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Abstract 32 

 33 

Typhoon Krosa (2019) formed in the eastern part of the Philippine Sea 34 

and ~1400 km east of another typhoon Lekima on 6 August and made 35 

landfall in the western part of Japan’s mainland on 15 August. The 36 

operational global model forecasts, which were initialized just after Krosa’s 37 

formation, showed a very large uncertainty and totally failed to predict the 38 

actual track of Krosa. In this study, we investigated the causes of this large 39 

uncertainty through 101-member ensemble forecast experiments by using a 40 

28-km mesh global nonhydrostatic model. The experiments initialized at 1200 41 

UTC 6 August, showed a large uncertainty. An ensemble-based lagged 42 

correlation analysis indicated that the western North Pacific Subtropical High 43 

(WNPSH) retreated further east in the members with large track forecast 44 

errors than in the members with small errors. For the members with a large 45 

track forecast error for Krosa, Krosa and Lekima approached each other by 46 

250 km and Krosa moved northward faster than the observation in 36 hours 47 

from the initialization time. For the members with a small track forecast error 48 

for Krosa, two typhoons approached each other by only 50 km, and the 49 

northward moving speed was comparable with that of the observation. The 50 

typhoon-center relative composite analysis exhibited that at the initialization 51 

time, the members with a large Krosa track forecast error had a larger 52 

horizontal size of Krosa and the difference in Krosa’s size was kept during 53 

the forecast period. This difference in size led to a stronger interaction 54 

between the two typhoons and retreatment of the WNPSH, thus resulting in a 55 

fast northward moving speed for the members with a large Krosa track error. 56 
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1. Introduction 61 

 Tropical cyclones (TCs) often cause destructive disasters and threaten human 62 

lives and socioeconomics. To mitigate the damages caused by TCs, continuous 63 

efforts are needed to improve track forecasts. By 2030, the Japan 64 

Meteorological Agency (JMA) aims at reducing the track forecast errors of 65 

typhoons on forecast day 3 to less than 100 km, which is approximately half the 66 

current forecast error (see Fig 4.1 of JMA 2020). The forecasting of TC tracks 67 

has significantly been improved in recent decades. However, the forecasts 68 

occasionally experience unusual large errors or uncertainties, which are 69 

sometimes called “forecast busts.” Thus, to further improve the track forecasts 70 

of TCs, it is necessary to understand what causes such unusual large forecast 71 

errors or uncertainties. 72 

The thick color line surrounded by black in each panel of Fig. 1 shows the best 73 

track data for Typhoon Krosa (2019). Krosa formed at 0600 UTC 6 August, in 74 

the eastern part of the Philippine Sea under the convective envelope associated 75 

with the boreal summer intraseasonal oscillation (BSISO; Wang and Rui 1990; 76 

Wang and Xie 1997; Kikuchi 2021). Afterward, by 8 August, it moved 77 

northwestward, and by 11 August, it slowed down and made a complex 78 

trajectory. Subsequently, it moved northwest/north-northwest again and, on 15 79 

August, made landfall on the Hiroshima prefecture, the western part of the 80 

mainland of Japan. It should be noted that at the formation time of Krosa, 81 

another typhoon, Lekima, was located at ~1400 km west of Krosa. Lekima 82 

moved northwestward and made landfall on the central part of the mainland of 83 

China on 9 August. 84 

Fig. 1 
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The operational models initialized at 1200 UTC 6 August, showed a very large 85 

uncertainty in forecasting Krosa’s track (Figs. 1a, 1e, and 1i). For example, the 86 

European Centre for Medium-Range Weather Forecasts (ECMWF) and JMA 87 

models barely captured the observed Krosa’s track within the uncertainty range. 88 

However, the spread was very large; the westernmost track would hit Korea, 89 

and the easternmost track would go through the oceanic area east of Japan 90 

without making landfall (Figs. 1a and 1e). The National Centers for 91 

Environmental Prediction (NCEP) model showed a small uncertainty; however, 92 

it totally failed to predict the actual track of Krosa; all members predicted that 93 

Krosa would go through to the east of Japan without making landfall (Fig 1i). 94 

For the later model initialization time, the uncertainty of Krosa’s track forecast 95 

decreased, and the forecasts of the three models converged to the observed 96 

track in the experiments initialized at 1200 UTC 9 August (Figs 1d, 1h, and 1i). 97 

In the western North Pacific (WNP) region, it is well known that the WNP 98 

subtropical high (WNPSH) strongly modulates TC tracks in various time scales. 99 

TC tracks are modulated by the convective activity in the tropics since it affects 100 

the westward extension of WNPSH (Lu and Dong 2001). Nakazawa and 101 

Rajendran (2007) found that the seasonal number of TCs approaching Japan 102 

or making landfall on it is strongly modulated by the presence of an 103 

anticyclonic anomalous circulation east of the Philippines due to the shifting of 104 

the WNPSH westward, resulting in a lower-than-normal TC frequency over 105 

Japan. Choi et al. (2010) showed that the Pacific–Japan pattern (Nitta 1987) 106 

changes the TC activity in WNP. In addition, Nakano et al. (2021) showed that 107 

the suppressed and enhanced convection associated with BSISO affects TC 108 

tracks, and this impact is well reproduced by the ECMWF model. Camp et al. 109 
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(2019) showed the potential of TC landfall seasonal forecasts by using 110 

