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Abstract

Super Typhoons Hato (2017) and Mangkhut (2018) have disastrous impacts on the Philippines and South China. Their

evolutions and consequences have received wide attention from various media and parties, while the relevant researches are yet

limited. Here, we give a full review and comparison of Hato and Mangkhut in terms of their movement, intensity, sizes, and

precipitation, targeting to advance the understanding of landfalling super typhoons and to help tropical cyclone forecasting

ultimately, especially those over South China. In addition, astoundingly, we reveal that the occurrence of landfalling super

typhoons in South China is evidently increasing and tropical cyclones in the northern part of the South China Sea are getting

stronger. This study serves as a wake-up call that the threats caused by the tropical cyclones in South China become and may

become more catastrophic and frequent in the warming climate.
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1 Introduction 31 

Tropical cyclone (TC) is among the most severe natural hazards in the globe which could 32 

bring strong winds, heavy rainfall, and storm surges to the proximities. Its consequences can be 33 

significant if it is strong, large and/or slow-moving, particularly if it skirts or crosses over the 34 

densely populated coastal regions (Zhang et al., 2009; Mori et al., 2014; Hall & Kossin, 2019). 35 

South China is known to be one of these, a hot spot where is usually affected by TCs (Liu & 36 

Chan, 2003; Chan et al., 2004; Gao et al., 2009; Kuo et al., 2019). Regrettably, it was hit by two 37 

deadly Super Typhoons Hato and Mangkhut for two consecutive years in 2017 and 2018, 38 

respectively. Their tracks and intensity evolutions are shown in Fig. 1. Hato and Mangkhut 39 

brought a series of record-breaking and catastrophic impacts on the Philippines and South China. 40 

This study targets to advance the understanding of landfalling super typhoons, like Hato and 41 

Mangkhut, by giving a full review and comparison of them. 42 

Hato made landfall in South China and brought severe storm surge to the coast of Pearl 43 

River estuary. Sea levels in many areas reached record highs. A maximum storm surge of 2.79 m 44 

and a maximum sea level of 6.14 m were recorded at Zhuhai station. Hato brought devastating 45 

gales and storm surge to Macao, causing at least 10 deaths and more than 240 injuries and direct 46 

economic losses exceeded 8.3 billion MOP. A maximum sea level recorded in A-Ma station was 47 

5.58 m, the highest record in Macao since records began in 1925. The director of the Macao 48 

Meteorological and Geophysical Bureau was investigated by the Independent Commission 49 

Against Corruption because of the misconduct and dereliction of duty. In the proximities, such as 50 

Guangdong, Guangxi, Fujian, Guizhou and Yunnan, at least 15 deaths and 1 missing. About 51 

740000 people were affected, more than 6500 houses collapsed and direct economic losses 52 

exceeded 27.2 billion RMB. Due to such ruinous impacts, the name of TC Hato was approved to 53 

retire and is replaced by Yamaneko. 54 
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Mangkhut brought torrential rain and squalls to Luzon. There were at least 82 deaths, 138 55 

injuries and 2 missing and around 15000 houses collapsed. Also, Mangkhut brought destructive 56 

winds and strong storm surge along the coast of South China that caused damages to many 57 

buildings and coastal structures. In Macao, around 40 people were injured and more than 5500 58 

people were evacuated. In Inner Harbor of Hong Kong, the height of the inundation once reached 59 

1.9 m or higher above ground. At least 6 people died and more than 3.3 million were affected in 60 

Guangdong, Guangxi, Hainan, Guizhou and Yunnan. Like Hato, the name of TC Mangkhut was 61 

approved to retire and will be replaced. 62 

Super Typhoons Hato and Mangkhut are investigated  in this study because (1) they are the 63 

latest two landfalling super typhoons over the South China which still receive limited researches 64 

(Takagi et al., 2018; Pun et al., 2019; Zhang et al., 2019); (2) they have comparable tracks over 65 

the South China Sea; (3) they made similar landfalls in South China; (4) they brought disastrous 66 

impacts on South China; however, (5) they have different evolutions and structural 67 

characteristics, for example, movement, intensity, size, and precipitation. Last but not least, (6) 68 

Hato and Mangkhut serve as an important wake-up call for us that landfalling super typhoons 69 

become and may become more frequent in South China (see last section). Although many studies 70 

have been working on TC landfall (Liu & Chan, 2003; Chan et al., 2004), those dedicated to 71 

landfalling super typhoons are limited and insufficient (Lee & Bell, 2007; Mori et al., 2014). 72 

