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ABSTRACT

Cumulative distribution functions (CDFs) of tropical cyclone wind speeds are calculated using best track data
from the North Atlantic and western North Pacific basins. Wind speeds are normalized by theoretical potential
wind speeds derived from reanalysis datasets, and the individual storms are classified according to whether their
maximum intensities were limited by landfall, passage over cold water, or other factors. For each classification,
CDFs were calculated and the evolution of the storm wind speed was composited relative to the time at which
each storm achieved its lifetime maximum wind speed.

For storms of hurricane strength whose maximum intensity is not limited by declining potential intensity
(landfall or passage over cold water), the normalized CDFs of storm lifetime maximum wind speed are nearly
linear, in contrast to the lognormal distributions found with many other geophysical phenomena, such as
earthquakes. Thus there is a roughly equal likelihood that any given tropical cyclone of hurricane strength
will achieve any given intensity, up to but not beyond its potential intensity. Tropical cyclones of tropical
storm strength also have linear CDFs, but their slope is distinctly greater, indicating a greater likelihood of
finding storms with wind speeds below hurricane strength. There is a nearly equal probability of finding any
individual storm at a normalized intensity of any given fraction of its maximum normalized intensity. Com-
bining this with the CDFs of the storm lifetime maximum wind speed shows that, up to the time a storm
reaches its lifetime maximum intensity, the probability of encountering hurricane-strength maximum nor-
malized winds in excess of v is given by

P=P1—- v+ viInk)],

where P, varies with location and season.

For storms whose maximum intensity is not limited by declining potential intensity, the evolution of storm
intensity is remarkably similar in the Atlantic and western North Pecific basins, with average intensification and
decay rates of around 12 m s~ day~* and 8 m s~ day %, respectively. The average hurricane-strength storm in
both basins reaches a sharp peak in intensity followed by a decline at a rate roughly two-thirds that of its prior
intensification, a behavior distinctly different from that of axisymmetric numerical models. Moreover, this class
of storms achieves almost the same intensity in the Atlantic and western North Pacific regions, while storms
whose maximum intensity is limited by declining potential intensity are significantly more intense in the Pecific
region, showing that the main reason for the greater intensity of western North Pacific tropical cyclones is the
greater length of the average storm track over warm water. Other results from this study include the finding that
average rates of decline of tropical cyclone intensity over warm and cold water are very similar and are about
half the average rate of decline of landfalling storm intensity.
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1. Introduction

The last two decades have seen a substantial increase
in the skill with which the tracks of tropical cyclones
are predicted. At the same time, there has been virtually
no improvement in prediction of tropical cyclone in-
tensity change; today’s forecasts show hardly any skill
beyond 24 hours (DeMaria and Kaplan 1997). This al-
most certainly reflects our collective lack of understand-
ing of tropical cyclone dynamics, including their inter-
action with the underlying ocean.
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We do know reasonably well that there is an upper
bound on tropical cyclone intensity, here referred to as
the potential intensity, that is dictated by the balance
between energy generation by surface fluxes and dis-
sipation, most of which occurs in the atmospheric
boundary layer (Bister and Emanuel 1998). We also
know that virtually all axisymmetric tropical cyclone
models spin up storms right to their potential intensity,
showing that the limit is valid for a physically realistic
model (Rotunno and Emanuel 1987). Thisfinding, how-
ever, only deepens the mystery about why most real
storms fail to achieve this limit. Potential intensity is
sensitive to transfer of heat and momentum between sea
and air, which is poorly understood at the very high
wind speeds encountered in tropical cyclones; thus the
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actual limiting intensities may differ considerably from
theoretical values estimated using classical bulk aero-
dynamic flux formulas that neglect such processes as
wave drag and sea spray.

As a route to better understanding the factors that
limit the intensity of tropical cyclones, we undertake a
statistical analysis of storm intensity using ** best track”
datasets and climatological potential intensities calcu-
lated from reanalysis datasets. The goals here are to
quantify the extent to which real storms achieve or fail
to achieve their potential intensities; to quantify the ex-
tent to which storm intensity is limited by declining
potential intensity, whether by landfall or by passage
over colder water; and to compare the intensity evo-
lution of Atlantic and western North Pacific storms.