WNPSH indices predicted by UK MetOffice’s global seasonal forecast system 111 

in June–August. It is worth noting that a TC creates anticyclonic anomaly 112 

northeast of its location due to the Rossby response to its convective heating 113 

(Kawamura and Ogasawara 2006), resulting in WNPSH enhancement. 114 

In the cases when two or more TCs closely coexist, they interact with each 115 

other (a.k.a. “Fujiwhara effect”; Fujiwhara 1921, 1923). Brand (1970) showed 116 

that the interaction characteristics depend on the separation distance between 117 

such TCs; rotating cyclonically within each other when the separation distance 118 

is less than 750 NM (~1390 km) and attracting each other when the separation 119 

distance is less than 400 NM (~740 km). Peng and Reynolds (2005) showed 120 

that an interaction can occur even when the separation distance is 1861 km. 121 

Moreover, Brand (1970) mentioned that the track forecast errors for TCs the 122 

Fujiwhara effect taking place were larger than average in the 1960’s. The 123 

forecast bust cases associated with such storms can still be seen in state-of-124 

the-art numerical weather prediction systems (e.g., Choi et al. 2017). 125 

The ensemble-based sensitivity analysis (Ancell and Hakim 2007; Torn and 126 

Hakim 2008) and clustering the ensemble members by using a ranking of a 127 

metric or the characteristics of predicted TC tracks are used to diagnose the 128 

main cause of forecast bust. Nakashita and Enomoto (2021) performed an 129 

ensemble sensitivity analysis for Typhoon Hagibis (2019) and found that the 130 

ensemble members with large track errors have an initial perturbation to 131 

weaken the ridge of WNPSH. Magnusson et al. (2014) explored the main 132 

causes of the uncertainties in the forecasting of Hurricane Sandy (2012), which 133 

made landfall on the eastern coast of the US from the Atlantic, by grouping the 134 
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ensemble members into landfall members and moving to the east members and 135 

suggested that weaker extension of the subtropical ridge resulted in eastward 136 

track. 137 

In this study, we investigated the main causes of the large uncertainty in 138 

Krosa’s track forecasting through 101-member ensemble forecast experiments 139 

by using a global nonhydrostatic model. The rest of this paper is organized as 140 

follows. Section 2 describes the experimental setup of the ensemble forecast 141 

experiments. Section 3 introduces the data utilized in this study except for the 142 

model experimental data and explains the analysis methods. Section 4 shows 143 

the results of the experiments, a discussion, and a comparison of the 144 

operational model data. Section 5 presents the summary and conclusions of 145 

this study. 146 

 147 

2. Model Experiment 148 

The model used in this study is a 28-km mesh Nonhydrostatic ICosahedral 149 

Atmospheric Model (NICAM [version NICAM.18]; Satoh et al. 2014; Kodama et 150 

al. 2021). The number of vertical layers was set to 38, and the model top was 151 

located at 37 km. The moist convection was explicitly calculated using a single-152 

moment cloud microphysics scheme (Roh and Satoh 2014) without any 153 

cumulus parameterization. The atmospheric initial condition was provided by an 154 

operational weather analysis system called NICAM-LETKF JAXA Research 155 

Analysis (NEXRA, https://www.eorc.jaxa.jp/theme/NEXRA/index_e.htm, Kotsuki 156 

et al. 2019). NEXRA’s core data assimilation system is NICAM-LETKF (Terasaki 157 

and Miyoshi 2017; Kotsuki et al. 2017), and it combines the ensemble 158 
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simulation obtained by NICAM and the in situ/satellite observations by LETKF 159 

(local ensemble transformed Kalman filter, Hunt et al. 2017). Note that neither 160 

TC position and intensity analysis data (so-called TCVITAL) nor Synthetic 161 

Tropical Cyclone Bogus Reports (SYNDAT) are assimilated for NEXRA 162 

production. The ensemble size and horizontal resolution of NEXRA were 100 163 

and 112 km, respectively. We used all the ensemble analysis members (100) 164 

and their mean for the model initialization. Thus, there were 101 members in 165 

total. SST was predicted by a slab ocean model with a constant depth of 15 m. 166 

Moreover, SST was nudged toward the initial values with an e-folding time of 7 167 

days. The initial value of SST (1°×1° horizontal resolution) was obtained from 168 

the Global Data Assimilation System of NCEP.  The SST data was also used in 169 

NEXRA’s data assimilation cycle. The model simulations were initialized at 1200 170 

UTC from the 6th to the 9th of August and integrated for 10 days to examine 171 

whether the model can reproduce a large uncertainty.  172 

 173 

3. Data and Method 174 

The best track data of the Regional Specialized Meteorological Center (RSMC; 175 

Tokyo) was used as observational data of the TC location and minimum sea 176 

level pressure. The operational ensemble forecasts of ECMWF, JMA, and 177 

NCEP (see Table 1), which were taken from the International Grand Global 178 

Ensemble archive (TIGGE; Bougeault et al. 2010; Swinbank et al. 2016), were 179 

used for the comparison with the NICAM forecasts and discussion. As the 180 

resolution of archived data varies by the operational center and is the coarsest 181 

for JMA data, the other center’s data was regridded to the same resolution, 1.25 182 