Hence, this work is critically essential which reviews Super Typhoons Hato and Mangkhut, 73 

advances the understanding of landfalling super typhoons, particularly those over the South 74 

China, and further suggests a climate outlook that could be insightful for the TC forecasting and 75 

climate projection. 76 
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2 Data 77 

The best-track data from the Hong Kong Observatory, including TC positions, minimum 78 

sea-level pressure and maximum 10-min average winds, of Hato and Mangkhut were adopted. 79 

The Joint Typhoon Warning Center (JTWC) best-track data over period 1970–2018 were used 80 

for climatic statistics, in which the data in 2018 is provisional. Data starting from 1970 were 81 

studied because this can largely avoid the contamination by the data heterogeneities before the 82 

introduction of satellite sensing capability about 1970 (Chan, 2019). The hourly fifth generation 83 

of European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalyses of 84 

the global climate (ERA5) data were employed to examine the dynamics (e.g., wind, 85 

convergence, mid-level mean flow, lower-tropospheric synoptic flow, etc.) and thermodynamics 86 

(e.g., water vapor flux, sea surface temperature, surface entropy flux, etc.) associated with the 87 

TCs. The hourly Integrated Multi-Satellite Retrievals for Global Precipitation Measurement 88 

(GPM) (IMERG) data were used to study the TC precipitation. 89 

3 Movement 90 

Hato is a short-lived TC which formed on 20 August 2017 and dissipated on 24 August 91 

(Fig. 1). It formed over the western North Pacific about 740 km east-southeast of Gaoxiong, 92 

Taiwan and moved westwards across the Luzon Strait. It then moved northwestward over the 93 

South China Sea, made landfall at Macau, China and dissipated. On the other hand, Mangkhut is 94 

a long-lived TC which formed on 7 September 2018 and dissipated on 17 September. It formed 95 

over the western North Pacific about 2330 km east of Guam, US and moved westwards. It then 96 

turned to the northwest about the east of Philippines and made the first landfall across the 97 

northern part of Luzon Island of Philippines. It kept moving northwestwards after entering the 98 

South China Sea, and then made the second landfall at Jiangmen, China and dissipated. 99 
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Hato and Mangkhut are fast-moving storms (Figs. 1 and 2). Hato moved at 24.7 km h
-1

 and 100 

Mangkhut moved at 27.6 km h
-1

 on average. The peak movement speeds of Hato and Mangkhut 101 

reached about 40 km h
-1

. Fig. 2 shows that their movement speeds highly correlate to the mid-102 

level mean flows. The mid-level mean flow, so-called steering flow, is estimated by the 400–700 103 

hPa layer wind average within 600-km radius from the TC center. Results therefore suggest that 104 

the movement of Hato and Mangkhut are largely driven by the steering flows, particularly the 105 

peripheral flows of the strong subtropical high over the western North Pacific (not shown). For 106 

example, when Hato and Mangkhut were in the South China Sea, they situated at the southwest 107 

side of a strong subtropical high. They were steered by the southeasterly and moved 108 

northwestwards. 109 

According to the concept of potential vorticity tendency on TC movement (Chan & Chan, 110 

2016), steering flow is the primary contribution of TC movement, while the asymmetries of 111 

diabatic heating and convection are the secondary. The residuals between TC movement speed 112 

and mid-level mean flow are therefore largely attributed to the latter. Let’s take Mangkhut as an 113 

example, the large residuals found between 9–11 September 2018 are largely due to the high 114 

asymmetries of diabatic heating and convection (not shown). 115 

4 Intensity 116 

Hato and Mangkhut followed the typical lifecycle, that is, they formed and intensified at 117 

first, and then reached peak intensity in the mature stage, weakened after and dissipated at last 118 

(Fig. 3). However, their intensification evolutions are untypical. They went through rapid 119 

intensification and attained their lifetime peak maximum intensity and minimum sea level 120 

pressure at 100 kt and 950 hPa, and 135 kt and 900 hPa, respectively. Rapid intensification is 121 

defined as an increase in the maximum winds of a TC of at least 30 kt in a 24-h period. It is 122 
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approximately the 95th percentile of over-water 24-h intensity changes of Atlantic basin TCs 123 

(Kaplan & DeMaria, 2003). The one of Hato took place over the South China Sea on 22 August 124 

2017, while that of Mangkhut took place near Guam over the western North Pacific on 11 125 

