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An analytic model of the tropical cyclone outer size

Shuai Wang"® and Ralf Toumi@®'

There are simple conceptual models of tropical cyclone intensification and potential intensity. However, such a framework has been
lacking to describe the evolution of the outer circulation. An analytic growth model of the tropical cyclone outer size is derived from
the angular momentum equation. The growth model fits a full-physics idealized tropical cyclone simulation. The lifecycle composite
of the best-track outer size growth shows a strong super-linear nature, which supports an exponential growth as predicted by the
growth model. The climatology of outer size growth measured by the radius of gale-force wind in the North Atlantic and Eastern
Pacific during the period 2004-2017, can be understood in terms of four growth factors of the model: the initial size, the growth
duration, the mean growth latitude, and the mean top-of-boundary-layer effective local inflow angle. All four variables are

significantly different between the two basins. The observed lifetime maximum size follows a lognormal distribution, which is in line
with the law of the proportionate effect of this exponential growth model. The growth model fits the observed outer size well in
global basins. The time constant of the exponential size growth is approximately equal to the product of the Coriolis parameter and
the mean effective inflow angle above the boundary layer. Further sensitivity experiments with the growth model suggest that the

interannual variability of the global lifetime maximum size is largely driven by the variation of growth duration.
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INTRODUCTION

It has been challenging to quantify the overall destructive potential of
landfalling tropical cyclones (TCs). Especially after Hurricane Katrina
(2005) and Sandy (2012), more attention has been paid on the impact
of TC size at landfall and the development of new destructive metrics
for public warning'™. With a similar core intensity, various TC sizes
can lead to considerably different destructive potentials®~’. After a TC
reaches its lifetime maximum intensity, the increase in TC destructive
potential can be explained mainly by the expansion of TC size®®.
Understanding TC size lifecycle is, therefore, of critical importance.

Tropical cyclone outer size can be defined by the radial extent
of near-surface cyclonic circulation with a fixed wind speed'. It
was found that the outer size in the North Atlantic is significantly
smaller than that in the western North Pacific'' which is the basin
with the largest mean outer size globally'®'3. Outer sizes with
different wind speed thresholds may show opposite changes so
that when the intensity decays, the high-wind-speed outer radii
can shrink and low-wind-speed ones can expand'®. Wind profile
models can provide a more comprehensive picture of the entire
low-level wind structure’="7.,

Local environmental conditions influence TC outer size, for
example, the synoptic flow patterns in both the upper and lower
troposphere'®, relative humidity'®?°, sea-surface temperature?'
and vertical temperature profile?. Intuitively the net import of
angular momentum from larger radii enhances the local angular
momentum and thus the near-surface swirling winds increase'®.
However, it was also found that the outer size may also depend on
free-tropospheric air subsidence due to radiative cooling?>.

Despite the substantial amount of research on size climatology,
diagnostic wind field models, and environment controls on size, the
size evolution itself has received relatively less attention'®22,
Progressive growth of TC outer size after the maturity of intensity
was simulated with idealized models®®>, which supports a similar
finding in the North Atlantic®®. A recent study?’ reported that: the
North Western Pacific typhoons generally grow until the midpoint of

their lifetimes whereas the Atlantic hurricanes continue expanding
throughout most of their lifecycles (i.e, hurricanes grow for a
relatively more extended period than typhoons); hurricanes grow
more slowly than typhoons; hurricanes have a smaller initial size at
genesis than typhoons; and hurricanes exhibit a smaller lifetime
maximum size (LMS) than typhoons. These findings were however
only based on reanalysis and climate model data.

In this study, we will use the radius of gale-force wind (Rsa,
34 kt=17.5ms™") from the TC best track data set for the analysis
of outer size growth. The period of interest in a TC lifecycle is from
the first time when Rs4 starts to be recorded in at least one
quadrant in the best track, to the time when the quadrant
averaged R4 reaches its lifetime maximum for the first time.

The objectives of this study include: formulating the first growth
model of TC outer size; validating the derived exponential model
for TC size growth with idealized simulations and observations;
comparing the climatology of key growth factors between the
North Atlantic (NA) and Eastern Pacific (EP) TCs; exploring the
physical reasons for the difference in the LMS climatology
between the NA, EP and other basins; and investigating the
driving factors for the interannual variability of the global LMS.

RESULTS

Variable definition and assumptions

The growth model is derived for a wind radius that is larger than
the radius of maximum wind speed in an axisymmetric cylindrical
coordinate. We first define the variables used in the derivation at
the top of the boundary layer in Table 1. There are numerous
definitions and methods for defining the top of the boundary
layer?®, Since the growth model will be derived from the
momentum equation the dynamical boundary layer height, i.e.,
the heights of the maximum wind speed varying with radius, is
applied in this study to define the top of the boundary layer. The
model is established on the assumption that at the top of a TC

"Department of Physics, Imperial College London, London SW7 2AZ, UK. ?Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton, NJ 08540-6654, USA.