Table 

1 
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× 1.25 deg. 183 

As analyzed by Nakano et al. (2017), the TCs in the model were tracked by 184 

searching the sea level pressure (SLP) minimum nearest to the observed TC 185 

center at the initial time and by connecting the nearest SLP minimum along with 186 

the forecast period. Before searching the SLP minimum, the SLP field was 187 

smoothed 100 times using a Gaussian (1-2-1) filter to avoid tracking a meso-188 

vortex embedded in the typhoon scale vortex (e.g., Nolan et al. 2001) or a 189 

spurious minimum, which can be caused by numerical noise (e.g., so-called grid 190 

storm). To define the TC center in NEXRA, the geopotential height at 925 hPa 191 

was used instead of the SLP because the SLP for each ensemble member was 192 

not available. 193 

Because JMA issues 5-day TC track forecast, reducing TC track error, the 194 

distance between the TC center positions analyzed in the best track data and 195 

forecasted by the model, 5 days later of Krosa’s genesis is of interest. To 196 

examine the sensitivity of Krosa’s track forecast, we performed an ensemble-197 

based lagged correlation analysis and a best-worst comparison. The lagged 198 

correlation is formulated with track forecast error at 1200 UTC 11 August 2019, 199 

about 5 days later from Krosa’s genesis (J) and the atmospheric fields (F) of 200 

interest at any time t including initial time as 201 

𝐶𝑜𝑟𝑟(𝑥, 𝑦, 𝑡) =
𝑐𝑜𝑣(𝐽, 𝐹(𝑥, 𝑦, 𝑡))

𝜎(𝐽)𝜎(𝐹(𝑥, 𝑦, 𝑡))
 203 

 202 

Where cov is the covariance between two arguments and σ is the standard 204 

deviation. In the best-worst comparison, the best 20% and worst 20% ensemble 205 

members in terms of the TC track forecast errors for Krosa at 1200 UTC 11 206 
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August 2019 were selected. Then, the difference in the ensemble mean of each 207 

group was analyzed. 208 

 209 

4. Results and Discussion 210 

4.1 General results 211 

Figure 2 shows the predicted Krosa’s track in all the ensemble simulations by 212 

NICAM. The simulations initialized at 1200 UTC 6 August (Fig. 2a) represent a 213 

large uncertainty in Krosa’s track; the westernmost track makes landfall on the 214 

Korean Peninsula, and the easternmost track passes through the east of the 215 

Japanese Islands without making landfall. The uncertainty decreases with a 216 

later model initialization date with a slight eastward bias. The simulations 217 

initialized at 0000 UTC 9 August (Fig. 2d) reasonably capture the observed 218 

Krosa’s track. This uncertainty reduction in the latter model initialization date 219 

was also seen in the operational ensemble forecast system (Fig. 1). Thus, the 220 

main uncertainty cause can be analyzed in detail using the NICAM simulation 221 

data initialized at 1200 UTC 6 August. 222 

 TC tracks are generally affected by vertically averaged flows, which are also 223 

called steering flows. The steering flow can be roughly represented as a 224 

geostrophic flow at 500 hPa, although the depth of steering flow is sensitive to 225 

the TC intensity (Velden and Leslie 1991). Therefore, the ensemble-based 226 

sensitivity analysis was performed using the geopotential height at 500 hPa 227 

(Z500) and Krosa’s track forecast error at 1200 UTC 11 August (Fig. 3). There 228 

was no high sensitivity region in NEXRA, which was used at the model 229 

initialization time (Fig. 3a). At 0000 UTC 7 August (Fig. 3b), the lagged 230 

Fig. 2 

Fig. 3 
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correlation between Z500 and Krosa’s track forecast error on 11 August 231 

became low between the two typhoons of Krosa and Lekima, and the region 232 

extended toward the Japanese Islands along with the forecast time (Figs 3c 233 

and 3d). This result indicates that Z500 is relatively low (high) in the member 234 

with a large (small) Krosa track forecast error. In addition to the negative 235 

correlation region, two positive correlation regions appeared in the northwest 236 

of Lekima’s center and southeast of Krosa’s center. This indicates that Z500 is 237 

relatively high (low) in the members with large (small) track forecast errors for 238 

Krosa. These results suggest that Krosa’s track forecast is sensitive to the 239 

distance between the two typhoons. 240 

 To examine the mechanism behind this forecast sensitivity, the best 20% and 241 

worst 20% members (20 members for both) in terms of Krosa’s track forecast 242 

errors at 1200 UTC 11 August were selected and compared with each other. 243 

The best (worst) members had a forecast track error of less than 600 km 244 

(more than 1700 km) at 1200 UTC 11 August. Figure 4 represents Krosa and 245 

Lekima’s track forecasts for the best, worst, and other members. The best 246 

members (Fig. 4a) predicted a stall in Krosa from the 9th to the 11th of August 247 

and subsequent northwestward or north-northwestward track. The worst 248 

members (Fig. 4b) predicted a fast northward movement of Krosa two days 249 

after the model initialization time and movement toward the east of Japan. For 250 

