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19

Abstract

20

This paper presents a summary of some of the observational and numerical studies on

21

the climatology and possible change mechanisms of the outer-core wind structure of a tropical

22

cyclone (TC), which has been generally referred to as size, a term also to be used in this review

23

although various definitions have been given in the literature. In all the ocean basins where

24

TCs exist, TC size has been found to vary with season, year, decade, latitude and longitude.

25

Such variations are related to those in the synoptic flow patterns in which the TCs are embedded.

26

Several factors have been identified to be responsible for changes in TC size, which include

27

environmental humidity, vortex structure, sea surface temperature and planetary vorticity. Each

28

of these factors can modify the transport of lower tropospheric angular momentum into the TC

29

and hence cause changes in its size. The paper ends with a discussion of outstanding issues in

30

the study of the outer-core wind structure of a TC.
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31

1. Introduction

32

In all operational tropical cyclone (TC) forecasts, the intensity, expressed as either the

33

maximum sustained wind near the earth’s surface or the minimum sea-level pressure, and the

34

track of the TC are always predicted to provide warnings of the potential wind destruction near

35

the TC center. Because of their importance in forecasting, many researchers and forecasters in

36

the past have tried to understand the physical processes responsible for TC intensity and track

37

changes (see, e.g., Chan and Kepert 2010). However, wind destruction is not limited to the

38

maximum wind. A TC with a large horizontal extent of damaging winds can cause havoc over

39

a much larger area compared with one having a small extent, even though the intensity of both

40

TCs could be similar. There have also been studies suggesting possible interactive relationships

41

between changes in intensity and “size” (Carrasco et al. 2014; Xu and Wang 2015). It is

42

therefore also important to have knowledge of the horizontal wind distribution especially in the

43

outer core, and to identify the factors responsible for changes in such a distribution. However,

44

while information on TC intensity can be obtained through aircraft reconnaissance and/or

45

satellite estimates, data for the horizontal wind distribution were relatively scarce before the

46

satellite wind sensing era (Landsea and Franklin 2013) so that relatively few studies on the

47

outer-core wind structure of a TC had been carried out. With the availability of more and better

48

satellite estimates of the winds outside the inner core of a TC, investigations on TC size have

49

increased substantially in the past two decades or so.

50

This review begins in section 2 with the various metrics that have been used to represent

51

the outer-core wind structure, loosely referred to as size, of a TC. The climatology of TC size

52

based on various definitions is then presented in section 3 for most of the ocean basins in which

53

TCs form. Section 4 describes the synoptic flow patterns associated with TCs of different sizes.

54

The various studies that investigated the possible factors and mechanisms likely responsible
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55

for the change in TC size are discussed in section 5. Section 6 summarizes the current state of

56

science to understand TC size, and highlights the outstanding issues that still need to be tackled.

57

2. Metrics representing the outer-core wind structure of TCs

58

Because of the lack of wind observations over the ocean, and the surface pressure data

59

were relatively more abundant, Brand (1972) used the mean radius from the TC center to the

60

outermost-closed surface isobar (ROCI) as a proxy to represent the extent of a TC. He created

61

a climatology of ROCI for the western North Pacific (WNP) based on 24 years of history file

62

(1945–68) compiled by the National Weather Records Center for the Navy Weather Research

63

Facility. The same definition was adopted by Merrill (1984) to study TC size for the North

64

Atlantic (NA) for the period 1957–77 using the US National Hurricane Center operational

65

surface analyses and rawinsonde data, and for the WNP during 1961-69 based on data from the

66

Joint Typhoon Warning Center. A schematic of how the value of ROCI is obtained is shown

67

in Fig. 1.

68

With more rawinsonde data available, Frank and Gray (1980) studied the frequency of

69

occurrence of the azimuthally-averaged radius of 15 m s-1 winds (R15)1 in the WNP and NA,

70

and used this metric to represent the outer-core wind extent of a TC. Since then, most studies

71

have been based on wind rather than pressure radius, and the term size will be used

72

synonymously with the outer-core wind extent hereafter, unless otherwise stated.

73

The first study of TC size using satellite-derived winds is by Liu and Chan (1999) who

74

analyzed 6 years (1991–96) of these winds (with a ~500-km swath and a 25-km grid resolution)

75

from the European Research Satellites (ERS) 1 and 2 to estimate TC size over the WNP and

76

NA. Instead of using the winds at a given radius, they utilized the winds to calculate the relative

1

Hereafter, the azimuthally-averaged radius of winds of a certain magnitude n m s-1 will be referred to as Rn.
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77

vorticity and then defined size as the radius at which the azimuthally-averaged relative vorticity

78

decreases to 1 × 10-5 s-1 (RRV) from the TC center.

79

With the QuikSCAT satellite launched in 1999 that has a wider swath and higher

80

horizontal resolution (with a ~1800-km swath and a 12.5-km grid resolution), Lee et al. (2010)

81

used six years of this dataset to investigate TC size which they defined as R15. Making use of

82

the entire QuikSCAT dataset (1999–2009), Chan and Chan (2012) used R17 as the definition

83

of TC size to establish the climatology of TC size for the WNP and NA. A similar study for

84

most of the other ocean basins was carried out by Chan and Chan (2015a). The QuikSCAT

85

dataset was also used by Chavas and Emanuel (2010) and Chavas et al. (2016) to study global

86

TC size climatology using two metrics: the mean radius of vanishing winds (R0) and R12.

87

Earlier, Dean et al. (2009) also used all available data from aircraft reconnaissance and ocean-

88

based observations to establish R0. Another dataset that has been used to study TC size is the

89

satellite-based Multiplatform Tropical Cyclone Surface Winds Analysis (MTCSWA) (Knaff et

90

al. 2011), for example, Wu et al. (2015).

91

In addition to using wind observations, the outer-core extent of TCs has also been

92

estimated using infrared imagery. Kossin et al. (2007) found that a reasonable amount of

93

variance of R17 can be explained by the principal components of the azimuthally-averaged

94

cloud-top brightness temperatures, and hence these could be used to estimate R17, together

95

with other TC structure metrics. Recently, Knaff et al. (2014) also utilized the infrared imagery

96

(1978–2011) to establish a global climatology of TC size that they defined as the mean radius

97

of 5 kt (2.57 m s-1) winds (R3).

98

Besides the use of actual observations, a number of researchers have also examined the

99

various wind radii information available from best-track datasets to establish size climatologies,

100

for example, Kimball and Mulekar (2004), Yuan et al. (2007), Lu et al. (2011), Quiring et al.

101

(2011) and Carrasco et al. (2014).
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102

Instead of pressure or wind, Maclay et al. (2008) used wind data from aircraft

103

reconnaissance to estimate TC size by calculating the integrated kinetic energy (IKE) of the

104

TC within 200 km (IKE200) from the TC center. Powell and Reinhold (2007) had earlier

105

showed that larger TCs have higher values of IKE.