HMemail: shuai.wang@princeton.edu

Published in partnership with CECCR at King Abdulaziz University

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-022-00270-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-022-00270-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-022-00270-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-022-00270-6&domain=pdf
http://orcid.org/0000-0002-5203-1883
http://orcid.org/0000-0002-5203-1883
http://orcid.org/0000-0002-5203-1883
http://orcid.org/0000-0002-5203-1883
http://orcid.org/0000-0002-5203-1883
https://doi.org/10.1038/s41612-022-00270-6
mailto:shuai.wang@princeton.edu
www.nature.com/npjclimatsci

npj

S. Wang and R. Toumi

Table 1. Variable definition.
r  Radius

t Time

z  Height

f, The Coriolis parameter

V; A fixed tangential wind speed

Ry Outer wind radius of V,

M\, Absolute angular momentum per unit mass at Ry and V,

wy Vertical velocity at Ry and V;

Fy, Diffusion at R, and V,

V, Radial velocity at R, and V, (define V,> 0 as radial inflow)

ay Effective inflow angle** defined as tanay, = V,/V, at R, and V;

ay Mean effective inflow angle defined as the mean of a, during one
growth event of R,

V,, Maximum wind speed
R,, Radius of V,,

boundary layer the flow is in gradient wind balance and therefore
ay is small and temporally quasi-stationary at R, where V, is fixed.
With flight observations, the TC tangential wind above the
boundary layer has been shown in gradient wind balance to a good
approximation?. Considering the radial momentum equation in the
free atmosphere, a gradient wind balance assumes a small radial
velocity maintaining a quasi-steady state, ie, oV,/ot=0. This
approximation applies at the top of the boundary layer during the
growth time of an outer size Ry that is away from the eyewall. A
physically plausible mean effective inflow angle a, during the
growth can be therefore hypothesized. Note that da,/dt = 0 assumes
ay following a fixed tangential wind V; at Ry is quasi-stationary during
the growth phase in the outer rainbands, and only has high-
frequency fluctuations around its mean value @, during the growth
of Ry. @y can vary from storm to storm. We will further justify this
inference with idealized TC simulations. In addition, the Coriolis
parameter is treated as a time-invariant variable for each cyclone and
calculated as the mean latitude during the growth of each TC.

An exponential growth model for tropical cyclone outer size

The growth model is derived in an axisymmetric framework. The
angular momentum at Ry can be written as

1
My = VR, + Efonz. M

The angular momentum budget at Ry is then given at the top of
the boundary layer by

oMy om aM

= Vi, Y rFy =0. )

ar az
The four terms in Eqg. (2) represent the local rate of change,
radial momentum flux, vertical momentum flux, and the impact of
diffusion.
By substituting Eq. (1) in the first two terms, Eq. (2) can be
rearranged as

): VR %+ V,V, %

RS+ Vet +3fo ( ror 3)

+1foV, (aj) My rFy.

We next apply Eq. (3) following Ry, rather than the air parcel and
this approach has also been recently used to study the eyewall
contraction and rapid intensification®’. Such a change requires a
coordinate transformation from (r,z,t) to (Ry(t),z,t) for Eq. (3).

npj Climate and Atmospheric Science (2022) 46

This transformation changes the term Ry % in coordinate (r,z t) to
Rv(av, +§X; aaRtV) in coordinate (Ry(t),z,t), and also replaces the
coordinate r to Ry. Note that the transformation above can not be
applied to terms containing aé?[v or ag‘r’, otherwise one would
obtain incorrect relations, e.g., % in coordinate (r,zt) to aRV —+

at
S — 2% in coordinate (Ry(t),2,1).

The terms affected by the coordlnate transformation can be
written as follows:

(r,z,t) — (Ry(t),z,t)

oV oV: OR
Re%t — Ru% ¢ Rvar o
ViRV — VRS,

ARy’
ARy
ViV, o ViVi,

3(Ry?
1oV, (aﬁ) — foV,Ry.

By applying the coordinate transformation above, Eq. (3) can be
rewritten as

R+ Ry e v e 30, 200 @
= V,Rva—g; + V.V, +f,V,Ry — aaM — IFy.

