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ABSTRACT

The extended best-track (EBT) dataset combines the information contained in the tropical cyclone best-track
dataset with measurements of tropical cyclone ‘‘size parameters.’’ These parameters include the radii of the eye
(REYE), maximum winds (RMW), gale-force winds (or size; 17.5 m s21; R17), damaging-force winds (25.7
m s21; R26), hurricane-force winds (32.9 m s21; R33), and the outermost closed isobar (ROCI). The latest update
of this dataset, to be used in this study for a size parameter climatology, contains the size parameters for North
Atlantic tropical cyclones from 1988 to 2002. Such a climatology has not yet been established in this basin.
Most of the results of this North Atlantic study agree with documented tropical cyclone theory and results from
similar studies of northwest Pacific tropical cyclones. This provides confidence that the observations of the size
parameters in the dataset are reliable. Furthermore, data west and east of 558W (the boundary beyond which
no aircraft observations are made) are compared. Some differences occur in some of the size parameters, but
the sample west of 558W is significantly larger and displays a greater spread. This provides confidence that the
total dataset may not be affected by the nonaircraft data east of 558W. The spatial and temporal distribution of
the size parameters is investigated. The radii of gale-force (R17), damaging-force (R26), and hurricane-force
(R33) winds tend to increase as storms move poleward and westward. North of 408N, R33 and R26 decrease,
while R17 increases. This is a reflection of storm weakening after recurvature. Gulf of Mexico storms have
larger ROCIs but smaller eyes, R33s, R26s, and R17s than North Atlantic storms between 508 and 808W. Gulf
systems tend to form in the gulf instead of moving into this area from the Atlantic. Gulf incipient systems are
likely to be tropical upper-tropospheric trough (TUTT) cells or monsoon trough features from the eastern Pacific
instead of easterly waves from Africa. Early-season storms tend to be small; late-season storms are larger; and
storm size peaks in September. Weakening storms tend to have smaller eyes than intensifying storms; most
weakening storms are intense systems that have reached the end of their intensification and eyewall contraction
process. These highly organized systems take a long time to spin down. Weak systems with large eyes take a
long time to get organized and require a long time to intensify. Knowledge of the areal extent of damaging
winds will provide forecasters and emergency managers with additional information to assess the damage potential
of approaching storms.

1. Introduction

Hurricanes are among the costliest natural disasters
in the United States not only because of their strong
winds (Pielke and Landsea 1998) and flooding (Elsberry
2002), but also because inaccurate knowledge of their
tracks and damage potential sometimes incurs unnec-
essary preparation and evacuation expenses (Marks et
al. 1998). Hurricane intensity (measured in terms of
minimum sea level pressure or maximum low-level
winds) is often used to estimate the damage potential
of a hurricane because damage increases exponentially
with low-level wind speed (Landsea 1993). However,
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the horizontal extent of damaging winds (measured by
the radius of gale-force winds), rainfall distribution and
amount, and the height of the storm surge are additional
important damage potential parameters. Different areas
of the tropical cyclone (TC) represent different kinds of
damage. Weatherford and Gray (1988a) define the ‘‘in-
ner core’’ of a TC [this term includes hurricanes and
tropical storms (TSs)] to extend from the center out to
a 111-km (18 latitude) radius. The radial distance from
111 to 278 km (2.58 latitude) represents the ‘‘outer
core.’’ The inner core consists of the strongest winds
and heaviest rainfall rates, while outer-core winds are
important to outer-radius wind damages and possibly
storm surge (Weatherford and Gray 1988a). Inner-core
changes often occur independently from outer-core
changes (Weatherford and Gray 1988a). To predict ad-
ditional damage-potential factors such as rainfall rates,
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TABLE 1. List of original parameters contained in the EBT dataset
and used in this study. Original units have been converted to SI
units.

Variable Description Units

Name
Year
Month
Day
Time

Storm name
Storm year
Month of storm
Day of storm
Hour of observation, every 6 h

—
—
—
—
—

Psmin/mslp
VMAX
Lat
Lon
REYE

Minimum sea level pressure
Maximum winds
Latitude
Longitude
Radius of the eye

hPa
m s21

8N
8W
km

RMW
R33
R26
R17
ROCI
POCI

Radius of maximum winds
Radius of 32.9 m s21 winds
Radius of 25.7 m s21 winds
Radius of 17.5 m s21 winds
Radius of outermost closed isobar
Pressure of outermost closed isobar

km
km
km
km
km
hPa

rainfall distribution, and storm surge, the characteristics
and evolution of the inner and outer cores need to be
better understood.

The importance of the horizontal extent of gale-force
winds (or size) is illustrated by Hurricanes Bertha (1996;
Pasch and Avila 1999) and Bret (1999; Lawrence et al.
2001). Bertha made landfall in North Carolina in July
1996 as a Saffir–Simpson (hereafter S–S; Simpson
1974) category-2 hurricane. Bertha’s radius of gale-
force winds measured an average of 300 km, and the
storm caused extensive flooding, beach erosion, and
damage to homes and crops up to an estimated total of
$250 million. Hurricane Bret, on the other hand, was a
more intense category-4 hurricane, with a radius of gale-
force winds of only 140 km. Despite Bret’s intensity,
damage was generally reported to be fairly light, totaling
an estimated $60 million. Much of this was owed to its
landfall over a sparsely populated region in south Texas
and its small size. Further examples are Tropical Cy-
clone Tracy (1974) and Supertyphoon Tip (1979), the
smallest and largest intense hurricanes ever recorded
(more information available online at http://
www.aoml.noaa.gov/hrd/tcfaq/E5.html). Tracy had
peak winds of 65 m s21 (category 4) and an area of
gale-force winds that extended over a radius of 50 km
(Australian Bureau of Meteorology 1977). Tip, on the
other hand, had peak winds of 84.9 m s21 (category 5)
and an area of gale-force winds that spanned a radius
of 1100 km (Dunnavan and Diercks 1980). The peak
wind speeds would classify these systems as only one
S–S category apart, but the area of gale-force winds or
greater covered by Tip was 484 times larger than that
of Tracy.

As part of the operational forecasting procedure, the
National Hurricane Center (NHC) estimates six TC size
parameters: the radius of the eye (REYE), radius of
maximum winds (RMW), mean radius of 32.9 m s21

winds (R33), mean radius of 25.7 m s21 winds (R26),
mean radius of 17.5 m s21 winds (R17), and mean radius
of the outer closed isobar (ROCI; Pennington et al.
2000). The mean radius of gale-force winds (R17) and
the ROCI are used to quantify the size of the entire TC
(Merrill 1984). R26 marks the beginning of damaging-
force winds (Weatherford and Gray 1988a). The re-
maining three size parameters are REYE, RMW, and
R33, the latter of which is only appropriate as a measure
of size for hurricanes, not for TSs.

Traditionally, size parameters have not been recorded
in comprehensive TC datasets such as the best-track
dataset (Neumann et al. 1999) maintained by NHC.
While the statistical properties of overall TC size
(ROCI) have been discussed by Merrill (1984), and eye
size and R26 have been discussed by Weatherford and
Gray (1988a,b), statistical properties of the remaining
size parameters have not received much attention. Fur-
thermore, the above studies used northwest Pacific data.
This study will briefly discuss temporal and spatial dis-
tributions of TCs and will then explore statistical prop-

erties of the six size parameters (REYE, RMW, R33,
R26, R17, and ROCI) using a new dataset covering a
15-yr period (1988–2002) of North Atlantic TC size
measurements. Such a climatology will provide oper-
ational forecasters and emergency management author-
ities with important statistical information on the sea-
sonal and spatial distribution of TC size parameters in
the North Atlantic basin. Furthermore, TC size param-
eters will be used to diagnose the structure and behavior
of the inner- and outer-core regions.

2. Data

The ‘‘extended best-track file’’ (Pennington et al.
2000) is an extension of the best-track dataset main-
tained by NHC (Neumann et al. 1999). The latter con-
tains track and intensity information every 6 h for trop-
ical systems since 1886, but includes no information on
storm size. The operationally recorded six size param-
eters were combined with the best-track data starting in
1988 to form the extended best-track (EBT) dataset. The
size parameters were obtained from operational data
sources, including ship and other surface reports, air-
craft reconnaissance data, and satellite imagery; more
information about data collection and error ranges can
be found in Pennington et al. (2000). The raw EBT file
contains 5638 records (6-hourly observations). A sum-
mary of all the variables contained in the EBT dataset
is presented in Table 1. The variables, R33, R26, and
R17 (collectively referred to as the outer-wind radii),
are recorded for each quadrant of the storm at each
observation time (or record). In this study, the four
quadrants are averaged to obtain a single symmetric
value of each outer-wind radius for each record. The
symmetric values are investigated here because the EBT
dataset provides only symmetric values for the remain-
ing size parameters (REYE, RMW, and ROCI). There-
fore, a consistent comparison with theory and previous
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FIG. 1. Number of 6-hourly observations per Julian day for tropical
storms and each S–S category in the Atlantic basin from 1988 to
2002.

observations can be made. The asymmetrical component
of the outer-wind radii will be examined in a future
study.