Lekima’s track forecast, the best members (Fig. 4c) well captured the observed 251 

track. However, the worst members (Fig. 4d) predicted the recurvature of 252 

Lekima toward Japan. These results suggest that the main cause of the track 253 

forecast errors of both typhoons is the same. 254 

 Figure 5 shows that 5860-m (approximating the edge of WNPSH) and 5760-255 

Fig. 4 

Fig. 5 
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m (indicating Krosa and Lekima) contours simulated by the best and worst 256 

members. Although there was a little difference between the ensemble means 257 

of the best and worst members at 0000 UTC 7 August (Fig 5a), the differences 258 

became apparent afterward. With the worst members at 0000 UTC 8 August, 259 

Krosa was predicted northwest of the Krosa predicted with the best members 260 

and Lekima shifted slightly east of that predicted with the best members (Fig 261 

5b). Thus, the distance between the two typhoons was small with the worst 262 

members. In addition, the WNPSH over Japan retreated further east with the 263 

worst members. These differences became larger at 0000UTC 9 August (Fig 264 

5c). These results are consistent with those of the ensemble-based sensitivity 265 

analysis (Fig. 3). 266 

 Figure 6a shows the ensemble mean of six-hourly positions of the two 267 

typhoons predicted with the best and worst members. Whereas Krosa moved 268 

northward fast with the worst members, the northward migration with the best 269 

members was slow and was almost stalled after forecast time of 48 hours (FT = 270 

48 h). With the best members, Lekima moved northwestward faster than with 271 

the worst members. In addition, with the worst members, the recurvature of 272 

Lekima was predicted at approximately FT = 48 h. Krosa’s track forecast error 273 

(Fig. 6b) with the worst members rapidly grew after FT = 18 h and became 274 

greater than 1000 km at FT = 66. However, Krosa’s track forecast error was not 275 

so large (~220 km) with the best members at FT = 72 h. It is worth noting that 276 

the position error at FT = 1 h is slightly larger with the worst members than that 277 

with the best members. Lekima’s track forecast error was almost the same 278 

among the best and worst members at FT = 6 h. However, the error with the 279 

worst members became greater in the latter forecast time and rapidly grew 280 

Fig. 6 
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starting from FT = 48 h. The distance between the two typhoons (Fig. 6c) with 281 

the worst members was 1400 km at FT = 1 h. Afterward, it decreased to 1150 282 

km by FT = 36 h and then increased at the later forecast time. The best 283 

members had little distance changes until FT = 24 h. However, the distance 284 

rapidly increased at a later forecast time. Assuming that both groups represent 285 

the same vortex structure of the typhoons, the interaction between both 286 

typhoons could occur easily when the distance between the two typhoons was 287 

close. Thus, the interaction between the two typhoons would be stronger with 288 

the worst members than with the best members. The predicted Krosa’s central 289 

minimum pressure (Fig. 6d) is deeper than the best track data from the initial 290 

time to FT = 30 h with both members. The model represented Lekima to be 291 

shallower in both members than analyzed with the best track. Thus, the bias in 292 

the central pressure for both typhoons seems not to be related to the track 293 

forecast error. 294 

 These results suggest that the degree of interaction between the two 295 

typhoons and the retreatment of WNPSH affected the uncertainty of Krosa’s 296 

track forecast. These two points are discussed in the following subsections. 297 

 298 

4.2 Why did the strong interaction occur in the worst members? 299 

Figure 7 shows the locations of the typhoons’ centers for both the best and 300 

worst 20 members and the ensemble mean SLP distributions. The existence 301 

frequency of the typhoons’ centers in the east-west and south-north directions 302 

are also shown. At FT = 1 h (Fig. 7a), the low SLP area associated with Krosa 303 

for the worst members located slightly to the west of that of the best members. 304 

Corresponding to this westward shift, the existence frequency of Krosa’s center 305 

Fig. ７ 
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in the east (west) of 142°E was less (more) with the worst members than with 306 

the best members, whereas the frequency was almost the same in the south-307 

north direction for both members. It is worth noting that simulated Krosa’s 308 

centers are biased to the northwest of the best track even in the best members. 309 

This bias is originated from analysis fields in NEXRA (not shown). It suggests 310 

that there is room to improve analysis fields further. These points are discussed 311 

later.  At FT = 12 h (Fig. 7b), the SLP distributions of Krosa with the worst 312 

members shifted to the northwest of those with the best members. The 313 

analyzed center location was well captured by the simulated existence 314 

frequency with the best members. However, it is out of range of the simulated 315 

existence frequency by the worst members, especially in the east-west 316 

direction. Nevertheless, the SLP distribution and existence frequency of the 317 

typhoon center for Lekima were almost the same with both the best and worst 318 

members (Figs. 7c–d). These results suggest that differences in the TC 319 

structure or environments of Krosa may lead to the strong interaction between 320 