2. Data

While satellites have been used during the last few
decades to estimate tropical cyclone intensity (Dvorak
1975), the best quantitative information on tropical cy-
clones over open ocean is from reconnaissance aircraft.
In the North Atlantic region, regular aircraft reconnais-
sance began in the 1940s and continues to the present,
but good, quantitative estimates of wind speed did not
begin until about 1958, when Doppler radar was first
used to obtain ground-relative aircraft speed. In the
western North Pacific, aircraft reconnaissance began in
1945 but was terminated in 1987. Although this record
spans a limited number of years, the relatively high
frequency of events in this region yields a large record
of events.

In this study, we use best track datasets obtained, for
the North Atlantic, through the National Hurricane Cen-
ter (now the Tropical Prediction Center), and for the
western North Pacific from the Joint Typhoon Warning
Center (JTWC). These datasets report the position and
maximum wind speed of each tropical cyclone every 6
h. Some discussion of the Atlantic dataset may be found
in Jarvinen et a. (1984).

It is becoming increasingly apparent that there are
serious systematic errors in the best track intensities.
These arise from inconsistent and changing measure-
ment techniques and reporting practices. To minimize
these in the Atlantic basin, we use best track data only
during and after 1958, when quantitative means of es-
timating wind speed were developed, and we have ap-
plied the corrections recommended by Landsea (1993).
In the western North Pacific, it is even more difficult
to determine how winds were estimated and at what
times algorithms and measurement systems changed.
Beginning in 1970, an increasing fraction of wind es-
timates were based entirely on satellite data, but the
record does not indicate which wind data were derived
thisway. In many cases, the recorded wind speeds were
not directly measured but wereinferred from dropsonde-
derived estimates of central surface pressure. Unfortu-
nately, the algorithm for converting central pressure to
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maximum wind speed has itself changed, and these
changes are not all clearly documented. Moreover, there
are probably systematic differences between wind—pres-
sure relationships in the Atlantic and western North Pa-
cific, where storms can be geometrically large compared
to Atlantic storms. Some, but not all, of these difficulties
are discussed by Landsea (1993) for the Atlantic dataset,
and by Guard et al. (1992) and Black (1993) for the
JTWC best track data. For the time being, we use west-
ern North Pacific data only after 1970.

Landsea (1993) applied certain systematic corrections
to the Atlantic best track data prior to 1970, listing the
corrections in a table classified into certain ranges of
wind speeds. Here we merely fit a polynomial curve to
his table, giving

v’ = y[l - 20 X 105 v?], (€D}

where v' is the modified wind speed and v is the un-
modified wind speed in meters per second. The correc-
tion given by (1) is applied to all the Atlantic reported
maximum wind speeds before 1970. We consider the
corrected data to represent 1-min-average maximum
winds at 10-m altitude.

Reporting practices in the JTWC dataset have not yet
been thoroughly documented. Following suggestions
given to the author by the staff of the JTWC, we con-
sider the reported winds to represent 1-min-average
maximum winds at 10-m altitude.

The potential intensity calculations were performed
according to the method of Bister and Emanuel (1998),
using daily reanalysis data and Reynold’'s weekly sea
surface temperatures (Reynolds and Smith 1994) from
the National Centers for Environmental Prediction
(NCEP), from 1982 through 1995. The potential inten-
sity data were averaged over al days and years, month
by month, to create a monthly climatology that uses all
14 years of data. The raw potential wind speed estimates
were reduced by 20% as a crude means of accounting
for the reduction of 10-m winds from gradient wind
speeds (Powell 1980).* The potential intensity estimates
are on a 2.5° latitude-longitude grid and were linearly
interpolated to the reported positions of the tropical cy-
clones using the four nearest points, and linearly inter-
polated to the day of the storm report, assuming that
monthly means represent conditions on the 15th of each
month. Land points are assigned a potential intensity of
zero. [For the purpose of this study, no adjustmentswere
made to potential intensity to account for the cooling
of the ocean surface caused by the storms. This cooling,
which can be a large effect (Khain and Ginis 1991;
Schade and Emanuel 1999), is considered here to be
one of the factors that keep storm maximum intensities
below their potential values.]

