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ABSTRACT: The effect of tropical cyclone (TC) size on TC-induced sea surface temperature (SST) cooling and sub-

sequent TC intensification is an intriguing issue without much exploration. Via compositing satellite-observed SST over the

western North Pacific during 2004–19, this study systematically examined the effect of storm size on the magnitude, spatial

extension, and temporal evolution of TC-induced SST anomalies (SSTA). Consequential influence on TC intensification

is also explored. Among the various TC wind radii, SSTA are found to be most sensitive to the 34-kt wind radius (R34)

(1 kt’ 0.51 m s21). Generally, large TCs generate stronger and more widespread SSTA than small TCs (for category 1–2 TCs,

R34: ;270 vs 160 km; SSTA: 21.78 vs 20.98C). Despite the same effect on prolonging residence time of TC winds, the effect

of doubling R34 on SSTA is more profound than halving translation speed, due to more wind energy input into the upper

ocean. Also differing from translation speed, storm size has a rather modest effect on the rightward shift and timing of maxi-

mum cooling. This study further demonstrates that storm size regulates TC intensification through an oceanic pathway: large

TCs tend to induce stronger SST cooling and are exposed to the cooling for a longer time, both of which reduce the ocean’s

enthalpy supply and thereby diminish TC intensification. For larger TCs experiencing stronger SST cooling, the probability

of rapid intensification is half of smaller TCs. The presented results suggest that accurately specifying storm size should lead

to improved cooling effect estimation and TC intensity prediction.

SIGNIFICANCE STATEMENT: Storm size has long been speculated to play a crucial role in modulating the TC

self-induced sea surface temperature (SST) cooling and thus potentially influence TC intensification through ocean neg-

ative feedback. Nevertheless, systematic analysis is lacking. Here we show that larger TCs tend to generate stronger

SST cooling and have longer exposure to the cooling effect, both of which enhance the strength of the negative feed-

back. Consequently, larger TCs undergo weaker intensification and are less likely to experience rapid intensification

than smaller TCs. These results demonstrate that storm size can influence TC intensification not only from the atmo-

spheric pathway, but also via the oceanic pathway. Accurate characterization of this oceanic pathway in coupled models

is important to accurately forecast TC intensity.

KEYWORDS: North Pacific Ocean; Atmosphere-ocean interaction; Hurricanes/typhoons; Sea surface temperature;

Tropical cyclones

1. Introduction

Tropical cyclones (TCs) are destructive natural disasters

(Emanuel 2003). The strong winds associated with TCs can ef-

fectively stir the stratified upper ocean and produce significant

sea surface temperature (SST) cooling and subsurface water

warming (Price 1981). The earliest report on measuring SST

cooling after TC passage can be dated back to the 1960s,

wherein Leipper (1967) conducted a systematic survey on

Hurricane Hilda (1964) and showed an approximately 58C

SST reduction. Since then, many observational analyses and

numerical simulations have been devoted to exploring the

TC-induced SST cooling, owing to its important effects in

many aspects, such as on storm intensification (e.g., Lloyd and

Vecchi 2011; Dare and McBride 2011; Lin et al. 2008, 2013;

Mei et al. 2012, 2015a) and ocean heat uptake (e.g., Emanuel

2001; Sriver and Huber 2007; Korty et al. 2008; Mei et al.

2013; Zhang et al. 2019).

The warm ocean is the energy source for TC development,

and TCs draw energy and moisture from the ocean through

the enthalpy flux at the air–sea interface (Emanuel 1999).

Meanwhile, most of the kinetic energy of TCs is lost via fric-

tion at the air–sea interface, driving strong sheared currents

and triggering vigorous vertical mixing in the upper ocean

(Emanuel 2003). The triggered vertical mixing acts to bring
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cold subsurface water to the sea surface and significantly re-

duce the SST beneath the storms (e.g., Price 2009; Pun et al.

2011; D’Asaro et al. 2011, 2014; Zhang et al. 2016). Both

observational analyses and numerical experiments demon-

strate that the TC-induced SST cooling could significantly re-

duce the enthalpy flux from the ocean to the air and thus

suppress the subsequent intensification of the TC, which is

known as the negative SST feedback (e.g., Schade 2000; Cione

and Uhlhorn 2003; Jacob and Shay 2003; Lloyd and Vecchi

2011; Mei et al. 2012; Lin et al. 2013). The strength of the neg-

ative SST feedback critically depends on the magnitude of the

SST cooling. Based on in situ observations, Cione and Uhlhorn

(2003) indicates that a modest 18C cooling can reduce the sur-

face enthalpy flux by 40%, while a 2.58C cooling would be suffi-

cient to entirely shut down the energy supply to the TC

(Emanuel 1999). Therefore, an accurate representation of the

TC-induced SST cooling during the TC passage is of vital im-

portance for improving TC intensity prediction, as has been

confirmed by operational forecasting models (Bender and

Ginis 2000; Shen and Ginis 2003; Emanuel et al. 2004; Goni

et al. 2009).

After the TC passage, the produced sea surface cooling

usually persists for several days to one month before recover-

ing to climatological SST, influencing the coupled air–sea sys-

tem (e.g., Price et al. 2008; Dare and McBride 2011; Mei and

Pasquero 2013; Wang et al. 2016). For instance, the wide-

spread cold wake could affect the genesis and development

of subsequent TCs (e.g., Brand 1971; Bender and Ginis

2000). The extensive and long-lasting cold wakes increase

the probability for the later TCs passing over regions with

previous TC-reduced SST and thus being suppressed, that is,

a cyclone–cyclone through-ocean pathway (Balaguru et al.

2014). The cold patches left by TCs could also stabilize the at-

mospheric boundary layer and reduce surface wind speed sev-

eral days after TC passage (Wallace et al. 1989; Xie et al.

1998; Lin et al. 2003b). On the contrary, the TC-caused anom-

alous warming in the subsurface ocean can persist for a much

longer period of time (Pasquero and Emanuel 2008; Mei et al.

2013); in an equilibrium sate, this net ocean heat uptake (i.e.,

restored SST plus sustained anomalous subsurface warming)

would be balanced by meridional heat transport to other lati-

tudes and has a great potential to influence global climate

(Emanuel 2001; Sriver and Huber 2007; Jansen and Ferrari

2009; Mei et al. 2013; Zhang et al. 2018; Zhang et al. 2022).

Given the important roles that cold wake plays in modulat-

ing the weather and climate system in a wide-range time scale,

it is of great importance to fully characterize and understand

the factors and processes governing the TC-induced SST cool-

ing. Both observational analyses (e.g., Sanford et al. 1987;

D’Asaro et al. 2007; Guan et al. 2014) and numerical experi-

ments (e.g., Price 1981; Chiang et al. 2011) have shown that

the cooling is affected by three main processes: oceanic dia-

pycnal mixing, vertical and horizontal advection, and air–sea

surface heat exchange. In cases associated with strong TCs, di-

apycnal mixing, principally generated by the shear instability

of TC-forced near-inertial currents at the mixed layer base,

accounts for around 80% of the total cooling, while upwelling

and air–sea heat exchange contribute to the remaining cooling

(Jacob et al. 2000; Huang et al. 2009; Vincent et al. 2012).

Generally, the magnitude of TC-induced SST cooling varies

widely from less than 18C to more than 118C (Lin et al. 2003a;

Dare and McBride 2011), owing to differences in TC attrib-

utes (including intensity, translation speed, and size) and

upper-ocean stratification (Goni and Trinanes 2003; Lin et al.

