that it was developed using mostly western
Pacific data, but adjusted upward for the average dif-
ferences in environmental pressure (Harper 2002).
There is however a couple of caveats associated with
these results. The first is that the Dvorak WPR is used
operationally in these basins and there may be a built-in
dependence (i.e., using this relationship to assign Vmax

some of the time) as suggested by Harper (2002). The
second is that Eq. (7) is not completely independent.
Independent results are presented later in this paper.

The next operational WPR examined is that of Koba
et al. (1990). Using a similar approach, the tabular val-
ues of 	P (assuming Penv � 1010 hPa) were fit to a
function, 	P � 6.22 � 0.58Vmax � (Vmax/31.62)2, where
Vmax is the 1-min sustained wind associated with the

Dvorak CI number. Thus, this study does not consider
the conversion of 1- to 10-min averaging times used in
Koba et al. (1990) or by the Japanese Meteorological
Agency. This function introduces an MAE of 0.8 hPa,
an RMSE of 0.9 hPa, and a bias of 0.4 hPa to the Koba
et al. WPR table. These are then compared to Eq. (7) in
a similar manner as before. The results and statistical
significance of this comparison are shown in Table 2.
The Koba et al. (1990) relationship is not a good rela-
tionship for these data because it has a large and sys-
tematic bias. A closer inspection of the biases shows
that they are very similar to the changes in 	P seen
between composites of average and small TCs com-
pared with large TCs. This result along with the obser-
vation that TCs in the western Pacific are generally
larger than those in the Atlantic (Merrill 1984) suggest
that the Koba et al. (1990) sample is generally of larger
storms. If only the storms in the large composite are
considered, the Koba et al. (1990) WPR seems good
(i.e., not statistically significant at the 90% level); the
RMSE is 7.0 hPa and the MAE is 5.7 hPa with a bias of
�2.2. For comparison, Eq. (7) produced an RMSE of
8.1 and an MAE of 6.6 and had a bias of �5.3 for the
large-storm sample. Indirectly, this further implies that
the Koba et al. dataset likely consisted of generally
larger storms.

The next WPR examined is the AH, which should
have similar properties to the Koba et al. (1990) WPR
(i.e., similar to the large composite sample). Again,
1010 hPa is used for the environmental pressure and the
published function is 	P � �(Vmax/6.7)1.553. The error
statistics associated with the application of this WPR to
this study’s data and its rather poor performance are
shown in Table 2. Since the Koba et al. (1990) results
suggest that the western Pacific sample may contain
larger storms, error statistics are also calculated for the
large composite data; the RMSE is 12.5 hPa and the
MAE is 9.67 hPa with a bias of �7.4 hPa—all of which
are statistically significant at the 99% level. These val-
ues are very similar to the comparison with the whole
dataset, suggesting that the AH WPR may not be as
valid as either Eq. (7) or the Koba et al. (1990) WPR.

TABLE 2. Statistics associated with Eq. (7) using the observed environmental pressure (Penv), Eq. (16) using the climatological
environmental pressure (Pclim) from the sample, and the Atlantic Dvorak, Koba et al. (1990), AH, Love and Murphy (1985), and Crane
WPRs. Bias and error statistics that are statistically different than those produced by Eq. (7) are shown in italics for the 95% and
boldface for the 99% levels, respectively.

Eq. (7) Penv Eq. (7) Pclim Dvorak Atlantic Koba et al. (1990) AH Love and Murphy (1985) Crane

Bias �0.5 �0.5 0.9 �7.0 �8.2 �1.2 �7.9
RMSE 5.8 6.3 7.1 9.9 11.5 8.1 10.6
MAE 4.4 4.8 5.4 8.2 9.1 6.4 8.8
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Interestingly, there is a negative bias throughout the
entire intensity range with the largest errors occurring
for very intense storms. The estimates of 	P made by
the AH WPR tend to be 20 hPa too low for Vmax above
120 kt. It therefore appears that the AH WPR is a bad
fit. This last point is expanded upon in appendix A
where the raw AH data are reexamined.