1 Monthly mean climatological potential intensities are available
over the World Wide Web at
http://www.paoc.mit.edu/~emanuel/pcmin/climo.html.
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In comparing actual and potential wind speeds, it may
be necessary to account for the storm translation speed.
DeMaria and Kaplan (1994) found it beneficial to sub-
tract the storm’s translation speed from its maximum
reported wind velocity, especially for stormsover colder
ocean water, where the storm’s translation can add very
significantly to its rotational wind speed. We have not
here modified the reported wind in any way to account
for storm translation, for two reasons. First, the actual,
ground-relative wind speed is the quantity of practical
interest; thus, one wants to know the probability of en-
countering various values of the ground-relative wind.
Second, it is by no means clear from a theoretical per-
spective whether the potential intensity pertains to the
vortex-relative or ground-relative wind (or some com-
bination of the two). In the energy and entropy bal ance,
both the boundary layer dissipation rate and the surface
enthalpy flux depend on the ground-relative wind, and
it is not entirely clear how to average these processes
around the storm center. Were the exchange coefficients
constant and the vortex-relative flow axisymmetric, then
the trandlation velocity would not affect the enthalpy
exchange, which depends linearly on the absolute value
of the ground-relative wind, provided that the azimuthal
velocity is of one sign. But the dissipation rate varies
as the cube of the ground-relative wind, so that adding
a constant translation velocity increasesthe average dis-
sipation rate. Moreover, the actual enthalpy and mo-
mentum fluxes are probably more than linearly weighted
to the side of the storm with maximum ground-relative
winds, owing to the dependence of the exchange co-
efficients on sea state, sea spray, etc. In the extreme case
in which most of the enthal py flux and dissipation occurs
very near the locus of maximum ground-relative wind,
then the energy balance would dictate that the derived
potential intensity always pertains to the maximum
ground-relative rather than vortex-relative wind.

In view of these considerations, we do not take into
account translation speed, but will explore some of the
effects of this neglect in section 3.

3. Storms not limited by declining potential
intensity

We define a particular storm as not limited by de-
clining potential intensity if the potential maximum
wind speed along the observed storm track does not fall
below the storm lifetime maximum wind speed within
3 days of the first time the storm achieves its lifetime
maximum intensity. (Since wind speeds are reported to
the nearest 5 kt, there are many instances in which the
storm lifetime maximum wind is reported for two or
more consecutive 6-h periods, and afew casesin which
this maximum is achieved for two or more nonconsec-
utive 6-h periods.) In these cases, the decline of the
storms' intensity isascribed to causes other than landfall
or passage over colder water. There are 56 such storms
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in the Atlantic record, and 73 storms in the western
North Pacific dataset.

We first present cumulative distribution functions
(CDFs) of normalized storm lifetime maximum wind
speed. The normalized wind speed is defined

V= Vg lv,,

where v, is the best track wind speed at the time the
storm first achieves its lifetime maximum wind speed
and v, isthe potential wind speed at that place and time.
In each case, the number of events is accumulated in
bins of interval 0.05 in ». The CDF is defined as the
total number of events with normalized wind speeds
exceeding the value of v read off the x axis.

The CDFs of al storms in this class whose lifetime
maximum wind speeds exceed 32 m st are shown in
Figs. 1aand 1b for the Atlantic and western North Pa-
cific basins, respectively. Both distributions appear to
be nearly linear, and to the extent that this is a good
approximation, a given stormis equally likely to attain
any intensity between hurricane force and its potential
intensity.

How linear are the distributions shown in Fig. 1? To
address this question, we calculated the correlation co-
efficients of three different types of curves fitted to the
data: linear, log—log [inwhich it isassumed that In(CDF)
= a + bIn(v)], and a bounded distribution of the form
CDF = a(b — v)¢, where a, b, and ¢ are constants
determined by the best fit to the data. The last point in
Figs. 1a and 1b, having a CDF of zero, was omitted
from al the curve fits to avoid a singularity in the log—
log fit. The regression coefficients, together with the
constants associated with the best fit of the bounded
distribution, are givenin Table 1. It is clear that the data
are not lognormally distributed; a power-law behavior
should not be expected when it is known from theory
that the distribution is bounded. The best fit to the
bounded distribution gives an exponent slightly large
than one in one case, and slightly smaller than one in
the other. We conclude that, in this dataset, it is not
possible to reject the hypothesis that the CDF is linear,
while at the same time it is clearly not a lognormal
distribution.

It isalso of interest to see how the distributions might
change if we correct for the translation velocity of the
storms. To do so, we first determined the translation
velocities simply by differencing the positions of the
storms reported every 6 h. We then added these trans-
lation velocities to the potential intensities at the time
and location of the lifetime maximum intensity of each
storm. The resulting distributions are shown in Figs. 1c
and 1d. The distributions are slightly noisier, but the
“tails” at high wind speed, evident in Figs. 1a and 1b,
have largely disappeared. Although these results arein-
teresting, we do not account for the translation velocities
in the results presented below, for the reasons discussed
in section 2.