106

It is clear from this brief review that most of the studies used the azimuthally-averaged

107

wind radius of a certain magnitude as a metric to represent the outer-core extent of a TC (see

108

Table A1 in the Appendix). Unfortunately, unlike the inner-core extent that is standardly

109

represented by the radius of maximum wind (RMW), there exists no consensus as to the

110

magnitude of the outer wind that should be adopted as representative of TC size. It will also be

111

shown later that because most of the datasets are for a relatively short time period (Table 1),

112

the climatologies of TC size can be different even within the same ocean basin. Nevertheless,

113

the qualitative conclusions regarding the size distributions, synoptic-scale forcing and the

114

possible mechanisms for the size changes should still be robust.

115

While Merrill (1984) suggested that changes in the outer-core wind distribution can

116

occur without any change in that of the inner core, some studies have come up with

117

relationships between the inner and outer core from either analyses of observations (e.g.,

118

Kossin et al. 2007), numerical (Li et al. 2012) or theoretical perspectives (Chavas and Lin 2016;

119

Chavas et al. 2016). These relationships are important in understanding the complete three-

120

dimensional structure of a TC, However, as this review focuses on the outer-core wind

121

distribution, such relationships will not be discussed in detail. It is expected that as more

122

observations become available from the inner to the outer core, studies of such relationships

123

will be further enhanced, and a future review on the complete structure of a TC would then be

124

appropriate.

6

125

3. Climatology

126

In the following, the climatologies of TC size in different ocean basins based on

127

different studies are presented. Comparisons among different studies are made to demonstrate

128

that although the definitions may differ, the qualitative conclusions are the same to a large

129

extent.

130

3.1

Whole-basin climatology

131

Table 2 summarizes the climatology of TC size in all the ocean basins based on various

132

studies. Although differences among the different studies exist mainly due to the different

133

definitions and/or the data period, the qualitative comparisons among the basins are consistent.

134

On the average, TCs are the largest in the WNP and smallest in the Eastern North Pacific (ENP).

135

Such a result is apparently related to the synoptic flow patterns associated with the TCs (see

136

section 4). Among the ocean basins, the standard deviation is also the largest in the WNP. In

137

the Southern Hemisphere (SH), South Pacific (SP) TCs are in general larger than those in the

138

South Indian (SI). Overall, TCs in the North Hemisphere (NH) are slightly larger than those in

139

the SH.

140
141

3.2

142

a.

Temporal variations
Seasonal variations

143

Based on the values of ROCI, Brand (1972) found that the frequency of occurrence of

144

very small and very large TCs in the WNP peaks in August and October respectively. A similar

145

result was obtained by Liu and Chan (1999) using ERS-satellite-derived relative vorticity in

146

that the mean TC size was larger in the late season (October and November) than in the

147

midsummer (July and August). Yuan et al. (2007) also found both the R15 and R26 to have

148

maximum values in October based on 28 years (1977–2004) of best-track data from the
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149

Regional Specialized Meteorological Center (RSMC) of the Japan Meteorological Agency

150

(JMA).

151

Merrill (1984) identified TCs in the NA to be the smallest in midsummer and largest in

152

October. This result is later supported by Kimball and Mulekar (2004) who examined 15 years

153

(1988–2002) of the Extended Best Track (EBT) dataset (172 TCs) for the NA and found that

154

early-season storms tend to be small, while late-season storms are larger, with a peak in

155

September.

156

Chan and Chan (2012) and later Chan and Chan (2015a) examined all the available

157

QuikSCAT data over all ocean basins to establish the global climatology of TC size using the

158

definition of R17. In contrast to the results of some of the previous studies, two seasonal mean

159

peaks are found over the WNP such that TCs in the midsummer (July) and late-season (October)

160

are in the mean significantly larger than those in the neighboring months in the WNP (Fig. 2a).

161

For the ENP, TCs in July and September in the mean are also statistically larger than those in

162

the neighboring months (Fig. 2b). In the NA, the mean TC sizes in September and November

163

are larger than those in the neighboring months at the 99% and 74% confidence levels,

164

respectively (Fig. 2c). The low level of confidence for November suggests that the mean R17

165

peak in November may not be genuine or significant, probably because of the small number of

166

cases, and thus should be treated with caution.

167

In the SH, the mean size of SI TCs in the late season (February to March) is significantly

168

larger than those in the pre- and mid- summer (Fig. 2e). On the other hand, the monthly mean

169

TC size does not vary much in the SP, probably because of the small number of cases (Fig. 2f).

170

Note that unlike the two monthly-peak pattern found in the NH, only a single monthly TC size

171

peak appears in the SH (cf. Figs. 2d and g). The physical reasons for the difference between

172

the two hemispheres are still unknown. As will be seen in section 4, TC size is largely governed

173

by the synoptic-scale flow. It is possible that this difference is due to the intraseasonal
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174

variations of this flow being different between the two hemispheres, related to the different

175

datasets. A longer dataset could give different results. Clearly, more research in this aspect of

176

the climatology is necessary.

177

Knaff et al. (2014) also estimated the global climatology of TC size of R3 based on

178

infrared satellite imageries. They showed that the monthly frequency distributions for small,

179

large, and all minor storms and major storms vary with basins according to the lower

180

tropospheric vorticity values and distributions.

181
182

b.

Interannual variations

183

Based on four years of QuikSCAT data (1999–2002), Chan and Yip (2003) found that

184

R15 in the WNP tends to be larger during El Niño years. Using JMA best-track data of 1977–

185

2004, Yuan et al. (2007) showed the times series of the annual mean of R15 to be correlated

186

with El Niño–Southern Oscillation (ENSO) events (Fig. 3a). A similar conclusion was obtained

187

by Chan and Chan (2012) for the latter years using the QuikSCAT data (Fig. 3b). In particular,

188

the mean size of WNP TCs in the strong La Niña year of 1999 is especially small, although

189

this feature is not as obvious in the result of Yuan et al. (2007), which could be due to the

190

different datasets used. Nevertheless, Yuan et al. (2007) did find that the size is quite small

191

during the 1988 La Niña event.

192

For the NA, Kimball and Mulekar (2004) suggested that TCs in that ocean basin tend

193

to be larger in La Niña years. Later, Quiring et al. (2011) obtained a similar result using the

194

EBT data for the period 1988–2008. However, the results in Knaff et al. (2014) do not show

195

any relationship between their TC size and any known tropical interannual phenomenon, which

196

is likely because of their definition of R3 being too large (~9–15° latitude) and/or having a

197

large variability.
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198

Besides ENSO, Chan and Chan (2012) also found that the average annual TC lifetime

199

is highly correlated with size in the WNP (Fig. 3c), probably because TCs with longer lifetimes

200

may have more time to develop and grow.

201
202

c.

Interdecadal variations

203

While Yuan et al. (2007) used the JMA best-track data and showed that the annual mean

204

values of R15 increases by 52.7 km during 1977–2004, the trend is not statistically significant

205

(Fig. 3a). The R26 also displays no trend (not shown). Chan and Chan (2012) mentioned that

206

the seasonal variation of TC size in the 1999-2009 decade appears to be different from that in

207

the prior decade [based on the studies of Merrill (1984) and Kimball and Mulekar (2004)].

