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Abstract (174 words) 37 

Global warming already affects weather and climate worldwide; accordingly, various 38 

studies have been conducted to understand the effects of climate change on tropical 39 

cyclones (TCs). The translation speed of a tropical cyclone is a particularly important 40 

feature, as a slower translation speed lengthens the duration of a cyclone’s impact. Here, 41 

on the basis of observational data, we report that tropical cyclone translation speeds in 42 

the middle latitudes of the western North Pacific basin have significantly decreased 43 

during September over the last 40 years. Historical model simulations with and without 44 

observational global warming trends reveal two main factors responsible for translation 45 

speed slowdown: natural decadal climate variabilities (such as the Pacific Decadal 46 

Oscillation) and global warming. Both factors produce an anticyclonic anomaly in the 47 

westerly jet over western Japan; this anomaly relaxes the latitudinal geopotential height 48 

gradient, weakening the environmental synoptic winds by which tropical cyclones are 49 

steered. Furthermore, model simulations for a future warmer climate show that global 50 

warming further reduces the steering flows, leading to more slowly-moving TCs in 51 

autumn in the future. 52 

 53 

 54 
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[MAIN TEXT (4093 words)] 55 

1. Introduction 56 

A recent study by the world’s top eleven scientists on tropical cyclones (TCs) and climate 57 

change showed with high confidence that the precipitation rates of TCs will increase in 58 

a future warmer climate (Knutson et al. 2019a). Although future projections of TC 59 

frequency and intensity suffer from relatively large uncertainties (e.g., Knutson et al. 60 

2019a, Knutson et al. 2019b, Camargo 2013), an anthropogenic global warming of 2 K is 61 

expected to induce a median projected increase of 14 % in the rain rates of TCs globally. 62 

Combined with this expected increase in TC rain rates, the relationship between the TC 63 

translation speed and global warming has attracted growing interest (Kossin 2018a, 64 

Kossin 2018b, Moon et al. 2019, Lanzante 2019, Chan 2019, Yamaguchi et al. 2020, Zhang 65 

et al. 2020a, Zhang et al. 2020b). This interest is warranted primarily because the amount 66 

of accumulated precipitation at a given location is determined not only by the TC rain 67 

rate but also by the TC translation speed (Emanuel 2017, van Oldenborgh et al. 2017, 68 

Altman et al. 2013, Kim et al. 2006). Typhoons Faxai and Hagibis, which struck Tokyo and 69 

its surrounding areas in September and October 2019, respectively, are recent examples 70 

of slow-moving TCs that caused catastrophic damage with tremendous impacts, 71 

including the collapse of river dikes in many cities (Normile 2019). Most importantly, the 72 
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translation speeds of Typhoons Faxai and Hagibis upon approaching Tokyo were 41 and 73 

39 % slower than the average translation speed of typhoons that approached Tokyo in 74 

September and October, respectively. 75 

 76 

Some interesting studies have been reported in recent years on the translation speed of 77 

TCs. According to Kossin 2018a and Kossin 2018b, observational data since the mid-78 

twentieth century indicate a slowdown of TC translation speeds, possibly due to global 79 

warming-induced weakening of the general atmospheric circulation. Some researchers 80 

have noted that this slowdown may not be a real climate signal and could instead be 81 

attributable to inhomogeneities in the observational data (Moon et al. 2019, Lanzante 82 

2019, Chan 2019). Historical model simulations for 1951-2011 suggest that the 83 

translation speeds of TCs in the past have not significantly decreased (Yamaguchi et al. 84 

2020). These previous studies investigated primarily annual and global or basin-wide 85 

mean TC translation speeds, whereas the abovementioned slowdown of TC translation 86 

speeds might become apparent upon examination within a certain month or season and 87 

within a delimited area. Furthermore, from climate change adaptation and mitigation 88 

perspectives, it is of great importance to investigate changes in TC characteristics in fine 89 

detail over time and space, as these characteristics may differ both temporally and 90 
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spatially. 91 