The near linearity of the cumulative frequency dis-
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Fic. 1. CDF of lifetime maximum wind speeds of those North Atlantic hurricanes after 1957 whose lifetime maximum intensity was not
limited by declining potential intensity (see text). Wind speed is normalized by monthly climatological potential wind speed at the reported
position of the tropical cyclone. The ordinate shows the total number of events whose normalized lifetime maximum wind speed exceeds
the value on the abscissa. (b) Same as (a) but for typhoons in the western North Pacific region after 1970. (c) Same as (a) but the observed
translation velocities have been added to the potential intensities before normalization. (d) Same as (1c) but for western North Pacific typhoons
after 1970.

tributions would suggest, on the face of it, that those

TABLE 1. Curve fits and regression coefficients environmental factors that reduce storm intensity below

Log-log potential intensity are randomly distributed in space and

tation CDFL:inaegi ) ln(CD?](j) a+hb CDFBBUQ(d;{ " time. These factors are thought to include vertical shear
& of the horizontal wind (e.g., Gray 1968), feedback from
Atlantic ocean cooling (Gallacher et al. 1989; Khain and Ginis
re 0.992 0.799 0.995 1991), and internal variability associated with phenom-
C_ _ 120 ena such as concentric eyewall cycles (Willoughby et
Pacific a. 1982). It is also evident in Fig. 1 that the intercept
” 0.982 0.727 i of the best linear fit is closer to 0.9 than to unity for

storms in either basin. This implies that our estimates
Note: r is the regression coefficient. of potential intensity are too high by about 10%. This
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Fic. 2. Evolution of North Atlantic hurricanes corresponding to
the CDF in Fig. la. The compositing has been done relative to the
time of lifetime maximum intensity. Solid curve shows best track
wind speeds while dashed curve shows potential intensity along track.
The error bars indicate plus and minus one standard deviation. For
storms whose record begins after —72 h or ends before 96 h the
missing values are assumed to be zero. (b) Same as (b) but for western
North Pacific typhoons.

could be for a number of reasons, including overesti-
mation of the ratio of the exchange coefficients of en-
thalpy and momentum, or insufficient reduction from
gradient to 10-m winds.

The evolutions of the maximum wind speeds and po-
tential wind speeds, relative to the first time each storm
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Fic. 3. Asin Fig. 2 but showing the Atlantic and western North
Pacific wind speed evolution curves together. (b) Asin (a) but further
normalizing the wind speeds by the lifetime maximum (normalized)
wind speed.

achieved its lifetime maximum intensity, are shown for
the Atlantic and western North Pacific basins in Figs.
2a and 2b, respectively. The error bars in each figure
represent one standard deviation up and down from the
mean. For the purposes of this computation, if a storm
did not exist in the record 72 or fewer hours before the
time of lifetime maximum wind speed, or 96 or fewer
hours after that time, the missing times were assigned
awind speed of zero. The mean evolution is compared
between basins in Fig. 3a. For this class of storms, the
average evolution is remarkably similar between basins,
and Pecific storms in this class achieve average lifetime
maximum wind speeds that are not significantly larger
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than those achieved by their Atlantic counterparts. The
evolution has a sharp peak at maximum intensity, with
decline after maximum intensity at about two-thirds the
prior rate of intensification. (Average rates of intensi-
fication and decline are around 12 and 8 m s~* day 1,
respectively.) This behavior is distinctly different from
that of idealized, axisymmetric model simulations, such
as those of Rotunno and Emanuel (1987) and Emanuel
(1995), which tend to maintain nearly constant intensity
after the maximum intensity is achieved. The complete
physical equivalence of tropical cyclonesin both basins
is nicely illustrated in Fig. 3b, which shows the evo-
lution of potential intensity-normalized wind, renor-
malized by the lifetime maximum potential intensity-
normalized wind. The two curves are statistically in-
distinguishable.

When storms reaching any lifetime maximum wind
speed above nominal tropical storm strength are in-
cluded, a somewhat different picture emerges, as shown
in Figs. 4a and 4b. In both basins, there is a distinct
change in slope of the CDF at a normalized intensity
around 0.5-0.6. Since the average potential intensity for
this class of storms is about 65 m s, the change in
slope occurs near the transition from tropical storm to
hurricane intensity. Such a transition in the intensity
CDFs wasfirst discovered by C. Barton (1997, personal
communication). Whileit is possiblethat reporting prac-
tices may bias estimates of tropical cyclone intensity
near the transition from tropical storm to hurricane
strength, such a bias would lead only to a perturbation
of the CDF near the transition intensity; it could not
explain the uniformly different slopes in the two re-
gimes. Overall, storms of hurricane strength constitute
roughly 40% of the total number of recorded stormsin
this classification. Since the CDFs are linear in both the
tropical storm and hurricane regimes, it remains true
within each regime that there is a roughly equal like-
lihood of a given storm reaching any given intensity,
up to hurricane strength for tropical storms and up to
potential intensity for hurricanes.