208

However, whether this is due to different datasets or an actual decadal variation cannot be

209

ascertained. The only way to investigate whether a trend or decadal variation exists is to have

210

a long-enough dataset (note that estimates of TC size shown in the best-track dataset need to

211

be treated with caution due to the lack of actual observations). A good candidate of this is the

212

reanalysis datasets, and research is currently underway to produce a climatology based on over

213

30 years of reanalysis data (e.g., Schenkel et al. 2017).

214
215

3.3

Spatial variations within and across basins

216

Because TCs in different ocean basins form and move under different synoptic

217

conditions, it should be expected that their size distributions should also vary across basins,

218

which is indeed the case found in all the studies (Merrill 1984; Liu and Chan 1999; Chavas and

219

Emanuel 2010; Chan and Chan 2012; Knaff et al. 2014; Chan and Chan 2015a; Chavas et al.

220

2016). In particular, Chan and Chan (2015a) found that the global mean R17 is 1.88° latitude

221

and ranges from a minimum of 1.13° latitude in the ENP to a maximum of 2.13° latitude in the

222

WNP (Table 2 and Fig. 4a), with SI, NA and SP ranking second, third and fourth, respectively.
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223

The standard deviation over the WNP is the largest among all basins, which suggests that WNP

224

TCs have a larger size variation than those in the other basins. In fact, Lander (1994) pointed

225

out that both “midget” (very small) TCs and the largest TCs in the world are found in the WNP.

226

Similar differences in the variations of size distributions across the ocean basins are also found

227

by Chavas et al. (2016) using R12 and R0 (Table 2 and Fig. 4b).

228

Within a basin, large and small TCs tend to be found at different locations. Yuan et al.

229

(2007) found no preference for small values of R15 and R26 throughout the WNP but larger

230

TCs mainly lie in the eastern ocean from Taiwan to the Philippines. Chan and Chan (2012)

231

showed that the higher occurrence percentage of large TCs over the WNP shifts eastward with

232

season, from 120°–140°E in July and August to 140°–150°E in September and October. The

233

percentage of large WNP TC cases is also found to be higher in the region (15°–30°N, 122°–

234

150°E) where recurvature often occurs. Small WNP TCs are more likely to appear in the

235

southeastern region of WNP (5°–20°N, 150°–170°E), south of 15°N, and in the South China

236

Sea.

237

Kimball and Mulekar (2004) found that R17, R26, and R33 tend to increase as storms

238

move poleward and westward in the NA except in the Gulf of Mexico, where the radii are

239

smaller than those in the extreme western Atlantic and north of 40°N. At these northern

240

latitudes, R33 and R26 tend to decrease while R17 increases. Compared with NA storms

241

between 50° and 80°W, TCs in the Gulf of Mexico tend to have larger ROCI, but smaller eyes,

242

R33, R26, and R17. Quiring et al. (2011) also found that mean annual TC size varies

243

systematically among the sub-basins in the NA. The mean annual RMW is largest in the Gulf

244

of Mexico and smallest in the Caribbean. Mean annual R33 is greatest in the open Atlantic and

245

smallest in the Gulf of Mexico.

246

Knaff et al. (2014) found that large and very intense TCs, based on R3, are common

247

near Réunion in the SI; Taiwan, Japan, the Philippines, and China in the WNP; and the United
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248

States, the Bahamas, and Bermuda in the NA. The majority of small major hurricanes occur

249

either in the ENP or equatorward of 20° (i.e., very few in the subtropics). Small major

250

hurricanes also tend to predominate at the equatorward side of Australia.

251

It should be noted that because the data period and definition of size are different in

252

different studies, these intra-basin variations may not be consistent with one another. Similarly,

253

several studies that identified latitudinal variations of size also give different results. For

254

example, Li et al. (2012) showed that a TC has a larger outer size at higher latitudes, which is

255

consistent with the model results of DeMaria and Pickle (1988). On the other hand, Smith et

256

al. (2011) found in a three-layer, axisymmetric TC model the presence of an optimum

257

background rotation strength (i.e., planetary vorticity) to produce the largest storm as measured

258

by R17. A more detailed discussion of this point is given in section 5.7.

259

Based on QuikSCAT data, Chan and Chan (2014, 2015a) also identified an optimum

260

latitudinal region for TC growth in all ocean basins (Figs. 5a-g). The percentages of WNP and

261

NA TCs larger than 2°-latitude radius generally increase with latitude and reach a peak within

262

the 20°–25°N band and then decrease poleward (Figs. 5a and b). In the ENP, the latitude band

263

with the highest percentage of large TCs (in this case, larger than 1° latitude, because of the

264

relatively small mean size in this ocean basin; see e.g., Fig. 4) is more equatorward at 15°–

265

20°N (Fig. 5c).

266

In the SH, a similar result is found for SI TCs, with those larger than 1° latitude

267

generally increasing with latitude and reaching a peak within the 20°–25°S band and then

268

decreasing poleward (Fig. 5e). Note that the results for TCs south of 25°S should be read with

269

caution because of the small number of cases. Although the pattern shown in the SP (Fig. 5f)

270

may not be obvious, probably because of the small number of cases, the optimum latitudinal

271

region for TC size growth is still present after taking the SI and SP TCs as a whole, that is, for

272

the SH (Fig. 5g), which is similar to that in the NH (Fig. 5d). Therefore, it appears that the size
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273

of a TC may not necessarily increase with latitude monotonically, but may reach a maximum

274

within a certain latitudinal region. Such a result agrees well with the theoretical study of Smith

275

et al. (2011). Chan and Chan (2014) also explained this optimum latitudinal region in terms of

276

a balance between the inertial stability associated with the TC circulation and the import of

277

angular momentum into the TC (see section 5.7).

278

Globally, Chavas et al. (2016) found no strong relationship between size (either R12 or

279

R0) and planetary vorticity f (Fig. 5h) although they suggested a slight increase of R12 with

280

increasing f, while a possible maximum in R0 at some intermediate value of f. However, it

281

should be noted that their study was restricted to only TCs that have reached minimum

282

hurricane intensity (category 1 in the Saffir-Simpson scale) and those equatorward of 30

283

degrees latitude. Nevertheless, this result suggests that TCs with different intensities may have

284

a different variation with latitude. More studies are clearly necessary.