2008, 2009; Mei et al. 2012, 2015b; Vincent et al. 2012; Mei

and Pasquero 2013; Pun et al. 2018). Using satellite measure-

ments, Lloyd and Vecchi (2011) composited the TC-induced

SST cooling at a global scale and indicated that the SST cool-

ing magnitude increased with TC intensity up to category 2

and saturated for TCs above category 3, confirming the inhibi-

tion effect of strong ocean stratification on TC intensification

via negative feedback. Moreover, the oceanic stratification

variabilities resulting from multiscale processes, such as meso-

scale eddies (Shay et al. 2000) or barrier layers (Balaguru et al.

2012; Yan et al. 2017), could further modulate the magnitudes

of SST cooling and TC intensification. For instance, Shay et al.

(2000) elucidated that Hurricane Opal (1995) rapidly intensi-

fied from category 1 to category 4 upon encountering a warm

eddy in the Gulf of Mexico and reduced SST cooling. Balaguru

et al. (2012) reported that TC intensification is nearly 50%

higher when passing over barrier layers, which could reduce

SST cooling by restraining diapycnal mixing (Reul et al.

2014).

TC translation speed, which determines the duration of

strong winds over a local point [i.e., the residence time (RT)],

also plays a key role in modulating the SST cooling and the

strength of negative feedback (Lin et al. 2009). Mei et al.

(2012) composited the satellite-detected SST cooling and re-

vealed that the SST cooling decreased with increasing TC

translation speed, as more kinetic energy was input into

the upper ocean by slower-moving TCs than faster TCs. In

particular, they further demonstrated that the storm transla-

tion speed could exert an important control on its intensity

via modulating the strength of negative feedback: faster-

moving TCs generating less SST cooling tend to promote TC

intensification.

Similar to translation speed, storm size also critically corre-

lates with the RT and has an important potential to affect the

SST cooling and subsequent TC intensification (Price 1981;

Knaff et al. 2013). Theoretically, a large TC implies that winds

stronger than a certain magnitude (such as gale-force wind at

34 kt; 1 kt ’ 0.51 m s21) blow over a local point for a longer

duration, input more energy into the ocean, inducing stronger

SST cooling and negative feedback, compared to a small TC.

However, the effect of storm size on TC–ocean interaction

has received less attention. D’Asaro et al. (2014) examined

the SST cooling induced by several TCs and revealed that ty-

phoons with larger sizes tended to induce stronger cooling

with wider spatial extension. Pun et al. (2018) demonstrated

that the dramatic cooling (;78C) left by Supertyphoon Megi

(2010) in the South China Sea was mainly attributed to an

abrupt size expansion. Through numerical experiments, Pun

et al. (2021) assessed the influence of storm size uncertainty

arising from operational TC forecasting models on simulated

SST cooling. Such an uncertainty in predicted storm size was
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further suggested to be of vital importance in TC intensity

forecasting (Bender et al. 2017). Furthermore, Lin et al.

(2021) compared the rapid intensification (RI; with intensity

change larger than 30 kt over 24 h) processes of Superty-

phoons Hagibis (2019) and Haiyan (2013) and found that a

TC with a small size was more likely to undergo RI partially

because of the weaker SST cooling it produces.

The aforementioned studies underline the vital role that

storm size may play in modulating the SST cooling and nega-

tive feedback on TC intensification. However, these studies

considered only a very limited number of cases. Therefore, a

comprehensive study is needed to systematically examine the

effect of storm size on the magnitude of SST cooling and

hence the strength of ocean negative feedback onto TC inten-

sification. In this study, we attempt to fill this gap and examine

the effect of storm size on the spatiotemporal characteristics

of SST cooling and negative feedback in the tropical western

North Pacific (WNP), the region experiencing the most fre-

quent and intense TCs (Webster et al. 2005; D’Asaro et al.

2011). Our results show that TCs with larger sizes tend to in-

duce stronger SST cooling and reduced enthalpy flux, pre-

venting TCs from intensifying. This paper is structured as

follows. In section 2, we briefly describe the data and methods

in use. In section 3, we comprehensively examine the effect of

storm size on the magnitude, spatial extension, and temporal

evolution of the TC-induced SST cooling. The dependence of

TC intensification and RI on storm size is presented in section 4,

and conclusions and discussion of the results are given in

section 5.

2. Data and methods

a. TC best track data

TC best track data for the WNP are obtained from the

International Best Track Archive for Climate Stewardship

(IBTrACS; Knapp et al. 2010), distributed by the U.S. Joint

Typhoon Warning Center (JTWC), which provides TC center

position, 1-min sustained maximum wind speed (Vmax), and

storm size at 6-h intervals. TC intensity, measured by Vmax in

this study, is classified as follows: tropical depression (TD),

tropical storm (TS), and the commonly used Saffir–Simpson

scale categories 1–5 (abbreviated as Cat 1–5). The intensifica-

tion rate (IR) of a TC, defined as the change of Vmax in the

subsequent 24 h after passing the current location, is esti-

mated to characterize TC intensity tendency. TC translation

speed (Uh) is computed by dividing the sum of moving dis-

tance of TC 6 h before and 6 h after reaching the current loca-

tion by 12 h.

Storm size represents the maximum radial extent of a cer-

tain wind speed magnitude (Kimball and Mulekar 2004; Pun

et al. 2021) and can be characterized as wind radii of maxi-

mum wind (RMW), such as typhoon- or hurricane-force wind

at 64 kt (R64), destructive-force wind at 50 kt (R50), and

gale-force wind at 34 kt (R34) (Sampson et al. 2017). The TC

best track data have provided 6-hourly wind radii information

since 2004, with estimates in the four TC quadrants relative to

the true north (Knaff and Sampson 2015; Knaff et al. 2016;

Song and Klotzbach 2016). For simplicity, R34, R50, and R64

in this study are estimated as the azimuthal average of non-

zero radii in the four quadrants. It should be noted that the

quality control and postseason assessment of wind radii of the

JTWC best track started from 2014, and thus the data quality

during 2004–13 and 2014–19 may be not the same. However,

although this difference of quality control certainly should be

taken into account when focusing on individual TC cases, it

should not significantly affect our major results of the statisti-

cal analysis here based on a large number of TC cases. An ex-

periment only using TC cases during 2014–19 is repeated and

the results are consistent with that using all TC cases during

2004–19.

b. SST observations

The optimally interpolated (OI) SST product (daily, with

0.258 3 0.258 spatial resolution) measured by satellite micro-

wave sensors, which can penetrate clouds and provide reliable

estimates of SST even under TC conditions (Wentz et al.

2000), are obtained from the Remote Sensing Systems and

used to examine the TC-induced SST cooling. To be consis-

tent with the availability of the storm size data, SST data dur-

ing 2004–19 are used here. Following Mei and Pasquero

(2013), the daily SST data are first preprocessed to remove

the climatological seasonal cycle and long-term linear trend at

each grid. For each 6-h TC track point, the residual daily

SSTs within a 1000 km 3 1000 km domain centered at TC

center are extracted from 30 days before the TC (day 230) to

60 days afterward (day 60). The residual SSTs are then line-

arly interpolated onto a TC coordinate system (along- and

cross-track directions) with 10 km3 10 km grids. The time se-

ries of the TC-induced SST anomaly (SSTA) is calculated by

subtracting pre-TC SST (the average SST of 12 to 3 days be-

fore TC passage).