In Australia there are different WPRs used at each
TC forecast office. Perth uses the AH WPR; Darwin
uses the Love and Murphy (1985) WPR, where 	P �
6.37 � 0.54Vmax � (Vmax/43.03)2; and Brisbane uses a
WPR table attributed to Crane 	P � 5.82 � 0.50Vmax

� (Vmax/22.20)2. The errors introduced by creating
functional forms are an MAE of 0.4 hPa, an RMSE of
0.52 hPa, and a bias of 0.4 hPa for the Love and Murphy
WPR and an MAE 0.7 hPa, an RMSE of 1.0 hPa, and
a bias 0.7 hPa for the Crane WPR. Using the same
methodologies as above, both of these WPRs are com-
pared with results from Eq. (7) as shown in Table 2.

The Love and Murphy WPR produces good error
statistics, but the overall biases are a result of large
negative biases associated with weaker storms and large
positive biases, particularly above intensities of 90 kt
(i.e., Dvorak T-number � 5.0). Since cyclones forecast
by Darwin tend to be at low latitudes and small, this
WPR is similar to that of Guard and Lander (1996),
which was created specifically for midget TCs. To ex-
amine the regional latitude effect, this WPR is then
compared with the low-latitude composite cases. Doing
so resulted in similar statistics that are statistically sig-
nificant at the 95% level: an RMSE of 8.9 hPa and an
MAE 7.4 hPa, with a bias of �4.0 hPa, compared to an
RMSE of 7.4, an MAE of 5.9, and a bias of �4.5 from
Eq. (7). Similarly, a comparison was made with the
small composite data resulting in an RMSE of 8.7 hPa,
an MAE of 7.2 hPa, and a bias of �5.4 hPa compared
to an RMSE of 7.0 hPa, an MAE of 5.1 hPa, and a bias
of �3.3 hPa. These differences too were significant at
the 95% level.

The WPR used at Brisbane has characteristics similar
to those of the AH WPR (Harper 2002) and as shown
in Fig. 1. Error statistics for this WPR are shown in
Table 2. Inferring a similarity with the western Pacific,
this scheme was also examined using the large compos-
ite resulting in a bias of �5.1 hPa, an RMSE of 9.45
hPa, and an MAE of 7.5 hPa. Thus, this methodology
has performance characteristics similar to those of the
AH WPR.

In summary, there are five WPRs used in operations
throughout the world. Each was examined for their
ability to perform better than the relationship given in
Eq. (7). One of the five methods, the Atlantic Dvorak
performed well when compared to results produced by

Eq. (7). The Dvorak Atlantic relationship from Dvorak
(1975, 1984) produced good results for the entire de-
velopmental dataset. Two other relationships per-
formed well for subsets of the developmental data. The
Koba et al. (1990) relationship is valid for a large-sized
subset of storms and the Love and Murphy (1985) WPR
relationship seems valid for the combination of small
and low-latitude storms, though Eq. (7) provides a bet-
ter fit to the developmental data. The WPR attributed
to Crane used at the Brisbane tropical cyclone center
performed poorly versus the developmental sample and
other size-based subsamples, and thus a change in op-
erational WPRs should be considered.

Finally, the AH WPR has a large negative bias in
Vmax for intense storms that does not seem to be sup-
ported by our dataset nor by the developmental dataset
used in Koba et al. (1990). This result suggest that the
replacement of the Dvorak (1975) western Pacific WPR
table by that of AH in Dvorak (1984) may have been
unjustified. Given the rather limited justification for the
use of AH in the western Pacific (i.e., Shewchuk and
Weir 1980; Lubeck and Shewchuk 1980), and the results
from the Koba et al. (1990) WPR presented here, the
use of the AH WPR appears to be unsupported by the
data. The problem with this method can be attributed
to the methodology used to fit the data, as discussed in
appendix A. In regions where the AH WPR is used, its
use should be reconsidered with the possibility of re-
placing it with Eq. (7), the Koba et al. (1990) WPR, or
at very least the western Pacific WPR table published in
Dvorak (1975).