285

4. Synoptic-scale flow associated with small and large TCs

286

The temporal and spatial variations of TC size presented in section 3 should be related

287

to the environmental flow in which the TCs are embedded. Merrill (1984) proposed that small

288

TCs in the NA tend to be south of the subtropical ridge (Fig. 6a) while a TC would grow when

289

it is embedded in the westerly trough and about to recurve (Fig. 6b). These proposed patterns

290

were substantiated by Liu and Chan (2002) who composited operational analyses from the UK

291

Meteorological Office (UKMO) for small and large TCs in the WNP. They found small TCs

292

generally have a dominant subtropical ridge to its north (Fig. 7a). Small TCs are also found to

293

form in the eastern part of a monsoon gyre (Lander 1994) (Fig. 7b). On the other hand, a TC

294

tends to be large in the presence of a strong southwesterly flow (Fig. 7c) or when it is

295

“sandwiched” between a continental anticyclone to its west and the subtropical high to its right

296

(Fig. 7d), which is referred to as the late-season pattern because of the time of occurrence of

297

such a pattern. A large TC can also form near the center of the monsoon gyre (Lander 1994;
13

298

Wu et al. 2013), which suggests that the monsoon gyre is an important feature in determining

299

TC size in the WNP. Similar results were also obtained by Lee et al. (2010) for WNP TCs using

300

QuikSCAT and the US National Centers for Environmental Prediction (NCEP) Reanalysis 2

301

data. They further concluded that a TC generally maintains its size (R15) during intensification.

302

Thus, from a synoptic perspective, the subtropical ridge is a dominant feature in

303

determining the TC size. The seasonal variations in the TC size described in section 3.2 are

304

likely a result of the seasonal migration (in both the zonal and meridional directions) of the

305

subtropical ridge. For example, during the mid season in the NA and the WNP, most of the

306

TCs are south of the subtropical ridge and hence tend to be smaller (Figs. 6a and 7a

307

respectively). However, later in the season in the WNP, the subtropical ridge retreats eastward

308

and northward, allowing more TCs to recurve. During this process, the TC is subjected to two

309

anticyclonic flows to its east and west, and hence can grow to a large size (Figs. 6b and 7d).

310

Similarly, ENP TCs are in general the smallest among all ocean basins, and their size has the

311

smallest variability (Table 2), because climatologically, most of these TCs are south of the

312

subtropical ridge throughout their lifetime.

313

The relationship between TC size and ENSO, as well as the lifetime, described in

314

section 3.2 can also be explained based on the strength and location of the subtropical ridge.

315

During strong La Niña years, the subtropical ridge position and TC genesis locations over the

316

Pacific shift westward (e.g., Wang and Chan 2002; Wu et al. 2004). The durations of the TCs

317

over water prior to landfall are therefore reduced so that they have shorter time to grow, and

318

hence are generally smaller. On the other hand, during strong El Niño years, the subtropical

319

ridge position and TC genesis locations shift southeastward so that the TCs last longer, and

320

therefore can become larger.
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321

5. Possible mechanisms responsible for size change

322

5.1

Angular momentum transport

323

An obvious candidate in studying the physical mechanisms responsible for changes in

324

the horizontal outer wind distribution associated with a TC (i.e., a change in size) is angular

325

momentum (AM). The absolute AM (AAM) of a TC in cylindrical coordinates can be

326

expressed as

AAM  RAM  EAM  v r 

fr 2
2

(1)

327

where RAM is the relative AM, EAM is the earth AM, vθ is the tangential wind, r is the radius

328

from the TC center, and f is the Coriolis parameter (or planetary vorticity).

329

Merrill (1984) found that large TCs have much more RAM than small TCs, while the

330

differences in RAM between TCs of different intensities but a similar size are smaller. He

331

hypothesized that an increased convergence of AM forced by the environment beyond that

332

required for the maintenance of a TC is likely responsible for its growth. However, the lack of

333

data prevented him from validating his hypothesis.

334
335

The availability of reanalysis datasets allows the calculations of the AM transport,
which can be represented by the absolute angular momentum flux (AAMF):

AAMF (r )  r v vr  r vr ' v ' 

f 0 r 2 vr r 2 fvr '

2
2

(2)

336

where the overbar represents the azimuthal average, the primed quantities deviations from the

337

azimuthal average, vr the radial wind, and f0 the Coriolis parameter at the TC center. The four

338

terms on the right are respectively the symmetric RAM flux, asymmetric or eddy RAM flux,

339

symmetric Coriolis torque, and asymmetric or eddy Coriolis torque.

340

Chan and Chan (2013) made use of the homogeneous QuikSCAT dataset from Chan

341

and Chan (2012) and the NCEP Climate Forecast System Reanalysis (CFSR) to investigate the

342

possible mechanisms that may be responsible for TC size change over the WNP through an
15

343

examination of AM transports and synoptic flow patterns associated with the TC. They grouped

344

all the TCs into four categories: intensifying and growing, intensifying and shrinking,

345

weakening and growing, and weakening and shrinking. For each group, they composited the

346

various terms in Equation (2) at various heights and found a significant import of AM (mostly

347

contributed from the two symmetric terms) in the lower troposphere for growing TCs

348

irrespective of whether the TC is intensifying or weakening (Figs. 8a and b). On the other hand,

349

a significant export of AM in the upper troposphere exists in intensifying TCs irrespective of

350

whether the TC is growing or shrinking (Figs. 8a and c). For TCs that are weakening and

351

shrinking, AM is exported in the lower and imported in the upper troposphere (Fig. 8d). These

352

results suggest that lower-tropospheric AM import apparently contributes significantly to the

353

growth of a TC. This result is consistent with the conclusion of Lee et al. (2010) based on case

354

studies. Note that Chan and Chan (2013) did not identify what processes may be responsible

355

for the enhancement of the inflow. Fudeyasu and Wang (2011) suggested that diabatic heating

356

in the eyewall and rainbands could lead to such an enhancement.

357
358

5.2. Vertical wind shear and upper-level forcing

359

Maclay et al. (2008) suggested that both internal and external forcings can affect the

360

TC size (defined as IKE200). Internal forcings could include processes such as secondary

361

eyewall formation and eyewall replacement cycle – see e.g. Wang (2012) while external

362

forcing can be from the synoptic environment or topography (e.g. Chou et al. 2011). Maclay et

363

al. (2008) found vertical shear to be one of the most significant environmental forcings. Under

364

weak shear, TCs intensify but do not grow; under moderate shear, they intensify less but grow

365

more; under very high shear, they do not intensify or grow. An upper-tropospheric trough is

366

found to the west of intensifying TCs regardless of the size change, which is consistent with

367

that of Chan and Chan (2013) as the location of the trough is likely to enhance AM export, and
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368

hence intensification. The study by Lee et al. (2010) also pointed out that the presence of the

369

tropical upper tropospheric trough can lead to strong vertical wind shear, which subsequently

370

enhances the TC circulation, and leads to a growth in TC size.

371
372

5.3. Environmental humidity and convective heating

373

Hill and Lackmann (2009) performed idealized numerical simulations and concluded

374

that the intensity and coverage of precipitation occurring outside the TC core are strongly

375

sensitive to environmental humidity, which can affect the inner-core size (defined as RMW

376

and R33). An environment with higher relative humidity favors the expansion of the wind field

377

(Fig. 9). In fact, the case of 80% relative humidity in Fig. 9 has its R33 increased by one order

378

of magnitude by the end of the 10-day integration. Hill and Lackmann (2009) pointed out that

379

the large amount of latent heat released in the outer rainbands when the environment is moist

380

can result in the diabatic lateral expansion of the cyclonic potential vorticity (PV) distribution

381

and balanced wind field. Lower-tropospheric diabatic PV production in the spiral bands then

382

leads to a broadening of the cyclonic PV distribution through a broadening of the central PV

383

tower as PV filaments spiraled inward, and also through the presence of enhanced cyclonic PV

384

near the spiral bands at larger radial distances from the core. This agrees with Wang (2009)

385

who found the heating in the outer spiral rainbands can increase the inner-core size.