The analysis here is limited to TC track points with Vmax

above TS given the fact that storm size is characterized by at

least 34-kt wind radii. Moreover, considering the presence of

strong meridional gradients of subsurface thermal structure in

the WNP (D’Asaro et al. 2014), only TCs located equator-

ward of ;258N where the mixed layer is deep are considered

here to minimize the influence of lateral ocean temperature

gradients and potential effects from mesoscale eddies at

higher latitudes (Lin et al. 2008). Overall, a total of 452 TCs,

with more than 5300 TC track points, are used in the follow-

ing analysis (Fig. 1).

c. Reanalysis datasets

To augment the analysis, additional reanalysis datasets are

employed. The temperature profiles in the month of TC pas-

sage are extracted to represent the pre-TC upper-ocean strati-

fication, obtained from the monthly ORAS5 dataset during

2004–19 of the European Centre for Medium-Range Fore-

casts (ECMWF). The vertical wind shear (VWS), an atmo-

sphere dynamical factor that controls TC intensification, is

calculated as the 200- and 850-hPa wind difference averaged

within a ring (200–800 km) from TC center (DeMaria et al.

2005; Rogers et al. 2017). We obtained the 6-h wind fields at
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200 and 850 hPa from the ERA5 database at each 0.258 grid

during 2004–19.

To explore the effect of TC-induced SSTA on TC intensifi-

cation, the enthalpy flux from ocean to TC, that is, sensible

flux (Qs) plus latent flux (QL), is estimated according to the

bulk aerodynamic formulas (Jacob and Shay 2003)

Qs 5 CHV(Ts 2 Ta)raCpa and (1)

Q
L
5 C

E
V(q

s
2 q

a
)r

a
L

ya
, (2)

where CH and CE are exchange coefficients of the sensible and

latent heat, respectively, both of which were taken as 1.3 3 1023

based on the observations under TC conditions; V is TC wind

speed; Ts and Ta are during-TC SST and near-surface air tem-

perature; qs and qa are surface and air specific humidity; and

ra, Cpa, and Lya are air density, heat capacity of the air, and

latent heat of vaporization. For each TC track point, Ts is

based on the satellite-observed SST. Note that Ta and dew-

point temperature used to calculate qs and qa are obtained

from ERA5. Using Ta and dewpoint temperature from an-

other dataset, the U.S. National Centers for Environmental

Prediction Climate Forecast System Reanalysis (NCEP CFSR;

6-hourly, 0.583 0.58), to estimate the enthalpy flux leads to the

same conclusion, despite some quantitative differences in the

results (not shown here).

d. Wind energy input into the upper ocean

TC-induced SST cooling is highly related to the TC forcing.

Here the metric of Wind Power index (WPi) proposed by

Vincent et al. (2012), which comprehensively integrates the

effect of TC intensity, translation speed, and size (our focus

here), is employed to characterize the TC forcing and eluci-

date the effect of storm size. The WPi builds on the power dis-

sipation (PD) at sea interface by friction, a good proxy of

the amount of kinetic energy transferred from the TC into the

ocean which triggers the SST cooling (Emanuel 2005). The

PD and WPi are calculated as

PD(x, y) 5

� tc

to

r
a
C

D
(x, y, t)|V(x,y,t)|3dt and (3)

WPi(x, y) 5 [PD(x,y)/PDo]
1/3, (4)

where V(x, y, t) is local magnitude of wind speed, CD(x, y, t) is

the local dimensionless surface drag coefficient (Large and

Yeager 2009), and to and tc are the time when the storm starts

and stops influencing a certain location, respectively. The

term PD
o
5

�tc
to
rC

D
|V

o
|3dt is a normalization constant corre-

sponding to a weak storm with translation speed of 5 m s21

and Vmax of 17.5 m s21.

To calculate WPi, the gridded wind field within 1000 km of

the TC center is constructed using the analytical axisymmetric

TC wind model proposed by Willoughby et al. (2006). The

Willoughby et al. (2006) TC wind model is derived based on a

large number of TC wind observations (Willoughby and

Rahn 2004), whose dual-exponential profile can more accu-

rately capture the wind speed outside the eyewall and describe

the broader slow-changed annular outer regions observed in re-

ality (Yan and Zhang 2022). The radial wind speed of the dual-

exponential wind profile is as follows:

V
r
5 V

i
5 Vmax

r

RMW

( )n

, (0 , r # RMW), (5a)

Vr 5 Vi(1 2 v) 1 Vov, (RMW , r # R2), (5b)

V
r
5 V

o
5 Vmax (1 2 A)exp 2

r 2 RMW

X1

( )

[

1 A exp 2
r 2 RMW

X2

( )

]

, (R2 # r , ‘), (5c)

v 5
nX1

nX1 1 RMW
, (5d)

n 5 0:406 1 0:0144Vmax 2 0:0038u, (5e)

A 5 0:069 1 0:0049Vmax 2 0:0064u, (5f)

X1 5 317:1 2 2:026Vmax 1 1:915u, (5g)

where Vi and Vo are the tangential wind component inside

the TC eyewall (0 , r # RMW) and beyond the transition

zone (R2 # r , ‘) of the wind profile, and the transition zone

lies at RMW , r # R2; X1 and X2 are the fitted slower and

fixed rapid exponential decay lengths in the outer vortex; n is

FIG. 1. Six-hourly TC track points for TS (blue), Cat 1–2 (yellow), and Cat 3–5 (red) TCs from

2004 to 2019 based on the JTWC best track dataset in the WNP. The green-edged triangles indi-

cate the tracks of TC Neoguri (2014) and TC Lekima (2013) for case studies in section 3a.
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the exponent for the power law inside the RMW; A is the fit-

ted contribution of the faster exponential to the wind profile;

and v is a weighted function. The distance R2 from TC center

can be each of the storm sizes (R34, R50, or R64). The X2 is

determined by substituting the calculated Vr from Eq. (5b)

into Eq. (5c) when fixing r 5 R2. Therefore, the adoption of

this TC model with dual-exponential wind profile efficiently

integrates the storm size information independent of RMW

into the WPi.

3. Effect of TC size on sea surface cooling

In this section, the effect of storm size on TC-induced SST

cooling is examined. We start with a comparison of SSTA

generated by two TC cases, namely TC Lekima (2013) and

TC Neoguri (2014), which have similar intensity and transla-

tion speed but substantially differ in size. We then perform

composite analysis to explore the effect of storm size on the

magnitude, spatial extension, and temporal evolution of the

SSTA. Finally, we use the metric of WPi to uncover the mech-

anism by which the storm size affects SST cooling.

a. A case study

Two Cat 5 TCs passing over the WNP are selected: the com-

pact TC Lekima in October 2013 and the large TC Neoguri in

July 2014 (Fig. 2a). Lekima and Neoguri have very similar

tracks and the same Vmax of 72 m s21 at around 208N. We fo-

cus on the domains within 158–258N (black boxes in Fig. 2a),

wherein the two TCs have similar intensities (61.5 m s21 for

Neoguri vs 64.9 m s21 for Lekima) and Uh (7.0 vs 7.5 m s21) on

average (Fig. 2b) to compare the TC-generated cold wakes.

