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ABSTRACT

Storm-centered infrared (IR) imagery of tropical cyclones (TCs) is related to the 850-hPa mean tangential
wind at a radius of 500km (V500) calculated from 6-hourly global numerical analyses for North Atlantic and
eastern North Pacific TCs for 1995-2011. V500 estimates are scaled using the climatological vortex decay rate
beyond 500 km to estimate the radius of 5kt (1kt = 0.514ms ™) winds (RS) or TC size. A much larger his-
torical record of TC-centered IR imagery (1978-2011) is then used to estimate TC sizes and form a global TC
size climatology. The basin-specific distributions of TC size reveal that, among other things, the eastern North
Pacific TC basins have the smallest while western North Pacific have the largest TC size distributions. The life
cycle of TC sizes with respect to maximum intensity shows that TC growth characteristics are different among
the individual TC basins, with the North Atlantic composites showing continued growth after maximum in-
tensity. Small TCs are generally located at lower latitudes, westward steering, and preferred in seasons when
environmental low-level vorticity is suppressed. Large TCs are generally located at higher latitudes, poleward
steering, and preferred in enhanced low-level vorticity environments. Postmaximum intensity growth of TCs
occurs in regions associated with enhanced baroclinicity and TC recurvature, while those that do not grow
much are associated with west movement, erratic storm tracks, and landfall at or near the time of maximum
intensity. With respect to climate change, no significant long-term trends are found in the dataset of TC size.

455

1. Introduction

Tropical cyclones (TCs) occur in many regions around
the globe including the North Atlantic, eastern North
Pacific, western North Pacific, north Indian Ocean, and
Southern Hemisphere. There are many agencies that is-
sue advisories, warnings, and forecasts of these systems.
The typical advisory contains information about indi-
vidual TC location, movement, intensity (in terms of
maximum wind speed, and minimum sea level pressure),
and in many cases radii of significant wind speeds (e.g.,
the extent of gale-force wind speeds). Much of the focus
of TCresearch has concentrated on motion and intensity,
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but it is the TC size in terms of wind field that often de-
termines potential tropical cyclone impacts (e.g., Powell
and Reinhold 2007; Houston et al. 1999; Irish et al. 2008)
and areal coverage and distribution of rainfall (e.g.,
Kidder et al. 2005; Matyas 2010). In this paper we will
concentrate of variations of TC size.

Past studies of TC wind structure (Weatherford and
Gray 1988; Chan and Chan 2012) have shown that the
intensity (i.e., the maximum wind speed) is not strongly
related to the strength of the wind field beyond a dis-
tance of 111km (1° latitude) from the center but the
storm strength [i.e., the average wind speeds between
111 and 278 km (1° and 2.5° latitude) from the center as
defined by Weatherford and Gray (1988) are strongly
related and positively correlated with the maximum
radial extent of 34-kt (1kt = 0.514ms ') wind speeds
(R34)]. This implies simply that knowing the TC in-
tensity is not enough information to determine the TC’s


mailto:john.knaff@noaa.gov

456

wind field structure. TC size in terms of R34 also tends to
increase during extratropical transition (Brand and Guard
1979; Evans and Hart 2008). Low-level TC kinetic energy
(within 200km) also tends to increase when TCs en-
counter moderate to strong vertical wind shear, they
experience synoptic-scale warm air advection, and/or
when TCs experience eyewall replacement cycles (Maclay
et al. 2008). Others have documented the small-sized na-
ture of TCs that form close the equator (Brunt 1969) and
in the eastern North Pacific (Knaff et al. 2007) and midget
typhoons that occur at subtropical latitudes (Arakawa
1952; Brand 1972; Harr et al. 1996) in terms of R34.

Similar to R34, the radius of the outermost closed
isobar (ROCI) has also been used as a TC size metric.
This is because ROCI is well related to the tangential
wind speed profile of hurricanes and operational esti-
mates of ROCI were and are routinely made available
from many archives. When the ROCT is large, the TC’s
tangential wind speed profile is broader; when ROCI is
smaller, the tangential wind speed profile is more com-
pact (Merrill 1984). Others have shown that the initial
size of the wind and/or pressure fields is often roughly
maintained as TCs intensify (Cocks and Gray 2002; Dean
et al. 2009; Chavas and Emanuel 2010; Lee et al. 2010),
suggesting that initial ROCI is important to determining
TC structure at later times.

Most past studies of TC structure variation, however,
have been conducted in the western North Pacific or
North Atlantic TC basins and have used differing defi-
nitions of TC size based mostly upon a mixture of ROCI
and/or R34. In many of these studies, the number of
years and cases was limited by short data records. The
studies of Merrill (1984), Chan and Chan (2012), and
Lee et al. (2010) are among the most comprehensive
studies to date. Merrill (1984) used ROCI as a size metric
1957-77 (Atlantic) and 1961-69 (western North Pacific),
and both Chan and Chan (2012) and Lee et al. (2010)
used Quick Scatterometer (QuikSCAT) surface wind
speed estimates for 1999-2009 and 2000-05, respectively.
These latter studies use wind speed thresholds that are
close to 34kt as a size metric. Unfortunately, to date no
global TC size climatology has been created.

Past studies have nearly exclusively relied upon the
R34 and ROCI as size metrics and, while it is has been
shown that these two metrics are related, they are not
the same. These measures also have a number of short-
comings that make climatological studies and interbasin
comparisons difficult. In most cases R34 and ROCI are
subjective estimates made from the available data and are
method dependent. Admittedly, objective R34 estimates
are possible using scatterometry, but those records are
relatively short (since the late 1990s). To further com-
plicate matters, the specific methods used to estimate
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ROCI and R34 have varied over the years and such
changes are not well documented. Furthermore, the use
of the 34-kt wind speed threshold precludes studies of
weaker TCs with maximum wind speeds below this
threshold. Asymmetries in the wind field also make esti-
mating a mean R34 difficult as discussed in Demuth et al.
(2006). Finally, the ROCI, besides being subjective and
method dependent, is also a function of the pressure field
and environment in which a TC is embedded. For instance,
the ROCI would be infinite for a TC vortex with no en-
vironmental flow, but ROCI would also shrink solely be-
cause of accelerations in the mean flow—motion.

For these reasons, we endeavor to create a TC size
metric that can be applied in a uniform manner globally
over a long period of record to assess the climatology of
TC size and compare to the previous studies. We also
define TC size as the radius at which the TC influence on
the near-surface wind field is indistinguishable from that
of a climatological environment, much as Dean et al.
(2009) and Chavas and Emanuel (2010) did. To do this
we employ historical records of TC location, digital in-
frared (IR) imagery, and large-scale environmental di-
agnostics of TCs to develop an algorithm for TC size and
apply it to the global TC records. The following sections
discuss the details of our data, methods, and results.

2. Data description
a. Infrared satellite information

For this study, we use the brightness temperatures 7,
from 3-hourly storm-centered IR imagery from the global
constellation of geostationary satellites. The sources of
these images come from two archives. The first is the
Hurricane Satellite data, version 3 (HURSAT v3; Knapp
and Kossin 2007). This dataset provides 8km X 8km
Mercator images that contain 3-hourly storm-centered
IR T} [with window (~11um) wavelengths] that are
centered on global TCs starting in 1978 and ending in
2006. The second IR image archive comes from the Co-
operative Institute for Research in the Atmosphere
(CIRA) tropical cyclone IR image archive (referred to as
the CIRA IR archive), which contains IR window ob-
servations of TCs that have been remapped to 4km X
4km Mercator projection from various geostationary
satellite platforms as described in Zehr and Knaff (2007).
The CIRA IR archive, which has a higher temporal and
spatial resolution, is used here to extend HURSAT v3
through 2011 at the same 3-hourly temporal resolution.