Krosa and Lekima in the worst members. 321 

To examine the differences in the typhoon structure, a composite analysis 322 

relative to the typhoon’s center was performed. Figure 8 shows the composite 323 

around Krosa’s center in NEXRA at the model initialization time (1200 UTC 6 324 

August) for the best and worst members. The low geopotential height at 925 325 

hPa (Z925) area near the western edge represents the eastern part of Lekima. 326 

The 680-m contour of Z925 was separated in the composite of the best member 327 

(Fig. 8a); however, it was connected to Lekima in the composite of the worst 328 

members (Fig. 8b). The differences in Z925 (Fig. 8c) indicate that there was an 329 

anticyclonic anomaly north of Krosa’s center with the best members in 330 

Fig. 8 
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comparison with the worst members. The lagged correlation analysis (Fig. 8d) 331 

showed consistent results; Z925 is lower (higher) when the track forecast error 332 

at 1200 UTC 11 August is larger (smaller). The 10-m wind speed was larger at 333 

the east of Krosa’s center with both the best and worst members than at the 334 

west (Figs. 8e and 8f). The small wind speed was induced by a confluence of 335 

the northerly wind by Krosa and the southerly wind by Lekima. The difference 336 

between the best and worst members indicates the weak wind speed anomaly 337 

in the eastern semicircle (Fig. 8g). The lagged correlation analysis (Fig. 8h) 338 

showed the consistent results; the 10-m wind speed is higher (lower) when the 339 

track forecast error at 1200 UTC 11 August is larger (smaller). These results 340 

indicate that the Krosa in the worst members had a larger circulation than that in 341 

the best members.  342 

 Although apparent differences in the vortex structure of Krosa could be found 343 

between the best and worst members, a very little difference in Lekima’s 344 

structure was found (Fig.9). The anomaly of 10 degrees east of Lekima’s center 345 

can be related to the differences in Krosa’s position and size. The Z925 was 346 

higher in the best members (Fig. 9c). This result is consistent with the lagged 347 

correlation analysis (Fig. 9d). The confluence region of Krosa’s northerly and 348 

Lekima’s southerly was shifted to the west more with the worst members than 349 

with the best members. The lagged correlation analysis indicates this feature by 350 

the dipole structure east of the TC center (Fig. 9h), whereas the difference 351 

between the best and worst members showed negative anomaly only there 352 

(Fig. 9g). 353 

How the difference in the initial conditions affects the forecast? Figure 10 354 

shows that SLP at 1800 UTC 6 August (FT = 6 h) in the east and west of 355 

Fig. 9 

Fig. 10 
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Krosa’s center is lower (Fig. 10a) and 10-m wind speed of the outer region, 356 

especially from east to south, is larger (Fig. 10b) in the members with larger 357 

Krosa’s track forecast error at 1200 UTC 11 August. These results indicate that 358 

Krosa’s size is larger in the members with larger track error. The negative 359 

correlation for SLP (Fig. 10c) and the positive correlation for 10 m wind speed 360 

(Fig. 10d) became stronger and surrounded the storm center at 1200 UTC 7 361 

August. These results suggest that Krosa’s structure at the initial condition 362 

affected the vortex structure in the model forecast. The initial vortex structure, 363 

which was larger in size with the worst members, led to active convection in the 364 

outer region. Thus, the larger vortex structure and stronger interaction with 365 

Lekima with the worst members were withheld. 366 

 367 

4.3 Why did a difference in WNPSH occur? 368 

The variation of the WNPSH should be influenced by whether the mass 369 

concentration/dissipation had occurred near the Japanese Islands.  Figures 11 370 

and 12 show the divergence and the geopotential height for the best and worst 371 

members at 200 and 925 hPa, respectively. In the best members (a–c of Figs. 372 

11–12), the trough at 200 hPa existed to the northeast of Krosa. Therefore, 373 

Krosa was embedded in northerly wind environment at 200hPa induced by the 374 

trough and anticyclonic circulation above Lekima existing to the west of Krosa. 375 

At 925 hPa, the WNPSH existed to the east and north of Krosa. Thus, Krosa 376 

was embedded in southerly wind environment caused by the WNPSH and 377 

cyclonic circulation of Lekima. Thus, Krosa was embedded in, generally, 378 

northerly vertical wind shear environment (Fig. 13a). Recall that the convective 379 

activity enhanced downshear/downshear left quadrant (Corbosiero and Molinari 380 

Fig. 12 

Fig. 11 

Fig. 13 
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2002; Ueno 2007), Krosa’s convection, thus convergence at 925 hPa and the 381 

divergence at 200 hPa, biased to the south to southeast of the storm center. 382 

The best members well reproduced these features (a–c of Figs 11–12). In the 383 

worst members (d–f of Figs 11–12), convergence at 925 hPa and the 384 

divergence at 200 hPa, biased to the south quadrant at 0000 UTC 7 August and 385 

these shifted to the east quadrant two days later. It is attributed to changes in 386 

direction of vertical wind shear, from northerly to westerly (Fig. 13b), 387 

accompanied by northward movement of Krosa and presumably begin to be 388 

affected by the jet stream (Ito and Ichikawa 2021). This eastward-biased 389 

divergence at 200 hPa in the worst members may resulted in eastward-biased 390 

difference in Z925 (Fig. 12i) leading to the WNPSH retreatment. 391 

It should be noted that the area of divergence at 200 hPa is larger in the 392 

worst members than that in the best members. This larger area of divergence 393 

near the tropopause may cause wider area pressure decrease in the lower-394 

levels. In fact, Fig. 12i shows that larger area of positive Z925 anomaly (best 395 

member – worst member). This supports that decreases in geopotential height 396 

in wider area occurred in the worst members. Fig 14 shows time series of the 397 

lagged correlation between divergence within 6 degrees (inner area) and 6–9.5 398 

degrees away (outer area) from the Krosa’s center and TC track forecast error 399 

at 1200 UTC 11 August.  In the inner area (Fig. 14a), lower-level convergence 400 

and upper-level divergence are large (small) when the Krosa’s track forecast 401 

error is small (large) after 1200 UTC 7 August (FT = 24 h). In the outer area, 402 

lower level convergence and upper level divergence are small (large) when the 403 