 92 

Here, we investigate whether the TC translation speed has slowed over recent decades 93 

in the western North Pacific (WNP) in detail over time and space using observational 94 

data. Then mechanisms behind the TC translation speed slowdown, if any, are explored 95 

with atmospheric reanalysis products. Furthermore, we analyze historical model 96 

simulations both with and without observational global warming trends from the pre-97 

industrial level in order to quantitatively evaluate the influence of global warming on the 98 

slowdown. Finally, future projections of the TC translation speed slowdown are 99 

discussed based on model simulation results for a future climate assuming a 4 K warming 100 

from the pre-industrial level. 101 

 102 

The methods and data are described in Section 2, the results are outlined in Section 3 103 

and discussed in Section 4, and the summary of this study is given in Section 5. 104 

 105 

2. Methods and Data 106 

2.1 Best track data and verification samples 107 

The translation speeds of TCs are calculated using observational data known as best-108 

track data. The best-track data are taken from the Japan Meteorological Agency 109 
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(https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html). In this 110 

study, we consider a period spanning the past 40 years (1980-2019). As previous studies 111 

have noted (Moon et al. 2019, Lanzante 2019, Chan 2019, Schreck et al. 2014), the best-112 

track data acquired during the pre-satellite era contain inhomogeneities and large 113 

uncertainties in the data quality. For the 40 years from 1980 to 2019, however, 114 

geostationary satellites have been available over the western North Pacific. Thus, it is 115 

relatively unlikely that any TC would go undetected in this period. Moreover, best-track 116 

data have almost certainly become more homogeneous and increasingly reliable over 117 

the last 40 years. 118 

 119 

Verification samples are limited to TC stages where the intensity classification is tropical 120 

storm or higher. The TC stages with intensity classifications of tropical depressions and 121 

extratropical cyclones are also analyzed in the best-track data. However, tropical 122 

depressions and extratropical cyclones are not considered in this study to focus on the 123 

behavior of relatively strong TCs. For exploring the physical mechanisms behind the TC 124 

translation speed slowdown, the Japanese 55-year reanalysis (JRA-55, Kobayashi et al. 125 

2015) is used. 126 

 127 

https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html
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2.2 Model simulations 128 

In this study, we analyze large ensemble simulation results known as Database for Policy 129 

Decision-Making for Future Climate Change (d4PDF, Mizuta et al. 2017). The simulations 130 

were conducted by an atmospheric global circulation model (AGCM). The AGCM used in 131 

this study is the Meteorological Research Institute AGCM, version 3.2 (MRI-AGCM3.2), 132 

with a 60 km horizontal grid spacing, exactly the same as that of MRI-AGCM3.2H listed 133 

in the archive of the fifth phase of the Coupled Model Intercomparison Project (CMIP5, 134 

Mizuta et al. 2012). In the simulations for the historical period with the observational 135 

global warming trend from the pre-industrial level, the observed monthly mean sea 136 

surface temperature (SST) and sea ice concentration from COBE-SST2 (Hirahara et al. 137 

2014) are used as the lower boundary conditions. Global mean concentrations of 138 

greenhouse gases are set to the observational values for each year. The observed SST is 139 

used in the historical simulations without the observational global warming trend from 140 

the pre-industrial level, but the long-term trend is removed (Mizuta et al. 2017, Imada 141 

et al. 2017). The baseline of the detrended SST is the average from 1900 to 1919, during 142 

which the SST warming since the pre-industrial era is not clearly observed, and 143 

greenhouse gases are set to the estimated value in 1850. The ensemble size for both 144 

simulations is 100. In addition to using different initial conditions, small perturbations of 145 
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SST based on its analysis error are adopted for the ensemble experiments.  146 

 147 

A future climate scenario in which the global mean surface air temperature is assumed 148 

to be 4 K warmer than the pre-industrial climate is simulated, corresponding to global 149 

warming around the end of the twenty-first century under the CMIP5 representative 150 

concentration pathway 8.5 (RCP8.5) scenario (Yoshida et al. 2017). The amplitude of 151 

warming is kept constant throughout the simulations. The simulation period is 60 years, 152 

and the ensemble size is 90. Six CMIP5 models are used to obtain the warming pattern 153 

of the SST, and each pattern is added to the observational SST of 1951-2010. For each 154 

warming pattern, 15-member ensemble experiments are conducted using different 155 

initial conditions and sea surface perturbations for each SST change. 156 

 157 

 158 

3. Results 159 

3.1 Observational evidence 160 

Using observational data of TC center positions archived in best-track data, we calculate 161 

the translation speed every 6 hours for every TC that appeared in the WNP from 1980 to 162 