This analysis includes only observations of tropical
systems with maximum wind speeds of 17.5 m s21 or
greater, that is, systems of TS intensity or greater. Since
the EBT dataset contains only named storms, the trop-
ical depression (TD) data it contains are only those TDs
that became TSs. Because TDs that never developed
into TSs are not included, the EBT file does not contain
a complete climatology of TDs. The remaining systems
(after exclusion of TDs, tropical waves, and extratrop-
ical systems) are collectively referred to as TCs in this
study. Note that Hurricane Andrew was upgraded from
an S–S category-4 to category-5 system in 2002, and
this upgrade has been included in this study.

The dataset has undergone several consistency checks
before use in this study. Basic TC structure requires that
the size parameters satisfy the following constraint:
REYE , RMW , R33 , R26 , R17 for each record.
Any size parameter that violated this constraint was
marked as missing data. Seventeen records had larger
REYEs than RMWs; in these cases, the REYEs were
set to the missing data value, but the rest of the param-
eters were retained. Outliers were verified with online
information [National Hurricane Center (NHC); avail-
able online at http://www.nhc.noaa.gov/pastall.shtml.]
about TS tracks and intensity, and in some cases, records
were corrected or marked as missing data. Furthermore,
30 records violated the fact that for a low pressure sys-
tem the minimum central pressure (psmin) should be
less than the pressure of the outermost closed isobar
(POCI). Depending on the surrounding records, the of-
fending POCIs were either set equal to the psmin values
or were marked as missing data; remaining parameters
for the violating record were retained. After removal of
non-TC records and after performing consistency

checks, 3493 records remain. The various stages of TC
development will henceforth be referred to as TS and
H1–H5 (S–S category-1–5 hurricanes).

The data are analyzed using the statistical software
packages JMP and Minitab. First, distributions of the
data were examined using histograms and boxplots. The
boxplots were used to identify outliers. If the distri-
bution is skewed or there are outliers, the median better
describes data than does the mean. A Student’s t test
was used to compare the means of two groups, and the
analysis of variance (ANOVA) technique was used to
compare means of more than two groups. On the other
hand, Mood’s median test (Conover 1999) was used to
compare the medians of two or more groups having
skewed distributions with outliers. To study the rela-
tionship between two numerical variables, Pearson’s
correlation coefficient was used.

3. Spatial and temporal distribution of Atlantic
TCs in the 1988–2002 period

a. Monthly frequency

Figure 1 shows the number of 6-hourly observations
per Julian day, stratified by storm category, for EBT
TCs. By multiplying the number of observations by 6,
these units can be converted to ‘‘TC hours,’’ a measure
of how long each TC category is present. Consistent
with Landsea (1993), who studied all TCs from 1886
to 1991, very few TCs occur before 1 June or after 30
November, the dates marking the start and end of the
official Atlantic basin hurricane season. Landsea applied
a 9-day running mean to his frequency plot (his Fig. 2);
a 13-day running mean was required here to obtain a
smooth curve because there were significantly less ob-
servations in our 15-yr period compared to Landsea’s
106-yr period. Landsea compared TSs, minor (H1 and
H2), and intense (H3, H4, and H5) hurricanes and found
a distinct peak in Atlantic TC activity in mid-September.
Figure 1 shows each category separately. Weaker sys-
tems (TS and H1) peak earlier (late August) than in
Landsea’s case. The TSs and H1s show a secondary
peak in late September. The reverse is seen for H2s: a
peak in late September with a secondary peak in late
August. Intense hurricanes (H3, H4, and H5) peak in
mid-September, consistent with Landsea (1993). Land-
sea uses a 106-yr (from 1886 to 1991) dataset instead
of just 15 yr. Hence, the dual peaks may be a reflection
of a decadal climate variability that did not show up in
Landsea’s larger multidecadal dataset. To further inves-
tigate the dual peaks, the EBT dataset was examined on
a year-by-year basis. In the early years of the EBT da-
taset, from 1988 to 1991 (except for 1990), a mid-Sep-
tember peak similar to Landsea’s is seen. In the last 11
yr, from 1992 to 2002 (except for 2001), dual peaks like
those in Fig. 1 are seen. These two periods do not co-
incide with the El Niño–Southern Oscillation (ENSO)
or quasi-biennial oscillation (QBO) cycles known to af-
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fect Atlantic hurricane frequency (Gray 1984). Another
factor that affects TC activity is sea surface temperature
(SST), Elsner et al. (1999) report on a 7–10-yr North
Atlantic SST oscillation. Shapiro and Goldenberg
(1998) note that intense hurricane frequency is not cor-
related with Atlantic SST fluctuations, in agreement
with Fig. 1; the dual peaks are seen only in TS, H1,
and H2 storms. It is possible that during the dual-peak
period (1992–2002), SSTs warm earlier in the season
causing a peak in TS, H1, and H2 activity in late August.
Due to this enhanced storm activity, upwelling causes
SSTs to temporarily drop. Once SSTs recover, a second
peak of TS, H1, and H2 activity occurs in late Septem-
ber. Further investigation of the exact nature of this SST
periodicity and its effect on inter- and intraseasonal At-
lantic hurricane activity is beyond the scope of the pres-
ent study.

b. Spatial distribution

Figures 2a–f show the spatial distribution of 6-hourly
EBT observations by the maximum category a storm
obtained. Note, different symbols are used to represent
different TC categories. Clearly visible are the typical
track patterns of Atlantic storms, forming from tropical
easterly waves in the lower latitudes in the eastern At-
lantic and being steered toward the west/west-northwest
by the easterly trade winds and the so-called beta effect.
As the storms travel far enough northward, they en-
counter the midlatitude westerlies, recurve, and move
toward the northeast. Other systems form in the Gulf
of Mexico and move to the north and west. Figure 3
shows the distribution of TCs with latitude for each TC
category. Weaker systems (TS, H1, and H2) each have
two latitudinal peaks. In the case of TSs (Fig. 2a), the
lower-latitude peak (158–208N) consists of systems that
form in the Caribbean Sea and the Atlantic Ocean. Some
of these systems continue to intensify to hurricanes of
all categories (Figs. 2b–f) at higher latitudes. The high-
er-latitude peak (258–308N) in TS frequency is mostly
due to TSs that form in the Gulf of Mexico and off the
eastern seaboard (Figs. 2a,b). These systems may in-
tensify to category-1 or category-2 hurricanes, but not
much more. The two peaks in H1 and H2 frequency are
caused by systems that form in the lower latitudes (low-
latitude peak) and intensify to H3 and H4 status, fol-
lowed by weakening back to H2 or H1 status and re-
curvature (high-latitude peak). The H4 and H5 storms
have only one peak coinciding with the maximum in-
tensity of the systems either during recurvature between
258 and 308N (Fig. 2e for H4) or toward the end of an
elongated track (Fig. 2f for H5) between 158 and 208N.
Figure 4 shows the longitudinal distribution of each TC
category. Weak systems (TS, H1) peak in the 608–658W
range and do not have a distinct region where they prefer
to form (Figs. 2a,b). The reason for the peak at the 608–
658W range, therefore, is that this longitude covers the
largest latitude range (see Fig. 2) and includes a large

number of pre- as well as postrecurving systems. Farther
west of the peak, the latitude range decreases and, there-
fore, so does the number of storms. Farther east, the
number of storms in the northern regions drops off as
systems decay after recurvature. The peaks for H2s–
H5s are less sharp than for weaker systems and have a
secondary peak a little farther to the east of their main
peak, except for H5s (Fig. 4). The H2s and H4s peak
a little farther east than their weaker cousins, while H3s
and H5s peak farther west. The main H2 peak (558–
608W) is caused by category-2 systems that have in-
tensified from TSs that formed in the mid-Atlantic (Fig.
2c), pre- and postrecurving category-3 storms (Fig. 2d),
and postrecurving category-4 storms (Fig. 2e). The sec-
ondary H2 peak (458–508W) is caused by category-2
systems that intensified from TSs that formed in the
eastern Atlantic (Fig. 2c), pre- and postrecurving cat-
egory-3 storms (Fig. 2d), and prerecurving category-4
storms (Fig. 2e). The primary H3 peak (708–758W) is
mostly due to category-3 storms that intensified from
TSs originating in the mid- to eastern Atlantic (Fig. 2d).
Since it takes these systems a while to intensify and
move westward, the H3 peak occurs farther west than
the H2 peak. The secondary H3 peak (608–658W) is due
to TSs that formed in the mid- to eastern Atlantic just
like the primary peak, but weakening H4s (Fig. 2e) also
contribute. The H4s seem to have a distinct preference
to form in the eastern Atlantic and to intensify quite
rapidly. Therefore, the H4 peak (558–608W) is located
east of the H3 peak. The H5 peak is due to Hurricanes
Mitch (October–November 1998) and Gilbert (Septem-
ber 1988), which remained H5s longer than any of the
other category-5 storms and did so in the 808–858W
region.