The main difference is that the storm size of Neoguri is much

larger than Lekima (Fig. 2c). For instance, the average R34

of Neoguri is approximately 292 km, 41% larger than that of

Lekima (i.e., 207 km).

Neoguri and Lekima generated rather distinct cold wakes

(Fig. 2a). Although both exhibited rightward shifts relative to

TC tracks, the maximum SSTA of26.68C induced by Neoguri

is nearly 3 times of that by Lekima (i.e., 22.48C). The width

of the cold wake, defined as the distance of positions where

SSTA is 20.58C on each side of the TC track (Mei and

Pasquero 2013), is also estimated to measure the spatial ex-

tension of the cold wake. At around 208N where maximum

SSTA occurs for both TCs, the cold wake width of Neoguri is

1140 km, much larger than the 530 km of Lekima. The re-

markable effect of storm size shown here is generally consis-

tent with previous case studies (e.g., D’Asaro et al. 2014; Pun

et al. 2018). Given the similar intensities and translation

speeds between the two TCs, we attribute this more remark-

able cold wake by Neoguri than Lekima to its larger storm

size. As shown in Fig. S1 in the online supplemental material,

the along-track WPi of Neoguri is about 25% larger than that

of Lekima in the focused domains, which implies more kinetic

energy input into the ocean to generate stronger cooling. To

exclude potential contamination from pre-TC upper-ocean

stratification, we performed a series of numerical experiments

as in Pun et al. (2018). The results confirm that in comparison

with Lekima the relatively larger size of Neoguri is indeed the

dominant factor in producing a more remarkable cold wake

(not shown here).

b. Statistical dependence of SSTA on storm size

We then examine the statistical correlations between SSTA

and individual wind radii (represented by RMW, R34, R50,

and R64), and compare them with the correlations between

SSTA and Vmax and Uh (Fig. 3). The SSTA here is defined

FIG. 2. Comparison of the cold wakes induced by a large versus

a small TC. (a) Best tracks of TCs Neoguri (2014) (colored dots;

leftward) and Lekima (2013) (colored dots; rightward), and the

maximum SSTA left by the two TCs (background color), which is

calculated with the minimum SST on days 0–5 post-TC minus pre-

TC SST. The two TCs have nearly parallel tracks with a distance of

about 2000 km, initially moving northwestward between 108 and

258N and then turning to northward poleward of 258N. Coinciden-

tally, both TCs reached their lifetime peak intensity with the same

Vmax of 72 m s21 at around 208N. The black and magenta solid

curves along TC tracks indicate the R34 and RMW of TCs, respec-

tively. Red cycles show the R34 (380 and 218 km for Neoguri and

Lekima, respectively) when the TC centers are located around

208N. The solid boxes indicate the focused domains. (b) TC inten-

sity Vmax (magenta) and translation speed Uh (blue) as a function

of latitude for TCs Neoguri (solid curve with closed cycles) and

Lekima (dashed curve with open circles). (c) As in (b), but for

storm sizes represented by RMW (blue), R64 (yellow), R50

(green), and R34 (red). The focused domains from 158 to 258N are

indicated in (b) and (c) by black solid lines.
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as the mean value of SSTA 1–3 days post-TC averaged within

100 km around TC center (i.e., approximately twice the global

average RMW). Consistent with previous studies (e.g., Mei

and Pasquero 2013), the SSTA increases with increasing in-

tensity (correlation coefficient R 5 20.11) and decreasing

translation speed (R 5 0.48) but has nearly no correlation

with RMW (R 5 20.09). The correlations between SSTA and

R34, R50, and R64 are all above 0.25 and larger than that for

intensity. In particular, the SSTA is most sensitive to R34

with R 5 0.42, which is comparable to R 5 0.48 for Uh. These

calculations indicate that R34 and Uh are the top two TC pa-

rameters in affecting SSTA. The numerical experiments by

Pun et al. (2021) indicate that the SSTA is more sensitive to

R64 than to R34 and R50. The reasons for this inconsistency

may include that 1) the SSTA in Pun et al. (2021) is defined as

the maximum SSTA around TC center, while here it is de-

fined as the average value within 100 km of TC center;

2) there is inaccuracy of model simulations in capturing the

dependence of SSTA on storm size, which merits further eval-

uation in the future; and 3) uncertainties of R50 and R64 may

be larger than R34 (Sampson et al. 2017) since estimation of

wind radii in the WNP by the JTWC is mainly based on satel-

lite observations, which is unable to accurately measure high

winds. Despite this difference, both the numerical simulations

of Pun et al. (2018, 2021) and our observations clearly demon-

strate that the effect of storm size on SSTA is nearly as

important as Uh, and thus cannot be overlooked in studying

TC–ocean interactions. Hereafter, we use R34 as the repre-

sentative wind radius for our analyses.

To exclude the effects of other factors, we further compare

the effects of R34 and Uh on SSTA with fixed TC intensity

and stratification. TC intensity is clarified into three groups

(i.e., TS, Cat 1–2, and Cat 3–5). Ocean stratification is quanti-

fied by SST-T100 (Guan et al. 2021), with T100 as the average

temperature in the upper 100 m (typical TC mixing depth)

proposed by Price (2009). Thus, a larger SST-T100 usually in-

dicates that the ocean stratification is conducive to larger

SSTA under the same TC forcing, and vice versa. Generally,

the results again show that R34 and Uh have analogous effects

on SSTA, with slower-moving and larger TCs producing more

dramatic SST cooling (Fig. 4). For example, for Cat 1–2 TCs

with SST-T100 5 1.58C (Fig. 4e), the SSTA synchronously in-

creases from 0.58C to more than 38C when Uh decreases from

8 to 1 m s21 or R34 increases from 140 to 300 km.

c. Spatiotemporal characteristics

The case study in section 3a shows that storm size affects not

only the magnitude of the SSTA, but also its spatial structure.

We then composite the SSTA averaged on days 1–3 associated

with Cat 1–2 TCs, for two groups respectively with R34 smaller

and larger than the mean R34 (Figs. 5a–c; Table 1). For com-

parison, the SSTA associated with fast- and slow-moving TCs

FIG. 3. Scatterplots of the SSTA averaged within 100 km of TC center on days 1–3 vs TC attributes of (a) Vmax, (b) Uh, (c) RMW,

(d) R34, (e) R50 and (f) R64. The correlation coefficients R (upper-right corner) and linear regressions (black solid lines) are shown in

each panel.
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are also composited (Figs. 5d–f). The mean R34 and Uh for all

Cat 1–2 cases are 209 km and 4.8 m s21, respectively. The results

for TS and Cat 3–5 TCs are similar and presented in Figs. S2 and

S3 and Tables S1 and S2 in the online supplemental material.

As revealed in the case study, larger TCs have longer RT

(and accordingly more wind energy input) and tend to induce

more intense and widespread cold wake, similar to slower-

moving TCs. The maximum SSTA reaches 21.98C (21.88C)

for large (slow-moving) TCs, but only 21.08C (21.08C) for

small (fast-moving) TCs. The area with SSTA stronger than

20.58C increases by 28% with RT (defined as 2 3 R34/Uh

here) increasing from 18.4 to 45.9 h for slow-moving TCs in

comparison with fast-moving TCs (Table 1). Compared to

small TCs, the RT increases from 24.4 to 44.4 h for large TCs,

and the area with SSTA, 20.58C is nearly 3 times larger. If a

linear dependence of SSTA on RT is assumed, when doubling

RT the SSTA magnitude (area) would increase by 21.28C

(.300%) by merely doubling R34, significantly larger than

that of 20.78C (;25%) by merely halving Uh. This indicates

that doubling storm size tends to exert a more profound effect

on the cold wake than halving Uh, although both lead to a

doubled RT.