Krosa’s track forecast error is small (large) after 1200 UTC 7 August (FT = 24 404 

h). Sun et al. (2015) demonstrated that significant 500 hPa height decrease 405 

Fig. 14 
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leading to the breaking of WNPSH occurred after 2–3 days integration when the 406 

initial storm size is large. Our results also suggest that the larger storm size in 407 

the worst members leads to retreat of the WNPSH.  408 

 409 

4.4 Did the same situation happen in the operational models? 410 

The readers may wonder whether the proposed mechanism worked in the 411 

operational ensemble forecast systems. The operational centers’ forecasts were 412 

grouped into best and worst and then compared to speculate this point. 413 

However, analyzing the mechanism in detail using operational model data is 414 

beyond the aim of this paper, as the archived data resolution is much coarser 415 

than the actual model resolution except for ECMWF (Table 1). Figure 15 shows 416 

the spaghetti diagram of Z500 for the best and worst members for each 417 

operational system initialized at 1200 UTC 6 August. There is no obvious 418 

difference at 0000 UTC 8 August, whereas NICAM showed apparent differences 419 

(Fig. 5). However, by 10 August, WNPSH retreated more eastward with the 420 

worst members than with the best members. In addition, Krosa’s northward 421 

movement was faster at all centers, and Lekima’s northward movement was 422 

slower at all centers with the worst members except for JMA. Thus, with the 423 

worst members, Krosa and Lekima would rotate around each other in an 424 

anticlockwise direction. Overall, these results suggest that, as found in the 425 

NICAM simulations, at least the stronger interaction between Krosa and Lekima 426 

would occur with the worst members than with the best members and that it is 427 

associated with the eastward retreat of WNPSH. 428 

Fig. 15 
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5. Summary and Conclusion 429 

In this study, the main cause of the uncertainty in forecasting Krosa’s track, as 430 

seen in the operational ensemble forecast data, was examined by a 101-431 

member ensemble forecast by NICAM, which was initialized using the LETKF-432 

based data assimilation product NEXRA. The large uncertainty in the model 433 

initialized at 1200 UTC 6 August and the decrease in uncertainty as the model 434 

initialization time went by, as predicted by the operational systems, were 435 

successfully reproduced by NICAM. The ensemble-based sensitivity analysis of 436 

Krosa’s track forecast error suggested that the track error was sensitive to the 437 

intensity of WNPSH over Japan and the distance between Krosa and Lekima. 438 

The best and worst members (20 for each) in terms of Krosa’s forecast track 439 

error were compared. The westward extension of WNPSH was stronger with the 440 

best members, and the northward movement of Krosa was faster with the worst 441 

members. The distance between Krosa and Lekima decreased by 250 km in 36 442 

hours after the model initialization time with the worst members, whereas the 443 

distance was almost constant in 24 hours after the model initialization time with 444 

the best members. These results suggest that a strong interaction between 445 

Krosa and Lekima occurred with the worst members, leading to a fast northward 446 

movement and a large track forecast error. 447 

The difference in the composite fields between the best and worst members 448 

indicates that Krosa had a larger vortex size with the worst members than with 449 

the best members at the initial conditions. However, little differences were found 450 

around Lekima. The Krosa’s larger vortex size with the worst members at the 451 

model initial time led to larger vortex size with the worst members of the NICAM 452 

forecasts. This larger storm size with the worst member should result in retreat 453 
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of the WNPSH through the mechanism proposed by Sun et al. (2015) and lead 454 

to faster northward movement of Krosa. These results suggest that the analysis 455 

error of the meteorological field including the TC position around Krosa in 456 

NEXRA, which was used in the NICAM forecasts, determines whether a strong 457 

interaction between Krosa and Lekima and the retreat of WNPSH would occur 458 

or not. The analysis of the operational models suggests that at least strong 459 

interaction between two TCs occurred with the worst members also worked in 460 

these models whereas the timing is later than NICAM. 461 

Considering that BSISO sometimes causes multiple TC formations, such as in 462 

the present case, examining whether the track forecast busts associated with 463 

BSISO occur or not is the next step to further improve TC forecasting. Lekima 464 

and Krosa were formed under a convective envelope associated with BSISO. 465 

There is a possibility that it was difficult to obtain enough observational data to 466 

constrain the model, especially at the initial phase of Krosa. Recent studies 467 

have shown that assimilating all-sky radiance data improves TC forecasting 468 

(Honda et al. 2018; Minamide and Zhang 2018). Assimilating satellite-based 469 

synthetic aperture radar (SAR) is also promising because SAR can retrieve high 470 

surface wind speed (> 20 m s-1) even in cloudy/rain areas. Thus, implementing 471 

such advanced methods to NEXRA as well as increasing special resolution of 472 

NEXRA for better use of these data and quantifying the improvement rate of TC 473 

forecasting under many cases (e.g., Nakano et al. 2017) would be useful in 474 

future works. 475 

 476 
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List of Figures 628 

 629 

Fig. 1. Track forecast for Krosa (2019) by the ECMWF (a–d), JMA (e–h), and 630 

NCEP (i–l) models, initialized at 1200 UTC 6 August (a, e, i); 1200 UTC 7 631 

August (b, f, j); 1200 UTC 8 August (c, g, k); and 1200 UTC 9 August (d, h, l), 632 

respectively. The color indicates the valid date (day of August starting from 633 