2019. Then, the translation speeds of TCs approaching major cities in the WNP are 163 

averaged in each month over the first (1980-1999, hereafter referred to as P1) and 164 



9 

 

second (2000-2019, P2) twenty years. The definition of approaching is that the center 165 

position of a TC is within 300 km of the point for verification, where the distances 166 

between locations are calculated along a great circle arc. A comparison between P1 and 167 

P2 shows a clear slowdown of the monthly mean TC translation speed in September for 168 

cities north of 25° N. For example, the translation speeds of TCs having approached 169 

Tokyo, Osaka, Naha, Taizhou and Taipei slowed down by 35, 33, 26, 23 and 10 %, 170 

respectively (see Table 1). The slowdown can also be seen in the Joint Typhoon Warning 171 

Center (JTWC) best-track data and is not dependent on best-track data used (not shown). 172 

 173 

3.2 Mechanisms behind the TC translation speed slowdown 174 

We explore the mechanisms responsible for the TC translation speed slowdown using 175 

atmospheric reanalysis products (Kobayashi et al. 2015), revealing that the anticyclonic 176 

anomaly in the westerly jet over western Japan is the origin of the observed 177 

phenomenon (Fig. 1a). The westerly jet exists where the latitudinal gradient of the 178 

geopotential height is largest (35-50° N in Fig. 1a). The anticyclonic anomaly modulates 179 

this latitudinal geopotential height gradient, weakening (strengthening) the gradient in 180 

the southern (northern) part of the anticyclonic anomaly, leading to a decrease 181 

(increase) in the westerly jet; similarly, the meridional wind is decreased (increased) in 182 
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the eastern (western) part of the anticyclone anomaly. These reductions in the zonal and 183 

meridional winds are observed in not only the upper troposphere (Fig. 1b) but also the 184 

middle troposphere (Fig. 1c). As the large-scale winds in the middle to upper 185 

troposphere generally play a significant role in steering TCs, the slowdown of TC 186 

translation speeds is attributed to the slowdown of zonal and meridional winds. Indeed, 187 

when the TC translation speeds are compared between P1 and P2 at each point on the 188 

1° by 1° latitude-longitude grid (see Fig. 2), the area where the TC translation speed 189 

decreases corresponds well to the area where the zonal and meridional winds decrease. 190 

 191 

The westerly jet is weakened in July and exhibits a clear northward shift in October (see 192 

Fig. 3). However, the zonal and meridional winds in the middle to upper troposphere 193 

experience the most notable slowdown in September. Further discussions as to why the 194 

slowdown is the most notably seen in September will be presented in Section 4.1.  195 

 196 

3.3 Influence by the PDO 197 

The black line in Fig. 4 represents the time series of the magnitude of the mean wind 198 

vector at 500 hPa over 25°N - 35°N and 120°E - 140°E (see the dashed red box in Fig. 1c) 199 

during September from 1980 to 2019. The mean wind vector at 500 hPa can be 200 
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considered a proxy for the strength of the environmental steering flows of TCs in this 201 

region. Evidently, the steering flows over this domain were relatively weak from 1999 to 202 

2013 (see yellow shading of Fig. 4). 203 

 204 

Various factors modulate the characteristics of TCs in the WNP at various time scales. 205 

The Pacific Decadal Oscillation (PDO, Mantua et al. 1997) is one such external forcing 206 

and is considered to be responsible for the interdecadal variabilities of TCs (e.g., Liu et 207 

al. 2019, Li and Zhou 2018, Chan 2016, Liu and Chan 2008). Figure 5a shows zonal wind 208 

speed anomalies at 200 hPa in September regressed on the annual mean PDO index1 209 

over a period from 1958 to 2019. The PDO index has positive regression coefficients with 210 

the zonal wind in and around Japan, which means the westerly jet becomes stronger 211 