386

In addition to relative humidity, there have been other modeling studies that introduced

387

enhanced heating in the outer core, and subsequently the convection, through various

388

mechanisms. These include a reduction of evaporative cooling in the outer rainbands (Sawada

389

and Iwasaki 2010), cloud-radiative forcing (Bu et al. 2014), changing the atmospheric

390

temperature profile (Stovern and Ritchie 2016) and prescribing heating elements within certain

391

rings around a vortex to mimic cumulus heating (Tsuji et al. 2016). The main conclusion from

392

these studies is essentially similar. Enhanced heating, and hence convection, in the outer core
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393

draws air, thereby bringing in angular momentum from the environment, and which results in

394

a strengthening of the outer circulation. In other words, any mechanism that can enhance the

395

radial flow in the outer core would be beneficial to the increase in the outer-core circulation.

396
397

5.4. Initial vortex size

398

A majority of the 73 TCs examined by Lee et al. (2010) maintained their size category

399

(small, medium or large) during the intensification period. They concluded that differences in

400

the environmental flow that contributes to intensification apparently explain why most TCs can

401

maintain their size during intensification. Similarly, in numerical simulations, Chan and Chan

402

(2014) found that an initially larger TC generally has a larger size (defined as R17) at a later

403

stage because it has a larger horizontal wind extent and higher winds outside the inner core.

404

The larger vortex therefore possesses higher AM in the lower troposphere to increase its size

405

in the outer-core region through AM transport. However, an initially small TC may not be

406

“destined” to be small during its lifetime, which agrees with the observations (Chan and Chan

407

2012) such that TC size has a positive relationship with TC lifetime.

408
409

5.5. Outer winds

410

The winds in the outer-core region of a TC (i.e., winds beyond R17; e.g., environmental

411

flows vicinity of a TC) also play a critical role in modifying TC size (Chan and Chan 2015b),

412

which substantiates the studies mentioned in section 5.1. The size change is much more

413

sensitive to the dynamics (AM transport) in the outer-core region compared to that in the inner-

414

core region. For TCs with a similar wind structure within the R17, the one with higher initial

415

outer winds beyond R17 possesses more AM which can be brought towards the center and

416

consequently favors growth. On the contrary, the lower the initial outer winds beyond R17, the

417

lower the AM can be brought towards the center and hence the smaller size growth. Chan and

18

418

Chan (2015b) suggested that the outer winds closer to R17 are found to be more effective and

419

lead to earlier influence on TC size.

420

This study also highlights the possible differences in the changes in the outer circulation

421

when the initial vortex has a different outer-wind profile. An initial vortex with a rapid decrease

422

in tangential winds with radius (such as that used in Sawada and Iwasaki 2010) will have a

423

different response to heating compared with one with a slow decrease (such as that used in Hill

424

and Lackmann 2009).

425
426

5.6. Sea surface temperature

427

Wang et al. (2015) used an idealized full-physics numerical model to show that high

428

sea surface temperature (SST) is favorable to TC size growth. Higher SST gives a larger air-

429

sea temperature contrast and results in stronger latent energy transfer from the ocean to the air,

430

which is consistent to the case study of Radu et al. (2014). Such energy transfer could be in

431

form of surface entropy fluxes (Xu and Wang 2010b), which can lead to outward expansion of

432

tangential winds, and consequently increase the TC size.

433

Based on satellite data and global atmospheric model simulations, Lin et al. (2015)

434

found that the absolute SST is markedly important to rainfall rate but not the rainfall area. TC

435

rainfall area, which is primarily controlled by the relative SST, defined as that in the TC

436

environment minus the tropical mean (30°S-30°N) value. Because TC rainfall area is closely

437

related to the TC wind field such that heavy precipitation is generally confined within the ROCI,

438

TC rainfall area is a gross measure of TC size, particularly with respect to the outer radius

439

(Matyas 2010). The observations from the QuikSCAT Tropical Cyclone Radial Structure

440

database (QSCAT-R) give a similar conclusion (Chavas et al. 2016). Because relative SST is

441

closely related to the local mid-tropospheric environmental RH (Stephens 1990; Emanuel

442

1994), moistening in the regions of higher relative SST implies a high free tropospheric RH
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443

(Bretherton et al. 2004). As a result, a TC moving into such a region tends to have higher mid-

444

tropospheric RH, which in turn tends to increase condensational heating and reduce evaporative

445

cooling. These favor the expansion of TC tangential wind, size and rainfall area (Hill and

446

Lackmann 2009; Wang 2009). Lin et al. (2015) further suggested that a uniform increase of

447

SST does not necessarily increase the mid-tropospheric RH, neither does TC size. The global

448

TC rainfall area is therefore not expected to change significantly under a warmer climate

449

provided that SST change is relatively uniform. In other words, the uniform SST warming

450

would lead to the total rainfall confining to similar size domains with higher rainfall rates. It is

451

somehow consistent with the finding of Knutson et al. (2015) who suggested the global median

452

TC size (defined as R12) remains constant under a global warming scenario.

453
454

5.7. Planetary vorticity

455

Three contradicting theories have been proposed to describe the relationship between

456

planetary vorticity f and TC size. First, TC size increases with increasing f (e.g., DeMaria and

457

Pickle 1988; Li et al. 2012). Second, TC size decreases with increasing f (e.g., Chavas and

458

Emanuel 2014; Wang et al. 2015). Third, TC has an optimum latitudinal region for TC size

459

growth (e.g., Smith et al. 2011; Chan and Chan 2014, 2015a).

460

Li et al. (2012) hypothesized that the dependence of outer size (defined as R17) on f is

461

possibly attributed to the effect of environmental AAM. Also, the RMW is found to be larger

462

at higher latitudes, which is possibly related to the effect of inertial stability that regulates the

463

extent to which lower-tropospheric inflow can penetrate into the inner core region. On the

464

contrary, Chavas and Emanuel (2014), who constructed a highly idealized model and

465

environmental configuration to explore equilibrium TC structure in radiative-convective

466

equilibrium using the Bryan cloud model (Bryan and Fritsch 2002), and Wang et al. (2015),
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467

who derived an analytical model to describe the wind profile of TCs, suggested that the extent

468

of the azimuthal winds is inversely proportional to f.