Furthermore, regarding recent climatological studies,
evidence suggests that the use of the AH WPR to assign
wind speeds given the aircraft estimate of MSLP has
resulted in a systematic wind speed bias (too low) in the
western Pacific TC climatology during the time of its
use at JTWC (
1974–87). Figure 13 shows the MSLP
estimated from aircraft versus the best-track wind
speeds in the western North Pacific for 1966–73 and
1974–87 along with the best fit to the data and the AH
WPR. In operations, it was routine that surface winds
were assigned using the observed MSLP in WPRs. This
figure shows that in the later period (1974–87) the AH
WPR is used to assign maximum surface wind speeds.
This results in the western North Pacific best-track in-
tensity estimates being too low in the years 1974–87,
particularly for the more intense storms. These findings
offer an alternative explanation for some of the upward
trends in TC intensity reported in the northwest Pacific
(Emanuel 2005; Webster et al. 2005). Ironically, this
implies that the western Pacific best-track Vmax esti-
mates for the stronger storms may have become more
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accurate without aircraft reconnaissance, somewhat
contradictory to the results of Martin and Gray (1993).

7. Wind–pressure relationships used for
climatological reanalysis

While operational users usually assign a pressure
given a wind, the opposite is done when meteorologists
reanalyze TC intensities. Often there is an observed or
estimated MSLP from reconnaissance or surface/ship
observations, but no or limited measures of the TC
wind speed. The tabular forms of the operational tables
are sometimes used to do this type of reanalysis, but as
shown above, these operational tables sometimes result
in considerable bias and error. Equation (8) offers an
alternative to the operational tables and can be iterated
to a stable solution for Vmax given MSLP.

Recently, the Atlantic best tracks were reanalyzed
and extended backward in history for the period 1851–
1910. There were four WPRs used for this reanalysis

(Landsea et al. 2004), which were developed from the
aircraft era of the best-track dataset (1970–97) in re-
gions known to have routine reconnaissance. These
WPRs (shown in Fig. 1b) will now be examined in a
similar way as the WPRs used in the operations, but
with respect to Vmax [i.e., Eq. (8)] for comparisons.
These comparisons again make use of the observed en-
vironmental pressure and the sample mean or climato-
logical pressure.

Results of this analysis are shown in Table 3. In the
region south of 25°N, both the Landsea et al. relation-
ship and Eq. (8) performed well with slightly negative
biases and MAEs below 7.5 kt. It is interesting to note
that the use of the observed environmental pressure
south of 25°N resulted in significant improvements to
both schemes. In the Gulf of Mexico, Eq. (8) outper-
forms the Landsea et al. equations, and again the use of
environmental pressure results in smaller errors in Eq.
(8) as well as the Landsea et al. equation. Results from
Eq. (8) are shown to produce superior results in the
Atlantic regions between 25° and 35°N. In this region,
the use of the observed environmental pressure has a
negative effect on the Landsea et al. relationships. In
the region poleward of 35°N, Eq. (8) is again superior
to the Landsea et al. approach. Also notice that there is
more scatter in the data (i.e., larger RMSE) suggesting
more size and environmental pressure variability in this
poleward of 35°N group. As a result, errors associated
with both Eq. (8) and the Landsea et al. relationships
increase dramatically in this higher-latitude region. For
comparison, the Atlantic Dvorak tables produced an
RMSE of 9.8 kt, an MAE of 7.6 kt, and a bias of 0.8 kt
for the entire developmental dataset.

In summary, the Landsea et al. equations do an ad-
mirable job of estimating the winds from the pressure
equatorward of 25°N, while the Landsea et al. WPRs
for Atlantic storms north of 25°N and for the Gulf of
Mexico have larger errors and lower correlation than
those produced by Eq. (8). In all cases, the results from
Eq. (8) improve on the Landsea et al. equations. This
suggests that environmental pressure and cyclone size
play a factor in the WPR, particularly north of 25°N,
and should be considered when reanalyzing TC inten-
sity since 1948 when TC size estimates are available
from the NCEP–NCAR reanalysis data.