We next conduct scale analysis for Eq. (4). The variable V; is a fixed
wind speed used to define the outer wind radius Ry, so aavr, =0 by
definition. The angular momentum tendency will therefore be caused
by changes in the radius. However, the radial gradient of tangential

wind, & o should vary with the growth of Ry. To estimate the scale of

g—,‘?/‘;, we use the modified Rankine Vortex'® at R, considering its simple

expression and good ability to present the outer wind profile3'. The
modified Rankine Vortex can be written at Ry as

Ve =V (RV) Ry >Rm. ®)
Rm

Now the radial gradient of tangential wind, g—}:;, can be
estimated with

th

3, ViR xRS (6)

By taking the typical values of x = —0.5 (ref. 3"), 50 m s~ for V,,,,
50 km for R, and 250 km for Ry into Eq. (6) we find a typical scale
of 107° for 3.

For the other terms, since the growth model is developed for TC
outer size, the scales of all quantities at the top of the boundary
layer are estimated within the radial distance of about
100-500 km from TC centre, which covers the typical values of,
for example, the radii of 18 and 12 m s~ at surface'®'3, Within this
radial range, the height of the boundary layer is about
1000-1500 m (ref. 28). By considering the scales found in previous
studies as shown in Table 2, the magnitudes of the terms in Eq. (4)
are:

V¢ ORy. 0
RVaRV o ~ 10

V%~ 107,
17,254 100,
V,Rvavf 10°,
VeV, ~ 107,
foVRy ~ 10",
waMV 100,

rFy ~ 10°.
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Scale analysis now suggests that Eq. (4) may be simplified and
rearranged as

dRy

dt

where tanay = V,/V, is used as previously defined. The term 9R,/
ot on the Lh.s. is the evolution of an outer size defined by a fixed
tangential wind speed, V.

We next apply (1) the assumption given in the last sub-section
to replace the time-dependent a, with its mean value ay (time-
invariant) during the growth and (2) the small-angle approxima-
tion V,/Vi ~ tan ay ay (according to the scales in Table 2)
and then obtain

dRy

dt

=V, + f,Rytanay, (7)

~
~

Veay + foRvay. 8)

Now in Eqg. (8), Ry is the only time-dependent variable.
Integrating Eqg. (8) with an initial condition of Ry=R, at t=0
results in

Vf m Vt
Ry = [ L4+ R, |elfor)t _ 2t
v (fo + o) e fo

9)

Equation (9) is the full expression of a new analytic solution for
TC outer size growth. The derived model depicts an exponential
growth with a time constant of f,ay. It is noteworthy that V,/f, is a
hypothetical radius for V; when the Rossby number is unity. It can

Table 2. Characteristic values of the quantities related to Eq. (4).
Quantity Scale Source

Ry 10°m By definition

V, 10"ms™’ Ref. 28

v, 10°ms™’ Ref. 28

Wa% 10°m2s—2 Ref. 70

rFy 10°m?2s2 Ref. 70

f, 107451 As observed in Table 3

At 10°s As observed in Table 3
gTv; 10 °ms2 Modified Rankine vortex'®
Based on the typical values of f, and Ry, the scales of%fo, ARy and ARy? are
estimated to be 107°, 10° and 10'°, respectively.
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3
also be regarded as to a inverse-f scale when V; is replaced by the
maximum potential intensity, which has dynamical scaling
implications for TC size in rotating radiative-convective equili-
brium simulations and aqua-planet frameworks32. The derived

growth model suggests that the TC outer size growth is primarily
dominated by four factors:

® initial size.

® growth duration.

® mean latitude during growth.

® mean effective inflow angle at the top of boundary layer.

The doubling time is a useful concept to quantify an
exponential growth process. Assuming that it takes a TC time Tp
to grow from R, to 2R,, the doubling time of Eq. (9) is then given
by:

/”<1 * folf?iiovr)
foay '

— (10)

Tp

Figure 1a shows the fit of the growth model (Eq. (9)) to the
outer size (R34) evolution in the full-physics simulation (see
“Methods” for the growth model fit and idealized simulation set-
up). The growth model fully captures the simulated outer size
growth (r=0.99, P value <0.01). From the fit we infer a mean
effective inflow angle a, of 1.0° at the top of the boundary layer.
Figure 1b shows that this mean effective inflow angle is seen in
the simulation at a height of about 1500 m above the surface Rs,.
Therefore, the assumptions for the inflow angle required for the
analytic growth model are well-validated by the full-physics
simulation. The inflow angle at the top of the boundary layer is
therefore excellently predicted by the analytic model. We do not
find a statistically significant (P value > 0.05) change of the inflow
angle during the growth period in this simulation, which justifies
the steady-state assumption of V, (i.e., oV,/0t=0) and applying a
mean effective inflow angle ay in one growth event (from Eqgs. (7)
to (8)). At this height, the mean wind adjustment factor at Ra, is
found to be 0.76 in the simulation, which is very close to 0.75, the
value assumed for the Rs; growth fit (see “Methods”).