(weaker) when the PDO index is positive (negative). Thus, it can be inferred that the 212 

translation speed of TCs in and around Japan becomes faster (slower) than normal when 213 

the PDO is in a positive (negative) phase. 214 

 215 

With regard to the 40 years evaluated in this study, two significant changes in the PDO 216 

phase are observed. The first is the shift from a positive to a negative PDO phase from 217 

                                                   
1 The PDO index is retrieved from the Tokyo Climate Center, WMO Regional Climate 

Center in RA II https://ds.data.jma.go.jp/tcc/tcc/products/elnino/decadal/pdo.html 

https://ds.data.jma.go.jp/tcc/tcc/products/elnino/decadal/pdo.html
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1997 to 1999, and the second is the shift from a negative to a positive PDO phase from 218 

2013 to 2014 (see the red line in Fig. 4). The period during which the steering flows are 219 

weak corresponds well to the period between these two significant PDO phase change 220 

events, that is, when the PDO index is almost negative. These changes in the wind speed 221 

and their relationship with natural decadal climate variabilities suggest that the PDO 222 

plays a considerable role in the reduction in TC translation speeds described in Table 1 223 

and Fig. 2. 224 

 225 

3.4 Analyzing historical model simulations with and without global warming 226 

As argued in previous studies, global warming might also play a role in the slowdown of 227 

TC translation speeds. To evaluate the contributions of the PDO and global warming 228 

separately, we analyze large ensemble historical model simulations with and without 229 

observational global warming trends from the pre-industrial level (Mizuta et al. 2017, 230 

Yoshida et al. 2017). The simulations with (without) warming trends are hereafter 231 

referred to as CTL (NGW), and the PDO positive (negative) phase during 1980-1998 232 

(1999-2013) is referred to as PDO+ (PDO-). Please note that the observed SST is used in 233 

both model simulations and thus the PDO signal certainly exists in the simulations. 234 

 235 
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Figure 6a shows the difference in the geopotential height at 200 hPa in September 236 

between PDO+ and PDO- (PDO- minus POD+) by the 100-member ensemble mean of 237 

NGW. An anticyclonic anomaly is detected over western Japan, which means that the 238 

westerly jet can be weakened in the absence of global warming. The anticyclonic 239 

anomaly is also seen in the 100-member ensemble mean of CTL (Fig. 6b); this finding 240 

can be interpreted as a result of the combination of the PDO and global warming during 241 

the period from PDO+ to PDO- (i.e., from 1980 to 2013). 242 

 243 

Calculations indicate that the magnitude of the mean wind vector at 500 hPa over 25°N 244 

- 35°N and 120°E - 140°E (see the dashed red box in Fig. 1c) during September of PDO+ 245 

and PDO- is reduced from 9.16 m/s to 8.56 m/s in NGW and from 8.75 m/s to 8.05 m/s 246 

in CTL. Consequently, in NGW, the PDO effectively reduces the wind speed by 0.60 m/s 247 

on average, whereas the reduction in the corresponding wind speed in CTL is 0.70 m/s 248 

(see Fig. 7). These results indicate that both the PDO and global warming influence the 249 

slowdown of the TC translation speed; in particular, the effect of the PDO is relatively 250 

large. Although the reduction in the wind speed exhibits variability (see Fig. 8), it is 251 

unlikely that global warming alone over the last 40 years caused the slowdown of the TC 252 

translation speed described in Table 1 and illustrated in Fig. 2. 253 
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 254 

The above conclusion does not suggest that global warming has not played a significant 255 

role in the TC translation speed slowdown. Figures 6c and d depict the difference in the 256 

geopotential height at 200 hPa in September between NGW and CTL (CTL minus NGW) 257 

during the PDO+ and PDO- periods, respectively. These plots show the influence of global 258 

warming from the pre-industrial level. The anticyclonic anomaly over western Japan is a 259 

notable feature during the periods of both PDO+ and PDO-. The calculated magnitude of 260 

the mean wind vector at 500 hPa in September over the same domain as before is 261 

reduced from 9.16 m/s to 8.75 m/s in the PDO+ period and from 8.56 m/s to 8.05 m/s in 262 

the PDO- period. These reductions indicate that global warming from the pre-industrial 263 

level also played a significant role in diminishing the TC steering flows. In other words, 264 

global warming from the pre-industrial level might have already reduced the steering 265 

flows with the same level of influence as the PDO in recent years (see Fig. 7). 266 