b. TC track and intensity information

The storm location and intensity information used in
this study comes from two sources. The first, for the
period 1978-2006 (i.e., for the HURSAT cases), is
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contained in the HURSAT data files. That information
is provided by the International Best Track and Ar-
chive for Climate Stewardship (IBTrACS; Knapp et al.
2010) The second source that is used to estimate storm
location and intensity for the 2007-11 period (i.e., for
the CIRA IR archive cases) is provided by the data-
bases of the Automated Tropical Cyclone Forecast
(ATCF; Sampson and Schrader 2000) system. These
contain the final best track information produced by
the National Hurricane Center (NHC), the Central
Pacific Hurricane Center, and the Joint Typhoon Warn-
ing Center (JTWC). For this study, we will use the native
ATCEF units for TC intensity, which are knots. Cubic
spline interpolation is used to obtain estimates of the
3-hourly positions and intensities that are used in this
study. We will also examine the TC formation basins
that are contained in the ATCF database for this study.
These basins include the North Atlantic, eastern North
Pacific, central Pacific, western North Pacific, north In-
dian Ocean, and Southern Hemisphere. The few TCs
that form in the central Pacific are combined with those
that form in the eastern North Pacific.

c. Large-scale TC diagnostics

For algorithm development, we use the large-scale
diagnostic fields of the Statistical Hurricane Intensity
Predictions Scheme (SHIPS) and the Logistic Growth
Equation Model (DeMaria et al. 2005; DeMaria 2009).
Specifically, we use the estimates of 1) azimuthal mean
tangential wind at 850 hPa at the 500-km radius and 2)
the vorticity at 850 hPa averaged out to a 1000-km ra-
dius. Both of these quantities are calculated from Global
Forecast System (GFS)-based model analyses [opera-
tional analyses for 2000-11 and National Centers for
Environmental Prediction—National Center for Atmo-
spheric Research (NCEP-NCAR) reanalyses (Kalnay
et al. 1996) for 1995-99]. The 850-hPa azimuthally av-
eraged tangential wind at 500 km is the quantity we use
to train our algorithm. The 850-hPa vorticity at 1000 km
is used to estimate the azimuthally averaged tangential
wind at 1000 km, which is then used for the climatolog-
ical scaling of our estimates of TC size. Specific details of
how these are used to create an objective measure of TC
size are described in the next section.

3. Methods and scaling
a. Processing IR images

The 3-hourly 7}, values were analyzed to storm-
centered polar grids with 4-km radial spacing and 10°
azimuthal spacing. The domain of these analyses is
602 km in radius. The storm centers provided in the
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FIG. 1. Leading modes of variability or EOFs of the 6-hourly
mean azimuth-averaged profiles of 7. The percent of the variance
explained by each EOF is shown in parentheses.

HURSAT dataset are used for these polar analyses of
HURSAT imagery. For the CIRA IR archive, storm
centers are estimated via interpolation from the nominal
times of the images and the 6-hourly positions in the best
track. The polar analyses are created using the variational
analysis technique described in Mueller et al. (2006), but
smoothing constraints are chosen so that the half-power
wavelengths of the filter were 10 km in radius and 22.5° in
azimuth. This procedure provides a uniform way of
comparing and using the information from the HURSAT
and CIRA IR archive and allows for other, more com-
plicated analyses in the future.

To significantly simplify the problem of relating IR
imagery to TC structure, we then take azimuthal aver-
ages of the resulting polar 7}, analyses, standardize those
profiles at each radius (removing the sample radial
mean and dividing by the sample radial standard de-
viation), and then perform a principal component anal-
ysis. Figure 1 shows the leading modes of variability or
empirical orthogonal functions (EOFs) along with the
percent variance explained by each mode. EOF 1 is as-
sociated with the mean cloud top temperatures (radial
wavenumber zero). EOFs 2 and 3 are related to the ra-
dial structure of T} as radial wavenumber 1 and 2, re-
spectively. These first three EOFs explain more than 95%
of the azimuthally averaged 7}, variance. In essence, this
procedure simplifies the problem by reducing 151 azi-
muthal averages to three principal variables that explain
the majority of the radial structure of T}. Principal com-
ponents are then created for each 3-hourly image in our
combined HURSAT and CIRA IR archive dataset.

b. TC size algorithm development

For this study, we use the azimuthally averaged 850-hPa
tangential wind at the radius of 500 km as a proxy for TC
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size. There are several reasons for using this metric in-
stead of the traditional metrics of ROCI or R34. The first
justification is that the traditional metrics have signifi-
cant shortcomings, as described in the introduction.
Another justification is that the mean tangential wind at
a fixed radius is related to both the circulation and the
average vorticity via Stokes theorem. This definition
also allows the application of Kelvin’s circulation theo-
rem whereby the absolute circulation is quasi conserved
in the generally quasi-barotropic tropical atmosphere
and outer regions of the TC. The Stokes theorem also
implies that the tangential winds decrease as the radius—
area increase. This relationship has been shown obser-
vationally in TCs by several authors (e.g., Weatherford
and Gray 1988; Cocks and Gray 2002) and is the basis of
parametric vortex models (Depperman 1947; Holland
1980). Furthermore, if the TC maintains a constant an-
gular momentum, the mean tangential wind at 1000 km
should be close to a quarter of its value at 500 km. This
also implies that there is some radius where the circu-
lation is close to the background flow, a relationship we
later use for scaling. The 850-hPa level is used as an
estimate for the winds above the frictional boundary
layer. It is also noteworthy that a similar strategy was
successfully used to estimate TC size and provide im-
proved wind-pressure relationships (Knaff and Zehr
2007).

We are also confident the current global models and
reanalyses estimate the 850-hPa mean tangential wind at
a radius of 500 km (V500) accurately enough that it can
be used for this type of algorithm development. Indirect
evidence that similar analysis-derived diagnostics do
a good job in estimating the TC environment come from
the success of a number of statistical TC applications that
have been trained using such diagnostics. A few examples
of such applications include the statistical hurricane in-
tensity prediction scheme (DeMaria et al. 2005), the lo-
gistic growth equation model (DeMaria 2009), the rapid
intensification index (Kaplan et al. 2010), the tropical
cyclone formation product (Schumacher et al. 2009), and
tropical cyclone wind—pressure relationships (Knaff and
Zehr 2007). For our study we use the NCEP reanalyses
and operational GFS analyses and accept that these have
known shortcomings' and that the type and quality of
data used in data assimilation has changed over time.

Since we propose to relate symmetric features in IR
imagery to TC size, we also want the TC size metric

! The most severe shortcomings in the NCEP-NCAR reanalyses
with respect to downscaling tropical cyclone features are found
prior to 1980 when the satellite data input dramatically changed
(Emanuel 2010).
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chosen to be well matched with the observed TC con-
vective structure. Frank (1977) found a “moat” region
where moderate subsidence occurs below 400 hPa in
rawinsonde composites and where convection is sup-
pressed. Frank (1977) also showed that, while the con-
vective portion of the storm is located radially inside this
moat region, the storm-induced tangential winds com-
monly extended beyond the 1550-km domain of his
analysis (i.e., the wind field is larger than the convective
field). The moat is typically located at a radius of be-
tween 4° and 6° latitude but varies from case to case.
Previous studies have also shown that the areal extent of
convection surrounding TCs is related to the areal ex-
tent of the TC’s wind field (Shoemaker 1989; Cocks
1997; Cocks and Gray 2002; Mueller et al. 2006; Kossin
et al. 2007; Lee et al. 2010). It is this relationship be-
tween the areal extent of the TC’s cloud-IR field and
the areal extent of the TC’s wind field we would like
to exploit. Thus, the TC size metric we proposed is
both located at the same scale as the typical convection-
suppressed TC moat region and can be easily quantified
by structures in IR imagery.

To create an objective IR-based estimate of TC size,
we use the V500 from the SHIPS large-scale diagnostic
files as the dependent variable of a multiple linear re-
gression. The potential predictors for this regression are
the sine of the absolute value of storm latitude and the
normalized principal components of the azimuthally
averaged radial profiles of T}, from the center of the TC
out to a radius of 602 km (i.e., associated with the EOFs
shown in Fig. 1). Previous studies have shown that these
principal components can explain much of the sym-
metric TC vortex structure (Mueller et al. 2006; Kossin
et al. 2007), further justifying this approach. A 6-hourly
subset of the Atlantic- and east Pacific-dependent sample
of 1995-2011 that contained data from the CIRA IR ar-
chive was used for initial algorithm development. The re-
sulting multiple regression equation explains 29% of the
variance of observed V500 and has a root-mean-square
error of 29 ms ', The resulting regression equation is

V500 = 2.488 + 11.478 X sin|¢p| — 1.350 X PC1
+0.912 X PC2 + 0.319 X PC3. 1)

In (1), ¢ is latitude and PC1, PC2, and PC3 are the
normalized principal components. Each predictor is
statistically significant at the 99% level using a two-
tailed Student’s ¢ test. The positive coefficient associated
with the latitude term implies that storms grow as they
move poleward. Two likely reasons are that TCs import
more angular momentum than needed to maintain their
current intensity and size and/or that baroclinicity,
which increases as the TC moves poleward, promote TC
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TABLE 1. General statistics related to the V500 and RS estimates. V500 is estimated by (1) and R5 is estimated by (2). Units for V500 and
RS are meters per second and DDLAT, respectively.