Observations

We next validate the growth model by compositing the TC outer
size to paint a general picture for the observed outer size
evolution. Figure 2 shows that on average the TC outer size
increases in the NA and EP in a super linear fashion within at least
the last 2 days before reaching the LMS. The absolute change of
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Fig. 1

Simulation time (day)

Time series of outer size and inflow angle in the full-physics idealized model. a The growth of outer size (R3,4) at a height of 10 m

(black line) and the best fit with the growth model (red line). A wind reduction factor of 0.75 is applied (see “Methods”). b Time series of inflow
angles at the lowest model level (brown dashed line) and the top of the boundary layer (blue dashed line) following the growing Rz, in (a).
The inflow angles are calculated based on the azimuthally averaged tangential and radial winds. The solid lines show the mean inflow angles.
The mean effective inflow angle during this growth event is estimated to be 1.1° at the top of the boundary layer.
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Fig. 2 Composite of Rz, for 48 h before NA and EP TCs reach the
LMS at time 0. The solid lines show the mean evolution and the
shading areas denote one standard error to the mean. The
composites are based on 6-h observations (dots). There are 94
and 107 TCs used in the NA and EP, respectively.

size for every 6 h increases when approaching the LMS. This is
qualitatively in line with the prediction by the exponential growth
model.

We next continue the quantitative validation of the growth
model by fitting individual TC outer size growth in the NA and EP.
The three inputs—i.e., the initial size R,, growth duration t, and the
Coriolis parameter f, calculated with the mean latitude during a
growth—are taken from the best-track data. The mean effective
inflow angle ay is treated as a fitting parameter for each TC (see
“Methods”). Figure 3 shows that the Pearson correlation coeffi-
cient between all fitted and observed Rs4 is 0.93 and 0.90 in the
NA and EP, respectively, with a slope of 0.89 and 0.86. Partial
correlation analysis reveals that correlation coefficient in Fig. 3
does not change if the mean f, is used for all TCs, and only
changes in the NA from 0.93 to 0.91 if the mean R, is adopted. The
results in Figs. 2 and 3 suggest that the exponential growth model
is a plausible choice to describe the TC outer size growth. The
slopes, less than one in Fig. 3, suggest that the growth model may
underestimate the size growth when approaching the LMS.

Difference between basins

The growth model suggests that the following factors can depict a
TC growth:

Lifetime maximum size,
Initial size,

Growth duration,

Mean growth latitude, and
Mean Effective inflow angle.

urwWN =

We next conduct inter-basin comparisons of factors (1)-(4) with
the best-track data, and factor (5) based on the estimates from fits
(see “Methods”).

Figure 4a displays the probability density function (PDF) of the
log-transformed LMS in the NA and EP. According to the
Kolmogorov-Smirnov (KS) test statistics, the P value from the
normality test of the transformed LMS distributions is 0.45 and
0.62, respectively, for NA and EP TCs. This means the distribution
of LMS in these two basins has a strong lognormal feature.

Figure 4b shows the log-transformed distribution of initially
recorded Rsz4. The mean TC intensity at the time when the initial
R34 is measured is 36 kt for both NA and EP TCs. Compared to the
distribution of LMS, the log-transformed initial size is still
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Fig. 3 Comparison between the observed R34 in the best track

and the correspondingly fitted values of NA and EP TCs. The solid

line denotes the linear least-squares fit. The dotted line shows the

y=x line. The r values in the legend are the Pearson correlation

coefficient with the total number (N) of size observations.

somewhat skewed (Fig. 4b), but the P value of a normality test
is 0.10 in the NA and 0.01 in the EP, respectively. This suggests a
much weaker lognormal feature of the initial size than the LMS in
both basins. Figure 4a and b suggests that the exponential growth
process enhances the lognormality of the outer size distribution
when growing towards the LMS. We will further discuss this point
in the next section.

The growth duration, as shown in Fig. 4c, is defined as the
growth period from the initial size to LMS. Positive skewness is
found in both basins. A longer growth duration (Fig. 4c) and
higher mean growth latitude (Fig. 4d) are found in the NA but they
are not significantly correlated.

More quantitative comparison of the growth factors is
summarized in Table 3. The statistical significance of the
differences between the two basins are also examined by
bootstrapping (see “Methods”). The observed LMS in the best
track and estimated LMS from the fit show consistent differences
between the two basins. Compared to the EP, an NA TC typically
has a larger initial size, grows for a longer period at a higher mean
latitude, and ends with a larger LMS. The LMS, initial size, growth
duration, and mean latitude between the two basins are
significantly different at the 99% confidence interval.

The TCs in the EP have a significantly larger inflow angle than
NA TCs (P value = 0.04, Table 3). However, the doubling time,
which is a measure of relative growth rate, is not significantly
different between the two basins. This may be because the larger
inflow angle in the EP is compensated by a lower mean growth
latitude. According to the growth model, a larger LMS in the NA is
then determined by a larger initial size and a longer growth
duration, given the doubling time is similar in the two basins.