 267 

3.5 Future projections 268 

Model simulations are conducted not only for the current climate but also for the future 269 

climate (over the period 2051-2110) assuming a 4 K warming of the surface from the 270 

pre-industrial level. Comparisons of the simulation results between the current (CTL) and 271 
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future climates reflect the future variations in the steering flows. The calculated 272 

magnitude of the mean wind vector at 500 hPa in September over the same domain (the 273 

dashed red box in Fig. 1c) is reduced from 8.05 m/s for the PDO- period in CTL to 6.45 274 

m/s for the entire 60-year period in the future climate simulation. Although previous 275 

studies showed large uncertainties in future projections of TC translation speeds 276 

(Gutmann et al. 2018, Kim et al. 2014, Knutson et al. 2013), these results indicate that 277 

the September TC translation speeds will be significantly reduced in a future warmer 278 

climate. Such a substantial decrease in wind speed is also discovered in October (see Fig. 279 

9). Thus, the translation speeds of TCs over Japan, the East China Sea and their 280 

surrounding areas are expected to weaken significantly throughout autumn in the future 281 

warmer climate. 282 

 283 

4. Discussion 284 

4.1 Why is the slowdown the most notably seen in September? 285 

As mentioned in Introduction, a detailed study of the changes in TC characteristics over 286 

time and space is very important from climate change adaptation and mitigation 287 

perspectives, as they may differ both temporally and spatially. Indeed, we have 288 

examined the slowdown of the TC translation speed each month and at each location 289 
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and confirmed that the slowdown is the most notably seen in the mid-latitudes in 290 

September (not shown).  291 

 292 

First of all, as shown in Fig 5a and Fig 7 of Yamaguchi and Maeda (2020), the westerly jet 293 

over and around Japan is largely modulated by PDO. One possible reason why the TC 294 

translation speed slowdown is the most notably seen in September is that September is 295 

a month when the season progresses from summer to autumn, and the westerly jet in 296 

the mid-latitudes changes significantly in intensity (e.g., Hirahara et al. 2012). When the 297 

westerlies are modulated by the PDO during such a month (Fig. 5a), the amount of 298 

changes in the westerlies can become larger, and consequently the impact on the 299 

translation speed of TCs becomes greater. The intensity of the westerlies in the mid-300 

latitudes changes significantly in October, too. However, the modulation of the 301 

westerlies by the PDO is less distinctive in and around Japan (Fig. 10) though reasons for 302 

this need further investigations. It is consistent with previous studies (e.g., Urabe and 303 

Maeda 2014) that the impact of SST anomalies on the atmospheric circulation varies 304 

from month to month. Indeed, the regression coefficient averaged over the red dashed 305 

box in Fig. 1c in September is 1.39 while it is 0.92 in October. 306 

 307 
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As shown in Fig. 9, the significant slowdown of the translation speeds of TCs is seen not 308 

only in September but also in October in the future. This is due to that fact that the 309 

impact of global warming is much larger than the modulation by PDO in a future climate 310 

with a 4 K warming from the pre-industrial level. 311 

 312 

4.2 Anticyclonic anomaly in the westerly jet over western Japan 313 

Why do both PDO and global warming can induce similar anticyclonic circulation 314 

anomalies over western Japan? First of all, El Niño and global warming are both 315 

characterized by warming in the tropical upper troposphere, but the latitudinal changes 316 

of the Hadley cell edge and mid-latitudes eddy-driven jet are opposite in sign (Lu et al. 317 

2008, Sun et al. 2013). This means that a negative PDO and global warming have one 318 

thing in common in that they cause tropical expansion. As shown in Fig. 5a, the westerly 319 

jet shifts equatorward (poleward) during a PDO positive (negative) phase, which has SST 320 

patterns similar to El Niño (La Niña). When looking at geopotential height anomalies at 321 