469

On the other hand, Smith et al. (2011) and Chan and Chan (2014) found that for the

470

same initially sized vortex, a higher f does not necessarily lead to a larger size though it can

471

increase the vorticity. Chan and Chan (2014) suggested that size change is also controlled by

472

the lower-tropospheric inertial stability of the vortex, as it can provide resistance to inflow and

473

thus affects the AM transport. Higher latitude generally implies higher inertial stability, and

474

hence, smaller inflow (i.e., smaller symmetric RAM flux). Meanwhile, a TC located at higher

475

latitude has higher EAM (i.e., higher symmetric Coriolis torque). Therefore, an optimum

476

latitudinal region for maximum AM transport should exist somewhere such that the inward

477

symmetric AM flux (i.e., the sum of symmetric RAM flux and symmetric Coriolis torque) is

478

found to increase with latitude south of about 25°N and then decreases north of it (Fig. 10).

479

Every vortex could have its own optimum latitudinal region for maximum size growth (~25°

480

from the equator in general). These numerical results agree well with observations (see section

481

3.3 and Chan and Chan 2012, 2015a) and the AM transport concept (Chan and Chan 2013).

482

It is clear that from these studies that our understanding of the dependence of size on

483

planetary vorticity is still very incomplete. Much more research is necessary to ascertain the

484

relationships among the intensity and inner-core (e.g., RMW) and outer-core (e.g., R17, R0)

485

structures, and how they can be modified when the TC moves into different latitudes. Attempts

486

in this direction can be found in the recent studies of Chavas et al. (2015) and Chavas and Lin

487

(2016). However, as mentioned in section 2, such inter-relationships will not be explored in

488

this review.

489
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490

5.8. Intensification

491

A nonlinear relationship between TC size and intensity has been reported in many

492

studies (e.g., Merrill 1984; Chavas and Emanuel 2010; Chan and Chan 2014, 2015b; Wu et al.

493

2015). Although TC size is weakly correlated to intensity, conditions favorable for TC

494

intensification have been found to be conducive to TC size growth (e.g., Lu et al. 2011; Chan

495

and Chan 2013, 2015b). Chan and Chan (2015b) suggested that the inner-core intensification

496

mainly results from the inner-core dynamics: for example, an increase in upper-tropospheric

497

outflow can enhance the lower-tropospheric inflow near the inner core so that more AM is

498

transported towards the TC center and consequently yields an expansion of horizontal wind

499

fields. The longer vortex intensification process is shown to be more favorable to TC size

500

growth. Another possible example of the inner-core intensification is that the diabatic heating

501

in rainbands results in higher upward motion and then drives higher inflow in the lower

502

troposphere and higher outflow in the upper troposphere (Hill and Lackmann 2009; Wang

503

2009). The lower-tropospheric inflow would transport AAM inward to spin up tangential wind

504

predominantly near the eyewall, leading an increase in TC intensity and size.

505

Utilizing the satellite-based MTCSWA (Knaff et al. 2011), Wu et al. (2015) showed

506

that R17 generally increases with increasing TC maximum sustained wind before a maximum

507

of 22.5° latitude at an intensity of 53 m s-1 and then slowly decreases as the TC continues to

508

intensify. Their numerical simulations, however, could not reproduce this observed nonlinear

509

relationship between TC size and intensity, contrary to the numerical study of Chan and Chan

510

(2015b).

511

On the other hand, using the North Atlantic hurricane database second generation

512

(HURDAT2) and EBT, Carrasco et al. (2014) found that TCs that underwent rapid

513

intensification (24-hour intensity change ≥ 30 knots) are smaller initially than those that do not.

514

Analyses show that the initial RMW and R17 have negative correlation with the change of

22

515

intensity, while the ROCI appears to have little to no relationship with subsequent

516

intensification.

517

6. Summary and discussion

518

In addition to track and intensity, the outer-core wind distribution of a TC (loosely

519

defined as size) is also an important element in TC forecasting because it provides information

520

on the horizontal extent of damaging winds. However, the relative scarcity of data over the

521

open oceans has limited the study of TC size until the 1990s when surface winds could be

522

estimated from satellite observations. The increasing availability of such data and reanalysis

523

datasets has enabled more studies of the outer-core circulation of a TC, which has led to much

524

better understanding of the various aspects of TC size. This review summarizes the main

525

findings of these studies, from the earlier works before the satellite era to the latest ones. In

526

recent years, many numerical simulations have also been made to investigate the mechanisms

527

that drive TC size change. These are also integrated into the review.

528

Based on the various studies, it is apparent that within a specific ocean basin, TC size

529

(irrespective of definition) has both temporal (seasonal, interannual and perhaps even

530

interdecadal) as well as spatial (latitude and longitude) variations, which are related to the

531

different synoptic-scale flow patterns in which the TCs are embedded and the different

532

magnitudes of the Coriolis force. Both observational analyses and numerical simulations show

533

that various factors are likely responsible for determining TC size and its changes. These

534

include import of AM in the lower troposphere, environmental humidity, initial vortex structure

535

(size and intensity), SST, and planetary vorticity. However, most studies only considered one

536

factor and very few have considered the relationship among these various factors, and how they

537

might affect one another in modifying the size.

538

Thus, one future direction of research is clearly on the possible interaction among these

539

factors in ultimately determining the size of the TC. Such factors will likely vary with time and
23

540

thus the interaction may also change throughout the lifetime of a TC. In performing such

541

research, while numerical simulation is an obvious choice, analyses of past observations are

542

necessary to validate the numerical results. Unfortunately, as highlighted in this review, the

543

amount of data available is quite limited. To remedy this deficiency, various reanalysis datasets

544

could be used. While these datasets may not have the spatial resolution for the study of TC

545

intensity, they should be adequate for representing the outer-core winds. In addition, because

546

these datasets span a relatively long period (> 30 years), it is possible to investigate if

547

interdecadal variation of TC size exists, as has been proposed by some earlier studies.

548

Hitherto, all studies of TC size are based on azimuthal averages although it is well

549

known that the pressure and wind distributions of a TC are often asymmetric. While the

550

azimuthal average gives a first-order estimate of the size, actual warning of the extent of

551

damaging winds for different quadrants is required because of the asymmetry in the TC

552

structure. This is especially important near landfall as part of the TC circulation is over land

553

while the other part is over the ocean. Thus, another future direction of research should be in

554

defining asymmetries in TC size and understanding the factors that might be responsible for

555

such asymmetries such as translation speed, land friction, topography, SST, etc.

556

As discussed in several places within this review, some recent studies have related the

557

inner-core and outer-core structures, and some theoretical explanations have been proposed. It

558

is therefore important to perform further research in this area to provide a complete framework

559

to describe the dynamic and thermodynamic processes responsible for the entire structure of a

560

TC, which could be useful in future predictions of the extent of the outer circulation of a TC.

561

To conclude, thanks to the availability of satellite estimates of surface winds and the

562

advances in computing capability, the understanding of TC size and its changes has improved

563

significantly in the last two decades. However, further enhancement of such understanding is

564

necessary to produce more accurate forecasts of the TC wind distribution.
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An example of how the ROCI is estimated based on the surface pressure analysis.
Contours indicate surface pressure values plus 1000 hPa. Typhoon symbol indicates
the center of the TC. (from Merrill 1984; ©American Meteorological Society. Used
with permission)

Fig. 2.