8. Independent results from 2005

To better ascertain the accuracy of Eqs. (7) and (8),
an independent dataset from the entire 2005 hurricane
season is used to evaluate these equations. Similar re-
sults were also calculated using the Atlantic tables in
Dvorak (1975, 1984). Results, shown in Table 4, suggest

FIG. 13. MSLP vs best-track maximum surface winds (Vmax)
interpolated to the time of the observations and the associated
best fit relationships to these data for (a) 1966–73 and (b) 1974–87.
Also shown are the AH and Dvorak (1975) WPRs.
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that the equations developed here perform significantly
better than the operational Dvorak WPR. Pressures
(winds) are more accurate by approximately 2 hPa (3
kt) for this 524-case sample.

Figure 14 shows predicted Vmax given the MSLP us-
ing Eq. (8) and the Dvorak WPR versus the final best-
track Vmax estimate (top) and the predicted MSLP us-
ing Eq. (7) and the Dvorak WPR versus aircraft mea-
surement of MSLP (bottom). The scatters associated
with the estimates made with Eqs. (7) and (8) are
smaller and the estimates have a better one to one cor-
respondence with the observations than those making
use of the Dvorak WPR. It is also noteworthy that the
largest outliers (30 kt and 27 hPa) were associated with
Hurricane Wilma, which at that time had a 2 n mi radius
of maximum winds and 892-hPa MSLP. Large overes-
timation of Vmax and underestimation of MSLP oc-
curred with Hurricane Rita as its radius of maximum
winds appeared to shrink as it approached land; in fact
its MSLP was a record low for a storm hitting the coast
with 100-kt winds. The errors associated with these two
independent cases suggest that information about the
radius of maximum winds could likely improve these
relationships even further.

9. Summary and recommendations

The purpose of this work was to reexamine the issue
of TC WPRs using more recently collected and higher
quality datasets along with additional environmental
factors that are measurable in an operational setting.
While it is recognized that other factors (i.e., radius of
maximum wind, secondary wind maxima, flight level to
surface wind reduction, asymmetries, and other radial
wind profile variations) will influence the MSLP rela-
tionship to the wind, these factors are not easily and

TABLE 3. Statistics (R2, bias, RMSE, and MAE) associated with Eq. (8) using the observed environmental pressure (Penv), Eq. (8)
using the climatological environmental pressure (Pclim) from each regional subsample along with the appropriate Landsea et al. (2004)
regional WPRs utilizing a reference pressure either equal to 1013 or Penv. Bias and error statistics that are statistically different than
those produced by Eq. (8) are shown in italics for the 95% and boldface for the 99% levels, respectively.

South of 25°N, N � 1540, df � 85

Eq. (8) using Penv Eq. (8) using Pclim � 1013.6 Landsea et al., Pref � 1013 Landsea et al., Pref � Penv

R2 0.95 0.93 0.92 0.94
Bias �.1.04 �1.29 �2.32 �1.13
RMSE 7.67 8.68 9.54 8.04
MAE 5.89 6.55 7.29 6.20

Gulf of Mexico, N � 818, df � 45

Eq. (8) using Penv Eq. (8) using Pclim � 1013.5 Landsea et al., Pref � 1013 Landsea et al., Pref � Penv

R2 0.93 0.92 0.89 0.91
Bias �0.94 �1.13 1.78 2.88
RMSE 7.34 8.05 9.16 8.34
MAE 5.53 6.10 7.22 6.72

25°–35°N, N � 1011, df �56

Eq. (8) using Penv Eq. (8) using Pclim � 1015.8 Landsea et al., Pref � 1013 Landsea et al., Pref � Penv

R2 0.93 0.93 0.90 0.91
Bias �1.25 �1.50 1.95 6.25
RMSE 7.64 8.87 9.81 10.03
MAE 6.01 6.75 7.65 8.34

North of 35°N, N � 165, df � 9

Eq. (8) using Penv Eq. (8) using Pclim � 1016.3 Landsea et al., Pref � 1013 Landsea et al., Pref � Penv

R2 0.83 0.79 0.60 0.46
Bias 0.14 0.09 4.85 8.21
RMSE 7.71 8.93 10.18 11.73
MAE 6.27 7.15 8.74 9.68

TABLE 4. Independent comparison of results obtained from
Eqs. (7) and (8) vs the operational Dvorak tables. Data include
491 fixes from 12 Atlantic tropical cyclones and 1 eastern Pacific
tropical cyclone during the 2005 season. Bias and error statistics
that are statistically different are shown in italics for the 95%, and
boldface for the 99% levels, respectively.