To further elucidate this difference, the CDFs are cal-
culated separately for storms reaching only tropical
storm strength and for storms reaching hurricane
strength, as shown in Figs. 5a and 5b. The slope of the
tropical storm CDF is nearly twice that of the hurricane
CDF in the Atlantic basin, while the ratio of slopesis
closer to 1.8 in the western North Pacific basin. Thus
the probability of finding a maximum storm lifetime
wind within a given fixed range below tropical storm
strength is roughly twice that of finding a maximum
wind within the same fixed range at or above hurricane
strength.

Next, we form CDFs representing the evolution of
storms up until they reach their lifetime maximum in-
tensity. To do this, we take each normalized wind speed
in the record of each storm, up to and including the
time of lifetime maximum wind speed, and further nor-
malize the wind speeds by dividing them by thelifetime
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FiG. 4. Asin Fig. 1a but for all tropical cyclones of tropical storm
strength (18 m s~*) or greater. (b) Asin Fig. 1b but for all tropical
cyclones of tropical storm strength (18 m s*) or greater.

maximum (normalized) wind speed. This variety of
CDF contributesinformation about the typical evolution
of storm intensity from genesis to maximum intensity.
The CDFs of storm evolution are shown in Figs. 6aand
6b for the Atlantic and Pacific, respectively. Note that
the CDFs do not approach zero at anormalized intensity
of unity, owing to the fact that storms are, by definition,
at their maximum intensity for at least one observation
period. (If observations of storms were continuous in
time, and intensity measurements were made with in-
finite precision, then observations of storms at their
maximum intensity would constitute only an infinites-
imal fraction of the record and thus the storm evolution
CDF would tend to zero at a normalized intensity of



APRIL 2000 EMANUEL 1145
60 1600 *
(@)1, (8)
\ ® Hurricanes 1
( ® _ 1400 - ®e ® Data
50 4 Tropical Storms
\ g — 1968*(1-v)
1200 ¢
oy
> 4
g 4 § 1000 e
| g
o =
[ 'Y
o 2 800
o 304 2 ]
2 s 1
® 2 1
s E
5 600 -
g 3
=
o 20
] 400
(J
] 200
10 .°o
®
i 0 Trrr T LR LA R R LR BN N
BN N — S 01 02 03 04 05 06 07 08 09 1

T e
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Wind Speed

(b) 73

80 &

® Typhoons

g & Tropical Storms

70+
60
50

40

Cumulative Frequency

30+

20

10

\*

P T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Wind Speed

1

T T

Fic. 5. CDFs of North Atlantic hurricanes and tropical storms
separately, for those storms whose lifetime maximum intensitieswere
not limited by declining potential intensity. (b) Asin (a) but for the
western North Pacific.

unity. This would not be the case, however, if storms
dwelled at exactly their maximum intensity for some
length of time. In the present case, maximum winds are
reported at 5-kt intervals, though normalization by po-
tential intensity does tend to make the record somewhat
more continuous.) Note that the storm evolution CDFs
are a'so linear.

Finally, we form CDFs of all storms at all stages of
their evolution up to the time of lifetime maximum in-
tensity, simply taking each observation of intensity, di-
viding by potential intensity, and summing. From the
first two sets of CDFs, we can predict the shape of the
resulting distribution as a convolution of the maximum
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Fic. 6. CDF of al North Atlantic tropical cyclones of tropical storm
strength (18 m s™t) or greater whose intensities were not limited by
declining potential intensity, including each record of each storm up
until the time of its maximum intensity. Each normalized wind speed
has been further normalized by that storm’s lifetime maximum (nor-
malized) wind speed. (b) Asin (a) but for the western North Pacific.

intensity CDF with the storm evolution CDF. Specifi-
cally, let us define the evolution CDF as E(v/v,,), where
v is the wind speed and v,, is the storm lifetime max-
imum wind speed, each normalized by potential inten-
sity. Also define F(v,,) as the CDF of maximum storm
intensities. Then the number of storms whose intensity,
relative to the storm lifetime maximum intensity, ex-
ceeds some threshold t is just E(t/v,,), and the number
of storms with a particular lifetime maximum wind v,,
is —F'(v,,), the derivative of F with respect to v,,.. (The
minus sign results from the way we have defined the
CDFs here.) Thus the total number of events in the
record with wind speeds exceeding t is
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Nﬁ)=-fl—-E<L)F’m%. @)
t Um