c. Temporal distribution

Figure 5 shows the distribution of EBT TC obser-
vations across the Atlantic basin by month. Again, it is
clear that August and September provide the most ob-
servations and that activity tapers off before and after
those months, consistent with the findings of Landsea
(1993). Neumann et al. (1999) discuss the areas of for-
mation of TCs in the Atlantic. Their description agrees
with Fig. 5. June storms (Fig. 5a) are almost entirely
confined to the Gulf of Mexico and Caribbean regions.
In July, the area of occurrence shifts farther east to
include the U.S. Atlantic coast (Fig. 5b). During August
and September, systems occur over a broad range ex-
tending from the Gulf of Mexico westward to the Cape
Verde Islands (Figs. 5c,d). During this time, many TCs
form in the southeastern North Atlantic from tropical
waves and traverse the entire Atlantic. Late-season
storms (Fig. 5f) form in the Caribbean and mid-Atlantic.
By October the genesis region has shifted farther west
(Fig. 5e), and by November TC activity is once again
concentrated in the Caribbean region, with a few oc-
currences at higher latitudes in the Atlantic possibly
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FIG. 2. Location of storms by maximum obtained category: (a) TS (b) H1, (c) H2, (d) H3, (e) H4, and (f ) H5. Each symbol denotes a
different category, as indicated in the legend.

forming from cold-core lows associated with midlati-
tude baroclinic systems (Kimberlain and Elsner 1998).

d. Intensification tendency

The ‘‘intensification tendency’’ of an observation is
calculated by subtracting the wind speed of that obser-

vation from the wind speed of the next observation, and
then dividing by 6 h. A negative result means the storm
is weakening, a value of 0 indicates a steady-state storm,
and a positive result indicates an intensifying storm. The
storm’s maximum wind speed (VMAX) rather than
psmin is chosen to measure intensity because the size
parameters to be discussed in the following sections are
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FIG. 3. Number of 6-hourly observations in the EBT dataset of TS
and S–S categories, stratified by 58 latitude bins.

FIG. 4. Number of 6-hourly observations in the EBT dataset of TS
and S–S categories, stratified by 58 longitude bins.

based on wind measurements. Additionally, there are no
missing VMAX observations in the EBT file. Figure 6
depicts the distribution of weakening, steady-state, and
intensifying storms with latitude and longitude. At lat-
itudes below about 188N, most TCs are intensifying or
in a steady state, while at latitudes above around 328N
most storms are weakening or in a steady state (Fig.
6a). This is as expected, since storms form and intensify
at lower latitudes in favorable environments and weaken
when they encounter unfavorable conditions (cooler
SSTs and increased vertical wind shear) as they move
into midlatitude regions. The distribution with longitude
(Fig. 6b) shows a slight preference for intensifying and
steady-state TCs west of about 508W, which is where
storms form from easterly waves. Between 558 and
708W, a slight preference for weakening and steady-state
TCs exists, possibly related to postrecurvature systems.
Between 708 and 858W, a slight preference for inten-
sifying and steady-state TCs occurs, possibly related to
strong systems passing from the Atlantic into the Ca-
ribbean region. Finally, west of around 858W, no lon-
gitudinal preference for any intensification can be seen;
in the Gulf of Mexico an equal number of systems in-
tensify and decay.

Figure 7 shows percentages of weakening, steady-
state, and intensifying 6-hourly observations by cate-
gory. Percentages are shown because in previous sec-
tions we saw that the actual number of observations per
category differs dramatically (Fig. 1). Mean intensifi-
cation or weakening rates are shown in parentheses. The
vast majority (65.0%) of 6-hourly H5 observations are
of weakening H5s, while 20% of all H5 observations
intensify, and this happens at a faster rate than H5 weak-
ening. For H2s–H4s, the differences are less extreme,
but more time is spent weakening than intensifying, and
weakening occurs at a faster rate. The H1s and TSs
spend more time intensifying than weakening; H1s do
so at almost the same rate, while TSs, on the other hand,

intensify at a much slower rate than they weaken. In
other words, when systems first form, they take longer
to get organized and intensify. On the other hand, when
storms have reached the intense H5 stage, they take a
long time to spin down due to their high level of struc-
tural organization.

4. Climatology of TC size parameters

Table 2 lists the statistical properties of each of the
size parameters of all TCs in the Atlantic basin from
1988 to 2002. Statistical properties include the 10%,
25%, 50% (or median), 75%, and 90% quantiles; the
minimum and maximum observations in the sample; and
the mean and standard deviations. These properties give
an idea of the shape of the frequency distribution of
each size parameter. The distribution of REYE is slight-
ly skewed to the right (the 75th percentile is further
removed from the median than the 25th percentile; Table
2), indicating that smaller REYEs were observed slight-
ly more often than larger REYEs (see also Fig. 8). The
largest REYE measures 50.9 km (Hurricane Georges,
September 1998). The distribution of RMW is extremely
right skewed, due to 205 outliers on the higher end, for
a total of 36 different storms (with Hurricane Felix of
1995 contributing the most with 34). Most of the storms
had smaller RMWs while only a few storms had larger
RMWs. The total sample ranged from 9.2 to 333.0 km,
while about 50% of all values were confined to the
smaller range of 46.2–74.0-km (the 25th and 75th per-
centiles in Table 2). Both the mean and standard de-
viation are high because of a few storms with large
RMWs. The distribution of R33 is slightly right skewed
with 11 outliers on the higher end; the largest R33s were
recorded for Hurricanes Gordon (November 1994) and
Bertha (July 1996). The distribution of R26 is more right
skewed than that of R33 and has 19 outliers. Compared
to R33, the R26 distribution displays a larger spread
ranging from 18.5 to 476.4 km.
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FIG. 5. Location of all observations in the EBT dataset by month: (a) Jun, (b) Jul, (c) Aug, (d) Sep, (e) Oct, and (f ) Nov.
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FIG. 6. Distribution of all observations in the EBT dataset by in-
tensification tendency as a function of (a) latitude and (b) longitude.
The intensification tendency of an observation is calculated by sub-
tracting the wind speed of that observation from the wind speed of
the next observation, and then dividing by 6 h. A negative result
means the storm is weakening, a value of 0 indicates steady-state
storms, and positive values indicate intensifying storms.

FIG. 7. Percentage of weakening (white), steady-state (gray), and
intensifying (black) 6-hourly observations in the EBT dataset, strat-
ified by TS and the S–S categories. Mean intensification or weakening
rates (the difference between VMAX of the current and next obser-
vation divided by 6 h) are shown in parentheses.

TABLE 2. Statistical properties of the distributions of the six TC size parameters discussed in this paper, for Atlantic TCs of TS intensity
and above, between 1988 and 2002. The 1957–77 ROCI properties are reproduced from Merrill (1984).

REYE
(km)

RMW
(km)

R33
(km)

R26
(km)

R17
(km)

ROCI (km)
1988–2002

ROCI (km)
1957–77

Quantiles
Maximum
90%
75%
Median
25%
10%
Minimum

50.9
37.0
27.8
18.5
13.9

9.2
4.6

333.0
111.0

74.0
55.5
46.2
27.8

9.2

231.2
161.9
117.2

80.2
55.5
41.6
18.5

476.4
240.5
185.0
129.5

92.5
69.4
18.5

693.8
370.0
277.5
208.1
138.8
101.8

46.2

1026.8
555.0
407.0
333.0
277.5
222.0

55.5

—
—

377.4
266.4
166.5

—
—

Moments
Mean
Std dev
No. of records

21.7
9.3

643

64.6
35.6

3161

91.7
46.5

1071

141.4
67.7

1737

222.3
104.3

2708

351.9
122.0

3389

333.0
155.4

1722

The distribution of R17 is even more right skewed
and has a larger spread than that of R26. There are 58
outliers on the higher end (Hurricanes Bertha, July 1990;
Erika, September 1997; Frances, September 1998; Ga-
brielle, August–September 1989; Grace, October 1991;

Gustav, September 2002; Irene, October 1999; Isidore,
September 2002; Lili, October 1996; Luis, August–Sep-
tember 1995; Michael, October 2000; Olga, November–
December 2001). Note that most of these measurements
were seen in recent years. The mean R17 is 222.3 km
with a standard deviation of 104.3 km, both of which
are high as a result of outliers. The distribution of ROCI
is extremely right skewed with 143 outliers on the higher
end. In other words, for most storms, comparatively low
ROCIs were observed, while only a few storms had
extremely high ROCIs. Although the total ROCI sample
displays a large spread (from 55.5 to 1026.8 km), about
50% of all ROCIs ranged from only 277.5 to 407.0 km.
At least 90% of the observations are observed to be at
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FIG. 8. Frequency distribution and boxplot of REYE for all TCs in
the EBT dataset.