Independent comparison, N � 524, df � 29

Eq. (7)
for 	P

Dvorak
	P

Eq. (8)
for Vmax

Dvorak
Vmax

R2 0.95 0.91 0.95 0.92
Bias 1.55 4.43 1.14 4.69
RMSE 7.50 10.58 6.13 11.55
MAE 5.30 7.67 5.06 9.02
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accurately obtained in either an operational setting
and/or only occasionally in a postanalysis setting. Such
factors therefore were not considered in this study. As
a result, there is still considerable scatter in these new
WPRs when these factors, particularly variations of the
radius of maximum wind, are influencing the WPR.

Results indicate that by using information about TC
location (i.e., latitude) along with estimates of size and
of environmental pressure estimated from operational
analysis or reanalysis fields, the MSLP can be estimated
from the Vmax within 5–6 hPa and the wind can be
estimated from the MSLP within 7–8 kt. These rela-
tionships have been shown to be better than what is

being used operationally and for the reanalysis of past
events. In addition, the data have shown that several
operational WPRs have substantial shortcomings and
their operational use should be reconsidered. It was
also found that the equations used to reanalyze Atlantic
TCs (i.e., Landsea et al. 2004) preformed rather well
equatorward of 25°N. Estimates of winds in the open
Atlantic poleward of 25°N and in the Gulf of Mexico
result in significantly larger errors than the methodol-
ogy presented here [i.e., Eq. (8)].

Wind–pressure relationships have left their mark on
the global TC climatology in those basins that had rou-
tine aircraft reconnaissance and thus good estimates of
MSLP. Fortunately, the actual WPRs used and the
methodologies used to assign Vmax have evolved and
improved, but this has resulted in considerable errors
and inconsistencies in the best-track intensities of the
past. This is an important point because the best-track
intensities are now being examined for climatic trends
(e.g., Webster et al. 2005; Emanuel 2005). While the
WPRs presented in this paper still result in consider-
able scatter, their application to past data will nonethe-
less result in an objective and homogeneous measure of
TC intensity. Only by removing the inhomogeneous na-
ture of best-track intensities, whether by this method or
some other method, can climatic trends in numbers and
intensities be properly quantified.

The results of this study also inspire the following
recommendations. 1) The unified equations for the
WPR should be considered for operational use in all
basins. This would help better assign the MSLP, which
is provided to initialize forecast models, as well as result
in uniform intensity estimates. 2) The AH WPR and
the Crane WPR, which are similar, should be replaced
in all basins currently using these relationships. Further
justification is given in appendix A. 3) The western
Pacific best tracks should be reanalyzed during the pe-
riod when reliable measurements of MSLP were avail-
able. Doing so would likely increase the number of
strong typhoons (1974–87) and thus reduce the upward
intensity trends observed in the best track (1970–2004)
as discussed in Webster et al. (2005) and Emanuel
(2005). 4) The unifying equations [Eqs. (7) and (8)]
should be utilized to reanalyze the best tracks in the
Atlantic when the NCEP–NCAR reanalysis and MSLP
estimates are available (1948–present). This would help
to provide a more consistent and accurate estimate of
maximum surface winds in the best-track dataset.
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APPENDIX A

The Atkinson and Holliday Wind–Pressure
Relationship Revisited

The AH WPR is reexamined using the original tabu-
lar data listed in Atkinson and Holliday (1975). The
first step is reproducing the prior result. Using the raw
data, the function Vmax � C(1010 � MSLP)x was fit to
see if the original relationship could be reproduced.
The results of this fit, Vmax � 6.6(1010 � MSLP).65,
were slightly different than the publish version (i.e.,
V

max
� 6.7(1010 � MSLP).644, but close enough to con-

firm that the AH WPR was fit to the raw data without
first binning by intensity.