In our case, Fislinear in v, so that F’ is a constant,

while
Un, Un

where A is some constant. Substituting (3) into (2) and
integrating gives the desired CDF of all events as a
function of the velocity t. We note from Fig. 4 that F’
is a different constant depending on the value of v,
itself, so that the integral must be divided into two parts:

L L[t
D»f E<—)F1’ dv,, — f E(—)Fz' dv,,
t Un te Un

N(t) = O fort <t
[

f E()Fz’ dv, fort=1t,
O Jt Um

where t, is the transition value of v,,, and F; and F,
are the slopes of the maximum wind CDFs in each re-

gion. The results of this integration is
E’\Il[l —t+tIn(t)] + (N, — N)[1 -t + tIn(t.)]
N() = O for t <t
L[l —t+tiInt)] fort=t,

4)

where N, and N, are proportional to slopes of the max-
imum intensity CDFsin the tropical storm and hurricane
regimes, respectively. This curve is plotted along with
data for the CDFs of all storms up to the time of their
lifetime maximum intensity (for those storms whose
lifetime maximum intensities are not limited by passage
over land or cold water) in Figs. 7a and 7b for the
Atlantic and Pacific, respectively. As expected, the
curve fit is quite good. Since the derivative of N(t) in
(4) isaconstant plus In(t) the probability that any storm
is at any given intensity at any given time prior to its
lifetime maximum intensity falls off as minus the log-
arithm of intensity, up to its potential intensity.

Also plotted in Figs. 7a and 7b are the best fits of
the curve given by

N@) = No[1 — t + t In()], (5)

(where N, is a constant) showing that the latter isagood
approximation for al Atlantic storms and for Pacific
storms of typhoon strength.

4. Storms limited by passage over cold water

In this section we examine the characteristics of
storms whose maximum intensity islimited by declining
potential intensity but not by landfall. We define this
class as storms for which the potential intensity drops
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Fic. 7. Asin Fig. 6abut each record has not been further normalized
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below the lifetime maximum storm intensity within 24
h of the time of maximum intensity, but does not drop
to zero, which would indicate landfall. Additionally, we
require that the potential intensity corresponding to the
lifetime maximum intensity be at least 40 m s *. There
are only 20 such events of hurricane intensity in the
Atlantic dataset and 39 events in the Pacific data. As
there are so few datain this case, we combine the CDFs
of the Pacific and Atlantic storm maximum intensities.
This CDF, shown in Fig. 8, is aso roughly linear. The
finite number of events with normalized intensities
greater than unity shows that some storms reach max-
imum intensity after the potential intensity has declined
to smaller values than the actual intensity. In Figs. 9a
and Figure 9b we display the mean and standard de-
viation of the evolution of storm intensity, relative to
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Fic. 8. CDF of normalized lifetime maximum wind speeds of North
Atlantic and western North Pacific hurricanes and typhoons for those
storms whose lifetime maximum intensity is limited by declining
potential intensity, but not by landfall.

the time at which the lifetime maximum intensity is
achieved. Here there is a noticeable difference between
Atlantic and western North Pacific storms: In the latter
region, the decline of potential intensity is, on average,
gradual and the decline of actual storm intensity closely
follows that of the potential intensity. For Atlantic
storms, however, the average decline of potential inten-
sity is more precipitous, no doubt because of the sharp
sea surface temperature gradients north of the Gulf
Stream, and the decline of actual storm intensity cannot
keep pace. Comparing Figs. 9a and 9b shows that for
this class of events, western North Pacific storms reach
significantly greater intensities than Atlantic storms.
Given that storms in each basin that are not limited by
passage over land or cold water have nearly equal max-
imum intensities (Fig. 3), we may conclude that the
slightly greater average intensity of western North Pa-
cific storms is owing to the greater time they have to
intensify before reaching land or cold water.

5. Storms limited by landfall

For the purposes of this study, we define a storm as
having an intensity limited by landfall if it makes land-
fall within 24 h of the time of lifetime maximum wind
and if the storm does not reemerge over water for the
duration of the record. Asaland mask of 2.5° resolution
is used here, this class does not include storms passing
over islands or peninsulas too small to be resolved in
the land mask. There are 32 storms in this class in the
Atlantic and 75 in the western North Pecific. In nor-
malizing wind speeds, we use potential intensities 6 h
prior to landfall for those storms whose lifetime max-
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imum intensity is recorded at the first 6-h interval after
landfall.?