TABLE 3. Number of Atlantic TCs from 1988 to 2002, number and percentage of storms that have at least one eye observation, statistics
concerning the first eye that formed, total number of 6-hourly observations, and number and percentage of 6-hourly observations with eyes,
stratified by storm category. The TDs counted are only those that became TSs or hurricanes (H1s–H5s). The reason the ‘‘all’’ column does
not equal the sum of all the other categories is because one storm can go through many categories throughout its lifetime. Such a storm
was counted once in the all column and once in each appropriate category.

TD TS H1 H2 H3 H4 H5 All

No. of storms
No. of storms with an eye
% of storms with an eye
Minimum size of first eye (km)
Median size of first eye (km)
Maximum size of first eye (km)

164
0
0

n/a
n/a
n/a

172
9
5.2
9.2

11.1
23.1

97
50
51.5

9.2
23.1
41.6

59
43
72.9

9.2
18.5
37.0

38
31
81.6
14.8
23.6
32.4

24
22
91.7

9.2
12.5
15.7

7
7

100
n/a
n/a
n/a

172
62
38.4
n/a
n/a
n/a

Mean size of first eye (km)
Std dev of first eye (km)
Sample size of first eye
No. of 6-hourly obs
No. of 6-hourly obs with eyes
Percent of 6-hourly obs with eye

n/a
n/a
n/a

1236
0
0

13.2
5.2
7

1912
12
0.6

21.9
7.6

38
913
198
21.7

18.9
8.3

12
315
155
49.2

23.6
12.4

2
177
125
70.6

12.5
4.6
2

156
135
86.5

n/a
n/a
n/a
20
19
95.0

n/a
n/a
n/a

3493
644
18.4

or below 555.5 km, that is, only 10% lie between 555.0
and 1026.8 km, which is the higher end of the spectrum.
This clearly indicates that TCs come in a wide range of
sizes. The rest of this section will further explore these
differences by investigating the temporal and spatial
variations of each size parameter and their variations in
terms of the S–S category and intensification tendency.

a. REYE

Table 3 lists the number and percentages of 6-hourly
eye observations by S–S category. For all TCs (TS
through H5) and all hurricanes collectively (H1 through
H5), the percentages of 6-hourly eye observations are
calculated using the numbers in Table 3 and are 18.3%
and 39.9%, respectively. The percentage of 6-hourly eye
observations for TSs is 0.6% (listed in Table 3). In
Weatherford and Gray’s (1988b) three-season sample of
flight missions into northwest Pacific typhoons, the per-
centages are 47%, 71%, and 24% for TCs, hurricanes,
and TSs, respectively. These percentages are substan-

tially larger than the Atlantic EBT values. The formation
of an eye indicates that a TC has reached a high level
of organization, and is therefore usually a characteristic
of more intense systems (Weatherford and Gray 1988b),
which are fewer in number (Fig. 1). This partly explains
the low number of eye observations. Table 3 confirms
that the more intense a TC, the more likely it is to have
an eye. Other reasons for the lack of eye recordings in
the EBT dataset are that (i) the value is missing due to
recording or instrumental errors; (ii) there is a value in
the EBT dataset, but it has been eliminated in this study
due to inconsistencies with other size parameters; (iii)
the eye may have become obscured by the central dense
overcast (CDO) and was difficult to estimate due to lack
of data sources; or (iv) the eye may have been poorly
defined due to eyewall replacement cycles, in which a
small inner eyewall is replaced by a larger outer eyewall
(Willoughby et al. 1982). A larger outer eyewall may
form from a coalescence of spiral bands. In only 17 out
of 3493 records, inconsistent (i.e., RMW , REYE)
REYE data were detected. All of these records except
one were east of 558W, where aircraft reconnaissance
missions are not flown. The percentages were recalcu-
lated for data west of 558W (i.e., to include aircraft
reconnaissance data) and increased slightly (22.6%,
47.4%, and 0.7%) compared to the percentages for the
total dataset (18.3%, 39.9%, and 0.6%). Even though
aircraft are used west of 558W, there is not aircraft data
for all storms at all times, whereas Weatherford and
Gray (1988b) used aircraft data exclusively. Hence, the
EBT dataset includes nonaircraft data such as satellite
images. Eyes can easily be missed in satellite images
due to the presence of a CDO.

The numbers in the previous paragraph refer to 6-
hourly observations. It is possible that for a given storm
some but not all eye observations during its lifetime are
missing. Therefore, if at least one observation is present,
the storm is counted as having an eye. In Table 3, an
individual storm is counted more than once if it assumes
more than one storm category with an eye during its
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lifetime. If a storm assumes the same category with an
eye during more than one time period in its lifetime, it
is counted as having an eye in that category only once.
As expected, the percentages of eye observations go up
if storms are counted instead of 6-hourly observations.
All 7 category-5 hurricanes have an eye, but only 9 out
of 172 TSs (5.2%) have an eye at least once during their
lifetime. Each of these nine TSs (Tropical Storms Joan,
October 1988; Fran, August–September 1996; Lili, Oc-
tober 1996; Bret, August 1999; Alberto, August 2000;
Isaac, September–October 2000; Humberto, September
2001; Isidore, September 2002) eventually intensified
to become hurricanes. This again confirms that the for-
mation of an eye is associated with more organized,
intensifying systems (Weatherford and Gray 1988b).
Two intense hurricanes did not have any recorded RE-
YEs in the EBT dataset: H4 Opal (September–October
1995) and H3 Isidore (September–October 1996). A sat-
ellite image of Hurricane Isidore with an eye was found
online (Cooperative Institute for Meteorological Satel-
lite Studies 2003), hence, instrumental or recording er-
rors may explain the missing eye observations in the
EBT dataset. Isidore occurred east of 458W and hence
aircraft reconnaissance and radar data were not avail-
able. Several online satellite images of Hurricane Opal
were viewed, but only one showed a clear eye. This
infrared image of Opal at peak intensity (0815 UTC, 4
October 1995) shows a clear eye, shortly before and
after this the eye is not easily discernable. Instrumental
or recording errors may explain the fact that no eye
observation was recorded for Opal at that time. Storms
tend to first form eyes at the H1 stage (Table 3), and
eyes that form earlier or later tend to be smaller except
at the H3 stage. However, only two cases first formed
an eye at the H3 stage, both of which were relatively
large (see minimum and maximum first eyes in Table
3). No storms first formed an eye at the TD or H5 stage.

The frequency distributions of REYE (a histogram
and a boxplot) are shown in Fig. 8. A boxplot is a
graphical summary of a frequency distribution based on
measures of position known as quartiles. On the box-
plot, the ends of the box represent the 25% or first (Q1)
and 75% or third (Q3) quartiles. The box itself contains
the middle 50% of the data and ranges from Q1 5 13.9
km to Q3 5 27.8 km (Table 2). At least 25% of the data
are at or below the first quartile (REYE # 13.9 km)
and at least 75% of the data are at or below the third
quartile (REYE # 27.8 km). The line inside the box
indicates the median (50% quartile) REYE, and at least
50% of the data fall below the second quartile or median.
The difference between the first and third quartiles is
known as the interquartile range (IQR 5 Q3 2 Q1 5
13.9 km for REYE), and it measures the spread of the
data. A longer box indicates that the measurements are
spread over a larger range. The bracket below the box
identifies the shortest half, that is, the range of the dens-
est 50% of the observations. The diamond in the box
is known as the means diamond. The means diamond

indicates the sample mean and the 95% confidence in-
terval for the population mean. The lines extending on
both sides of the box are known as whiskers. The lower
whisker extends to the outermost measurement within
Q1 2 1.5 IQR (527.0 km for REYE; or 4.6 in this
case because this is the smallest recorded and valid value
of REYE), and the upper whisker extends to the out-
ermost measurement within Q3 1 1.5 IQR (548.7 km
for REYE). Any measurement beyond the whiskers, that
is, any measurement smaller than Q1 2 1.5 IQR or larger
than Q3 1 1.5 IQR, is known as an outlier. An outlier
is a measurement that does not conform to the pattern
of the rest of the measurements and is identified using
an asterisk (*) or a dot ( · ) on the boxplot. In Fig. 8,
there are no outliers on the lower end; this is as expected
because the end of the whisker value is negative. One
outlier was identified on the higher end, that is, storms
with REYEs larger than 48.7 km. This storm was Hur-
ricane Georges 1998 (REYE 5 50.9 km). The reason
for unusually large REYEs may be the occurrence of
eyewall replacement cycles, when the larger outer
REYE is recorded because it is better defined than the
inner radius. Such radii are often observed to contract
while the storm temporarily weakens or remains in a
steady state (Willoughby et al. 1982). The REYE of
Georges did indeed contract with its intensity remaining
the same during the 18 h following the 50.9-km obser-
vation. A good sense of how a boxplot represents a
frequency distribution can be achieved by comparing
the boxplot to the histogram in Fig. 8. Boxplots will be
used in the remainder of this paper to describe the dis-
tributions of various size parameters.