No. of cases Mean Standard deviation Median First quartile Third quartile
V500 (ms™') 122989 6.56 2.09 6.61 5.09 8.08
R5 (DDLAT) 122989 11.00 3.36 11.08 8.63 13.43

growth. These mechanisms are consistent with Merrill’s
(1984) findings. This term also implicitly includes effects
related to satellite viewing angle, and cloud top 7} in-
creases with latitude. The negative coefficient on PC1
implies TCs with colder cloud shields (r = 0-600 km) tend
to be larger. The positive coefficients with PC2 and PC3
are also consistent, suggesting colder cloud tops from r =
200-600 km and from r = 70-300 km, respectively, are
related to larger TCs (see Fig. 1). Table 1 provides the
statistics associated with V500 estimated by (1) for the
entire 3-hourly dataset for 1978-2011.

Since TC size implies units of distance or area, we
scale the estimated V500 that comes from (1) using the
climatological (1995-2011) mean linear relationship
between the azimuthally averaged tangential wind at
500km (V500c) and at 1000km (V1000c). V1000c is
derived from the average (r = 0-1000 km) vorticity {190
using this relationship V1000c = r X {10, Where r is the
radius. Using the slope of this relationship and an esti-
mate of V500 [i.e., from (1)], the radius where the mean
tangential wind at 850 hPa is 5kt (RS) is found. For our
study, a 5-kt tangential wind at 850 hPa is assumed to be
essentially the same as the background flow. So, in the
simplest terms, RS is the radius of where the TC wind
field is indistinguishable from the background flow in
a climatological environment. We note here that both
Dean et al. (2009) and Chavas and Emanuel (2010) took
a different approach.

The relationship between V500 and RS is provided by

500

)

where the climatological mean values of RS, V500,
and V1000 are RS =952km, V500c = 5.05ms™", and
V1000c = 2.23ms™ !, respectively, and V500 is estimated
using (1). The values of RS are consistent with the TC
composites of Frank (1977) where the tangential wind
associated with an average TC extended beyond his 1554-
km analysis domain. To make the units more manageable
and to allow better comparison with historical work on
this subject, we will present RS in units of distance in terms
degrees latitude (DDLAT; 1 DDLAT = 111.11 km) for
the remainder of the paper. It is noteworthy that over
99% of RS estimates are less than 21° latitude (2330 km)

but greater than 4° latitude (440km). Finally, the error
characteristics of RS are linearly dependent on the errors
associated with the estimation of V500. Table 1 provides
the statistics associated with R5 estimated by (2) for the
entire 3-hourly dataset of 1978-2011.

A reasonable question to ask is how R5 (and/or V500)
is related to R34 (or gale force) winds. Using the same
6-hourly developmental dataset used for algorithm de-
velopment, we relate the RS estimates to the azimuthal
average of the nonzero quadrant values of the opera-
tional 34-kt wind speed radii (R34) from the NHC. As
discussed in Demuth et al. (2006), excluding the quad-
rants with zero wind radii from azimuthal averages re-
moves noise associated with cases where the maximum
wind speed is close to the 34-, 50-, or 64-kt wind radii
thresholds. In such cases, wind radii in some quadrants
can rapidly fluctuate between zero and nonzero values as
a function of time. For the combined eastern North Pa-
cific and North Atlantic sample, RS explains 30% of the
variance of R34. However, the region where gale-force
winds are typically found in a TC is located between the
core region of the storm, which is best related to intensity,
and the outer regions of the TC where RS provides an
estimate of the size of the wind field. Therefore it might
be expected that R34 is both a function of intensity in
terms of maximum wind speed V,.x and R5-TC size.
This is indeed the case. When R5 and V.« are used in
a multiple linear regression, they explain 38% of the R34
variance. The regression equation, which is best related to
TCs with symmetric wind structures, is

R34=-98.63+1.33V,  +2819XR5,  (3)

where R34 has units of kilometers, V. has units of
knots, and RS has units of DDLAT. The relationship in
(3) has root-mean-square errors of 74km and mean
absolute errors of 55km. These errors are similar to
those presented in Knaff et al. (2011) but much larger
than the results of Demuth et al. (2006). The 38% of the
variance explained is also similar to results comparing
scatterometer-based R34 estimates with those of the
JTWCin Lee et al. (2010). This demonstrates that RS is
related to the R34 TC size metric.

The significant scatter between the R34 and the R34
predicted using the multiple regression (3) is somewhat
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FIG. 2. IR images of (left)Typhoon Abe (1990) located at 25.2°N, 124.8°E with an intensity of 90kt at 0000 UTC
30 Aug 1990 and (right) Hurricane Kay (1998) located at 16.0°N, 123.8°W with an intensity of 65kt at 1800 UTC
13 Oct 1998. These images also had PC1 values of —1.07 and 0.99, PC2 values of 2.83 and —2.31, and PC3 values of
2.09 and —2.62 for Typhoon Abe and Hurricane Kay, respectively. These represent the largest and smallest hurricane
intensity TCs (at their maximum lifetime intensity) in our dataset.

expected as (3) does not account for the variability of
TC’s environment. This shortcoming highlights an ad-
ditional but subtle property of the RS algorithm de-
veloped above. The large scatter associated with the
regression in (1) is primarily due to the variable envi-
ronmental conditions in which individual TCs exist. In
other words, the observed V500 is due to a TC compo-
nent and an environmental component. The environ-
mental component, as would be expected, is not related
to the symmetric IR depiction of the TC in (1). Further-
more, a climatological environment is used to arrive
at estimates of R5 in (2). As a result, V500 estimated by
(1) and RS5 estimated by (2) are primarily related to
variations in TC structure rather than in the TC envi-
ronment. This is a fortunate property for the RS algo-
rithm to have as it is actually convenient to minimize the
influence of different environments for the purposes of
this study.

Finally, to provide the reader an example of how this
method applies to individual images, Fig. 2 shows the IR
images associated with western North Pacific Typhoon
Abe (1990), and eastern North Pacific Hurricane Kay
(1998). These two TCs were the largest and smallest
hurricane intensity (>64 kt) TCs at the time of maximum
lifetime intensity found in our study. The RS values cal-
culated for these images are 19.8 and 2.7 DDLAT for
Typhoon Abe and Hurricane Kay, respectively. The RS
estimates imply that Typhoon Abe is 53 times larger, in
terms of area, than Hurricane Kay. Visually, Fig. 2 depicts

a situation where the entire cold cloud shield of Kay fits
inside the ragged eye of Abe.

4. Results

In this section, we present a basic climatology of RS as
a measure of the TC vortex size. The following sub-
sections will describe the IR image composites of TC
size as measured by the R5 metric, interbasin TC size
distributions, the mean life cycle of TC size, spatial and
seasonal distributions of large and small TCs, the spatial
details of where TCs tend to grow the most/least, and
finally the interannual trends of TCs size. Hereafter, RS
and TC size will be used interchangeably. In this section,
we will also use the following definitions for intensity
ranges. To reduce confusion and unnecessary verbosity,
TCs will be referred to as tropical depressions, tropical
storms, minor hurricanes, and major hurricanes when
there intensities are Vi, < 34kt, 34 = V. < 64Kkt,
64 = Vinax < 96kt, and Vi, > 96 kt, respectively.

a. IR composites of TC size

To provide the reader with a sense of how the RS
metric is related to the structures in IR imagery, com-
posite averages of IR imagery as a function of TC in-
tensity and TC size were computed. Figure 3 shows the
average of IR images for small, average, and large-sized
TCs, which correspond to the 1o variations about the
distribution of R5 (see Table 1). The number of images
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FIG. 3. Composite average T, for TCs with intensities of (a)—(c) <34 kt, (d)-(f) 34-63 kt, (g)—(i) 64-95 kt, and (j)—(1) >95 kt and RS sizes
of (a),(d),(g),(j) <7.5° (b),(e),(h),(k) 7.5°-12.45°, and (c),(f),(i),(1) >12.45° latitude. The scale for T}, (°C) is provided at the bottom of
the figure. The number of individual images used in each composites is (a) 18 686, (b) 38667, (c) 4133, (d) 9045, (e) 39741, (f) 10127,
(g) 1783, (h) 16394, (i) 9361, (j) 426, (k) 6412, and (1) 6369. Similarly, the mean intensities are (a) 25, (b) 25, (c) 27, (d) 43, (e) 46, (f) 48,
(g) 76, (h) 77, (i) 79, (j) 108, (k) 113, and (1) 118 kt. Each panel shows IR T, values within a 602-km radius.
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TABLE 2. List of spatial statistics of the composite 7}, images shown in Fig. 2. The number of cases, the spatial mean, and spatial standard
deviation o are provided for each composite image.