September 2018. It is expected that Mangkhut could experience rapid intensification because (1) 126 

it moved over the warm pool where the sea surface temperature (SST) was very high (≥29 °C; 127 

estimated by the areal average of SST within 200-km radius from the TC center; Fig. 4) which 128 

provided a very favorable thermodynamic condition for rapid intensification (Holland, 1997; 129 

Chan et al., 2001; Kanada et al., 2017; Li et al., 2019); and (2) it moved quickly such that the 130 

associated upwelling effect of subsurface cool water, which is detrimental to TC intensification, 131 

is therefore small (Jacob & Shay, 2003; Mei et al., 2012). 132 

Nonetheless, based on the past understanding, the intensity evolution of Hato was not well-133 

expected. Generally, due to the topographic effect, TC tends to maintain and likely weaken when 134 

it is about landfall (Tuleya et al., 1984; Bender et al., 1987; Wu, 2001). However, Hato 135 

countered. It underwent rapid intensification prior to landfall. There are two possible reasons: (1) 136 

it is a fast-moving storm such that the upwelling effect was small; (2) the shallow water over the 137 

continental shelf was warm such that even there was upwelling, the upwelling water was still 138 

warm enough which could keep providing favorable thermodynamic condition (SST≥29 °C; Fig. 139 

4) for further intensification (Pun et al., 2019). 140 

SST, surface wind and surface humidity can determine the amount of latent heat and 141 

sensible heat available to TC from the ocean, and thus, they are all indicative of the potential TC 142 

intensity (Emanuel, 1986). Overall, SST underlying Hato and Mangkhut were considerably 143 

warm and steady. They ranged 29.3–30.9 °C and 28–29.8 °C, respectively (Fig. 4). Although the 144 

relationship between SST and TC intensity is not apparent as there are many other contributing 145 
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factors which could also affect TC intensity, the relationship between surface heat fluxes and TC 146 

intensity is obvious (Fig. 5). Result clearly show that TC intensity highly correlated with surface 147 

heat fluxes, in which the latter leads the former a bit. Here, surface heat flux is the areal average 148 

of the sum of sensible heat fluxes and latent heat fluxes within 200-km radius from the TC center 149 

at the surface. Both Hato and Mangkhut had strong underlying surface heat fluxes. They ranged 150 

from 200–450 W m
-2

 and 200–750 W m
-2

, respectively. Stronger surface heat fluxes found in 151 

Mangkhut suggests more heat were extracted from the ocean to the storm, and hence, favoring 152 

higher TC intensity. Results also suggest that a TC experiencing surface heat flux of 450 W m
-2

 153 

or above would likely attain Super Typhoon intensity (≥100 kt). In addition, if the thermal 154 

energy extracted from the ocean via surface heat flux is much more than what the TC is 155 

dynamically consuming, TC would likely undergo rapid intensification soon. 156 

5 Size 157 

Another remarkable structural difference between Hato and Mangkhut is the TC size. Hato 158 

is a tiny TC, while Mangkhut is a giant TC. The circulation and convective clouds of Mangkhut 159 

are much more extensive than that of Hato (Fig. 6). Due to such large disparity, the azimuthally-160 

averaged radii of fresh-force (11 m s
-1

; R11) and gale-force (17 m s
-1

; R17) surface winds from 161 

the TC center are used to depict the size of Hato and Mangkhut, respectively (Fig. 7). As the 162 

typical horizontal wind structure of a TC is like a Rankine vortex (i.e., winds decrease 163 

exponentially with radius from the vortex center), R11 is larger than R17 for a given vortex. 164 

Nonetheless, the variations of R11 and R17 largely share the same fashion. 165 

Figure 7 shows that the size of TC generally increases with TC lifetime in open ocean 166 

which is consistent with Chan and Chan (2012). It is because the longer time the TC is on the 167 

favorable warm water, the more energy could be extracted from the ocean which favors TC 168 
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intensification and size growth. In addition, the size variations and size growth rates of Hato and 169 

Mangkhut are prominent. Due to the topography effect of Taiwan Island and Luzon Island, the 170 

size of Hato shrank when it was passing the Luzon Strait (21–22 August 2017). Its circulation 171 

was weakened by the friction of high mountains. Hato expanded again after it entered the South 172 

China Sea (22–23 August 2017). The prevailing southwesterly water vapor flux channel 173 

indicates that the moisture was mainly from the southwesterly Asian summer monsoon (Fig. 8a). 174 