The analytic model in other basins
It is of interest to also validate the growth model in the other
basins. Table 4 shows the Pearson correlation coefficient together
with the associated P value from the least-squared linear fit
between the observed and fitted TC size. The global correlation
coefficient is 0.83, with variation between 0.80 and 0.87 in all the
basins, and the corresponding P value is consistently less than
0.05. The mean root-mean-square error of the global TCs is 24 km,
and this is 15% of the global mean Rs4 (157 km). The root-mean-
square error varies from 14 to 27 km in all the basins.

Since the model can in general depict the TC outer size growth
globally, we next investigate the global model features: the LMS,
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Fig. 4 Distribution of TC growth factors. PDF of log-transformed (a) LMS (km), (b) initial size (km), (c) growth duration (h), and (d) mean
growth latitude (°N) for NA and EP TCs. The solid lines and dots are the observed PDFs based on the best track. The bell-shaped shadings in (a)
denote the fitted normal distribution. The P value from the lognormal test of LMS is 0.45 in the NA and 0.62 in the EP, respectively, which
suggests that the distributions are lognormal. The bin widths are 0.2 in (a), 0.2 in (b), 0.4 in (c), and 2° in (d). The mean in each basin is given in

the legend.

Table 3. Statistics of the growth factors.

NA EP P value
Inputs Initial size (km) 94 [46,179] 75 [46,116] <0.01
Inputs Duration (h) 139 [48,282] 95 [44,230] <0.01
Inputs Latitude (°N) 23 [14,33] 16[12,20] <0.01
Estimates Inflow angle (degree) 0.7 [0.1,0.9] 0.9 [0.1,2.2] 0.04
Estimates Doubling time (h) 90 [26,237] 92 [23,293] >0.1

Estimates Lifetime maximum 247 [92,496] 178 [93,329] <0.01
size (LMS, km)

Observed LMS (km) 274 185 <0.01
[108,586] [111,348]

Table 4. Validation of the growth model by fitting to the size growth
of individual storms globally.

Global NA EP WP NI Sl SP
r 0.83 0.81 0.82 0.85 0.87 0.82 0.80
P value 0.02 0.03 0.03 0.02 0.03 0.02 0.03
RMSE (km) 24 27 18 27 14 23 27
TC number 549 94 107 198 23 84 43

The Pearson correlation coefficient r, P value and root-mean-square error
(RMSE) are the mean of all fittings in each basin and globally. The P value is
two-sided with a null hypothesis that the slope is zero using Wald test with
t-distribution.

Mean of the six parameters (three inputs and three estimates, see
“Methods”) from the fit of the growth model to the best-track size
evolution in the NA (94 TCs) and EP (107 TCs). The observed lifetime
maximum size is also given for comparison. The range of the 5th and 95th
percentiles are provided in square brackets. The P value shows the
statistical ~ significance of the inter-basin difference based on
bootstrapping.

initial size, growth duration, mean growth latitude, mean effective
inflow angle following Rs4, and doubling time (Table 5). The inter-
basin differences of these variables are also examined by testing
the statistical significance of a variable’s distribution in each basin

Published in partnership with CECCR at King Abdulaziz University

(BASIN) against that in all the other basins (ex-BASINs). If one
variable, according to bootstrapping, shows a significant differ-
ence between one pair of BASIN and ex-BASINs, it indicates the
particularity of this variable in BASIN.

Each basin, apart from the Sl and SP, have significantly different
mean LMS compared to the rest of the basins (Table 5). NA and
WP TCs show larger LMS, whereas the LMS in the EP and NI are
generally smaller. There are different reasons for the uniqueness
of LMS in these basins and it can be usefully understood in terms
of the growth model. The NA has a significantly longer growth
duration at a higher mean latitude, whereas the WP has
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Table 5. Mean growth factors of global TCs.

Global NA EP WP NI Sl SP

LMS (km) 241 2744+ 185— 268+ 184— 231 239
Initial size (km) 20 94 75— 95+ 83 93 93
Duration (h) 100 139+ 95 95 63— 87— 97
Latitude (°N/S) 18 23+ 16— 19 14— 16— 16—
Inflow angle (°) 1.0 07— 08— 1.1+ 1.1 1.1 1.0
Doubling time (h) 77 9 + 924+ 69 61 71 71

The LMS, initial size, growth duration, and mean latitude during growth are
calculated with the best-track data. The inflow angle and doubling time are
obtained as the fitting estimates (as in Table 3). The storm events in each
basin are compared to the events in the other basins. If a quantity in one
basin is significantly larger or smaller than the mean in the other basins at
95% confidence interval, it is indicated with a “+" or “—" sign.

significantly larger initial size and mean effective inflow angle. The
anomalously small LMS in the EP is mainly due to the small initial
size and mean effective inflow angle at a lower mean latitude
during growth. In the NI the short growth duration at a lower
mean latitude leads to a small LMS. All basins have unique
combinations of initial size, mean growth latitude and/or mean
effective inflow angle. These three factors determine the doubling
time (Eqg. (10)). The NA and EP have significantly longer doubling
time than in the other basins. This is likely due to a smaller mean
effective inflow angle as this is the only growth factor in the NA
and EP that is different compared to that in the other basins.