Small composites

Average composites Large composites

No. Mean T No. Mean o No. Mean T
Tropical depressions 18686 1.8 4.8 38667 —18.3 7.9 4133 —36.0 9.2
Tropical storms 9045 1.1 8.4 39741 -15.9 10.8 10127 —314 10.9
Minor hurricanes 1783 1.2 13.6 16394 —-16.3 15.6 9361 —30.4 14.7
Major hurricanes 426 0.7 15.2 6412 —184 18.4 6469 —34.1 17.0

and mean intensities of each panel are provided in the
figure caption. The figure shows that the composite im-
ages for tropical depressions (Figs. 3a-c) are fairly
symmetrical with the area containing 7}, values colder
than —10° —30°, and —50°C being roughly the same for
small, average, and large composites, respectively. The
large-sized tropical depression composite also contains
a central warm spot, but upon closer examination the
temperature differences are very small (=1°C) and are
being overemphasized by the choice of contour thresh-
olds. The second row, Figs. 3d—f, shows the images as-
sociated with tropical storms. These composite images
are similar to those of the tropical depressions, but the
range of T} is larger. The T}, contours in these compos-
ites have larger gradients with noticeably colder central
features. The next row, Figs. 3g—i, shows the composite
images of minor hurricanes. Compared to tropical
storms, the range of T}, continues to increase and a slight
shrinking of the —10°, —20°, and —30°C contours is ev-
ident in the minor hurricane composites as the core re-
gion consolidates. A warm feature is only evident in the
average-sized composites, but again upon closer exam-
ination a central warm feature is evident in all three
minor hurricane composites but is not highlighted by the
contour interval. The final row, Figs. 3j-1, shows the
major hurricanes composite images. In this row there is
clear evidence of the existence of the TC eye at all sizes.
Again the T}, range in the composites increases from the
minor hurricane composites shown in the row above.
The small TC composites of both major and minor
hurricanes shows generally warmer 7}, exist within
100km of the TC center compared to the average and
large composites with corresponding intensity ranges.
A simple way to determine the statistical significance
of these composites is to compare the spatial means of
the composites. Table 2 provides the number of cases,
the spatial mean 7, and the standard deviation of 7}, for
each composite. Using the Student’s ¢ test, the difference
in means of the small, average, and large composites for
each intensity bin are significant at the 99% level.
Figure 3 provides the reader a visual reference for the
gross variability of IR features explained by the R5
metric. Furthermore, the results provide more confidence

that RS is well related to the size of the cold cloud shield
(a proxy for TC size) variations rather than variable
environmental conditions. For small- and average-sized
TCs the region with 7;, < —20° and —10°C appear nearly
the same as the TC intensifies from depression to major
hurricane. The large composites show similar behavior
for the areas colder than —40° and —30°C contours. It is
worth noting here that 7}, around —40°C (i.e., homoge-
neous freezing of water) are typically the threshold for
color enhancement of convective features in the tropics
and are related to rainfall as summarized by Mapes and
Houze (1993). However, the deepest convection and
heaviest rain are better related to colder IR thresholds
closer to —63°C (Liu et al. 2007). These composites
suggest that RS is better related to the IR patterns
outside the TC core rather than those IR patterns closer
to the core (i.e., those better related to intensity). Fur-
thermore, these composites imply that RS is related to
the overall size of the cold T} pattern including the
convection-free moat region discussed in Frank (1977).
This latter point appears to be the case particularly when
comparing small- and average-sized composites where
the relatively warm contours of —30°, —20°, and —10°C
are nearly concentric, noting that these warmer contours
extend outside the 600 km domain of our analysis in the
large composites.

One interesting feature in the R5-based composites of
major hurricanes is the suggestion that RS is not well
related to eye sizes, as measured by the radius maximum
gradient of T} (not shown). R5, however, is related to
the width of the cold cloud ring surrounding the eye.
Such differences would impact satellite-based intensity
estimates made using the enhanced IR Dvorak tech-
nique (Dvorak 1984) where a minimum width of the
coldest IR temperature ring surrounding the eye is
a factor in determining TC intensity. Thicker cold cloud
rings—those greater than 33-55km depending on the
temperature of the coldest surrounding 7,—would re-
sult in higher intensities, all other factors being the same.
This finding suggests a potential cause of the Dvorak
positive intensity biases associated with large major TCs
(via the ROCI) reported in Knaff et al. (2010). It is
noteworthy, however, that large TCs can have very large
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eye features whereas the eye features in small storms are
ultimately limited by the size of their convective core
(e.g.,asin Fig. 1). This eye size finding is a topic of future
research.

Since the identification of TCs with intensities greater
than or equal to 34kt is less ambiguous® than weaker
TCs and because more intense storms are of greater
interest, the remainder of the paper will discuss results
associated with TCs intensities (i.e., maximum wind
speeds) of 34 kt or greater.

b. Interbasin distributions

Using the RS metric we now investigate the TC size
distributions as a function of TC basin. Figure 4 shows
the frequency distribution of R5 in the North Atlantic,
eastern North Pacific, western North Pacific, north Indian
Ocean, and Southern Hemisphere TC basins as a func-
tion of storm intensity. Frequencies are again provided
for tropical storm, minor hurricane, and major hurricane
intensity samples. Table 3 contains the number of cases in
each intensity range, along with the mean RS5, standard
deviation of RS, skew of RS, mean intensity, and mean
latitude of each subsample. The differences of TC sizes
between intrabasin intensity categories and between the
different basins are also statistically significant at the 99%
level based the sample sizes and the estimate of the
population standard deviation (3.36) provided in Table 1.
For instance, a mere difference of 0.36 in R5 with the
smallest sample size (607 in the north Indian Ocean) is
statistically significant at the 99% level.

Collectively, Fig. 4 and Table 3 indicate that TC size is
a function of intensity with more intense TCs having
larger average size distributions. Higher latitudes are also
related to larger sizes (Table 3). The size distributions
show that the eastern North Pacific (Fig. 4b) produces
smaller tropical cyclones than all other basins. Sizes in
that basin are about a third smaller than TCs in the North
Atlantic (Fig. 4a) and western North Pacific (Fig. 4c),
agreeing with R34-based findings in Knaff et al. (2007).
The western North Pacific appears to generally have the
largest most intense TCs, which agrees with conventional
wisdom. Western North Pacific TCs are significantly
larger than the TC sizes found in the North Atlantic de-
spite the higher average latitudes of North Atlantic TCs.

2 The initiation of the best track is tied to the warning criteria of
the warning agency. NHC and JTWC have different criteria for
warnings and JTWC’s warning criteria is dependent on the TC
basin (NHC 2013; JTWC 2013). Knapp et al. (2013) shows how the
length of TC lifetime and cumulative TC intensity statistics have
been affected by changes in these criteria in the western North
Pacific, particularly for TCs with maximum wind speed estimates
less than 64 kt.
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The 8% difference for major hurricanes compares nicely
to results R34 based on Chan and Chan (2012). The north
Indian Ocean TC basin (Fig. 4d) contains only a small
fraction of the global TC activity. There are many more
tropical storms in the north Indian Ocean record and the
RS distribution is noticeably different than the higher
intensities. The few storms that become minor hurricanes
produced a rather broad distribution of R5 with an in-
dication of a bimodal nature. Most of the minor hurri-
canes appear to intensify to major hurricane strength as
they move poleward (Table 3) and grow, shifting the R5
distributions to larger sizes while maintaining the general
shape of the distribution. TCs in the Southern Hemi-
sphere display RS distributions (Fig. 4¢) that are similar
to those of the North Atlantic. However, unlike the TCs of
the North Atlantic, TCs in this basin appear to develop and
intensify in a rather narrow range of latitudes (Table 3).
This suggests that the size distributions in this basin, while
similar to the North Atlantic, may be caused by different
mechanisms.