The REYE distribution is right skewed (Fig. 8), which
means that there are more observations of smaller than
larger REYEs. The median REYE is 18.5 km, and the
mean is 21.7 km. A few storms with large eyes have
an undue influence on the mean REYE, making it larger.
For this reason the median REYE better represents the
more common REYE for storms in the EBT sample than
does the mean. The minimum reported REYE is 4.6 km,
while the maximum is 50.9 km. Weatherford and Gray
(1988b) reported 4 and 120 km, respectively, for three
seasons of northwest Pacific typhoons, while the mean
was 20 km. Comparison of the EBT (Fig. 8) and Weath-
erford and Gray’s (1988b) REYE histograms shows the
latter to be more right skewed than the former. This
indicates that, even though northwest Pacific storms
have a larger REYE maximum, small eyes are more
common than in the Atlantic. This is confirmed by Table
4, which uses Weatherford and Gray’s (1988b) defini-
tions for small, medium, and large eyes and gives the
percentage of storms in each REYE group for both sam-
ples. A larger percentage of small eyes can be seen in
the northwest Pacific sample. In both samples, eyes be-
tween 16 and 30 km are most common.

Figure 9 shows boxplots of REYE distributions strat-
ified by S–S category. The median REYE increases with
storm intensity except for H3 and H5 storms. However,



15 SEPTEMBER 2004 3565K I M B A L L A N D M U L E K A R

TABLE 4. Percent of TCs with small, medium, and large eyes for
Weatherford and Gray’s (1988b) northwest Pacific dataset and the
current EBT dataset.

REYE
Northwest Pacific,

1980–82
Atlantic,

1988–2002

Small, 4–15 km
Medium, 16–30 km
Large, 31–120 km

32.5
50.2
17.3

26.6
58.5
14.9

FIG. 9. Boxplots of REYE stratified by TS and the S–S categories.

FIG. 10. Boxplots of REYE stratified by intensification tendency.

H2, H3, and H4 storms have larger REYE medians than
weak (TS and H1) or very intense (H5) storms. For
most S–S categories, except for H2 and H4 storms, the
REYE distributions are right skewed. In other words,
most of these storms tend to have smaller eyes, and only
a few have large eyes. Mood’s median test was applied
to compare median REYEs of different categories. The
result is significant at the 5% level indicating that me-
dian REYEs are different for at least two categories (p
, 0.001). The TSs and H5s never obtain eyes larger
than 30 km, whereas the other categories do. Eyewall
replacement cycles may account for the large variability
in eye sizes for those categories. Eyewall replacement
cycles do not typically occur in TSs, explaining their
smaller range in possible eye sizes. Eyewall replacement
cycles cause temporary weakening of hurricanes (Wil-
loughby et al. 1982). Therefore, if a category-5 hurri-
cane undergoes an eyewall replacement cycle, the sys-
tem may be temporarily downgraded to category-4 sta-
tus until the larger secondary eyewall has contracted to
a smaller size. This may explain why category-5 systems
display a small range in eye sizes. The median REYE
gets larger from the TS to H1 to H2 stages. This does
not mean that the eye grows as a TS intensifies to an
H1 and then to an H2. Table 3 shows that eyes that
initially form at the TS stage are smaller than those that
form at the H1 stage, explaining the apparent eye ex-
pansion from TS to H1. Eyes that initially form at the
H2 stage are smaller than those that first form at the H1
stage (Table 2). However, only 38 out of 198 H2 ob-
servations with eyes (Table 3) are initial eyes. The larger
H2 eyes in Fig. 9 may be due to eyewall replacement
cycles rather than the size of the initial eye.

The relationship between REYE and intensification
tendency is shown in Fig. 10. The REYE distributions
are slightly right skewed for weakening and steady-state
storms if the outliers are considered. Intensifying storms
have no outliers and the REYE distribution is right
skewed. In both weakening and steady-state cases, the
outliers include observations from Hurricanes Gabrielle
(August–September 1989), Luis (August–September
1995), and Alberto (August 2000). Additional outliers
for weakening storms (REYE . 36.9 km) are obser-
vations from Hurricanes Floyd (1999) and Dennis
(1999), and Hurricane Georges (1998) for steady-state
storms (REYE . 41.8 km). Figure 10 shows that weak-
ening and intensifying systems have the same REYE
median (18.5 km), with the smallest 50% of REYE ob-

servations distributed in almost the same range (4.6–
18.5 km). The larger 50% of weakening REYEs is
spread over a smaller range than that for intensifying
storms (almost half the size), with the exception of the
outliers. Steady-state storms have a larger median
REYE, and the larger 50% of REYEs spans a fairly
large range, from 23.1 to 50.9 km. Mood’s median test
shows a significant difference between the median eye
size of steady-state versus intensifying and weakening
systems (p 5 0.001). Figure 10 shows that the REYE
distributions for intensifying and weakening storms dif-
fer at the higher end; the medians are equal (18.5 km),
but Q3 is larger in the intensifying sample (27.8 km)
than in the sample of weakening storms (23.1 km). This
means that for intensifying storms, 25% of all REYE
observations lie between 18.5 and 27.8 km, while in
weakening storms they lie between 18.5 and 23.1 km.
Observing larger eyes for intensifying storms compared
to weakening storms may seem to contradict the well-
documented fact that eyewalls contract as hurricanes
intensify (e.g., Willoughby et al. 1982). Figure 11 shows
that H5s and TSs (which have smaller median eyes, as
seen in Fig. 9) do not play a role in this trend due to
their small number of eyes (TS) or small number of
total observations (H5). Hence, the observed trend is
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FIG. 11. Number of 6-hourly observations of weakening, steady-
state, and intensifying (the difference between VMAX of the current
and next observation divided by 6 h) TCs for those with small (#20
km) and large (.20 km) eyes, stratified by TS and the S–S categories.

FIG. 12. Percentage of 6-hourly observations of TS (black) through
H5 (white), for storms with eyes, per 108 latitude bin from 108 to
508N. The numbers in the figure are median REYEs for each category
in each latitude bin.

FIG. 13. Number of 6-hourly observations of weakening, steady-
state, and intensifying TCs with (#20 km) and large (.20 km) eyes,
stratified by 108 latitude bins.

due to H1–H4 storms, whose median REYEs are larger
(Fig. 9). However, weakening H1s–H4s predominantly
have small eyes (Fig. 11), indicating that they have com-
pleted the eyewall contraction process and are now
ready to decay. Furthermore, H1, H2, and H3 storms
with large eyes are mostly intensifiers, indicating that
a secondary contracting eyewall may have just formed.
Weakening systems are more intense (median VMAX
is 33.4 m s21), well-organized systems with smaller
eyewalls than intensifying storms (median VMAX of
28.3 m s21). Intensifying storms have larger eyewalls
that contract to a smaller size. Once there, the systems
become steady or begin to weaken for reasons such as
a new outer eyewall takes over, the eyewall collapses
as the system makes landfall or encounters lower SSTs,
or the system encounters larger vertical wind shear or
a hostile atmospheric environment.

A boxplot of REYE versus longitude (not shown)
reveals that median REYEs are largest in the 408–608W
region and comparatively smaller east and west of this
region. A boxplot of REYE versus longitude (not
shown) shows that there is a slight tendency for REYEs
to increase with latitude (correlation coefficient 5
0.226, p , 0.0001, N 5 643). A logical explanation
might be that the occurrence of large REYEs at higher
latitudes is related to the weakening of systems as they
travel northward and encounter lower SSTs and/or in-
teract with midlatitude synoptic-scale systems. The me-
dian latitude for weakening systems is indeed farther
north (28.78N) than for intensifying systems (21.18N).
Figure 3 indicates that north of 408N, only TSs, H1s,
and a few H2s are observed. The TSs do not usually
have eyes (Table 3), but H1s have mostly small eyes
(Fig. 9). However, Fig. 12 shows that while the overall
H1 median REYE is 18.5 km, H1s located between 408
and 508N have a larger median REYE of 37.0 km.
Hence, a predominance of weakening H1s with large

eyes is found at higher latitudes, but in the previous
section it was found that weakening systems tend to
have smaller eyes. This contradictory result is explained
by looking at the latitudinal distribution of intensifying
and weakening systems with large (greater than 20 km)
and small (less than 20 km) eyes (Fig. 13). The cutoff
of 20 km equals the median REYE (18.5 km, see Table
2), rounded up to 20 km. First, weakening systems with
small eyes are far more common than weakening sys-
tems with large eyes at all latitudes except at high lat-
itudes (308–508N). Second, at all latitudes except very
low latitudes (108–208N), intensifying storms with large
eyes are more common than intensifying storms with
small eyes. There are more weakening storms at 308–
508N than intensifying ones (see also Fig. 6a), and weak-
ening storms there tend to have large eyes. This may
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FIG. 14. Boxplots of REYE stratified by month. FIG. 15. Boxplots of the RMW stratified by TS and the S–S
categories.

be a reflection of the fact that TC-weakening processes
at high latitudes differ from weakening processes at mid-
and low latitudes, that is, encountering cold water after
recurvature versus landfall (Fig. 6a).