Our composite results well reproduce the asymmetry of the

cold wake as in the literature (e.g., Mei and Pasquero 2013), with

the maximum SSTA located 60 km rightward of the TC track

(Fig. 5b), mainly attributed to the fact that the clockwise rotation

of wind stress on the right of track tends to resonantly strengthen

the inertial currents and hence shear-induced diapycnal mixing

FIG. 4. SSTA as a function of Uh and R34 at fixed TC intensity and upper-ocean stratification for (a) TS, (b) Cat 1–2, and (c) Cat 3–5

TCs when SST-T100 5 1.08C. (d)–(f),(g)–(i) As in (a)–(c), but for SST-T100 5 1.58C and 2.08C, respectively. The sample number for TS,

Cat 1–2, and Cat 3–5 TCs is 980, 649, and 641, respectively.

L I U E T A L . 728315 OCTOBER 2023

Brought to you by University of Hawaii at Manoa, Library | Unauthenticated | Downloaded 08/05/24 08:07 PM UTC



(Zhang et al. 2020). The rightward shift of the maximum SSTA

increases significantly from 40 km for slow-moving TCs to 90 km

for fast-moving TCs. On the contrary, the rightward shift does

not considerably differ for small and large TCs (i.e., 50 vs.

60 km). Although Uh and R34 tend to modulate the RT and

hence the magnitude of the SSTA in a similar manner, the differ-

ence in their effect on rightward shift can be explained as follows:

when TCs move faster, the resonance of local wind and inertial

current shifts farther away from TC center and thus increases the

asymmetry of the SSTA, but changing storm size has much less

effect on the local resonance conditions than changing Uh

(Fig. S4). The moderate increase of rightward shift by expanding

R34 is possibly due to the overall increase of the SSTA (Fig. 7),

or likely an artifact due to the coarse resolution of satellite obser-

vations (i.e., 25 km); this merits further exploration using numeri-

cal experiments in the future.

The cold wake width increases rapidly with increasing R34

at each TC intensity (Figs. 6a–c). However, the width of the

FIG. 5. Spatial pattern of composited SSTA associated with Cat 1–2 TCs in the tropical WNP. (a) Composited SSTA for compact TCs

with R34 smaller than average: R34 5 209 km; (b) as in (a), but for all TC track points; (c) as in (a), but for large TCs with R34 larger

than average: R345 209 km; (d) composited SSTA for TCs moving faster than average: Uh5 4.8 m s21; (e) as in (d), but for all TC track

points; (f) as in (d), but for TCs moving slower than average: Uh5 4.8 m s21. The black dashed thick circle in each panel indicates the av-

eraged R34. The black dashed thin line in each figure indicates the contour of SSTA 5 20.58C. The green dot–dashed line in each panel

indicates the rightward shift. The numbers in parentheses in the upper-right corners indicate the average Uh, R34, SSTA averaged within

100 km around TC center, and rightward shift.

TABLE 1. Statistics of the composited cold wakes for different R34 and Uh groups associated with Cat 1–2 TCs. The differences of

related parameters between small and large TCs, or slow-moving and fast-moving TCs, are all statistically significant at the 1% level

based on the Student’s t test.

Experiment R34 (km) Uh (m s21) RT (h)

SSTA averaged

within 100 km of

TC center (8C)

Area (,20.58C)

(3104 km2)

Max SSTA

(8C)

Rightward

shift (km)

All 209 6 3.4 4.8 6 0.1 33.0 6 1.7 21.2 88.2 21.4 60

Slow Uh 210 6 4.6 3.2 6 0.1 45.9 6 2.9 21.6 98.5 21.8 40

Fast Uh 208 6 4.9 6.5 6 0.1 18.4 6 0.5 20.8 76.8 21.0 90

Large R34 272 6 4.0 4.7 6 0.2 44.4 6 3.4 21.7 143.0 21.9 60

Small R34 162 6 2.0 4.8 6 0.1 24.4 6 1.3 20.9 50.5 21.0 50
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normalized cold wake or the so-called shape of cold wake, de-

fined as the distance of e21 of the maximum SSTA, shows

modest changes with storm size (Figs. 6d–f). For instance, the

cold wake width of large Cat 1–2 (Cat 3–5) TCs widens by

;30% (33%) compared to that of compact TCs of same in-

tensities (Fig. 6b), but for the shape, the change is about 14%

(7%). This indicates that although changing storm size modu-

lates the magnitude and spatial extension of the SSTA, the

cold wake shape is quite similar. This result is based on com-

posite analysis and may vary for individual TC cases. For ex-

ample, D’Asaro et al. (2014) reported that larger TCs would

result in cold wake of broader shape based on the six TC cases

observed during the Impact of Typhoons on the Ocean in the

Pacific (ITOP) project.

The temporal evolution of the SSTA averaged within 100 km

of TC center for large and small TCs with the same TC in-

tensity are shown in Fig. 7. Consistent with previous studies

(e.g., Dare and McBride 2011; Mei and Pasquero 2013), the

SST starts to drop 1–3 days before the TC passage and on

average reaches its minimum on the day right after the TC

passage, followed by a rapid exponential warming during

the next 2 weeks and a gentle linear warming afterward.

Unlike the effect of Uh on the timing of the maximum

cooling, wherein slow-moving TCs generate the maximum

cooling 2 days after the TC passage (Mei and Pasquero

2013), the SSTA all peak on the day right after the TC pas-

sage independent of the storm size despite the differences

in the magnitude of the cooling. One plausible reason is

that storm size modulates RT in a similar way as Uh but has

much less effect on the resonance conditions between wind

and inertial current (Fig. S4). As reported in the literature

(e.g., Dare and McBride 2011), the larger SSTA induced by

larger TCs would take longer time to dissipate (recover to

20.58C here). However, the normalized SSTA manifests

the same dissipation shape for all TC conditions. Following

the nonlinear least squares fit to an exponential curve as

Eq. (7) below (Mei and Pasquero 2013), the estimated dissi-

pation time is approximately 10 days, regardless of TC

intensity and size:

SSTA(t) 5 A exp 2
t

G

( )

, (7)

where t is the certain time after the TC passage when the

SSTA dissipates, A is the amplitude of normalized SSTA, and

G is the estimated dissipation time.

FIG. 6. Effect of TC size on the width and shape of the cold wake. (a)–(c) The SSTA as a function of cross-track distance for small

(dot–dashed), all (solid), and large (dashed) R34 associated with (a) TS, (b) Cat 1–2, and (c) Cat 3–5 TCs. The horizontal black dashed

lines indicate the 0.58C cooling. The closed circle indicates the location of the maximum SSTA. (d)–(f) As in (a)–(c), but for the normal-

ized SSTA by dividing their maximum values across track, respectively. The horizontal black dashed lines indicate the e-folding normal-

ized SSTA.
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d. Influence of storm size on wind energy input

Conventionally, the effect of storm size is commonly thought

to be equivalent to that of translation speed by modulating the

RT of TCs’ wind forcing. The above composite analysis based

on satellite observations reveals that while the same increase of

RT can be achieved by increasing R34 or slowing Uh, storm

size appears to exert a more profound effect than translation

speed on the magnitude and spatial extension of the cold wake

(Figs. 5 and 6). Given the fact that SSTA is highly determined

by the kinetic energy input from TC winds into the upper

ocean that could be quantified by WPi and the SSTA increases

monotonously with WPi (Vincent et al. 2012), in this subsection

we compare the effects of R34 and Uh onWPi.