Interannual variation of the LMS

The growth model identifies four factors for TC size growth: the
initial size, growth latitude, local effective inflow angle, and growth
duration. This provides a simple way to understand the interannual
variation of the LMS. In this section, we focus on the medians of
the LMS and growth factors considering their skewness. We do not
find any significant trend of the observed annual median LMS (Fig.
5). With the observed four factors of each TC, the model can
reproduce the interannual variation of the LMS in a good
agreement with the observation. The correlation between the
modeled and observed annual LMS time series is 0.86 after
detrending (Fig. 5a). We next perform sensitivity experiments by
fixing each of the four growth factors to their global medians to
examine their relative importance by comparing the correlation
between the observed and modeled LMS time series. The growth
latitude is found to contribute little to the interannual LMS
variation (Fig. 5b). The growth duration and initial size (Fig. 5¢, d)
show a relatively large influence. However, if the initial size is fixed,
the modeled and observed LMS shows an almost perfect
synchronous change for some of the period (2004-2013), which
does not happen when the growth duration is fixed. This suggests
that the growth duration may be the most important and
consistent growth factor to the interannual variation of the LMS.
The effective inflow angle is relatively less important to the
interannual variation, but it does seem to be crucial to push up the
modeled LMS to the observed level (Fig. 5b).

DISCUSSION

There are simple and useful analytic models for TC intensity
change®3~3, A simple analytic model for TC outer size growth has
been lacking. Here we present a growth model developed
explicitly for the TC outer size, which can be used to understand
the inter-basin difference of the LMS and its interannual variation.
The model also explains several empirical findings into a single
framework:
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that the initial size is important®¢;

that TC size increases with latitude?s;

the inter-basin differences of size'3; and

that the TC outer size is log-normally distributed3’.

The growth model is developed for TC outer circulation, a
regime that has different dynamics from the inner-core region
where the radius of maximum wind is located'’. In particular, the
vertical advection and diffusion are much less important at the
outer circulation than in the eyewall. The growth model suggests
that the TC outer size growth is primarily dominated by four
factors: the initial size, growth duration, mean growth latitude, and
mean effective inflow angle. Numerical studies of idealized TCs
showed that an initially large TC is more likely to reach a large size
at a later stage®®3°, According to our analysis, WP TCs have both
significantly larger initial size and LMS, which supports those
idealized simulations. However, the growth model also suggests
that the growth duration, mean effective inflow angle and latitude
determine the lifetime maximum size for the same initial size. It
has been shown that the duration of major tropical cyclones for
1982-2018 has been shortened by 1 day*°. If we assume the same
reduction for the mean growth duration, with the global mean
values of R, =90 km, latitude=18°N/S, ay = 1.0° and duration =
100 h (Table 5), the growth model predicts a reduction of mean
LMS by —53km over 37 years, ie, —1.4km per year. This
predicted change is close to an observed value in a recent study*’
showing that the global annual mean Rs, (not LMS shown in Fig.
5) is decreasing with a rate of —2.5 km per year based on best-
track data. However, no changes of size based on satellite
observations have been reported?®. Our results also reveal that the
LMS does not show a significant change, which is consistent with
a steady annual mean Rs, inferred from ocean cold wakes*?.
Poleward migration of TC lifetime maximum intensity has been
found in recent decades**. However, further analysis (not shown)
reveals that the growth model is the least sensitive to any latitude
change compared to the other growth factors. For example, the
LMS would only increase by less than 10% if the growth latitude
were to increase by 50% with other factors fixed.

The inflow angle is of crucial importance in our growth model.
However, there has been a lack of studies on the inflow angle at
the top of the boundary layer in the outer-core region. A previous
study?® finds a boundary layer depth at surface Rs, is about
1400 m, with V,=31ms~', and V,=1m s~ at this height, which
gives an inflow angle of about 1.8° (their Fig. 4). The magnitude of
this inferred top-of-boundary-layer inflow angle agrees with our
estimates from simulations (1.0°) and observations (also 1.0°
globally). It should be noted that the concept of inflow angle in
this study is assumed to be axisymmetric. However, for any given
time and storm this inflow angle could be asymmetric because of,
for example, storm motion and shear**.