The standard deviations of R5 provide some indication
of the variability of TC size in the various basins. The
standard deviations of sizes of TCs appear to be largest in
the North Atlantic and north Indian Ocean. The varia-
tions of minor hurricane sizes are largest in the north
Indian Ocean followed by the Southern Hemisphere and
North Atlantic. The variations of major hurricane sizes
are largest in the Southern Hemisphere and eastern
North Pacific but smallest in the western North Pacific.
This latter finding suggest that in general the western
North Pacific tends to produce large very intense storms
whereas the Southern Hemisphere and east Pacific can
produce relatively small and very intense cyclones. These
findings will be reiterated when the spatial distribution of
the largest and smallest TCs are discussed in section 4d.

The skew of the distributions, provided in Table 3, is
also telling. To remind the readers, negative skew in-
dicates that the tail on the left side of the probability
density function is either longer or fatter than the right
side, but it does not distinguish these shapes. Tropical
storms (blue lines in Fig. 4) are negatively skewed in the
western North Pacific and north Indian Ocean where as
they are positively skewed in both the North Atlantic
and eastern North Pacific. This suggests a possible ten-
dency toward larger initial sizes in the western North
Pacific and north Indian Ocean and toward smaller initial
sizes in the Atlantic and eastern North Pacific. It is no-
table that, for minor hurricanes (the black lines in Fig. 4),
the north Indian Ocean, western North Pacific, and
Southern Hemisphere all have large negative skew or
a tendency toward larger sizes. TC sizes of major hur-
ricanes (the red lines in Fig. 4) are negatively skewed
everywhere with the largest skew (tendency toward the



464 JOURNAL OF CLIMATE VOLUME 27

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
R5 [DDLAT]

0% AM “

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
RS [DDLAT]

T 20%

[0

[
=
X XK

i\

Frequenc

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
R5 [DDLAT]
20%

5%

Frequency [%]
= e
(=] w
X X

0%

T T T T T T T T T T T

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
RS [DDLAT]

===34-63 kt e==64-95 kt e==>95 kt

FIG. 4. Frequency distributions of TC size (RS) for the (a) North Atlantic, (b) eastern North
Pacific, (c) western North Pacific, (d) north Indian Ocean, and (e) Southern Hemisphere
tropical cyclone basins. Blue, black, and red lines are associated with tropical storm, minor
hurricane, and major hurricane intensities as indicated in the key (see text for additional in-
formation). Units of RS are distance in DDLAT.

large) occurring in the Southern Hemisphere, western — and east Pacific. The skew becomes more negative with
North Pacific, and north Indian Ocean. Notable for this  greater intensity in all basins save the north Indian Ocean,
study is the tendency for a shift from a tendency of small  suggesting that TCs generally grow with intensification
weaker TCs to larger stronger TC in the North Atlantic  and higher latitudes.
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TABLE 3. Statistics associated with Fig. 4. Shown are the intensity category, the number of cases, the mean RS, standard deviation o and
skew of RS, intensity V ,.x, and latitude. The units for RS and V., are DDLAT and knots, respectively.

Intensity category Cases R5 o(RS) Skew(R5) Vmax Lat (°)
North Atlantic

Tropical storms 10900 11.7 3.30 0.68 46.2 28.0

Minor hurricanes 4802 13.1 2.73 —0.09 76.3 28.2

Major hurricanes 1649 13.6 2.33 —0.21 115.1 22.1
Eastern North Pacific

Tropical storms 11429 9.1 2.68 0.24 45.6 16.9

Minor hurricanes 5779 10.2 2.67 0.00 71.5 17.7

Major hurricanes 2790 11.1 2.57 —0.04 113.9 16.4
Western North Pacific

Tropical storms 17141 11.8 2.75 -0.35 46.5 20.3

Minor hurricanes 9910 13.6 2.47 -0.38 78.0 21.4

Major hurricanes 5472 14.7 2.06 —0.50 117.4 19.6

North Indian Ocean

Tropical storms 2457 11.8 3.52 -0.47 43.8 14.3

Minor hurricanes 395 13.4 3.15 —1.01 754 15.7

Major hurricanes 212 14.5 2.06 —0.09 1142 18.2
Southern Hemisphere

Tropical storms 18178 11.4 2.89 —0.09 45.0 -17.3

Minor hurricanes 6857 12.8 2.74 —0.30 71.3 —17.6

Major hurricanes 3140 13.5 2.62 —0.63 112.4 —16.6

c. TC growth life cycle

In the previous section, the mean values of RS indicate
TCs generally grow, with those increases being related
to changes in latitude and intensity. The shapes of the
frequency distributions of minor and major hurricanes
are generally negatively skewed, suggesting the in-
tensification process results in a greater number of large
TCs. In this section, we examine the life cycle of TC
growth by stratifying the RS statistic by the timing of the
peak intensity, following Emanuel (2000), but we fur-
ther stratify the composites by peak intensity ranges
(e.g., tropical storm, minor hurricane, major hurricane).
The first instance of maximum intensity is assigned to
t = 0. Because of the small sample size in the north
Indian Ocean TC basin (see Table 3), that basin is ex-
cluded from this analysis. Not only can we examine the
life cycle of RS but, since the latitude of each data point is
known, we can examine the TC size changes that are not
explicitly linked to latitude variation in the algorithm.

Figure 5 shows R5 (left) and the RS metric with the
latitude predictor in (1) removed (right) for the life
cycle of tropical storms (top), minor hurricanes (mid-
dle), and major hurricanes (bottom) relative to the time
of the first occurrence of the maximum lifetime in-
tensity. Mean values are shown by the lines and stan-
dard error estimates are provided by the vertical bars.
Concentrating on the left half of this figure a few

observations can be made: 1) TCs tend to grow as they
intensify; 2) if a TC is relatively large (small) in its
formative stages, it likely will be relatively large (small)
when it reaches maximum intensity; 3) the different
basins seem to display both markedly different initial
sizes and life cycle evolution, particularly for TCs that
intensify into major hurricanes; and 4) TCs tend to
shrink rapidly following peak intensity, save for in the
North Atlantic.

When the influence of increasing latitude is not in-
cluded in (1) (i.e., the right half of Fig. 5) there are
several additional observations. First, the size of TCs in
the eastern North Pacific and Atlantic are initially
comparable but diverge after peak intensity. Second,
there is some commonality between the size evolution of
storms in the Southern Hemisphere and western North
Pacific TCs. Tropical storms also do not grow much by
factors other than those related to increasing latitude.
This observation is also true for minor and major hur-
ricanes in the eastern North Pacific and Southern
Hemisphere. Much of the no-latitude-variational growth
of minor hurricanes and major hurricanes in the western
North Pacific occurs during and prior to maximum in-
tensity, whereas the minor and major hurricanes in the
Atlantic appear to continue to grow after maximum in-
tensity is reached. This growth during weakening for
Atlantic TCs has been documented in studies by Merrill
(1984), Kimball and Mulekar (2004), and Maclay et al.
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FIG. 5. Composites of TC size (R5) based on the timing of maximum intensity (i.e., time = 0h): for TCs in the intensity V.«
ranges (top) 34 = Vi < 64kt, (middle) 64 = Vi, < 96kt, and (bottom) V. = 96kt of (left) RS (right) RS calculated without
the latitude contribution. Vertical bars provide the standard error associated with each 3-hourly mean RS value. The RS units are in

DDLAT.