Time series of the monthly mean of TC size over various regions: (a) WNP, (b) ENP,
(c) NA, (d) NH, (e) SI, (f) SP, and (g) SH. Vertical bars represent the 95% confidence
intervals in the t-distribution. Numbers above the x-axis indicate the number of cases.
(from Chan and Chan 2015a)

Fig. 3.

Time series of the annual mean R15, R17, TC lifetime and ENSO (JASO) in Yuan
et al. (2007) and Chan and Chan (2012) studies. In (a), the straight dotted line is the
linear regression trend line of R15. In (b) and (c), the vertical bars represent the 95%
confidence intervals of R17 and TC lifetime in the t-distribution, respectively. Time
series of ENSO (JASO) is denoted by the 4-month average (July to October of each
particular year) of the Niño 3.4 index from the Climate Prediction Center of the
National Oceanic and Atmospheric Administration.

Fig. 4.

Mean TC size in various basins from two studies (a) R17 (Chan and Chan 2015a)
and (b) R12 and R0 (Chavas et al. 2016; ©American Meteorological Society. Used
with permission). In (a), the vertical bars represent the 95% confidence intervals in
the t-distribution. In (b), the box and whiskers are the distributions of R12 (black)
and R0 (blue). As mentioned in Table 2, this dataset is “filtered”. See details in Table
2. The box plot displays median (red line) and 95% confidence interval on median
(dark red lines), interquartile range [q1, q3] (black and blue fill), whiskers (black
dashed lines), and outliers (gray crosses; outside the range [q1 – 1.5(q3 – q1), q3 –
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1.5(q3 – q1)] calculated from the logarithm of radius). In both (a) and (b), numbers
above the x axis indicate the number of cases. In (a), the number of TCs is shown in
parentheses.
Fig. 5.

(a)-(g): Percentage distribution of TC size (unit: degrees latitude) at different latitude
bands (every 5°) over various regions: (a) WNP, (b) NA, (c) ENP, (d) NH, (e) SI, (f)
SP, and (g) SH. Values in the brackets are the number of cases in the particular
latitude bands (from Chan and Chan 2015a). (h) Global variation of R12 (circles)
and R0 (crosses) with planetary vorticity. Only cases at latitude equatorward of 30
degrees are shown. The colors indicate the different intensity of the TC according to
the Saffir-Simpson scale, and labelled next to the figure. The number in the
parentheses indicate the number of cases. The black curve is the mean for all data in
categories 2-5, with the error bars representing one standard error (from Chavas et
al. 2016; ©American Meteorological Society. Used with permission).

Fig. 6.

Schematic streamlines showing the lower-tropospheric flows associated with a (a)
small TC, and (b) large TC. (from Merrill 1984; ©American Meteorological Society.
Used with permission)

Fig. 7.

Lower-tropospheric (850-hPa) flow patterns of (a) small TCs associated with a
dominant subtropical ridge, (b) small TCs embedded in a monsoon gyre, (c) large
TCs embedded in a southwesterly surge, and (d) large TCs associated with a lateseason pattern in the WNP. Dashed lines are isotachs (unit: m s-1) and cyclone
symbol indicates the TC center. All flow patterns are composites from a number of
TCs except (b) which is for Tropical Cyclone Percy (1993). (from Liu and Chan
2002; ©American Meteorological Society. Used with permission)
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Fig. 8.

Radius–height cross-section composites of the 24-hour change in AAMF over the
WNP (unit: 106 m3 s-2) for TCs with different changes in intensity and size: (a)
intensifying and growing, (b) weakening and growing, (c) intensifying and shrinking,
and (d) weakening and shrinking. Solid and dashed lines indicate positive and
negative changes respectively. Heavy solid line indicates zero change. A positive
change implies either an increase in AM export or decrease in AM import, and vice
versa for a negative change. Regions with dots denote a confidence level (24-hour
change different from 0) being higher than 90%. (from Chan and Chan 2013)

Fig. 9.

Time series of R33 for simulations with different environmental relative humidities
(nnRH), where nn is the relative humidity in percent. (from Hill and Lackmann 2009;
©American Meteorological Society. Used with permission)

Fig. 10.

Conceptual diagram showing how the initially different-sized vortices (A, B, C and
D) and different f-plane environments (i.e., 15°, 25°, 35° and 45°N) relate to the
vortex size (defined as R17). The sizes of vortices A, B, C and D are respectively set
to be 200, 250, 300, and 350 km initially. The squared markers are the results from
the 16 experiments at 168 simulation hour. The band with dots indicates the optimum
latitudinal region for vortex size growth. (from Chan and Chan 2014)
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Table 1. Summary of the definitions, time periods, basins and datasets of the various studies of TC size
reviewed in this paper.
Study

Size definition

Period

Basin

Data

Brand (1972)

ROCI

1945–68

WNP

History file

Carrasco et al. (2014)

RMW, R17, ROCI

1990–2010

NA

HURDAT2, EBT

Chan and Chan (2012)

R17

1999–2009

WNP, NA

QuikSCAT

Chan and Chan (2013)

R17

1999–2009

WNP

QuikSCAT, CFSR

Chan and Chan (2014, 2015b)

R17

-

-

Model simulation

Chan and Chan (2015a)

R17

1999–2009

Globe

QuikSCAT

Chan and Yip (2003)

R15

1999–2002

WNP

QuikSCAT

Chavas and Emanuel (2010)

R0, R12

1999–2008

Globe

QuikSCAT

Chavas et al. (2016)

R0, R12

1999–2009

Globe

QSCAT-R, HadISST

Kimball and Mulekar (2004)

RMW, R17, R26,
R33, ROCI, REYE

1988–2002

NA

EBT

Knaff et al. (2014)

R3

1978–2011

Globe

Infrared imagery

Kossin et al. (2007)

RMW, R17, R26,
R33, REYE

1995-2004

NA

Lee et al. (2010)

R15

2000–05

WNP

Li et al. (2012)

R17

-

-

Liu and Chan (1999)

RRV

1991–96

WNP, NA ERS-1, ERS-2

Liu and Chan (2002)

RRV

1991–96

WNP

ERS-1, ERS-2, UKMO
analyses

Lu et al. (2011)

R17

2001–06

WNP

JTWC best track

Maclay et al. (2008)

IKE200

1995–2005

NA, ENP

Merrill (1984)

ROCI

1957–77
1961–69

NA
WNP

Aircraft
reconnaissance, NCEP
reanalysis
Operational surface
analyses, rawinsonde

Quiring et al. (2011)

RMW, R17

1988–2008

NA

EBT

Wu et al. (2015)

R17

2007–13

WNP

MTCSWA

Xu and Wang (2010a, b)

RMW, R26

-

-

Model simulation

Yuan et al. (2007)

R15, R26

1977–2004

WNP

JMA RSMC best track

Infrared imagery,
aircraft reconnaissance
QuikSCAT, NCEP
reanalysis 2
Model output
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Table 2. Climatologies of TC size from various observational studies. Note that in the entries in Chavas et al.
(2016), only cases with a “true estimate” of the maximum azimuthal-mean azimuthal wind ≥ 32 m s-1 and
latitude equatorward of 30 degrees are included. The values are converted from those in their Table 4 by
dividing them by 111.1 (1 degree latitude = 111.1 km). So all units in this table are in degrees latitude. WNP
– western North Pacific, ENP – eastern North Pacific, NA – north Atlantic, NH – Northern Hemisphere, SI –
South Indian Ocean, SP – south Pacific, SH – Southern Hemisphere. See text for the definition of the various
metrics. Note also that R0 from Chavas et al. (2016) and R3 from Knaff et al. (2014) are not included because
these metrics differ substantially from those in the other studies.