1200 UTC). The best track is also shown by thick color line surrounded by 634 

black. 635 

 636 

Fig. 2. Track forecast for Krosa by NICAM initialized at 1200 UTC 6 August (a); 637 

1200 UTC 7 August (b); 1200 UTC 8 August (c); and 1200 UTC 9 August (d), 638 

respectively. The color indicates the valid date (day of August starting from 639 

1200 UTC). The best track is also shown by thick color line surrounded by 640 

black. 641 

 642 

Fig. 3. Ensemble-based lagged correlation (shade) between the 500-hPa 643 

geopotential height for 1200 UTC 6 August (a); 0000 UTC 7 August (b); 1200 644 

UTC 7 August (c); and 0000 UTC 8 August (d) and Krosa’s track forecast error 645 

at 1200 UTC 11 August. The contours show the 500-hPa geopotential height 646 

(m) simulated in the experiment initialized with the ensemble-mean of 100-647 

member analyses. 648 

 649 

Fig. 4. Clustered track forecast for Krosa (a–b) and Lekima (c–d), initialized at 650 

1200 UTC 6 August by the track forecast error for Krosa at 1200 UTC 11 651 

August. Best 20 members (a and c), worst 20 members (b and d). The color 652 
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indicates the valid date (day of August starting from 1200 UTC). The best track 653 

is also shown by thick color line surrounded by black. 654 

 655 

Fig. 5. Spaghetti diagram of the 500-hPa geopotential height valid for 0000 UTC 656 

of (a) 7 August; (b) 8 August; and (c) 9 August, respectively. The orange (aqua) 657 

contours are forecasted by the worst (best) 20 members, and the thick lines are 658 

ensemble means of the best and worst members. The contours for 5760 659 

(broken line) and 5860 (solid line) m are shown. 660 

 661 

Fig. 6. Six-hourly ensemble means of the best (blue) and worst members (red) 662 

(a) Track forecast, (b) track forecast error (km), (c) distance between Lekima 663 

and Krosa (km), and (d) minimum sea level pressure (hPa). The plus (+) and 664 

cross (x) symbols in (a, b, and d) are for Lekima and Krosa, respectively. The 665 

minimum sea level pressure in the best track data is also shown by black 666 

curves and symbols in d. 667 

 668 

Fig. 7. Distributions of the TC center position (cross symbols) and SLP 669 

(contours; hPa) at FT = 1 h (a, c) and FT = 12 h (b, d) for Krosa (a–b) and 670 

Lekima (c–d) simulated for the best (blue) and worst (red) members. The black 671 

cross symbols indicate Krosa’s (a–b) and Lekima’s (c–d) position analyzed in 672 

the best track at 1200 UTC 6 August (a and c) and 0000 UTC 7 August. The 673 

existence frequencies of TC center for each latitude and longitude bin (size = 674 

0.5°) are also shown in the left and bottom sub-panel, respectively. 675 

 676 

Fig. 8. Ensemble means of (a-b) the geopotential height at 925 hPa (Z925; m), 677 
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(e-f) 10-m winds (vector; m s-1) and 10-m wind speed (shade; m s-1), analyzed 678 

in NEXRA for the ensemble mean of the best (a, e) and worst (b, f) 20 members 679 

at 1200 UTC 6 August and their differences (c, g) around Krosa. The x and y 680 

axes represent the eastward and northward distance (degree) from Krosa’s 681 

center, respectively. The ensemble-based lagged correlation between (d) Z925 682 

and (h)10-m wind speed and Krosa’s track forecast error at 1200 UTC 11 683 

August are also shown. The thick black contours in a and b are for 680 m of 684 

Z925. 685 

 686 

Fig. 9. Same as Fig. 8 but for around Lekima. 687 

 688 

Fig. 10. TC-center relative ensemble-based lagged correlation between (a, c) 689 

SLP and (b, d)10-m wind speed and Krosa’s track forecast error at 1200 UTC 690 

11 August for (a, b) 1800 UTC 6 August (FT = 6 h) and (c, d) 1200 UTC 7 691 

August (FT = 24 h). The x and y axes represent the eastward and northward 692 

distance (degree) from Krosa’s center, respectively. 693 

 694 

Fig. 11. Ensemble mean of the horizontal winds (vector; m s-1), divergence 695 

(shade; s-1) and geopotential height (contour; m) at 200 hPa for the best (a–c) 696 

and worst (d–f) members and their difference (g–i) at 0000 UTC 7 August (a, d, 697 

g); 0000 UTC 8 August (b, e, h); and 0000 UTC 9 August (c, f, g), respectively. 698 

The blue and red crosses are ensemble mean of TC centers for the best and 699 

worst members, respectively. Thick broken lines in a–f show the radius of 6 and 700 

9.5 degree from the Krosa’s center for reference. 701 

 702 
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Fig. 12. Same as Fig. 11 but for 925 hPa. 703 

 704 

Fig. 13. The vertical wind shear of horizontal winds between 11988 m and 1500 705 

m at 0000 UTC 7 August (red); 8 August (green); and 9 August (blue), 706 

respectively. The x and y axes are the zonal and meridional component (m s-1). 707 