(2008), but this study suggests that those findings cannot
necessarily be extended to the other TC basins.

d. Occurrence statistics of large and small TCs

In this subsection we examine the occurrence statistics
of large and small TCs as measured by R5. Here we
concentrate on minor and major hurricanes, as these are
more important from an energy perspective. Figure 6

shows the locations of the largest 25% and smallest 25%
TCs at their first recorded maximum lifetime intensity.
The statistics associated with the quartiles shown in
Fig. 6 are provided in Table 4 and suggest that these
quartiles are separated by 5-6 standard deviations and
are statistically significant at the 99 % level. The top panel
of Fig. 6 shows the location of maximum intensity of
minor hurricanes. The majority of the largest minor
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FIG. 6. Locations of the largest (red) and smallest (blue) 25% of TCs based according to R5. (top) TCs that reached minor hurricane
intensity and (bottom) TCs that reached major hurricane intensity. Locations are based on the first maximum lifetime intensity.

hurricanes occur in the North Atlantic and western
North Pacific in regions where TCs typically recurve [as
shown in Fig. 1 of Knaff (2009)]. The majority of the small
minor hurricanes occur in the eastern North Pacific and
elsewhere either in the Northern Hemisphere subtropics
or at low latitudes (equatorward of 20°). This later ob-
servation agrees with Brunt’s (1969) statements suggest-
ing that TCs at low latitudes tend to have small sizes.
However, there is also evidence of a few small minor
hurricanes occurring in the subtropical western North
Pacific, which agrees well with the locations of midget
typhoons-very small typhoons documented in Arakawa
(1952), Brand (1972), and Harr et al. (1996). A similar
subtropical occurrence of very small minor hurricanes
occurs in the North Atlantic, which suggests that some
very small hurricanes may form in similar environments
as midget typhoons. Small and large minor hurricanes in
the Southern Hemisphere are nearly equally distributed
with larger storms, tending to occur at only slightly higher
latitudes and again in regions where TCs more typically
recurve. The Bay of Bengal has had a few large minor

hurricanes, but given this basin’s typical activity and vul-
nerability to storm surge this is noteworthy.

The bottom panel of Fig. 6 shows the location of max-
imum intensity of large and small major hurricanes. These
results are similar to the location of maximum intensity
of minor hurricanes but are generally shifted equator-
ward and are more concentrated in both the longitudinal
and latitudinal directions, suggesting the importance of

TABLE 4. Statistics associated with the upper and lower quartiles
of TC size (R5) for minor and major hurricane intensity TCs at the
time of first maximum lifetime intensity shown in Fig. 6. The
number of cases and the mean and the standard deviation ¢ asso-
ciated with each quartile are listed. Means and standard deviations
have units of DDLAT.

Upper quartile Lower quartile
(large) (small)
No. Mean s No. Mean o
Minor hurricanes 190  16.10  1.14 190 877 1.62
Major hurricanes 185  16.82 0.85 185 10.08 1.34
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TABLE 5. Statistics associated with the basin-specific upper and lower quartiles of TC size (R5) for minor and major hurricane intensity
TCs at the time of first maximum lifetime intensity shown in Fig. 7. The number of cases and the mean and the standard deviation
o associated with each quartile are provided. Means and standard deviations have units of DDLAT.

Upper quartile (large)

Lower quartile (small)

Intensity category No. Mean o No. Mean o
North Atlantic

Minor hurricanes 33 16.12 1.13 33 9.25 1.55

Major hurricanes 23 16.31 0.81 23 10.80 0.89
Eastern North Pacific

Minor hurricanes 39 13.62 0.95 39 6.88 1.23

Major hurricanes 40 14.36 2.03 40 8.15 1.10
Western North Pacific

Minor hurricanes 59 16.63 1.10 59 10.51 1.66

Major hurricanes 67 17.23 0.77 67 11.72 1.44
Southern Hemisphere

Minor hurricanes 53 16.05 0.91 53 9.37 1.55

Major hurricanes 51 17.06 0.77 51 10.45 1.84

warmer oceanic conditions for the strongest TCs (Riehl
1950; Michaels et al. 2006) and cooler tropical outflow
temperatures (Emanuel 1986). Both the Bay of Bengal
and Gulf of Mexico, known to be vulnerable to storm
surge, can produce large major hurricanes. Large very
intense TCs also seem to be more common near La Re-
union in the southern Indian Ocean; Taiwan, Japan, the
Philippines, and China in the western North Pacific and
South Pacific; and the United States, the Bahamas, and
Bermuda in the North Atlantic. The majority of small
major hurricanes occur either in the eastern North Pacific
or equatorward of 20° (i.e., very few in the subtropics). It
is also noteworthy that equatorward of Australia small
major hurricanes predominate.

Figure 6 shows where the largest and smallest TCs
typically occur, but when the latitude influence is re-
moved the distribution of small and large hurricanes
does not appreciably change (not shown), which means
that large TCs either begin as large storms (i.e., as im-
plied in Fig. 5) and/or they continue to grow, following
maximum intensity as is the case in the North Atlantic
composites also shown in Fig. 5. Section 4e will discuss
TC growth tendencies further.

Where large and small TCs typically exist is important,
but when small and large TCs form is also interesting.
Unlike Fig. 6, which shows global size quartiles, the re-
sults shown in Fig. 7 are based upon basin-specific quar-
tiles, where large and small TCs are defined at the largest
and smallest 25%, respectively. Table 5 provides the
statistics associated with the basin-specific quartiles. Again
the differences between small and large TC are statisti-
cally significant at the 99% level or greater.

Figures 7a,b show the monthly frequency distribu-
tion for small, large, and all minor hurricanes and major

hurricanes in the North Atlantic, respectively. A 10%
difference between the distributions is equivalent to
a difference of 6.6 and 4.3 for minor and major hurri-
canes, respectively. Figure 7a indicates that small mi-
nor hurricanes begin earlier and peak later and have
a little broader temporal distribution than large minor
hurricanes. Figure 7b shows that larger major hurri-
canes have tended to occur earlier in the season, par-
ticularly in August, whereas small major hurricanes
have had slightly higher frequencies in September and
October. All and all the seasonality of TC size in North
Atlantic is rather difficult to interpret without additional
information and will be a topic of future studies.

Figures 7c,d shows the frequency distributions for
small and large minor and major hurricanes in the east-
ern North Pacific. A 10% difference in this basin be-
tween the distributions is equivalent to a difference of 7.8
and 8.0 for minor and major hurricanes, respectively. In
this basin, small minor hurricanes have occurred more
frequently later in the season whereas large minor hur-
ricanes are most frequent very early in the season. The
frequency distribution of small major hurricanes peaks
in July and small major hurricanes appear more frequent
in May, June, and July. On the other hand, large major
hurricanes in this basin occur later and are more frequent
in August-December and small major hurricanes occur
earlier (May—July). Again, these differences may be best
related to other factors and could be a topic of future
research.

In the western North Pacific, large and small minor
hurricanes (Fig. 7¢) have quite different frequency dis-
tributions. In these panels, a 10% difference between
the distributions is equivalent to a difference of 11.8
and 13.4 for minor and major hurricanes, respectively.
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FIG. 7. Monthly frequency diagrams of TC size. Large (largest 25%) and small (smallest 25%) TC fre-
quencies are shown along with the typical frequency of all storms. (left) Minor hurricanes and (right) major
hurricanes. Results are based on the lower (small) and upper (large) quartiles in each basin. Results are from
the (a),(b) North Atlantic, (c),(d) eastern North Pacific, (e),(f) western North Pacific, and (g),(h) Southern

Hemisphere.

Large minor hurricanes in this basin have occurred more
frequently than small minor hurricanes in the months of
June—October and have a distribution that is more peaked
and appears to be associated with the months when the
equatorial southwesterly flow (i.e., monsoon trough) is
most common. Small minor hurricanes occur more fre-
quently than large minor hurricanes both before and after
the peak of the season. Small major hurricanes (Fig. 7f)

also occur more frequently before and after the normal
peak of activity and were particularly more frequent in the
months of October, November, December, January,
April, and May. Large major hurricanes in this basin are
most frequent in July, August, and September when
low-level environmental vorticity is typically enhanced.
These results agree well with findings presented in Brand
(1972) and Lee et al. (2008).
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The frequency of large and small TCs in the Southern
Hemisphere (Figs. 7g,h) also seems to be related to
seasonality of the equatorial northwesterly flow that
episodically occurs in the southern Indian Ocean, north
of Australia, and in the South Pacific convergence zone.
In this basin, a 10% difference between the distributions
is equivalent to a difference of 10.6 and 10.2 for minor
and major hurricanes, respectively. Large minor and
major hurricanes have been more common in the most
active parts of the Southern Hemisphere TC season.
Conversely, small minor and major hurricanes appear to
be most common in both the early and late portions of
the season in the months of October, November, March,
April, and May. These again suggest that smaller TCs
occur during times of suppressed low-level vorticity
environments whereas large TCs tend to occur when
low-level vorticity is generally enhanced.