Study
Metric
Basin
WNP
ENP
NA
NH
SI
SP
SH
Global

Merrill (1984)
ROCI
mean
S.D.
4.4
2.0
3.0

1.4

Liu and Chan (1999)
RRV
mean
S.D.
3.7
1.1
3.0

1.1

Chan and Chan (2015a)
R17
mean
S.D.
2.13
0.98
1.13
0.45
1.83
0.75
1.92
0.93
1.63
0.70
2.04
0.71
1.72
0.72
1.88
0.89

Chavas et al. (2016)
R12
mean
S.D.
3.44
1.35
2.12
0.91
2.47
0.77
2.48
2.95

0.84
1.08

2.95

1.27
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Fig. 1. An example of how the ROCI is estimated based on the surface pressure analysis. Contours indicate
surface pressure values plus 1000 hPa. Typhoon symbol indicates the center of the TC. (from Merrill 1984;
©American Meteorological Society. Used with permission)
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Fig. 2. Time series of the monthly mean of TC size over various regions: (a) WNP, (b) ENP, (c) NA, (d) NH,
(e) SI, (f) SP, and (g) SH. Vertical bars represent the 95% confidence intervals in the t-distribution. Numbers
above the x-axis indicate the number of cases. (from Chan and Chan 2015a)
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Fig. 3. Time series of the annual mean R15, R17, TC lifetime and ENSO (JASO) in Yuan et al. (2007) and
Chan and Chan (2012) studies. In (a), the straight dotted line is the linear regression trend line of R15. In (b)
and (c), the vertical bars represent the 95% confidence intervals of R17 and TC lifetime in the t-distribution,
respectively. Time series of ENSO (JASO) is denoted by the 4-month average (July to October of each
particular year) of the Niño 3.4 index from the Climate Prediction Center of the National Oceanic and
Atmospheric Administration.
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Fig. 4. Mean TC size in various basins from two studies (a) R17 (Chan and Chan 2015a) and (b) R12 and R0
(Chavas et al. 2016; ©American Meteorological Society. Used with permission). In (a), the vertical bars
represent the 95% confidence intervals in the t-distribution. In (b), the box and whiskers are the distributions
of R12 (black) and R0 (blue). As mentioned in Table 2, this dataset is “filtered”. See details in Table 2. The
box plot displays median (red line) and 95% confidence interval on median (dark red lines), interquartile range
[q1, q3] (black and blue fill), whiskers (black dashed lines), and outliers (gray crosses; outside the range [q1
– 1.5(q3 – q1), q3 – 1.5(q3 – q1)] calculated from the logarithm of radius). In both (a) and (b), numbers above
the x axis indicate the number of cases. In (a), the number of TCs is shown in parentheses.
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Fig. 5. (a)-(g): Percentage distribution of TC size (unit: degrees latitude) at different latitude bands (every 5°)
over various regions: (a) WNP, (b) NA, (c) ENP, (d) NH, (e) SI, (f) SP, and (g) SH. Values in the brackets are
the number of cases in the particular latitude bands (from Chan and Chan 2015a). (h) Global variation of R12
(circles) and R0 (crosses) with planetary vorticity. Only cases at latitude equatorward of 30 degrees are shown.
The colors indicate the different intensity of the TC according to the Saffir-Simpson scale, and labelled next
to the figure. The number in the parentheses indicate the number of cases. The black curve is the mean for all
data in categories 2-5, with the error bars representing one standard error (from Chavas et al. 2016; ©American
Meteorological Society. Used with permission).

42

Fig. 6. Schematic streamlines showing the lower-tropospheric flows associated with a (a) small TC, and (b)
large TC. (from Merrill 1984; ©American Meteorological Society. Used with permission)
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Fig. 7. Lower-tropospheric (850-hPa) flow patterns of (a) small TCs associated with a dominant subtropical
ridge, (b) small TCs embedded in a monsoon gyre, (c) large TCs embedded in a southwesterly surge, and (d)
large TCs associated with a late-season pattern in the WNP. Dashed lines are isotachs (unit: m s-1) and cyclone
symbol indicates the TC center. All flow patterns are composites from a number of TCs except (b) which is
for Tropical Cyclone Percy (1993). (from Liu and Chan 2002; ©American Meteorological Society. Used with
permission)

44

Fig. 8. Radius–height cross-section composites of the 24-hour change in AAMF over the WNP (unit: 106 m3
s-2) for TCs with different changes in intensity and size: (a) intensifying and growing, (b) weakening and
growing, (c) intensifying and shrinking, and (d) weakening and shrinking. Solid and dashed lines indicate
positive and negative changes respectively. Heavy solid line indicates zero change. A positive change implies
either an increase in AM export or decrease in AM import, and vice versa for a negative change. Regions with
dots denote a confidence level (24-hour change different from 0) being higher than 90%. (from Chan and Chan
2013)
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Fig. 9. Time series of R33 for simulations with different environmental relative humidities (nnRH), where nn
is the relative humidity in percent. (from Hill and Lackmann 2009; ©American Meteorological Society. Used
with permission)
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Fig. 10. Conceptual diagram showing how the initially different-sized vortices (A, B, C and D) and different
f-plane environments (i.e., 15°, 25°, 35° and 45°N) relate to the vortex size (defined as R17). The sizes of
vortices A, B, C and D are respectively set to be 200, 250, 300, and 350 km initially. The squared markers are
the results from the 16 experiments at 168 simulation hour. The band with dots indicates the optimum
latitudinal region for vortex size growth. (from Chan and Chan 2014)
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Appendix
Table A1. Summary of TC size parameters.
Notation
IKE200
R0
R3
R12
R15
R17
R26
R33
REYE
RMW
ROCI
RRV

Description
Total lower-tropospheric kinetic energy within 200 km radius from TC center
Mean radius of vanishing winds
Mean radius of 2.57 m s-1 winds
Mean radius of 12 m s-1 winds
Mean radius of 15 m s-1 winds
Mean radius of 17 m s-1 winds
Mean radius of 26 m s-1 winds
Mean radius of 33 m s-1 winds
Mean radius of eye
Mean radius of maximum winds
Mean radius of outermost-closed surface isobar
Mean radius at where the relative vorticity decreases to 1 × 10-5 s-1 from TC center
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