The CDFs of the lifetime maximum intensity of this
class of storms are shown in Figs. 10a and 10b for the

2 This can easily happen, owing to the coarse (2.5°) resolution of
the land mask used here.
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Atlantic and western North Pacific regions, respectively.
Here the different slopes of the CDFs corresponding to
tropical storms and hurricanes is particularly striking.
In addition, there is a peculiar plateau in the Atlantic
CDF at the transition from tropical storm to hurricane.
Although this may be an artifact of the low sample
number of this CDF, modified landfalling CDFs using
less restrictive definitions of ‘‘landfalling” show the
same plateau. | hypothesize that this plateau indicates
a bias in reporting practices acting against recording
marginal hurricanes in the 24 h prior to and including
landfall, perhaps indicating a conservative inclination
to slightly overestimate wind speeds for these events.
The evolution of this class of storms is summarized
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Fic. 11. As in Fig. 2a except for those storms whose lifetime
maximum intensity was limited by landfall. (b) Asin (a) but for the
western North Pacific.

in Figs. 11a and 11b. As expected, storms experience
arapid decline in intensity after landfall, and the inten-
sification proceeds at about the same average rate as
that of storms whose intensity isnot limited by landfall.
The rates of dissipation are also very similar, averaging
about 20 m st day—*, or about twice that of the average
rate of intensification. The Atlantic and western North
Pacific evolution curves are compared in Fig. 12. Once
again, the evolutions of stormswith similar historiesare
nearly identical in each basin, with Atlantic storms
achieving dlightly higher lifetime maximum intensities
than Pacific storms. The dashed line in Fig. 12 shows
an exponential decay curve fitted to the data after +6
h; it has the form 48 exp[—0.049t], with t in hours.
Kaplan and DeMaria (1995) also found exponential de-
cay, but at a considerably faster rate, though asymp-
toting to avalue of about 14 m s~* at long times. These
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400
two decay rates cannot be easily compared, however,as 3501
here we have composited about the time of maximum &
intensity, whereas Kaplan and DeMaria (1995) com- & 3907 D)
posited about the time of landfall; moreover, we have & 250
considered the storms to have a maximum wind speed 2
of zero for all times after the last observationinthebest 2 200
track data. The Kaplan and DeMaria results should be &
considered more definitive for landfalling storms. 150
As most of the Pacific stormsin this class make land- 100
fall on the Asian continent, their recent history involves
passage over bodies of water, such as the South China 50
Sea, with relatively small potential intensities and ocean 0
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mixed layer depths, whereas many landfalling Atlantic
storms pass over the Gulf Stream not long before land-
fall. This may explain the slightly greater average life-
time maximum intensity of landfall-limited Atlantic
storms.

6. Combined overwater records

Given the similarities of the evolutions of al storm
intensities up until and including the time they achieve
their maximum intensity, it is useful to examine the
combined statistics of all such events. For this purpose,
we define the modified lifetime maximum intensity as
the maximum intensity achieved during the time that a
storm’sactual intensity islessthan itspotential intensity.
This modified lifetime maximum intensity is less than
the actual lifetime maximum intensity for two types of
events: those that achieve lifetime maximum intensity
close enough to landfall that their maximum intensity
is recorded in the first 6-h interval after landfall, and
those storms that achieve lifetime maximum intensity
during and after passing through strong negative gra-

T T T
0.1 02 03 04 05 06 07 08 09 1
Normalized Wind Speed

Fic. 13. CDF of the modified normalized lifetime maximum wind
speed of al North Atlantic tropical cyclones of tropical storm strength
(18 m s*) or greater. The modified normalized lifetime maximum
wind speed is the largest wind speed that occurs before the potential
intensity drops below the actual intensity, normalized by the potential
intensity. (b) Asin (a) but for the western North Pacific.

dients of potential intensity. For most such events, the
modified lifetime maximum intensity is recorded in the
first 6-h interval before actua lifetime maximum inten-
Sity.