Another aspect of the TC size climatology that is
a topic of general interest is basin-specific listings of the
largest and smallest major hurricane intensity TCs based
on this algorithm. Table 6 provides basin-specific listings
of the 10 largest and smallest major hurricane intensity
TCs at their first time of maximum lifetime intensity.
There are some notable names in these lists, but the
reader should be aware that, while the earliest record for
this study begins in 1978, data for many basins outside
the North Atlantic and eastern North Pacific are often
missing prior to 1981. There are a few interpretations
that can be made from these lists, which provide potential
topics for more thorough future investigation. In the
Atlantic, the largest storms include several hurricanes
that had minimum central pressures below 900 hPa and
many of these also eventually made landfalls, with several
in the Gulf of Mexico. In the eastern North Pacific, the
majority of largest major hurricanes formed in years
when the waters eastern equatorial Pacific was anoma-
lously warm, whereas the small major hurricanes appear
to predominate in years the eastern equatorial Pacific was
anomalously cool or near average. The majority of
largest major hurricanes in the western North Pacific
formed in the months of July-mid-October and the
smallest major hurricanes formed in the period mid-
October—May. A similar finding holds in the Southern
Hemisphere where the largest major hurricanes gen-
erally formed in December—February and the smallest
major hurricanes formed in November, March, and
April. Again this suggests the potential importance of
the synoptic-scale vorticity environment to determining
TC size.

e. Growth tendencies

Figure 8 (top panel) shows the tracks of the TCs that
grow the fastest (top 10% ) following maximum intensity
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and remain at least minor hurricanes. The most frequent
regions for postpeak intensity TC growth are the re-
gions to the east of the major continental landmasses of
Asia, North America, Africa, and Australia. From the
tracks shown in Fig. 8, these episodes of rapid postpeak
intensity growth often occur in regions preferred for
recurvature and extratropical transition. There is also
some evidence that storms have the tendency to grow
following landfall over narrow landmasses (e.g., the
Philippines, Yucatan Peninsula, Florida), somewhat dis-
agreeing with Brand and Blelloch (1973), who examined
typhoon structure following landfall in the Philippines
but only during the 24 h following reemergence in the
South China Sea.

Figure 8 (middle) shows the tracks of TCs that de-
creased in size the most (top 10%) prior to attaining
their maximum intensity and that remained hurricanes.
These “‘shrinking” TC tracks are quite different than the
postmaximum intensity TC growth cases, except for the
North Atlantic, which shows similar tracks but fewer of
them. The tracks of these shrinking TCs appear to be
predominately associated with westward-moving non-
recurving TCs in the eastern North Pacific, western
North Pacific, and southern Indian Ocean. However, the
majority of these prepeak shrinking TCs that do recurve
appear to have obtained maximum intensity following
recurvature. Maximum intensity also typically occurs
shortly after maximum size is obtained (<1 day). This
result suggests that the synoptic-scale vorticity field, if
negative like those the trade wind environment (i.e.,
westward-moving storms at low latitude), may not be
able to support TC growth during intensification.

Figure 8 (bottom) shows the tracks associated with
those hurricanes that reach both maximum intensity and
size simultaneously. With the exception of the eastern
North Pacific, hurricanes that display this behavior are
characterized by landfall nearly coincident with maximum
intensity, rather erratic tracks that suggest weak steering
postrecurvature maximum intensity combined with pole-
ward and eastward motion. Frequent landfalling cases in
this category occurred in northern Australia, the South
China Sea, the Gulf of Mexico, and the Bay of Bengal.
The latter two track behaviors are often associated with
less than ideal conditions for further intensification such as
increased or constantly changing vertical wind shear, in-
creased upper oceanic cooling associated with slow mo-
tion, and lower subtropical ocean heat contents (Knaff
et al. 2013) and SSTs (Dare and McBride 2011). Erratic
tracks in the subtropical regions also typically correspond
to the TC being located within the subsidence region of
the subtropical ridge that is typically characterized by
subsidence, dryer mid- and upper-level environments, and
negative environmental vorticity.
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TABLE 6. A basin-specific list of the 10 largest and smallest major hurricanes at the time of first maximum lifetime intensity is shown.
The storm name, date/time, maximum intensity Vy,.x, and TC size RS is provided. Units for V,,., and RS are knots and DDLAT,

respectively.
Largest Smallest
Name Date/time V max RS Name Date/time V max RS
North Atlantic
Katrina 1800 UTC 28 Aug 2005 150 18.6 Frances 0000 UTC 9 Sep 1980 100 7.8
Gilbert 0000 UTC 14 Sep 1988 160 17.7 Beta 0600 UTC 30 Oct 2005 100 9.7
Opal 1200 UTC 4 Oct 1995 130 17.6 Felix 0300 UTC 3 Sep 2007 150 9.9
Ella 1200 UTC 4 Sep 1978 120 16.9 Bertha 2100 UTC 7 Jul 2008 109 10.2
Mitch 1800 UTC 26 Oct 1998 155 16.8 Eduardo 0700 UTC 25 Aug 1996 125 10.3
Alberto 1200 UTC 12 Aug 2000 110 16.8 Joan 0600 UTC 22 Oct 1988 125 10.4
Wilma 1200 UTC 19 Oct 2005 160 16.7 Alicia 0600 UTC 19830818/06 100 10.4
Rita 0600 UTC 22 Sep 2005 155 16.5 Fred 1200 UTC 9 Sep 2009 105 10.6
Gustav 2200 UTC 30 Aug 2008 130 16.3 Charlie 1800 UTC 13 Aug 2004 125 10.6
Gabrielle 0700 UTC 13 Sep 1989 135 16.1 Floyd 0000 UTC 7 Sep 1981 100 10.8
Eastern North Pacific
Olivia 1800 UTC 21 Sep 1982 125 17.3 Felicia 0600 UTC 19 Jul 1997 115 5.1
Nora 1200 UTC 21 Sep 1997 115 16.7 Blanca 0000 UTC 14 Jun 1985 105 5.7
Lidia 0600 UTC 11 Sep 1993 130 16.3 Daniel 1800 UTC 30 Jun 1978 100 6.3
Norman 0000 UTC 3 Sep 1978 120 15.8 Barbara 1800 UTC 13 Jul 1995 120 6.5
Iniki 1800 UTC 11 Sep 1992 125 15.6 Ismael 1800 UTC 19 Aug 1989 105 6.6
Kiko 1800 UTC 3 Sep 1983 125 15.3 Lane 1800 UTC 6 Sep 1994 115 6.8
Herman 1200 UTC 1 Sep 2002 140 15.2 Jimena 1300 UTC 27 Aug 1997 115 7.1
Juliette 0600 UTC 25 Sep 2001 125 15.0 Lester 1200 UTC 22 Oct 1998 100 7.3
Guillermo 1800 UTC 4 Aug 1997 140 15.0 Dora 1800 UTC 16 Jul 1993 115 7.5
Rick 0600 UTC 18 Oct 2009 155 14.6 Hector 0600 UTC 3 Aug 1988 125 7.6
Western North Pacific
Choi-Wan 0600 UTC 21 Sep 2003 100 19.7 Manny 1200 UTC 9 Dec 1993 120 7.3
Hagupit 1200 UTC 23 Sep 2008 125 19.6 Yunya 0600 UTC 14 Jun 1991 104 8.0
Oscar 0600 UTC 15 Sep 1995 140 18.9 Nari 1200 UTC 11 Sep 2001 100 8.0
Krosa 0000 UTC 5 Oct 2007 130 18.8 Yagi 1800 UTC 24 Oct 2000 105 8.7
Jangmi 0600 UTC 27 Sep 2008 140 18.7 Kujira 1800 UTC 4 May 2009 115 9.2
Nabi 1800 UTC 1 Sep 2005 140 18.4 Soulik 1800 UTC 3 Jan 2001 110 9.4
Man-Yi 0300 UTC 12 Jul 2007 125 18.2 Longwang 1200 UTC 28 Sep 2005 125 9.4
Tim 0600 UTC 10 Jul 1994 125 18.2 Meari 0600 UTC 24 Sep 2004 125 9.6
Haitang 1200 UTC 16 Jul 2005 140 18.1 Faye 0000 UTC 30 Oct 1985 100 9.7
Zeb 1200 UTC 13 Oct 1998 155 18.1 Neoguri 1800 UTC 17 Apr 2008 100 10.0
Southern Hemisphere
Marlene 1800 UTC 3 Apr 1995 125 19.2 Bertie-Alvin 0000 UTC 23 Nov 2005 115 6.5
Ingrid 0000 UTC 28 Feb 1995 100 19.1 Nisha-Oram 1800 UTC 24 Feb 1983 97 6.8
Susan 0600 UTC 5 Jan 1998 140 18.5 Ned 1800 UTC 28 Mar 1989 100 7.5
Ofa 0600 UTC 4 Feb 1990 115 18.3 Agnes 0000 UTC 19 Apr 1995 110 7.8
Rhonda 0000 UTC 14 May 1997 100 18.2 Esau 1800 UTC 1 Mar 1992 115 8.3
Val 0000 UTC 8 Dec 1991 125 18.1 Oscar-Itseng 0000 UTC 26 Mar 2004 115 8.6
Gamede 1800 UTC 25 Feb 2007 105 18.0 Max 0600 UTC 15 Mar 1981 100 8.7
Anacelle 1200 UTC 11 Feb 1998 115 18.0 Ernest 0600 UTC 22 Jan 2005 100 9.0
Kerry 0000 UTC 17 Feb 1979 125 18.0 Billy 1800 UTC 24 Dec 2008 110 9.2
Jourdanne 0000 UTC 6 Apr 1993 125 17.9 Beni 1200 UTC 13 Nov 2003 100 9.2