We perform idealized experiments considering three differ-

ent TCs. As shown in Table 2, all three TCs have the same in-

tensity (Vmax 5 40 m s21) and RMW (50 km), moving from

east to west (Fig. 8). In the control experiment (Ctl_exp), R34

is 180 km and Uh is 5 m s21. In the large-TC experiment

(Lar_exp), we keep Uh unchanged but increase R34 to

360 km to double RT. In the slow-TC experiment (Slow_exp),

we keep R34 unchanged but slow down Uh to 2.5 m s21 to

double RT as in Lar_exp. The radial wind profiles with differ-

ent R34 are displayed in Fig. 8a. Although having the same

winds in the inner core (from TC center to RMW), large TCs

manifest a more slowly decaying wind with radius and thus

stronger winds in the outer core (outward of the RMW;

Rogers et al. 2013), which is expected to increase WPi. Then

WPi along cross-track sections (as indicated by red and blue

lines in Figs. 8b,c) are estimated for three experiments by in-

tegrating wind cube [Eqs. (3) and (4) in section 2d] from to to

tc and are shown in Fig. 8d. As expected, WPi in Lar_exp with

large R34 and Slow_exp with small Uh are both larger than

that in Ctl_exp, indicating larger wind energy input. Further-

more, WPi in Lar_exp is larger than in Slow_exp along the

cross-track section, suggesting that despite having the same RT

more wind energy is injected into the upper ocean in Lar_exp,

exerting a stronger influence on the TC-induced SSTA. For in-

stance, given the same RT (Table 2), WPi averaged within

180 km in Lar_exp is 21% larger than in Slow_exp (2.9 vs.

2.4); moreover, WPi averaged outwards from 180 km in

Lar_exp is nearly 3 times that in Slow_exp (1.5 vs. 0.5).

FIG. 7. Temporal evolutions of composited SSTA with different R34 for (a) TS, (b) Cat 1–2, and (c) Cat 3–5 TCs. (d)–(f) As in (a)–(c),

but for normalized SSTA with respect to their maximum SSTA. The horizontal black dashed lines in (a)–(c) and (d)–(f) indicate the 0.58C

cooling and e21. Thick black dashed curves in (d)–(f) indicate the exponential function.

TABLE 2. Design and parameters in the three idealized TC experiments for calculating and comparing WPi of TCs with different

storm size and translation speed.

Experiment Vmax (m s21) Uh (m s21) R34 (km) RT (2 3 R34/Uh) (h)

WPi averaged

within R34

WPi averaged

outwards from R34

Ctl_exp 40 5 180 20 1.9 0.4

Lar_exp 40 5 360 40 2.9 1.5

Slow_exp 40 2.5 180 40 2.4 0.5
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To quantify the dependence of SSTA magnitude (averaged

within 100 km of TC center) on storm size, we further stratify

TCs of same intensity into different groups based on their

R34 and construct the composite for each 40-km bin. The cor-

responding WPi values for individual bins are calculated by

assuming a constant translation speed of 5 m s21, and Vmax

of 26 m s21 for TS, 43 m s21 for Cat 1–2 TCs, and 60 m s21 for

Cat 3–5 TCs. The results indicate that both SSTA and WPi

show similar tendencies and increase monotonously with R34

for a given TC intensity (Fig. 9), elucidating again that TCs

with larger R34 input more kinetic energy into the upper

ocean and induce stronger cold wakes. We note that in Fig. 9

the SSTA induced by Cat 1–2 and 3–5 TCs nearly overlaps,

and attribute this to the fact that Cat 3–5 TCs usually move

faster than Cat 1–2 TCs, offsetting the effect of stronger wind

forcing (Mei et al. 2012). Using same Uh indeed shows larger

cooling for more intense TCs (not shown).

4. Effect of storm size on ocean cooling effect and TC

intensification

As shown above, by regulating the energy input into the upper

ocean, the variability of storm size significantly modulates the TC-

generated SSTA. Statistically, TC IR decreases monotonically

with increasing SSTA (Mei et al. 2012). Even a small increase

in the SSTA magnitude could result in a large decrease of

ocean’s enthalpy supply and hence inhibit subsequent TC in-

tensification. Therefore, the influences of storm size on TC

intensification and rapid intensification (RI) via changes in

SSTA are examined in this section.

a. Strength of the ocean cooling effect

To explore the effect of storm size, we first stratified the

SSTA, enthalpy flux, and TC IR according to the TC outer-

core size R34 for TS, Cat 1–2 TCs, and Cat 3–5 TCs (Figs. 9

and 10). For a fixed TC intensity, generally the bin-averaged

SSTA (enthalpy flux) increases (decreases) monotonically

with R34, both statistically significant at the 5% level. Corre-

spondingly, the averaged TC IR exhibits a downward trend as

R34 increases for each TC intensity group, all statistically

significant at the 5% level. This is because large TCs tend to

induce stronger SST cooling, which can cause a bigger reduc-

tion in the enthalpy flux from the ocean to TCs in comparison

with small TCs. In addition, a large TC is usually exposed to

the self-induced cooling for a longer period of time, further

enhancing the ocean cooling effect and limiting the intensifi-

cation of the storm. To exclude the effect on TC IR from

other environmental factors, the composite processes on pre-

FIG. 8. (a) Constructed radial wind profiles for R345 180 km (blue) and 360 km (red) with the same RMW5 50 km

and Vmax5 40 m s21. The wind profile for calculating PDo (black) with RMW5 50 km and Vmax5 17.5 m s21 is also

shown for reference. (b) Bird’s-eye view of TC moving and the wind fields for Lar_exp with R34 5 360 km indicated as

red dashed circles. (c) As in (b), but for the Ctl_exp and Slow_exp with R345 180 km. The red and blue vertical lines in

(b) and (c) indicate the cross-track sections to calculate WPi. (d) WPi as a function of cross-track distance for Ctl_exp

(solid blue), Slow_exp (dashed blue), and Lar_exp (red).
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TC SST and VWS are repeated as IR, and the results show

that these two factors cannot explain the monotonic relation-

ship between TC IR and R34 (Figs. 10c,d). Especially, VWS

for Cat 1–2 and 3–5 TCs even shows decreasing trends with

R34 and thus is potentially favorable for large TCs to inten-

sify. Considering the large variability of TC outer-core size,

the VWS averaged within different areas around the TC cen-

ter (such as the rings of 0–500 km, 400–1000 km, or R34 to

4 3 R34) are also calculated for comparison (Fig. S5) as in

Rogers et al. (2017) and Lin et al. (2021), and the results are

generally consistent with that in Fig. 10d.