Although moistening the TC environment could provide a favorable thermodynamic condition 175 

for TC size growth (Hill & Lackmann, 2009), the dynamic condition around Hato, that is the 176 

import of angular momentum by environmental synoptic flows (Chan & Chan, 2013), did not 177 

coordinate. The band of the southwesterly wind surge was weak and thin, and hence, the size of 178 

Hato could not grow much. 179 

On the other hand, the thermodynamic and dynamic conditions in Mangkhut were both 180 

favorable for TC size growth. The moisture from the Southern Hemisphere transported by the 181 

cross-equatorial flow (Figs. 8b,c) and that from the Bay of Bengal transported by the 182 

southwesterly Asian summer monsoon (Fig. 8c) provided a wet environment to Mangkhut. 183 

Meanwhile, differing from Hato (i.e., one thin band of southwesterly wind surge), two thick 184 

bands of southwesterly wind surges by the cross-equatorial flow (Figs. 8b,c) and the 185 

southwesterly Asian summer monsoon (Fig. 8c) are found which imported prominent angular 186 

momentum to the vortex. All these favored the size growth of Mangkhut and resulted in a very 187 

large TC. Notes that its peak of R17 is about 390 km, which is 150 km larger than the 188 

climatology mean size of TCs over the western North Pacific (Chan & Chan, 2012). 189 

In addition, it is noteworthy that Hato and Mangkhut underwent one and two rapid size 190 

growths in their lifecycles, respectively (Fig. 7). Rapid size growth is defined as an increase in 191 
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the size of at least 100 km in a 24-h period. Inspiringly, it is found that all these three rapid size 192 

growths share the same condition and mechanism. That is, once the outer-circulation of TC is in 193 

contract with or interacts with an environmental wind surge, TC size would grow rapidly via the 194 

sudden increment of angular momentum. For example, when Mangkhut encountered the cross-195 

equatorial southwesterly wind surge on about 10 September 2018 (Fig. 8b), it underwent the first 196 

rapid size growth (Fig. 7). When it moved to Philippines Sea on about 13 September 2018, it met 197 

another southwesterly wind surge from the Asian summer monsoon (Fig. 8c) and underwent the 198 

second rapid size growth (Fig. 7). This is indeed an important finding and novelty that can help 199 

TC size forecasting and merits further examination. 200 

6 Precipitation 201 

The precipitation of Hato and Mangkhut are also evidently distinct. Figure 9 shows that the 202 

precipitation rate of Mangkhut is generally higher than that of Hato which agrees with their 203 

intensity. In addition, the precipitation area of Mangkhut is much more extensive than that of 204 

Hato (Figs. 9 and 10), which is coherent with their TC sizes. The eyewall of Hato expanded at 205 

first but started to contract when it moved to the proximities of Luzon Strait (Fig. 9a). The 206 

topographic effects of Taiwan Island and Luzon Island are therefore suggested to be ones of the 207 

potential factors leading to such an eyewall contraction. However, there is still no clear 208 

explanation for this. Further investigation, especially numerical modelling study, is warranted. 209 

Later, the eyewall of Hato kept being small during and after landfall. On the other hand, the 210 

eyewall of Mangkhut kept being small and its associating convective clouds were expanding at 211 

first up to where it closed to Philippines (Fig. 9b). The eyewall then started to expand during and 212 

after landfall in the Luzon Island. Such an eyewall expansion has also been found by Wu et al. 213 

(2009) and Chou et al. (2011). Wu et al. (2009) suggested that Luzon Island resulted in the 214 



11 

 

weakening and dissipation of the original eyewall and the early formation of a large outer 215 

eyewall by triggering strong outer spiral rainbands offshore. The eyewall then contracted 216 

substantially when Mangkhut made landfall in South China, whereas the convective clouds 217 

remained widespread. 218 

While TC precipitation has a large axisymmetric component, previous observational 219 

(Lonfat et al., 2007; Chen et al., 2006; Cecil, 2007; Ueno, 2007; Xu et al. 2014) and theoretical 220 

(Jones, 1995; DeMaria, 1996; Frank & Ritchie, 1999, 2001; Rogers et al., 2003; Ueno, 2008) 221 

studies have shown that environmental vertical wind shear leads to an asymmetric component of 222 

the vertical motion and precipitation fields. Moreover, some studies (Kimball, 2008; Yu et al., 223 

2015; Chan et al., 2019; Deng et al., 2019) suggest that vertical wind shear can also play a major 224 

role in precipitation asymmetry before, during and after landfall. When Hato moved from its 225 

cyclogenesis to Luzon Strait, the overall precipitation took place in the southwest quadrant (Fig. 226 