Based on flight-level datasets, two primary types of growth
processes were previously suggested®: an internally dominated
process relating to secondary eyewall formation and eyewall
replacement cycles, and an externally forced process by the
synoptic environment. Environmental and internal conditions that
have been found to be important to the TC outer size change, e.g.,
the potential intensity and midlevel relative humidity®s, the
surface fluxes*’, the dynamics in the boundary layer*®, and
convective processes*®>Y, are not directly included in the derived
growth model. However, the inflow angle can be taken as a key
physical variable linking the effects of internal and external
conditions and then directly affecting the growth process (as
shown by Eq. (8)). A further opportunity, beyond the scope of this
work, may be to establish statistical relationships between the
inflow angle and real-time internal and environmental conditions.

The proposed growth model does not predict a maximum
equilibrium R34 (if there is one per se). This is different from other
TC intensification models®334, Considering the differential form of
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the growth model (Eq. (7)), the growth process is only terminated
when the radial inflow ceases. Applying the model to a decrease
of Rs; would require radial outflow at the top of the boundary
layer by, for example, the Ekman spin down due to the surface
turbulent drag®'°2.

The growth model sheds light on the principal drivers of the
interannual variation of LMS. The global LMS variability has so far
been primarily driven by the variability in the duration of the
growth. Future duration and hence LMS could change by, for
example, a change in track length and/or change in translation
speed. Predictions of translation speed are not uniform®>* so it is
not clear what the likely changes of LMS could be.

Several studies have shown that the TC size has a positively
skewed distribution for the radius of the outermost closed
isobar'®, the radius of 15ms™" wind'!, the radius of 177ms™'
wind®>>, and the radius of the eye'. A previous study®’ shows
explicitly that the radius of vanishing storm wind is log-normally
distributed when normalized by a relevant TC length scale defined
as the ratio of the potential intensity to the Coriolis parameter. It
has also been shown that the global distribution of the radius of
12ms™' is approximately lognormal only after the same
normalization'?,

In our analysis, the LMS of NA and EP TCs both follow a
lognormal distribution without any normalization. This is not
contradictory to the previous study'? since their size climatology
covered all sizes during a lifecycle. We show that the initial size
distribution does not show a significant lognormal feature, but the
lognormality of LMS is asymptotically achieved via exponential
growth. Why does exponential growth increase the lognormality
of the variable?

The exponential growth model is essentially an expression of
the law of proportionate effect that states that according to the
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Central Limit Theorem, a lognormal distribution will be generated
in the asymptotic limit>®. The accumulation of the proportionate
effect through the exponential growth process enhances the
lognormal feature of the variate®”, and in our analysis, this variate
is the TC outer size.

The main uncertainty of the current study comes from the best-
track data set taken from the National Hurricane Center (NHC) and
Joint Typhoon Warming Center (JTWC). Consensus methods®® are
used at both NHC and JTWC for operational Rs4 forecast. Most of
our analysis is based on the NHC best track in the NA and EP after
2004 when the quality can be relatively more guaranteed after
rigorous post-season analysis with more observations and proxies.
In the NHC best track, the percentage uncertainty of Rz, in the NA
relative to the average value varies from about 25-35%
depending on the availability of multiple observations®®. The EP
TC best track from NHC is also post-season quality controlled, but
the associated uncertainty is unknown. Most of the R34 from the
JTWC best track used in this study is real-time estimated since the
post-season quality control only started at JTWC basins about
three years ago. It was reported that the average R, in the JTWC
basins increases by 25% after the post-season analysis®®. The
mean Rz, uncertainty from both NHC and JTWC has been
estimated ©' to be about 15%. This uncertainty can be expected
to be further reduced in the future®,

An analytic growth model of TC outer size is derived in this
study. The proposed model suggests an exponential process for
the outer size growth. The observed composite of size growth
shows a strong super linear nature, which supports the
exponential growth of TC outer size. The analytic growth model
can capture the size growth of both modeled and observed
individual storm events. A climatology of TC size growth in the NA
and EP for 2004-2017 identifies the key factors of size growth as
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suggested by the analytic growth model, i.e, the initial size,
growth duration, mean growth latitude and mean effective inflow
angle. These four variables are significantly different between NA
and EP TCs. The lifetime maximum size distribution is lognormal,
whereas the lognormal characteristic is much weaker for the initial
size. It is the law of proportionate effect, a consequence of the
exponential growth model, that enhances the lognormality of TC
outer size via an exponential growth process.

A global climatology of TC size growth shows that each basin
has a unique combination of size growth factors. The model
framework presented here links together several previous
empirical findings, such as the role of initial size on final size,
the dependence of size on latitude, inter-basin size differences,
and the lognormal distribution of size. The proposed growth
model provides a simple framework to understand the interannual
variability of the lifetime maximum size that may be largely driven
by the variation of the growth duration.