The negative correlation between TC IR and size R34 has

also been reported in previous studies (e.g., Chen et al. 2011;

Carrasco et al. 2014; Xu and Wang 2015, 2018), mostly ex-

plaining this from a TC structure perspective: for large TCs

higher inertial stability of the vortex in the outer core will sup-

press its intensification. Here we provide an alternative expla-

nation from a TC–ocean interaction perspective: larger TCs

tend to generate stronger SST cooing, in addition to longer

exposure to the cooling, leading to reduced enthalpy flux (i.e.,

enhanced ocean cooling effect) and inhibited TC intensifica-

tion. Both pathways (i.e., from either vortex dynamics or

ocean cooling effect) support the observed negative correla-

tion between IR and R34. It is worth noting that in Xu and

Wang (2015, 2018), although showing a negative correlation

overall, IR first increases with R34 before R34 reaches

;150 km and then decreases with R34 afterward, when aver-

aging IR for all TC cases from TS to Cat 5. In this study, by

averaging IR for fixed TC intensities, we obtain a clearly de-

creasing trend of IR with R34. The discrepancy may be ex-

plained as follows: IR also depends on TC intensity as

revealed by Xu and Wang (2015, 2018), that is, IR first increases

with intensity, peaks when Vmax is ;80 kt (;41.2 m s21,

roughly corresponding to Cat 1–2 here), and then decreases with

intensity afterward. In addition, R34 generally increases with TC

intensity, as shown in Fig. S6, and roughly ranges between 100

and 140 km for TS and 140–180 km for Cat 1–2 TCs. Therefore,

the increasing trend of IR with R34 below 150 km in Xu and

Wang (2018), where TC intensity was not fixed, may be attrib-

uted to a concurrent increase of IR with intensity (also R34),

which offsets the decreasing trend contributed by storm size.

Furthermore, most previous studies (e.g., Carrasco et al. 2014)

limited their analysis to intensifying or steady-state (i.e., IR $ 0)

TC cases only. In this study, we consider the entire TC life cycle

by further involving the decaying track points (IR , 0) to

give a more comprehensive analysis, because more than 70%

of Cat 3–5 TC track points tend to decay as they are approach-

ing the maximum potential intensity (Kaplan et al. 2010). Our

results show that Cat 3–5 TCs of larger sizes tend to decay

more quickly than small ones (Fig. 10b).

We then divide TC cases into three groups of small (R34

smaller than 25th percentiles), medium (R34 between 25th

and 75th percentiles), and large (R34 larger than 75th percen-

tile) sizes for each TC intensity group (Fig. 11). On average,

the SSTA (enthalpy flux) of small TCs is about 52% weaker

(40% larger) than large TCs, and the IR is 5.2 m s21 (24 h)21

higher [4.3 vs 20.9 m s21 (24 h)21]. To examine the effect of

storm size on TC intensification or decay, TC cases are further

classified as intensifying (i.e., IR $ 0) or decaying cases (i.e.,

IR , 0). The results show that the average R34 sizes of inten-

sifying TCs are about 60 km smaller than that of decaying

ones, accompanied by weaker SSTA and larger enthalpy flux

(Fig. 12). Our result broadens the statistical analysis of previ-

ous studies (e.g., Carrasco et al. 2014) in which only intensify-

ing TCs with IR $ 0 were considered, demonstrating that

large TCs either intensify more slowly or decay more quickly

than small TCs. It is notable that the dependence of TC IR on

R34 is more prominent for Cat 1–2 TCs than for TS or Cat 3–5

TCs (Figs. 10–12), probably because Cat 1–2 TCs are well

organized and relatively far from reaching their maximum

FIG. 9. (a) TC-induced SSTA averaged within 100 km of TC center as a function of R34 for TS (blue), Cat 1–2

(yellow), and Cat 3–5 TCs (red). The vertical bars indicate error bars with 95% confidence intervals. (b) WPi as a

function of R34, by assuming a constant translation speed of 5 m s21, and Vmax of 26 m s21 for TS (blue), 43 m s21

for Cat 1–2 TCs (yellow), and 60 m s21 for Cat 3–5 TCs (red). Note that the y ordinate is reversed.
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potential intensity (Kaplan et al. 2010) and accordingly more

susceptible and sensitive to environmental factors such as the

ocean cooling effect.

b. Rapid intensification

RI represents extreme intensification of TCs with IR larger

than 30 kt (;15.4 m s21) over 24 h and is thought to be the big-

gest challenge in TC operational forecasting (Courtney et al.

2019). The occurrence of TC RI mostly requires a combination

of multiple favorable environmental conditions and internal

processes, including weak VWS, strong upper-level divergence,

high pre-TC SST and ocean heat content (which helps reduce

TC-induced SST cooling), fast translation speed, and small

storm size (Kaplan and DeMaria 2003; Xu and Wang 2018;

Shimada 2022). Carrasco et al. (2014) revealed that non-RI TCs

tend to have a larger size than RI TCs and attributed this to the

high outer-core inertial stability in large TCs.

In this subsection, we explore the effect of storm size on TC

RI from the TC–ocean interaction perspective, by comparing

R34, SSTA, and enthalpy flux between RI and non-RI (but

with IR $ 0) cases for fixed TC intensities as in section 4a.

In total, there are 592 RI cases in the WNP during 2004–19,

accounting for 23% of all intensifying or steady-state cases

analyzed here. On average, the size of TCs undergoing RI is

10%–11% smaller than that of non-RI cases, resulting in a

11%–47% weaker SSTA and 10%–23% larger enthalpy flux

(Fig. 13). All the differences between RI and non-RI cases in

Fig. 13 are statistically significant at least at the 10% level

based on Student’s t test. Taking Cat 1–2 TCs for example,

R34, SSTA, and enthalpy flux of RI cases are 22 km smaller

(188 vs 210 km), 0.38C weaker (21.18 vs21.48C), and 134Wm22

larger (757 vs 623 W m22) than those of non-RI cases. Fur-

thermore, when dividing TCs into two groups with small and

large sizes at fixed intensity (Table 3), for small TCs with

much weaker self-induced cooling effect, the probability of an

FIG. 10. Composited (a) enthalpy flux from ocean to TCs, (b) subsequent 24-h TC IR, (c) pre-TC SST averaged

within 100 km of TC center, and (d) the vertical wind shear averaged within a ring of 200–800 km from TC center,

as a function of R34 for TS (blue), Cat 1–2 (yellow), and 3–5 TCs (red). The vertical bars indicate error bars with

95% confidence intervals.
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RI event is about twice of that for large TCs (e.g., 24.1% vs

12.1% for Cat 1–2 TCs).

These results suggest that TCs with smaller R34 generate

weaker SSTA and consequently are fueled with larger en-

thalpy flux from the ocean, and thereby are more likely to ex-

perience RI. This is consistent with the case study of Lin et al.

(2021), which focused on Supertyphoon Hagibis (2019). Lin

et al. (2021) demonstrated that Hagibis’s small size during the

first stage contributed to its explosive RI (100 kt over 24 h)

while the size increase during the second stage limited its fur-

ther intensification because of the stronger SSTA it gener-

ated. More recently, Shimada (2022) showed that statistically

small TCs could also undergo RI over waters with low ocean

heat content (less than 50 kJ cm22), because the weaker

SSTA they produce could offset the unfavorable subsurface

ocean thermal condition. Overall, here we show that the vari-

ability in storm size can affect TC RI not only by modulating

the inertial stability of the vortex, but also through the path-

way of ocean cooling effect. However, it should be noted that

small TCs are more likely to undergo RI, but not all small

TCs will undergo RI because other favorable environmental

factors are also needed for the onset of RI.

5. Conclusions and discussion

It has been long speculated that storm size may play a cru-

cial role in regulating the cold wake induced by TCs, and this

topic has been examined in several case studies (e.g., Pun et al.