10a). The eyewall expansion can be clearly observed. Later, when it entered the South China Sea 227 

(00–12 UTC 22 August 2017), the precipitation maximum remained in the southwest in the 228 

outer-core region, whereas the precipitation maximum rotated once cyclonically in the inner core. 229 

After Hato made landfall in South China and moved inland, the overall precipitation maximum 230 

rotated cyclonically. 231 

Mangkhut also exhibited various precipitation asymmetry features (Fig. 10b). In the early 232 

stage (7–10 September 2018), the heaviest precipitation rotated cyclonically from southwest to 233 

northeast in the inner core. Later, heavy precipitation concentrated in the southwest, northwest 234 

and northeast quadrants on 12 September. On 13 September, precipitation mainly retained in the 235 

south. Precipitation was enhanced when Mangkhut was about to made landfall in Luzon Island. 236 

Meanwhile, the outer-core rainbands started to keep forming in the southwest and rotated 237 
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cyclonically to the northeast since 13 September. These are likely related to the interaction 238 

between Mangkhut and the Asian summer monsoon. The inner core became relatively dry and 239 

eyewall expanded after Mangkhut made landfall in Luzon Island and entered South China Sea. 240 

When Mangkhut made second landfall in South China, two precipitation maxima are found in 241 

the southwest and northeast quadrants. It is noted that although vertical wind shear can largely 242 

explain the prominent precipitation asymmetry such that precipitation maximum likely locates at 243 

the downshear or downshear-left side (not shown), it cannot explain the fine phenomena like, a 244 

round precipitation rotation in the inner-core region of Hato, persisting rainband generation and 245 

rotation of Mangkhut, two precipitation maxima during landfall of Mangkhut, etc. More efforts 246 

on the asymmetry of TC precipitation are urged. 247 

7 Wake-up call 248 

In summary, this paper gives a comprehensive review and comparison of two deadly Super 249 

Typhoons Hato and Mangkhut. Even though they are both super typhoons, have similar tracks 250 

over the South China Sea, and make similar landfalls in South China, their evolutions and 251 

structural characteristics, for example, movement, intensity, size, and precipitation, are 252 

remarkably different. This study advances the understanding of landfalling super typhoons, 253 

especially those over the South China, providing an informative reference for TC forecasting. 254 

Last but not least, astoundingly, this study reveals that the occurrence of landfalling super 255 

typhoons in South China is significantly increasing (Fig. 11a). Inclusion of Hato in 2017 and 256 

Mangkhut in 2018 substantiates the trend further. It is noteworthy that in the past 49 years 257 

(1970–2018), there are totally 11 landfalling super typhoons in South China, in which 6 of them 258 

appeared in the last 11 years (2008–2018). The maximum of the annual average of TC intensity 259 

in the South China Sea is found to be shifting poleward gradually (Fig. 11b). Although there are 260 
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some fluctuations from time to time, such poleward shift signal is apparent. This implies that 261 

TCs in the northern part of South China Sea are getting stronger, while those in the southern part 262 

of South China Sea are getting weaker. In some sense, this finding is in line with the global 263 

poleward migration of the location of TC maximum intensity. The poleward migration of the 264 

location of TC maximum intensity is significantly linked to the changes in the mean meridional 265 

structure of environmental vertical wind shear and potential intensity, and can possibly be linked 266 

to tropical expansion (Kossin et al., 2014). The poleward migration is projected to continue 267 

under a warming climate (Kossin et al., 2016). Sharmila and Walsh (2018) later suggested that 268 

such poleward shift is likely related to the variation of Hadley cell expansion in tropical regions. 269 

However, Moon et al. (2015) found that there is an inter-basin variability of the poleward shift. 270 

In the Pacific basins, Daloz and Camargo (2018) proposed that the poleward migration of TC 271 

maximum intensity should be due to the poleward shift of cyclogenesis. Nonetheless, they did 272 

not examine on finer regional scale like South China Sea. The present findings give a profound 273 

insight into the local and contingency planning in South China, suggesting that the catastrophic 274 

impacts on coastal residents and infrastructure, which threaten life and property, become and 275 

may become common. 276 

Under the circumstance of global warming, the situation could be even worse. The warming 277 

air allows higher water-vapor capacity of the atmosphere, and thus, will increase in global 278 

precipitation and extremes (Allan & Soden, 2008; Kharin et al., 2013; Hegeral et al., 2015; Kitoh 279 