200 hPa (m) regressed on the annual mean PDO index (Fig. 5b), we can see a similar 322 

pattern shown in Fig. 1a and Fig. 6, but with an opposite sign. So, the positive anomalies 323 

in the geopotential height fields are associated with the poleward shift of the westerly 324 

jet. 325 
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 326 

With regard to global warming, various previous studies have shown that it causes the 327 

tropics to expand and the westerlies to move poleward (e.g., Barnes and Polvani 2013, 328 

Lucas et al. 2014, Tan et al. 2019). However, the poleward shift of the westerly jet is not 329 

uniform in the longitudinal direction (Simpson et al. 2014), and depending on the season 330 

and region, it may shift equatorward (Hirahara et al. 2012). It remains to be seen why 331 

the anticyclonic anomaly in the westerly jet is so pronounced over western Japan in 332 

September and we will investigate this in a future study with numerical simulations 333 

with/without land effects. Of particular interest is summertime land-sea thermal 334 

contrast over East Asia, which has become large in a historical period and is expected to 335 

become larger in a future warmer climate (Kamae et al., 2014a,b). According to Kamae 336 

et al. (2014a,b), such an land-sea thermal contrast induces anticyclonic anomalies over 337 

western Japan and thus modulates atmospheric circulation over Eastern Asia. 338 

 339 

4.3 Various SST warming patters in the future 340 

For the future projections, six different SST warming patterns obtained from the Coupled 341 

Model Intercomparison Project (CMIP5) climate models are used (Mizuta et al. 2017). 342 

Thus, we can estimate the strength of the steering flows in the future for each SST 343 
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pattern. The CMIP5 models used for obtaining SST changes are the Community Climate 344 

System Model, version 4 (CCSM4), the Geophysical Fluid Dynamics Laboratory Climate 345 

Model, version 3 (GFDL-CM3), the Hadley Centre Global Environment Model, version 2 - 346 

Atmosphere and Ocean (HadGEM2-AO), the Model for Interdisciplinary Research on 347 

Climate, version 5 (MIROC5), the Max Planck Institute Earth System Model, medium 348 

resolution (MPI-ESM-MR), the Meteorological Research Institute Coupled Atmosphere–349 

Ocean General Circulation Model, version 3 (MRI-CGCM3). Table 2 shows the strength 350 

of the steering flows in the future for each SST pattern. It is defined as the magnitude of 351 

the mean wind vector at 500 hPa over 25°N - 35°N and 120°E - 140°E (see the dashed 352 

red box in Fig. 1c) as used in Figs. 4, 7 and 9.  353 

 354 

The slowdown of the steering flows is more apparently seen in GFDL-CM3 and MIROC5. 355 

On the other hand, it is mitigated in CCSM4. Figure 11 shows the SST anomalies among 356 

the six different models. Figure 12 shows the SST anomalies regressed onto the steering 357 

flow slowdown anomalies among the six different models. As the figures show, the 358 

steering flows tend to be faster (slower) when the SST around and the east of Japan is 359 

colder (warmer). However, further investigations are needed whether the colder 360 

(warmer) SST is the cause or the result of the faster (slower) steering flows, which are 361 
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associated with the latitudinal shift of the westerly jet. Another feature is that the 362 

slowdown of the steering flows is more clearly seen in the PDO negative phase than in 363 

the PDO positive phase as expected in Results. 364 

 365 

5. Summary 366 

We investigated whether the translation speed of TCs has slowed over recent decades 367 

in WNP with best-track data during a post-geostationary satellite era from 1980-2019. 368 

Analyses of observational data and atmospheric reanalysis products revealed that the 369 

TC translation speed has significantly diminished over Japan, the East China Sea and their 370 

surrounding areas in September over the last 40 years. This slowdown has been caused 371 

by weakening of the steering flows of TCs; in particular, the anticyclonic anomaly in the 372 

westerly jet over western Japan plays a significant role. Moreover, we investigated the 373 

relationship between PDO and changes in the synoptic environment and analyze 374 

historical model simulations both with and without observational global warming trends. 375 