To examine the effect of binning the data, the raw

data are sorted by Vmax, binned every six points and
refit to the same function. The result, Vmax � 4.4(1010
� MSLP).76, is much different from the original pub-
lished fit. Finally, the functional form used previously in
this paper is fit (i.e., 	P � aV2

srm � bVsrm � C) so that
direct comparison with the WPR of Koba et al. (1990)
can be made. The results, 	P � 11.48 � 0.73Vmax �
(Vmax/107.21)2, are nearly identical to, while slightly
more linear than, the fit to the WPR table published in
Koba et al. (1990) (i.e., 	P � 6.22 � 0.58Vmax � (Vmax/
31.62)2. It also is found that the all of formulations that
make use of the binned data and the Koba et al. WPR
produce a better fit to the raw data than does the AH
WPR equation. Table A1 shows the relevant error sta-
tistics associated with each fit.

TABLE A1. Biases and MAE associated with the various fits to
the raw Atkinson and Holliday (1975) dataset. Listed here are the
(1) published AH WPR, (2) the cyclostrophic form fit to the
binned AH data, (3) the gradient fit for the binned AH data, and
for comparison (4) the gradient fit to the Koba et al. (1990) WPR.

(1)
AH

(2) Cyclostrophic
fit to binned data

(3) Gradient
fit to binned data

(4) Koba
et al.

(1990)

MAE 6.64 5.88 5.80 5.80
Bias �0.69 1.64 0.36 0.77

TABLE B1. Dvorak CI vs 	P tables for storms occurring
equatorward of 20° latitude.

Small Avg Large

CI 	P 	P 	P

1.5 �2 �4 �8
2.0 �4 �7 �11
2.5 �7 �10 �14
3.0 �13 �16 �20
3.5 �20 �22 �27
4.0 �27 �29 �34
4.5 �35 �38 �42
5.0 �45 �48 �52
5.5 �55 �58 �62
6.0 �66 �69 �73
6.5 �76 �79 �84
7.0 �88 �92 �96
7.5 �103 �106 �111
8.0 �118 �122 �126

TABLE B2. Dvorak CI vs 	P tables for storms occurring
betweem 20° and 30° latitude.

Small Avg Large

CI 	P 	P 	P

1.5 �4 �8 �12
2.0 �7 �11 �15
2.5 �10 �14 �18
3.0 �16 �20 �24
3.5 �23 �26 �31
4.0 �30 �33 �38
4.5 �38 �42 �47
5.0 �48 �52 �56
5.5 �58 �62 �66
6.0 �69 �73 �77
6.5 �80 �83 �88
7.0 �92 �96 �100
7.5 �107 �110 �115
8.0 �122 �126 �130

Figure A1. Various WPRs plotted along with the Atkinson and
Holliday (1977, 1975) developmental data. WPRs shown are the
AH, a fit to the binned raw data assuming a cyclostrophic form,
and the Dvorak (1975). To plot these curves in terms of 	P, 1010
hPa is assumed to be the environmental reference pressure.
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The bias introduced by the AH WPR is clearly shown
in Fig. A1, which shows the published AH WPR, the fit
to the binned Atkinson and Holliday (1975) data as-
suming cyclostrophic form, and the Dvorak (1975)
WPR for intensities from 25 to 170 kt. Note that the
other WPRs developed using the binned data discussed
above as well as the Koba et al. WPR are nearly iden-
tical (within 1 hPa) to the cyclostrophic fit shown in Fig.
A1. This last point is remarkable because the Vmax data
in AH were likely overestimated, particularly at el-
evated sites (Harper 2002). Figure A1 alone suggests
that the prolonged use of the AH WPR in the western
Pacific (1974–87) has resulted in a negative bias in the
best-track intensities.

APPENDIX B

Dvorak CI Curves for Various Composites

From a combination of Eqs. (7) and (8) and the com-
posite averages, Dvorak WPR tables are formulated in
terms of current intensity (CI) number versus 	P.
Three tables are listed for the three latitude belts used
in this study. Tables B1, B2, and B3 are valid for storms
located equatorward of 20°, from 20° to 30° latitude,
and for greater than 30° latitude, respectively.
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