2018; Lin et al. 2021). A systematic study, however, is still

lacking. Through analyzing WNP TCs during 2004–19, we sys-

tematically explored the effect of storm size on TC-induced

FIG. 11. Comparison of the (a) SSTA, (b) enthalpy flux, and

(c) IR for groups with small (R34 smaller than its 25th percentile;

cyan), medium (R34 between 25th and 75th percentiles; black),

and large (R34 larger than 75th percentile; magenta) for TS, Cat 1–2,

and 3–5 TCs.

FIG. 12. Comparison of the average (a) R34, (b) SSTA, and

(c) enthalpy flux for intensifying (IR$ 0; red) and decaying (IR, 0;

blue) for TS, Cat 1–2, and 3–5 TCs. The vertical bars indicate error

bars with 95% confidence intervals.
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SSTA and subsequent TC intensification. Via case study and

composite analysis, the results show that large TCs tend to

generate stronger and more widespread cold wake than small

TCs. Typically, the average SSTA magnitude by large TC is

about 90% more than small TC (taking Cat 1–2 for example,

;270 vs. 160 km for R34; 1.78 vs. 0.98C for SSTA). The cold

wake width also increases with storm size, while its shape is

nearly the same for large and small TCs. Similarly, the stron-

ger SSTA generated by large TCs would take longer time to

dissipate, but the recovery shape is nearly the same with an

e-folding time scale of around 10 days regardless of storm

size. Different from the remarkable effect of translation speed

on the rightward shift and timing of the maximum cooling,

the effect of storm size is rather modest, probably because

changing storm size has much less effect on the resonance

conditions of local wind and inertial current as that by transla-

tion speed. Nevertheless, over the same increase of RT by

doubling R34 or halving Uh, storm size tends to exert a more

profound effect on the cold wake than Uh. Analysis of WPi

shows that more wind energy is input into the upper ocean

when R34 is doubled than when Uh is halved, because of a

slowly decaying wind with radius in the outer core.

In practice, the nondimensional translation speed S that in-

tegrates the effects of storm size and translation speed, de-

fined as the ratio of local inertial period (1/f, f is the Coriolis

parameter) to RT (size/Uh), is usually employed to evaluate

FIG. 13. Effect of storm size on rapid intensification through the pathway of ocean cooling

effect. Averaged (a) R34, (b) SSTA, and (c) enthalpy flux for RI and non-RI TC cases for

(left) TS, (center) Cat 1–2, and (right) Cat 3–5 TCs. For RI TCs, the average values of TS,

Cat 1–2, and 3–5 TCs are indicated as blue, yellow, and red bars, and those for non-RI cases are

indicated as gray bars. The black vertical bars indicate error bars with 95% confidence intervals.

The mean value and its standard deviation are shown above each bar [below each bar for (b)].

The significance level for the difference between RI and non-RI cases are indicated by asterisks:

* for 90%, ** for 95%, and *** for 99%.

TABLE 3. The average R34, SSTA, and probability of RI event for small and large TCs at fixed intensities of TS, Cat 1–2, and

Cat 3–5. The differences of SSTA, R34, and RI probability between small and large TCs are all statistically significant at the 1%

level based on the Student’s t test.

Small TCs Large TCs

R34 (km) SSTA (8C) Probability of RI (%) R34 (km) SSTA (8C) Probability of RI (%)

TS 99 6 1.7 20.76 6 0.05 11.5 203 6 5.5 21.11 6 0.08 6.2

Cat 1–2 160 6 2.7 20.96 6 0.07 24.1 258 6 5.4 21.73 6 0.11 12.1

Cat 3–5 203 6 4.0 21.10 6 0.11 9.7 306 6 6.8 21.84 6 0.14 4.4
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the stirring effect of TC winds on the upper ocean and SSTA.

However, the choice of typical storm size, usually represented

by several wind radii (e.g., RMW, R64, R50, R34), is quite

tricky. Intuitively, RMW is more suitable and indeed the most

used (e.g., Price et al. 1994). But our statistical analysis shows

that the SSTA magnitude is most sensitive to R34, with nearly

no correlation with RMW. Thus, we employ R34 instead of

the commonly used RMW to estimate RT and S, and examine

their connections with the SSTA. Our results show that the

correlations by using R34 are much larger and more signifi-

cant than using RMW (Fig. 14). In particular, when incorpo-

rating R34 into S, the correlation coefficient is .0.5 and

larger than that between SSTA and any single parameter of

R34 or Uh, illustrating the combined effect of storm size and

translation speed. These calculations suggest that R34 may be

a more suitable size parameter than RMW when estimating

the wind energy input into the upper ocean or studying the

TC-induced cold wake.

The dependence of TC intensification and RI on storm size

has been attracting much attention in the most recent decade

(e.g., Rogers et al. 2013; Carrasco et al. 2014). Existing studies

mainly explain negative correlation between IR and R34 from

an atmospheric perspective of TC structure, in terms of inertial

stability occurring in the inner core or outer core (Pendergrass

and Willoughby 2009). Via case study, Lin et al. (2021) pointed

out that storm size can influence TC intensification via the ocean

cooling effect. Through composite analysis of a large-amount

TC cases, our study further demonstrates this oceanic pathway:

large TCs tend to induce stronger SST cooling and be exposed

to the self-induced cooling for a longer period of time, both of

which reduce enthalpy supply for the storm development and

lead to weaker IR and low probability of RI. When TC intensity

FIG. 14. Scatterplots of the average SSTA vs the nondimensional translation speed S and RT for (a) S 5 Uh/(2 3

R34 3 f ), (b) RT 5 2 3 R34/Uh, (c) S 5 Uh/(4 3 RMW 3 f ), and (d) RT 5 4 3 RMW/Uh. The chosen value of

4 3 RMW follows Price (1981). The correlation coefficients R (in the upper-right corner) and linear regressions

(black lines) are shown in each panel.
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is fixed, the SSTA, enthalpy flux, and IR all manifest monotonic

relationships with R34, all statistically significant at the 5% level.

Fueled by a ;50% weaker SSTA, small TCs have nearly twice

the probability to undergo RI than large TCs (24.1% vs 12.1% for

Cat 1–2 TCs). Our results add new knowledge to our understand-

ing of the pathways via which storm size affects TC intensification.

In short, our study highlights the crucial role that storm size

plays in regulating sea surface cooling and TC intensification.

We argue that in any attempts to examine the TC-induced

cold wake and its effect on heat redistribution within the cli-

mate system, storm size needs to be as accurately specified as

other previously well-recognized TC characteristics, such as

intensity and translation speed. Our results further suggest

that progress in predicting storm size should lead to improved

TC intensity prediction by more accurately capturing the

ocean cooling effect or inertial stability. Indeed, a pioneering

work by Bender et al. (2017) has shown the great potential of

using regional coupled forecasting models to reliably forecast

TC intensity and RI by properly specifying storm size R34.

Yet, the complex interactions due to the presence of multiple

pathways need to be systematically investigated via employing

high-resolution coupled atmosphere–ocean models in the future.

Moreover, an accurate specification and prediction of storm size

can also be beneficial to forecasting and early warning of storm

surges (Li et al. 2020) and heavy rainfall (Emanuel 2017), provid-

ing emergency managers with additional information to assess

the damage potential of landfalling TCs.
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