We found that the reduction in steering flows has been largely attributable to the PDO 376 

but has also been affected by global warming over the 40 years. Additionally, considering 377 

the effect of global warming from the pre-industrial level rather than only the past 40 378 

years verified in this study, global warming appears to play a significant role in the 379 
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observed reduction in steering flows. Furthermore, model simulations for a future 380 

warmer climate assuming a 4 K warming of the surface from the pre-industrial level 381 

indicate further reductions in steering flows, leading to TCs that translate more slowly 382 

during the autumn season in the future.  383 

 384 

One important message ascertained from the results of this study is that both the natural 385 

climate decadal variabilities and global warming can make the TC translation speed 386 

slower, but the effects are not uniform in time and space. This is an important message 387 

to disaster preparedness communities. Also the findings of this study imply that, with 388 

the synergistic effects of increase in the rain rate associated with TCs and decrease in TC 389 

translation speeds, the accumulated precipitation at a given location will significantly 390 

increase in autumn in the future. 391 

 392 

To the best of authors’ knowledge, no similar studies have been found in terms of 393 

investigating the changes in the TC translation speed in fine detail over time and space, 394 

and quantitatively evaluating their causes from both global warming and internal climate 395 

variability perspectives using model simulations. Meanwhile, it is true that this study is 396 

a result of model simulations by one numerical model only. It is of great importance to 397 
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assess the robustness of the outcomes of this research using data from other model 398 

simulation results such as CIMIP6 in the future. 399 
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Figure 1. Mechanisms responsible for the slowdown of tropical cyclone translation 517 

speeds over the last 40 years. Shaded areas (with black contours (a)) reflect the 518 

difference in the geopotential height at 200 hPa (a) and in the magnitudes of the mean 519 

wind vector at 200 (b) and 500 hPa (c) in September during 1980-1999 and 2000-2019 520 

(2000-2019 minus 1980-1999). Grey contours (a) represent the geopotential height at 521 

200 hPa in September averaged during 1980-1999. Black vectors (b,c) are the wind 522 

vectors (m/s) in September averaged during 1980-1999. Grey vectors (b,c) are the 523 

differences (m/s) in the mean wind vectors during September between 1980-1999 and 524 

2000-2019 (2000-2019 minus 1980-1999). Yellow dots (a) indicate that the difference 525 

between 1980-1999 and 2000-2019 is statistically significant at the 95% level (p < 0.05, 526 

two-tailed Student’s t-test). 527 
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 529 

Figure 2. Locations where the translation speed of tropical cyclones decreased over the 530 

last 40 years. The ratio of the mean tropical cyclone translation speed at each grid 531 

point between 1980-1999 and 2000-2019 (2000-2019 divided by 1980-1999) is shown. 532 

Red dots indicate that the difference between 1980-1999 and 2000-2019 is statistically 533 

significant at the 95% level (p < 0.05, two-tailed Student’s t-test). 534 
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 538 

 539 

Figure 3. Changes in the monthly-mean wind fields over the last 40 years in July, August 540 

and October. Shaded areas reflect the magnitudes of the mean wind vector at 200 541 

(a,c,e) and 500 hPa (b,d,f) in July (a,b), August (c,d) and October (e,f) between 1980-542 

1999 and 2000-2019 (2000-2019 minus 1980-1999), respectively. Black vectors are the 543 
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wind vectors (m/s) in September averaged during 1980-1999. Grey vectors (b,c) are the 544 

differences (m/s) in the mean wind vectors between 1980-1999 and 2000-2019 (2000-545 

2019 minus 1980-1999).546 



34 

 

 547 

 548 

Figure 4. Relationship between monthly-mean winds and the Pacific Decadal 549 

Oscillation (PDO). Black line represents the time series of the magnitude of the mean 550 

wind vector in September over 25°N - 35°N and 120°E - 140°E from 1980 to 2019. Red 551 

line shows the time series of the annual mean PDO index. Yellow shading reflects the 552 

PDO negative phase (PDO-). 553 
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 556 

Figure 5. Zonal wind (a, m/s) and geopotential height (b, m) anomalies at 200 hPa 557 

regressed on the annual mean PDO index over the period from 1958 to 2019. Black 558 

dots mean that the regression is statistically significant at the 95 % level. 559 
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 562 