A boxplot of REYE versus month is shown in Fig.
14. There are no REYE observations in June and De-
cember, and there is only a small number in July (18
observations for 2 storms: Hurricane Bertha in 1990 and
in 1996) and November (33 observations for 4 storms:
Hurricanes Florence, 1994; Lenny, 1999; Michelle,
2001; Olga, 2001). The variation of median REYE with
month is statistically significant (p , 0.001; Mood’s
median test). The smallest median eyes are observed in
July, October, and November (18.5 km), and the largest
are observed in September (23.1 km). Most July, Oc-
tober, and November storms are TSs (Fig. 1), which
generally do not have eyes, or H1s, which possess most-
ly small eyes (Fig. 9), especially in the early and late
season (median REYE 5 18.5 km; not shown). The
large median REYE in September is explained by the
large amount of stronger hurricanes in that month (Fig.
1), which tend to have larger eyes (Fig. 9), and because
the median REYE for H1s in that month is higher (23.1
km; not shown). This is possibly explained in Fig. 5,
where we see very few ‘‘Cape Verde–type’’ storms (i.e.,
storms that form near the Cape Verde Islands off Africa)
in July, October, and November, as is also stated in
Neumann et al. (1999). Furthermore, in August and Sep-
tember, EBT systems form at a median latitude and
longitude of 14.38N, 45.98W and 14.98N, 55.28W, re-
spectively. In other months, systems form at median
latitudes north of 188N and median longitudes west of
658W. This may indicate that Cape Verde hurricanes
may have different size characteristics than hurricanes
from nontropical origins.

b. RMW

A boxplot of RMW versus storm category (Fig. 15)
shows that the median RMW decreases with increasing
storm intensity, from 55.5 km at the TS stage to 27.8
km at the H5 stage (a reduction of 50%). A decreasing

spread of RMWs with S–S categories can also be seen.
Mood’s median test confirms that the differences in me-
dian RMWs are significant for at least two storm cat-
egories (p , 0.001). Weatherford and Gray (1988a) also
found decreasing RMWs with increasing storm intensity
for northwest Pacific storms. This is consistent with
Willoughby’s (1998) theory of intensifying storms: the
most rapid pressure falls occur on the inside of the
RMW, tightening the pressure gradient and increasing
the winds (by gradient wind balance) in that region,
thus causing the RMW and eyewall to contract as the
storm intensifies.

A map showing the spatial distribution of 25-km
RMW bins is presented in Fig. 16. RMWs less than 25
km (dots in Fig. 16a) are not very common and occur
mostly in the Gulf of Mexico and Caribbean regions.
RMWs between 25 and 75 km are most common (Figs.
16a,b) and are scattered uniformly across the entire At-
lantic basin. RMWs larger than 100 km (Fig. 16c) are
again not very common and seem to be mostly con-
centrated off the U.S. and Mexican coastlines. Boxplots
of RMW versus 108 latitude–longitude bins (not shown)
reveal that there are no differences in RMW medians
from 108 to 508N and from 908 to 108W, where the
median is equal to the sample median of 55.5 km. West
of 908W, the sample median is higher (74.0 km). This
difference is significant (p , 0.001), according to
Mood’s median test, and agrees with the swath of larger
RMWs seen in Fig. 16c off the eastern seaboard and
across the Gulf of Mexico. The swath coincides with a
large concentration of TSs and H1s (Figs. 2a,b), which
tend to have large RMWs (Fig. 15), but could also result
from the availability of better observational tools [radar,
Coastal–Marine Automated Network (C-MAN), buoys,
and aircraft reconnaissance] closer to the coast.

The median RMW does not vary from July through
November and is equal to the overall sample median of
55.5 km (Fig. 17). The boxplot shows that small RMWs
are most common in August, September, and October
when 75% of all observations are below 74.0 km. The
frequency of intense hurricanes peaks in those months
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FIG. 16. Spatial distribution of RMW observations stratified by 25-
and 50-km RMW bins: (a) 0–50, (b) 50–100, and (c) 100 to .200
km.

FIG. 18. Boxplots of RMW stratified by intensification tendency.

FIG. 17. Boxplots of RMW stratified by month.

TABLE 5. Percentage of TCs with small, medium, and large RMWs
for weakening, intensifying, and steady-state TCs.

RMW Weakening Steady state Intensifying

Small: #45 km
Medium: 45–75 km
Large: $75km

26.7
53.8
19.5

14.8
59.9
25.3

20.7
60.1
19.2

(Fig. 1), and such storms tend to have small RMWs
(Fig. 15). Very large RMWs (.200 km) occur in August
through November but are not common.

The median RMW does not change with intensifi-
cation tendency; each median equals the median of the
total EBT dataset (55.5 km, see Table 2). A boxplot of
RMW versus intensification tendency (Fig. 18) shows
that all three distributions are right skewed. The distri-
butions differ in the bottom half, as is shown in Table
5, with a larger percentage of weakening TCs having
small RMWs (RMW # 45 km; this value was rounded
down from the 25th percentile of the total sample). This
is consistent with the predominance of small eye values
for weakening storms as compared to intensifying
storms (Fig. 10) and the theory of eyewall and RMW
contraction during TC intensification (Willoughby
1998), as discussed in the previous section. Figure 19
shows that a larger percentage of intensifying than
weakening TCs are TSs and H1s, which have larger
RMWs (Fig. 15) and take time to spin up due to their
low level of organization. On the other hand, a larger
percentage of weakening than intensifying storms are
stronger hurricanes (H2s–H5s), which have smaller
RMWs (Fig. 15) and intense cores that take time to wind
down.

c. Outer-wind radii: R17, R26, and R33

The minimum R17 found in the EBT sample is small-
er (46.2 km) than that of Tropical Cyclone Tracy (1974),
which had an R17 of 50 km. The two storms (Felix,
1989 and Diana, 1990) were both TSs when this size
was recorded, while Tracy was an H4. The smallest H4
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FIG. 19. Percentage of 6-hourly TS (black) through H5 (white)
observations by intensification tendency.

FIG. 20. Medians of the six size parameters (which increase in size:
REYE, RMW, R33, R26, R17, and ROCI) stratified by TS and the
S–S categories. Thin dashed lines mark the boundaries of the inner
and outer cores.

FIG. 21. Wind profiles showing the differences between (a) a
median TS and an H1 and (b) a median H3 and H4.

in the EBT dataset is 101.8 km, while the maximum
R17 (693.8 km) is only slightly larger than half of Su-
pertyphoon Tip’s size (1100 km). Weatherford and Gray
(1988a) reported a mean R26 of 115 km for northwest
Pacific storms, considerably smaller than the current
sample mean of 143.2 km. No studies of R33 were
found.

The variation in the median R33, R26, and R17 with
S–S categories is statistically significant (p , 0.001 in
all three cases) according to Mood’s median test. A
substantial variation in the median size parameters with
storm categories exists (Fig. 20). Also shown are the
inner- and outer-core boundaries (thin dashed lines at
111 and 278 km) as defined by Weatherford and Gray
(1988a). The main difference between a median TS and
a median H1 is stronger outer-core wind speeds (larger
median VMAX, R26, and R17) in the H1 case. At the
H2 stage, the inner- and outer-core wind speeds become
stronger, however the size (R17) is almost the same as
an H1 storm. The H3s have stronger inner and outer
cores and are larger than H2s. The differences between
the wind profiles in each successive category, from TS
to H2, are illustrated in Fig. 21a for the TS to H1 case.
From the H2 to H3 stage, the same changes occur: the
outer-wind radii expand (i.e., the inner and outer cores
intensify), but additionally the RMW contracts. From
the H3 to H4 stage (Fig. 21b), VMAX increases, but
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FIG. 22. Spatial distribution of observations of the radius of hur-
ricane-force winds (R17) stratified by 100-km bins: (a) 50–250, (b)
250–450, and (c) 450–650 km.

the wind speeds in the outer regions of the inner and
the outer cores weaken (R33, R26, and R17 in Fig. 20
shrink). The H5s have the smallest of all RMWs, and
the inner and outer cores are stronger (larger VMAX
and R26) than an H4, but the size (R17) is similar to
H4 storms. These results agree with earlier findings
(e.g., Weatherford and Gray 1988a) that inner and outer
cores behave independently and differently. Figure 20
also indicates that as storms increase in intensity, the
VMAX (RMW) moves closer to the inner edge of the
eyewall (REYE). It must be emphasized that the above
transitions are described in terms of the medians of the
size parameters, and includes intensifying, steady-state,
and weakening systems. Behavior of inner and outer
cores stratified by storm category and intensification
tendency will be investigated in a follow-up paper.