The CDFs of the normalized modified lifetime max-
imum wind for al events in the record are shown in
Figs. 13a and 13b. The CDFs are nearly linear, even
though we have included both tropical storm—and hur-
ricane-strength cyclones in this compilation. This is
probably owing to the inclusion of events passing
through negative gradients of potential intensity, thus
having relatively large normalized intensity. The evo-
lution CDFs are shown in Figs. 14a and 14b, which
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FiG. 14. CDF of the normalized value of each recorded wind speed
prior to and including the time of modified normalized lifetime max-
imum wind speed of all North Atlantic tropical cyclones of tropical
storm strength (18 m s7*) or greater. Each value has been further
normalized by the modified normalized lifetime maximum wind
speed. (b) Asin (a) but for the western North Pacific.

were calculated using the normalized velocities at each
time up until the time of modified normalized maximum
wind. These wind speeds have been further normalized
by the modified normalized maximum wind. As in all
the other data subsets, these CDFs are linear. The con-
volution of the storm maximum CDF and the evolution
CDF is given by (5), which is displayed along with the
total CDFs in Figs. 15a and 15b. These figures show
the number of wind speed records with normalized wind
speeds exceeding the threshold value on the x axis, for
all storms and all records up to and including the time
of modified lifetime maximum wind speed. The fit of
the convolution curve is quite good for this combined
dataset.
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7. Summary

The statistical behavior of tropical cyclone intensity,
derived from best track data during years of compara-
tively reliable quantitative wind estimates, shows re-
markable consistency between the Atlantic and western
North Pacific basins. The main inferences to be drawn
from this analysis are as follows.

1) The cumulative distribution functions of storm life-
time maximum intensity, normalized by climatolog-
ical potential intensity, are nearly linear, but storms
achieving hurricane strength have CDFs of smaller
slope than those achieving only tropical storm
strength. Thisindicates that thereis anearly uniform
probability that any given tropical cyclone will
achieve any given intensity up to marginal hurricane
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intensity, and a uniform but lower probability that
it will achieve any intensity between margina hur-
ricane intensity and the potential intensity. For
storms not passing through large negative gradients
of potential intensity, there is virtually no possibility
of exceeding potential intensity. The linear character
of the probability distributions of tropical cyclones
differs markedly from that of other geophysical phe-
nomena such as earthquakes, whose intensity distri-
butions are lognormal (Gutenberg and Richter 1954).
This characteristic begs a physical explanation,
which no doubt involves one or more of the pro-
cesses that are thought to reduce tropical cyclone
intensity. The negative feedback from storm-induced
ocean mixed layer cooling strikes the author as an
especially promising candidate in this regard.

2) Thereisaso auniform probability that agiven storm
that has not yet achieved its lifetime maximum in-
tensity will have an intensity that is any given frac-
tion of its lifetime maximum intensity.

3) Convolution of the above two characteristics shows
that, for hurricane-strength storms that have not yet
achieved their lifetime maximum intensity, the prob-
ability of encountering a normalized maximum wind
speed greater than v is given very nearly by

P=P,1 - v+ vinW)],

where P, varies with the total climatological fre-
quency of all tropical cyclone wind events.

4) For all storms whose maximum intensity is not lim-
ited by declining potential intensity, the evolutionin
time of the maximum wind speed is remarkably sim-
ilar in both basins and is characterized by a nearly
linear increase in wind speed up to a sharply peaked
maximum, followed by a nearly linear decline of
about the same magnitude. There are hardly any
storms in either basin that maintain intensities near
their maximum intensity for any appreciable period,
even when potentia intensity remains high. This
points to flaws in the notion, arising from idealized
model studies, that tropical cyclones can maintain
nearly steady states and shows that most storms
eventually encounter adverse environmental influ-
ences, such as vertical wind shear or storm-induced
ocean surface cooling, even when they remain over
warm ocean water.

5) The evolution with time of the maximum wind of
landfalling tropical cyclones is also nearly identical
in the western North Pacific and Atlantic basins, and
the rate of decline after landfall is nearly twice that
of nonlandfalling storms.

The apparent universality of the cumulative distri-
bution functions of both lifetime maximum and instan-
taneous intensity implies that any climatic change in
potential intensity would affect the actual intensity dis-
tribution uniformly. Thus, for example, if global warm-
ing were to result in a 10%—20% increase in potential
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wind speed, as suggested by Emanuel (1987) and Hen-
derson-Sellers et al. (1998), the wind speeds of real
events would, on average, rise by the same percentage.
What might happen to the overall frequency of events
is, of course, a different question.

Acknowledgments. This analysis was inspired by the
work of Dr. Christopher Barton of the U.S. Geological
Survey, whose calculation of the CDFs of tropical cy-
clone wind speeds at landfall first showed the distinctly
different distributions of tropical stormsand hurricanes.
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