METHODS

Data

The TC best-track data for 2004-2017, including the storm type (e.g.,
tropical storm, extratropical transition), geographical location, intensity,
and Rs, measurement, are taken from the International Best Track and
Archive for Climate Stewardship®® Version 4. In the NA and EP, the quality
of Rs,4 observations since 2004 can be relatively more guaranteed after
rigorous post-season analysis*®, but we will also give a brief global
climatology of TC size growth to cover the Western Pacific (WP), North
Indian Ocean (NI), South Indian Ocean (SI) and South Pacific (SP). The TC
best track in the NA and EP are taken from the National Hurricane Center
(NHC), and for the other basins from the Joint Typhoon Warming Center
(JTWC, Sampson et al.?°).

The TC records in IBTrACS are reported regularly at 0000, 0600, 1200,
and 1800 UTC. More frequent measurements during landfall are excluded
from our analyses. For each best-track subset of individual cyclones, Rz, is
calculated as the mean in four quadrants. The quadrants where R34 equals
0 are excluded from the averaging following previous studies®*%°. Figure 6
shows the full IBTrACS tracks (gray lines) in the NA and EP for 2004-2017.
The partial tracks (color lines) used in our analysis are also highlighted in
Fig. 6 after the following pre-processing procedures:

1. no extratropical transition period as labeled in the best-track data is
considered,

2. arecord is only considered if the TC center is over water,

3. only the records from the first Rz, measurement to the lifetime
maximum Rs, are selected for each TC, and

4. TCs must have at least eight consecutive R3; records for 2
complete days.

Full-physics idealized tropical cyclone simulation

To validate the growth model and examine the steady-state inflow angle
assumption we perform idealized TC simulations. We use the full-physics
atmospheric Weather Research and Forecasting (WRF) Model®® in the set-
up described in ref. 2°. The run is configured with a triple nesting grid
mesh, 4-km grid spacing in the innermost domain, and an initial bogus
vortex specified with an analytic wind profile model’*°. The simulation is
conducted in a stationary environment with a constant sea-surface
temperature of 27 °C. The run lasts for 9 days, the last 6 days of which is
employed for our analysis.
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Lognormality test and statistical significance

The P value of a lognormal distribution test is estimated with the
Kolmogorov-Smirnov (KS) test. The null hypothesis of the KS test is that
the tested and target distributions are identical. A P value approaching
unity indicates that the tested distribution becomes close to the target
distribution. A bootstrapping method is applied to examine the statistical
significance of the difference between two distributions, considering the
skewness of the examined growth parameters. First, the two distributions
are resampled 10,000 times to generate 10,000 pairs of distributions. Each
resampled member has the same sample size as its parent distribution,
and the elements in a parent distribution can be repeated during
bootstrapping. Second, the difference in the means between the
resampled distributions in each pair is calculated to form a new
distribution with 10,000 samples. Thirdly, the percentile of zero difference
is calculated to get the two-sided P value for the statistical significance. For
example, a percentile of zero difference lower than the 2.5th or higher than
the 97.5th suggests the two distributions are different at the 95%
confidence interval.

Growth model fit

We validate the growth model (Eq. (9)) by fitting both simulated and
observed TC outer size evolution with least-squares minimization. For each
fit, there are six parameters: three inputs and three estimates. The three
inputs are the observed: initial size, mean latitude during growth, and
growth duration. Three estimates are made: the mean effective inflow
angle ay, LMS, and doubling time (Eq. (10)).

The R34 in the best track is measured by near-surface total wind speed,
but the growth model is derived at the top of the boundary layer for a
fixed tangential wind speed. To resolve this inconsistency, we assume a
wind adjustment factor of 0.75 from the top of the boundary layer to
surface®”®®, We will fit the model to the surface Rss, but with this
adjustment factor, the tangential wind of 34 kt at the surface Rz, will be
adjusted to 34/0.75 kt =45kt at the top of the boundary layer. A vertical
disconnection of lower-troposphere horizontal wind during landfall may
happen®®, and that may significantly change the wind adjustment factor.
However, that concern does not apply to our analysis since any landfall
period is not included in our analysis. Our general results are not sensitive
to the choice of the adjustment factor varying between 0.7 and 1.0.

DATA AVAILABILITY

Tropical cyclone best-track data can be downloaded from the National Centers for
Environmental Information website (https://www.ncei.noaa.gov/data/international-
best-track-archive-for-climate-stewardship-ibtracs/v04r00/access/csv/ibtracs.ALL list.
v04r00.csv).

CODE AVAILABILITY

The source codes for the analysis of this study are available from the corresponding
author upon reasonable request.
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