The median R33 and R26 both show a tendency to
increase with latitude from 108 to 408N (not shown),
with a significant difference between medians in at least
two 108 latitude bins (Mood’s median test; p , 0.0001
for both parameters). The median R17 increases from
108 to 608N; clearly visible is a concentration of storms
with R17 . 350 km north of 308N in Figs. 22b,c.
Mood’s median test indicates that the medians differ
significantly in at least two 108 latitude bins between
108 and 608N (p , 0.0001). Therefore, north of 408N,
the median R26 and R33 decrease, but the median R17
increases, indicating a weakening of the inner and outer
cores but an expansion in size as TCs move poleward.
The R33 frequency north of 408N decreases due to TCs
decaying below hurricane intensity. Weatherford and
Gray (1988a) also found an increase in median R26 with
latitude for northwest Pacific TCs.

The largest R17s occur between 508 and 808W (me-
dian 5 231.2 km). East of 508W and in the Gulf of
Mexico (west of 808W), the median R17 is smaller.
Similar characteristics are seen for R33 and R26. Gulf
systems tend to form in the gulf (median latitude of
formation is 20.58N; median longitude of formation is
82.18W) instead of moving into this area from the At-
lantic. Hence, their incipient systems are likely to be
tropical upper-tropospheric trough (TUTT) cells or
monsoon trough features from the eastern Pacific (e.g.,
Hurricane Allison, June 2001) instead of easterly waves
from Africa. Mood’s median test comparing the medians
of the three longitude groups (808–1008, 508–808, and
108–508W) indicates that the differences are statistically
significant (p , 0.0001) for all three parameters. The
smallest storms occur in the extreme southeastern North
Atlantic (Fig. 22a), while at high latitudes after recur-
vature, larger R17s dominate (Figs. 22b,c). These find-
ings are consistent with Merrill’s (1984) conclusions
that recurving storms expand in size after recurvature.
Merrill (1984) used ROCI to measure storm size instead
of R17. The spatial distribution of ROCI will be dis-
cussed in the next section.

The changes in the medians of the size parameters
with storm intensification tendency are shown in Fig.

23. Mood’s median test indicates that the differences
between the medians of the outer-wind radii are statis-
tically significant (p , 0.001). Compared to weakening
TCs, intensifying systems have weaker inner and outer
cores and are smaller in size. This makes sense because
the sample of weakening storms consists predominantly
of TSs and H1s (Fig. 19), which are weak and small
systems (Fig. 20). Weakening TCs are large in size be-
cause they include many intense hurricanes (Fig. 19),
which are large (Fig. 20).

Figure 24 displays the median size parameters as a
function of month. The variation of the median with
month is statistically significant for R33 and R17 (R33:
p , 0.001; R17: p , 0.001) but not for R26 (p 5 0.186)
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FIG. 23. As in Fig. 20, but stratified by intensification tendency. FIG. 24. As in Fig. 20, but stratified by month.

according to Mood’s median test. Weatherford and Gray
(1988a) found little variation in the median R26 from
May through October for northwest Pacific TCs and
define R26 . 300 km as large. These values can exist
in August and September and compose only a small
percentage of their total sample. In the current sample
of Atlantic TCs, large R26s ranging from 300.6 to 476.5
km (not shown) compose 1% of the total sample and
occur from July through November. Hurricanes Gilbert
(September 1988), Bertha (July 1990), Felix (August
1995), and Olga (November 2001) are the main con-
tributors, with R26 remaining larger than 300 km for
12 to 24 h. No large R26 storms occur in October, three
occur in September, and one occurs in each of the re-
maining months. Large R26s amount to a large areal
coverage of highly damaging winds. The median TC
size (R17) peaks in September to coincide with a peak
in the frequency of H2s–H5s (Fig. 1), which are larger
(Fig. 20). Very large storms (R17 . 550 km, not shown)
occur in September, October, and November but are not
common (1% of the total sample). Their locations are
mostly north of 308N and west of 608W, that is, not in
the Gulf of Mexico (Fig. 22c). Late-season (September,
October, and November) storms tend to be large, while
early-season (June and July) storms are small. This is
possibly caused by the occurrence of some intense (H3
and above) hurricanes in later months, whereas June
and July produce almost exclusively TSs and H1s (Fig.
1). The H1s and TSs are significantly smaller (Fig. 20)
than intense hurricanes (H3s–H5s).

d. ROCI

This parameter was used by Merrill (1984) to measure
overall TC size. Statistical properties are presented in
Table 2 for EBT storms during the years 1988–2002
(mean 5 351.9 km 6 122.0 km) and for 1957–77 (mean
5 333.0 km 6 155.4 km) from Merrill’s (1984) Atlantic
TC sample (his statistics were converted to kilometers
by assuming that 18 of latitude equals 111 km). A t test
was used to compare the mean ROCI for storms during
these two time periods. The test results show that storms
during the 1988–2002 period had significantly higher
ROCIs compared to storms during the 1957–77 period
(p 5 0.000011). A histogram of the ROCIs for all TCs
during the years 1988–2002 is shown in Fig. 25. The
shape of the distribution is similar to Merrill’s (1984)
TC sample. Both distributions peak at an ROCI of 300
km and are slightly right skewed with more observations
on the smaller ROCI end. The distribution in Fig. 25
was also compared to a distribution of ROCI observa-
tions taken west of 558W where observations are more
reliable due to the availability of aircraft reconnaissance.
Table 6 gives the statistical properties of the ROCI dis-
tributions west of 558W; these are not significantly dif-
ferent from those listed in Table 2 for the entire dataset.
This provides confidence that the 1988–2002 ROCI val-
ues in Table 2 are reliable. There are two possibilities
for the differences between the two ROCI distributions
from 1957–77 and 1988–2002: 1) decadal climate var-
iability and 2) data quality. North Atlantic seasonal hur-
ricane activity is correlated to ENSO on the decadal
time scale (Gray 1984). During the La Niña phase of
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FIG. 25. Frequency distribution and boxplot of the ROCI for all
TCs in the EBT dataset.

FIG. 26. Percentage of 6-hourly observations for each ENSO phase
stratified by storm category, from TS (black) to H5 (white).

TABLE 6. A comparison between data samples east and west of 558W. Listed for each of the six size parameters are the mean, median,
sample size (N), and p value for each sample.

Mean (km)

West East p

Median (km)

West East p

REYE

RMW

R33

21.6
(N 5 515)

66.8
(N 5 2128)

99.3
(N 5 804)

22.2
(N 5 128)

60.3
(N 5 1033)

68.9
(N 5 267)

0.5135

,0.0001

,0.0001

18.5
(N 5 515)

55.5
(N 5 2128)

92.5
(N 5 804)

23.1
(N 5 128)

55.5
(N 5 1033)

74.0
(N 5 267)

0.0033

—

,0.0001

R26

R17

ROCI

153.9
(N 5 1200)

232.2
(N 5 1776)

351.7
(N 5 2206)

113.5
(N 5 537)

203.5
(N 5 932)

352.2
(N 5 1183)

,0.0001

,0.0001

0.9201

138.8
(N 5 1200)

228.6
(N 5 1776)

333.0
(N 5 2206)

97.1
(N 5 537)

185.0
(N 5 932)

333.0
(N 5 1183)

,0.0001

,0.0001

—

ENSO, more as well as more intense TCs occur (Gray
1984). These findings are confirmed in the EBT dataset.
Figure 26 shows the distribution of S–S categories strat-
ified by ENSO using the EBT dataset [individual years
were categorized according to ENSO phase using
NOAA (2003)]. During La Niña and neutral years, about
50% of all 6-hourly observations are TSs, while the
other 50% or so are hurricanes. During El Niño years,
more than 60% of all 6-hourly observations are TSs,
which explains the smaller median ROCI of 296 km
observed during EBT El Niño years compared to 333
km during EBT La Niña and neutral years. Figure 20
shows that the median ROCI is much smaller for TSs
than hurricanes (except for H5s, which are so low in
number that their influence is neglible). Perhaps the me-
dian ROCI from 1957–77 is smaller than that during
the 1988–2003 period because more El Niño years occur
in the previous period than the latter. Unfortunately, this
was not the case; the earlier (21 yr) period contained 7
El Niños and 5 La Niñas, while the latter (15 yr) period
contained 7 El Niños and 3 La Niñas (NOAA 2003),
which translates to 9.8 and 4.2, respectively, in 21 yr.
It is therefore concluded that the ROCI differences be-

tween the two periods are due to improved instrumen-
tation and observational techniques in the latter period.
The ROCI data from 1957 to 1977 were obtained from
the NHC operational surface analyses (Merrill 1984).
During this time, aircraft reconnaissance missions were
flown, but it is unknown to the authors how the oper-
ational surface analyses were obtained.