f- Long-term trends in TC size

Since the combined effects of TC size and intensity
(via increased kinetic energy) are related to hurricane
damage potential (Powell and Reinhold 2007), upper
ocean cooling (Knaff et al. 2013), and R34 (section 2),
trends of TC size (R5) from our dataset are also

examined. TC size trends were examined in two ways.
We examined the TC size at maximum intensity and the
maximum TC size for the combined sample of minor
and major hurricanes (i.e., hurricanes collectively). The
trend results of TC size at maximum intensity and at
maximum size were nearly identical, reiterating the re-
sults in Fig. 4 that suggest the initial TC size is well
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FI1G. 8. Tracks associated with the hurricanes that displayed (top) the most rapid post maximum intensity growth and (middle) the most
rapid decrease in size prior maximum intensity, and (bottom) those TCs that reached their maximum size and intensity simultaneously.
The (top) and (middle) show the top 10% of the cases. The TC tracks (yellow), points of maximum intensity (maroon) and points where
the hurricane is the largest (green) are shown. Results are based on cases 1978-2011.

related to the future size. For that reason, only the Figure 9a shows the time series and trend of North
trends of maximum hurricane sizes are shown in Fig. 9.  Atlantic maximum hurricane size. The time series in the
We also begin our TC size trend analysis in 1981, given = North Atlantic shows the RS varies generally between
that satellite data prior to that year are generally sparse  values of 10° and 24° latitude, but the intra-annual var-
in several TC basins. iation is generally large producing a fairly consistent
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FIG. 9. Time series of TC size (R5) for the (a) North Atlantic, (b) eastern North Pacific,
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63 kt) that occurred during the years 1981-2011 are shown. The individual TC values are shown
along with a trend line (solid line). The regression equation and percent variance explained R* are
also listed in each panel.
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scatter between these ranges between 1981 and 2011.
The resulting trends are slightly negative over these
years and not statistically significant. Figure 9b shows
the maximum hurricane size time series in the eastern
North Pacific. The TC size variability in this basin is
smaller, generally ranging between 6° and 17° latitude,
with a few exceptions. As was the case in the North
Atlantic, 1981-2011 trends are slightly negative and are
not statistically significant. The time series of maximum
hurricane size in the western North Pacific is shown in
Fig. 9c. The maximum hurricane size in the western
North Pacific varies roughly between 9° and 21° latitude.
Trends of maximum hurricane size in this basin are
slightly positive, but again are not statistically signifi-
cant. Much like the western North Pacific, hurricane size
in the Southern Hemisphere (Fig. 9d) is confined to
a range of RS with values generally between 9° and 21°
latitude. The trends of TC size in the Southern Hemi-
sphere are also found to be slightly negative, which again
lack statistical significance. Finally, it is not surprising
that the global trends of TC size of hurricane-strength
TCs is essentially zero and lacking statistical signifi-
cance, is dominated by storm-to-storm variability, and
does not show any obvious signs of any clear relationship
with known tropical interannual phenomenon. The
reader is also directed toward Knutson et al. (2010) and
references within for research related to current and
future trends of TC intensity and precipitation.

5. Summary and discussion

The objective IR-based TC size metric RS allows for
an objective examination of the basic global TC size
climatology including size distributions, typical evolu-
tions, spatial distributions, seasonal tendencies, typical
locations and tracks associated with growth and trends,
and many other climatological-meteorological analyses.
The basic climatological results presented here agree
well with many of the results of past studies where ROCI
and R34 were used as size metrics and concentrated on
the North Atlantic and western North Pacific TC basins.
We summarize our findings and discuss future research
opportunities below.

Many of the findings of this study reconfirm past work
in the North Atlantic and western North Pacific as dis-
cussed above but have put these in a global context.
Results confirm that the propensity for large TCs in-
creases when TCs form during seasons that are charac-
terized by enhanced low-level vorticity and when TCs
move into environments characterized as increasingly
baroclinic, especially after peaking in intensity and prior
to recurvature. This study confirms larger major hurri-
canes occur in the western North Pacific, which agrees
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with consensus. As others have shown, small TCs tend to
form during seasons when low-level vorticity is provided
by the incipient disturbance rather than the synoptic
environment. In those cases the flow is often charac-
terized by easterly trade winds or being located in the
center of the subtropical ridge (as is often the case with
midget typhoons). Postpeak intensity TC growth can
also be halted by landfall and other rapid weakening.

However, a few new findings result from this study.
Composites of the IR imagery indicate the average eye
sizes are similar for small-, average-, and large-sized
major hurricanes. In a global sense, there is a clear in-
dication that small major hurricanes predominate at low
latitudes. This study also allows for the direct compari-
son of size distributions between the individual TC ba-
sins and the identification of the smallest and largest
major hurricanes in each of these basins. These sum-
maries clearly show the differences between basins and
confirms previous findings that the eastern North Pacific
produces TCs that are about %3 the size of other basins.
We also find that there are preferred regions, seasons,
and track types for TC sizes and growth tendencies.
Information about the life cycle of TC growth with re-
spect to the timing of maximum intensity is provided and
leads to these findings:

1) TCs tend to grow more as they intensify.

2) If a TC is relatively large (small) in its formative
stages, it likely will be relatively large (small) when it
reaches maximum intensity.

3) Different basins display both markedly different
initial sizes and life cycle size evolutions.

4) On average TCs shrink after peak intensity, save for
in the North Atlantic.

5) The average North Atlantic major or minor hurri-
cane maintains its size after peak intensity and
stronger TCs continue to grow after peak intensity
(suggesting results obtained from the Atlantic are
not applicable everywhere).

Finally, the analysis of interannual trends of TCs with
intensities greater than or equal to 64 kt show that be-
tween 1981 and 2011 there have been no significant
trends in this objective measure of TC size.

There is much future work that can utilize the dataset
produced by this approach, which can be maintained as
long as there are TC best tracks and geostationary satellite
data. These TC size estimates can be used to improve the
understanding of what environmental factors—beyond
generalizations of vertical wind shear, baroclinicity, etc.—
are responsible for or related to TC growth. Such studies
will make use of environmental diagnostics derived
from numerical weather prediction analyses-reanalyses
and other observational data. Such knowledge would
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lead to the development of forecast techniques to better
anticipate TC growth and allow the diagnosis of nu-
merical model forecasts of TC growth. These datasets
can also be applied to case studies of individual systems,
especially those in the past, where traditional observa-
tions of TC size may be missing or uncertain. Finally,
these data can be used for studies of the detailed in-
terannual and intraseasonal variability of TCs. We look
forward to working on a few of these problems in the
near future.
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