& Endo, 2016; Prein et al., 2017). Meanwhile, the warming ocean possesses higher heat potential, 280 

and hence, will provide more energy to fuel the TCs. Therefore, the increases in number of 281 

intense TCs and the associated precipitation are expected in the warming climate (Knutson et al., 282 

2015; Walsh et al., 2016). Remarkably, Wu et al. (2015) further shows that there is a westward 283 
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shift of cyclogenesis over the western North Pacific. The landfalling super typhoons in South 284 

China may become more frequent. What’s more, the sea level rise due to global warming will 285 

raise the frequency and threat of severe storm surge along the coast. 286 

Super Typhoons Hato and Mangkhut give us a wake-up call that we must not underrate the 287 

power of nature and the challenges of climate change. We must stay alert and be well prepared to 288 

confront the even higher threats of TCs and extreme weather in the future. Notes that the finding 289 

and discussion presented here do not constitute a detection and attribution study. Further study of 290 

the increase in the occurrence of landfalling super typhoons in South China, and the potential 291 

link to the observed tropical expansion, which is thought to have global warming contributions, 292 

is warranted. 293 
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 488 

Figure 1. Best tracks and intensity evolutions (TD, tropical depression; TS, tropical storm; STS, 489 

severe tropical storm; TY, typhoon; STY, severe typhoon; Super T, super typhoon) of Hato 490 

(from 12 UTC 20 Aug to 12 UTC 24 Aug 2017) and Mangkhut (from 06 UTC 7 Sep to 06 UTC 491 

17 Sep 2018). Track markers are all in six-hourly interval, except the one of Hato at Macau is in 492 

the middle of the neighbors.  493 
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 494 

Figure 2. Movement speeds and mid-level mean flows of Hato and Mangkhut. Top and bottom 495 

x-axes indicate the lifecycles of Hato and Mangkhut, respectively. The goldenrod bars on the x-496 

axes denote the periods when TCs were over land. For example, the first and second bars on the 497 

bottom x-axis depict the periods that Mangkhut was crossing the Philippine and made landfall in 498 

the South China, respectively.  499 
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 500 

Figure 3. As in Fig. 2, but for minimum sea level pressure and maximum winds of Hato and 501 

Mangkhut.  502 
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 503 

Figure 4. As in Fig. 2, but for sea surface temperature and maximum winds of Hato and 504 

Mangkhut. No sea surface temperature data is over land.  505 
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 506 

Figure 5. As in Fig. 2, but for the surface heat flux and maximum of winds of Hato and 507 

Mangkhut.  508 
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 509 

Figure. 6. Visible satellite imageries of Hato at 03 UTC on 23 August 2017 and Mangkhut at 03 510 

UTC on 16 September 2018. Both imageries are on the same scale.  511 
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 512 

Figure 7. As in Fig. 2, but for R11 and R17 of Hato and Mangkhut.  513 
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 514 

Figure 8. Water vapor fluxes (shadings, unit: kg m
-1

 s
-1

), isotachs (dashed contours, unit: m s
-1

), 515 

and streamlines at 850 hPa (unit: m s
-1

) at (a) 10 UTC 21 August 2017 (Hato), (b) 20 UTC 10 516 

September 2018 (Mangkhut) and (c) 21 UTC 12 September 2018 (Mangkhut).  517 
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 518 

Figure 9. Radius-time Hovmöller diagrams of the azimuthal averages of precipitation rate (unit: 519 

mm h
-1

) at each 60-km ring from the TC centers of (a) Hato and (b) Mangkhut. The half-520 

transparent strips in light blue denote the time periods that the storms tracked across the specified 521 

regions.  522 
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 523 

Figure 10. Radius-azimuth Hovmöller diagrams of the averages of precipitation rate (unit: mm 524 

h
-1

) at each 20° azimuth within a radius of (left column) 0–150, (middle column) 150–300 and 525 

(right column) 300–450 km from the TC centers of (a) Hato and (b) Mangkhut. The half-526 

transparent strips in light blue denote the time periods that the storms tracked across the specified 527 

regions.  528 
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 529 

Figure 11. (a) Time series of annual number of landfalling Super Typhoons over South China, 530 

where the region of South China is denoted by the red solid box on the map. (b) Time series of 531 

annual average of TC intensity in South China Sea as a function of latitude, where the region of 532 

South China Sea is denoted by the blue dashed box on the map in (a). 533 