There are 143 large (greater than the right whisker
in Fig. 25, i.e., 601.3 km) ROCI observations for 20
storms (including the three famous storms: Hurricanes
Gilbert, 1988; Hugo, 1989; and Opal, 1995). The in-
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crease in the median ROCI with latitude is less pro-
nounced than the increase in the median R17, which
almost doubled in size, but is still significant (p ,
0.0001) according to Mood’s median test. These results
are consistent with Merrill’s (1984) findings, which de-
tected a large percentage of larger cyclones (ROCI $
444 km) in the 308–408N region for his 1957–77 sample
of Atlantic storms. From 308 to 408 and 808 to 908W
(Gulf of Mexico), the median ROCI is 323.8 km, while
from 408 to 808W, the median ROCI is 333 km. How-
ever, the differences between 108-longitude groups are
not significant at the 5% level (p 5 0.2) according to
Mood’s median test. Figure 25 shows two outliers at the
lower end (ROCI , 83.3 km): Hurricanes Iris (1989;
ROCI 5 55.5 km) and Barry (1989; ROCI 5 74.0 km).

The median ROCI increases with the month of the
year (Fig. 24). While the ROCI peaks in the late season,
the R17 peaks in midseason. Hurricanes have signifi-
cantly (p , 0.001) larger median ROCIs (Mood’s me-
dian test) than TSs (Fig. 20). No variation in the median
ROCI is seen between intensifying, steady-state, and
weakening TCs (Fig. 23).

5. Summary and discussion

This is the first time a climatology of tropical cyclone
size parameters has been established for the North At-
lantic basin. Weatherford and Gray (1988a,b) investi-
gated size parameter characteristics using 3 yr of flight
data of 66 northwest Pacific tropical cyclones. In the
current study, 15 yr and 172 tropical cyclones are used,
substantially increasing the statistical significance of the
results compared to Weatherford and Gray’s (1988a,b)
findings. Merrill (1984) examined 20 yr and 183 North
Atlantic tropical cyclones, but only the ROCI parameter
was considered. In the current study, the spatial and
seasonal variations of six size parameters were dis-
cussed. The behavior of size parameters in weakening,
steady-state, and intensifying tropical cyclones was
compared, and the differences between size parameters
of storms of different Saffir–Simpson categories and
during different months were presented.

The findings reported in this paper reveal new insights
into the structure and dynamics of Atlantic tropical cy-
clones and generally confirm previously documented as-
pects. This confirmation includes the spatial and tem-
poral distribution of North Atlantic tropical cyclones
from 1988 to 2002, which agrees with Landsea’s (1993)
results for tropical cyclones from 1886 to 1991. Fur-
thermore, some of the size parameter results in this study
agree with previous studies for northwest Pacific trop-
ical cyclones and with documented tropical cyclone the-
ory. This agreement provides a high level of confidence
that the new size parameter data contained in the new
extended best-track dataset are reliable. Despite this
confidence, several caveats need to be pointed out. First,
there are only 20 H5 observations (7 storms) in the EBT
dataset, therefore, conclusions for this category need to

be treated with caution. Second, this study is an axi-
symmetric study of tropical cyclones; azimuthal asym-
metries have not been considered, and recent studies
(e.g., Kimball and Evans 2002) have shown this aspect
to be important. Third, much of the data used in this
study were derived from aircraft reconnaissance and re-
search flights and remain limited in spatial and temporal
coverage, especially east of 558W, where there are no
aircraft or buoy data at all. A comparison between data
samples east and west of 558W was made and sum-
marized in Table 6. Listed are the mean, median, sample
size (N), and p value for each sample. A p value of less
than 0.05 indicates that the differences between the
mean and median are significant at the 5% level; hence,
the means and medians of the REYE and ROCI mea-
surements are not significantly different. The remaining
size parameters are generally larger in the sample west
of 558W. Some of the differences may be meteorolog-
ical; for example, storms west of 558W tend to be more
developed since most storms east of this boundary are
either just forming or decaying. Figure 20 confirms that,
for the total sample, more intense storms tend to have
larger outer-wind radii. Additionally the western sample
displays more variation (not shown) and the sample size
is considerably larger. Both these factors indicate that
the data collected east of 558W may not have a signif-
icant effect on the total sample.

The major findings of this study are as follows:

• If an eye forms at the tropical storm stage, it tends to
be small. Tropical storms have large RMWs and are
small in size. These storms spend a larger portion of
their time intensifying than weakening. Tropical storm
intensification is a slow process because it takes time
to organize the eyewall and concentrate the wind field.
Tropical storms provide the lowest damage potential
due to their weak winds and small areal coverage, but
their occurrence is far more frequent than hurricanes
of any Saffir–Simpson category. Despite their low
damage potential, tropical storms can be responsible
for a large amount of destruction (e.g., Tropical Storm
Allison, June 2001).

• Category-5 hurricanes (H5s) have small eyes and
RMWs due to the fact that eyewalls and RMWs con-
tract as hurricanes intensify (Willoughby 1998). They
are large in size, and the largest percentage of H5
observations occurs when the storm is weakening; that
is, these storms take a long time to spin down due to
their well-organized structure. Their damage potential
is severe not only because of their high wind speeds
but also because of their large areal extent of gale-
force and 25.7 m s21 winds.

• Weakening systems tend to have small eyes indicating
that they have reached the end of the eyewall con-
traction process and are more prone to decay. Weak-
ening storms tend to be large in size because most of
them are intense systems. Such systems have highly
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organized eyewalls and inner cores that take a long
time to spin down.

• There are more intensifying than weakening H1, H2,
and H3 storms with large eyes. This indicates a high
potential for future eyewall contraction and intensi-
fication. Intensifiers are small in size because they are
mostly weak storms. Weak systems take a long time
to become organized and spin up.

• Larger eye radii found north of 408N are the result of
weakening H1s, which have larger eyes at that latitude
than the overall sample of weakening storms. This
may be a reflection of different weakening processes;
storms north of 308N have recurved and are weak-
ening due to lower SST or interaction with midlatitude
systems. Farther south, weakening is mostly the result
of landfall (Fig. 6a) or strong vertical wind shear.

• R17, R26, and R33 tend to increase as storms move
poleward and westward. Exceptions are 1) the Gulf
of Mexico, where the radii are smaller than in the
extreme west Atlantic, and 2) north of 408N, where
R33 and R26 decrease while R17 increases. The latter
indicates that tropical cyclone inner and outer cores
weaken and tropical cyclones increase in size after
they recurve, consistent with the findings of Merrill
(1984). This means enhanced danger to shipping in
the northern Atlantic. Because the areal coverage of
gale-force winds increases, there is more potential for
wave generation due to the increased fetch.

• Gulf of Mexico storms tend to have larger ROCIs, but
smaller eyes, R33s, R26s, and R17s than North At-
lantic storms between 508 and 808W. Gulf systems
tend to form in the gulf (median latitude of formation
is 20.58N; median longitude of formation is 87.28W)
instead of moving into this area from the Atlantic (Fig.
2). Their incipient systems are likely to be TUTT cells
or monsoon trough features from the eastern Pacific
(e.g., Tropical Storm Allison, June 2001) instead of
easterly waves from Africa.

• Early-season storms (June and July) tend to be small.
September storms are the largest with strong inner and
outer cores. October storms are large with strong inner
cores. November storms are large with weak inner
cores.

A size parameter climatology is beneficial to Atlantic
basin hurricane forecasters and emergency managers.
Knowing only the wind or pressure intensity of a land-
falling tropical cyclone provides an incomplete picture
of its overall damage potential. This study provides pre-
liminary information about the potential extent of dam-
aging winds in various regions of the Atlantic basin, at
various times during the season, and presents differ-
ences in size parameters between weakening, steady-
state, and intensifying storms. It also provides the re-
search community with additional challenges and op-
portunities for furthering the understanding of these in-
triguing storms.

This study shows that the EBT dataset is consistent

with general tropical cyclone theories and in agreement
with past studies. For this reason, the dataset can be
used for further study. In follow-up papers, the intensity,
strength, and changes in size and intensity will be in-
vestigated, as well as asymmetrical characteristics of the
outer-wind radii. Additionally, wind profiles of storms
of different intensities and under different conditions
(weakening, strengthening, at different latitudes, during
different months, etc.) will be compared.
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