Figure 6. Influences of the Pacific Decadal Oscillation (PDO) and global warming on the 563 

modulation of the geopotential height at 200 hPa. The differences in the geopotential 564 

height at 200 hPa (m) between 1980-1998 and 1999-2013 (1999-2013 minus 1980-1998) 565 

in NGW and CTL (see text) are shown in (a) and (b), respectively. The differences in the 566 

geopotential height at 200 hPa (m) between NGW and CTL (CTL minus NWG) during 567 

1980-1998 and 1999-2013 are shown in (c) and (d), respectively. 568 
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570 

Figure 7. Summary of the influences of the Pacific Decadal Oscillation (PDO) and global warming on the slowdown of environmental 571 

steering flows of TCs in September.  572 
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 575 

 576 

Figure 8. Influences of the Pacific Decadal Oscillation and global warming on the 577 

slowdown of environmental steering flows of TCs in September. The histograms are 578 

shown for the differences in the magnitude of the mean wind vector in September 579 

over 25°N - 35°N and 120°E - 140°E between 1980-1998 and 1999-2013 (1999-2013 580 

minus 1980-1998) by the 100 ensemble members of NGW (a) and CTL (b). Red lines 581 

show the ensemble mean value. 582 

 583 
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 585 

Figure 9. Same as Fig. 7, except for October. 586 
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588 

Figure 10. Same as Fig. 5a, but for October.  589 
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 591 

 592 

Figure 11. SST anomalies (°C) of the 6 different models used in the simulations for the future projections. (a) – (f) are for CCSM4, GFDL-593 

CM3, HadGEM2-AO, MIROC5, MPI-ESM-MR and MRI-CGCM3, respectively.594 
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 595 

Figure 12. SST anomalies (°C) of the 6 different models used in the simulations for the 596 

future projections regressed on the steering flows anomalies. The steering flows are the 597 

magnitude of the mean wind vector at 500 hPa over 25°N - 35°N and 120°E - 140°E (see 598 

the dashed red box in Fig. 1c). 599 

 600 

 601 

 602 

 603 



43 

 

 

Table 1. Observational evidence of the slowdown of tropical cyclone translation speeds 604 

in major cities throughout the western North Pacific. The period-averaged translation 605 

speeds in September (km/hour) are shown in the second and third columns. P1, P2, 606 

PDO+ and PDO- signify the periods 1980-1999, 2000-2019, 1980-1998 and 1999-2013, 607 

respectively. The third column shows the ratio of the period-averaged translation speed, 608 

while the fourth column shows the p-value for the two-tailed Student’s test assessing 609 

the statistical significance of the difference between P1 and P2 (PDO+ and PDO-). 610 

 P1 (PDO+) P2 (PDO-) P2/P1 (PDO-/PDO+) p-value 

Tokyo 53.9 (53.9) 34.9 (34.6) 0.65 (0.64) < 0.01 (< 0.01) 

Osaka 45.3 (45.7) 30.3 (25.6) 0.67 (0.56) < 0.01 (< 0.01) 

Naha 19.5 (20.7) 14.4 (13.3) 0.74 (0.64) < 0.01 (< 0.01) 

Taizhou 21.4 (21.4) 16.5 (16.2) 0.77 (0.76) 0.05 (0.06) 

Taipei 17.9 (17.9) 16.1 (14.0) 0.90 (0.78) 0.20 (< 0.01) 
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Table 2. Steering flows (m/s) of the 6 different SST warming patterns for a period of 2051-2110, 2080-2098 (PDO positive phase) and 612 

2099-2110 (PDO negative phase). The steering flows are the magnitude of the mean wind vector at 500 hPa over 25°N - 35°N and 120°E 613 

- 140°E (see the dashed red box in Fig. 1c). 614 

 

Average CCSM4 GFDL-CM3 HadGEM2-AO MIROC5 MPI-ESM-MR MRI-CGCM3 

2051-2110 6.45 7.41 5.48 6.82 5.73 6.73 6.51 

PDO+ (2080-2098) 6.94 8.08 5.87 7.32 6.16 7.27 6.94 

PDO-（2099-2110） 6.40 7.38 5.30 6.74 5.72 6.86 6.43 

 615 
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