 708 

Fig. 14. Ensemble-based lagged correlation between the divergence averaged 709 

(a) within 6 degrees and (b) between 6 and 9.5 degrees from the Krosa’s center 710 

and Krosa’s track forecast error at 1200 UTC 11 August, respectively. 711 

 712 

Fig. 15. Spaghetti diagram of the 500-hPa geopotential height valid for (a, d, g) 713 

0000 UTC 8 August; (b, e, h) 0000 UTC 9 August; and (c, f, i) 0000 UTC 10 714 

August by the ECMWF (a–c), JMA (d–f), and NCEP (g–i) models, initialized at 715 

1200 UTC 6 August. The thin orange (aqua) contours were forecasted by the 716 

worst (best) 20% (10 for ECMWF, 5 for JMA, 4 for NCEP) of the members in 717 

terms of the Krosa track forecast error at 1200 UTC 11 August. The thick lines 718 

are ensemble means of the best and worst members, respectively. The black 719 

contours show the analysis by each model. The contours for 5760 (broken line) 720 

and 5860 (solid line) m are shown. 721 

 722 

  723 
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 724 

 725 

Fig. 1 Track forecast for Krosa (2019) by the ECMWF (a–d), JMA (e–h), and 726 

NCEP (i–l) models, initialized at 1200 UTC 6 August (a, e, i); 1200 UTC 7 727 

August (b, f, j); 1200 UTC 8 August (c, g, k); and 1200 UTC 9 August (d, h, l), 728 

respectively. The color indicates the valid date (day of August starting from 729 

1200 UTC). The best track is also shown by thick color line surrounded by 730 

black. 731 

 732 

  733 
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 734 

 735 
 736 

Fig. 2 Track forecast for Krosa by NICAM initialized at 1200 UTC 6 August (a); 737 

1200 UTC 7 August (b); 1200 UTC 8 August (c); and 1200 UTC 9 August (d), 738 

respectively. The color indicates the valid date (day of August starting from 739 

1200 UTC). The best track is also shown by thick color line surrounded by 740 

black. 741 

 742 

 743 

744 
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 745 
 746 

Fig. 3 Ensemble-based lagged correlation (shade) between the 500-hPa 747 

geopotential height for 1200 UTC 6 August (a); 0000 UTC 7 August (b); 1200 748 

UTC 7 August (c); and 0000 UTC 8 August (d) and Krosa’s track forecast 749 

error at 1200 UTC 11 August. The contours show the 500-hPa geopotential 750 

height (m) simulated in the experiment initialized with the ensemble-mean of 751 

100-member analyses.  752 

 753 
  754 
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 755 
 756 

Fig. 4 Clustered track forecast for Krosa (a–b) and Lekima (c–d), initialized at 757 

1200 UTC 6 August by the track forecast error for Krosa at 1200 UTC 11 758 

August. Best 20 members (a and c), worst 20 members (b and d). The color 759 

indicates the valid date (day of August starting from 1200 UTC). The best 760 

track is also shown by thick color line surrounded by black. 761 

 762 

  763 
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 764 
 765 

Fig. 5 Spaghetti diagram of the 500-hPa geopotential height valid for 0000 UTC 766 

of (a) 7 August; (b) 8 August; and (c) 9 August, respectively. The orange 767 

(aqua) contours are forecasted by the worst (best) 20 members, and the thick 768 

lines are ensemble means of the best and worst members. The contours for 769 

5760 (broken line) and 5860 (solid line) m are shown. 770 

 771 

 772 

  773 
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 774 
 775 

Fig. 6 Six-hourly ensemble means of the best (blue) and worst members (red) 776 

(a) Track forecast, (b) track forecast error (km), (c) distance between Lekima 777 

and Krosa (km), and (d) minimum sea level pressure (hPa). The plus (+) and 778 

cross (x) symbols in (a, b, and d) are for Lekima and Krosa, respectively. The 779 

minimum sea level pressure in the best track data is also shown by black 780 

curves and symbols in d. 781 

 782 

 783 

  784 
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 785 
 786 

Fig. 7 Distributions of the TC center position (cross symbols) and SLP 787 

(contours; hPa) at FT = 1 h (a, c) and FT = 12 h (b, d) for Krosa (a–b) and 788 

Lekima (c–d) simulated for the best (blue) and worst (red) members. The 789 

black cross symbols indicate Krosa’s (a–b) and Lekima’s (c–d) position 790 

analyzed in the best track at 1200 UTC 6 August (a and c) and 0000 UTC 7 791 

August. The existence frequencies of TC center for each latitude and 792 

longitude bin (size = 0.5°) are also shown in the left and bottom sub-panel, 793 

respectively. 794 

 795 
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 796 
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 798 
 799 

Fig. 8 Ensemble means of (a-b) the geopotential height at 925 hPa (Z925; m), 800 

(e-f) 10-m winds (vector; m s-1) and 10-m wind speed (shade; m s-1), 801 

analyzed in NEXRA for the ensemble mean of the best (a, e) and worst (b, f) 802 

20 members at 1200 UTC 6 August and their differences (c, g) around Krosa. 803 

The x and y axes represent the eastward and northward distance (degree) 804 

from Krosa’s center, respectively. The ensemble-based lagged correlation 805 

between (d) Z925 and (h)10-m wind speed and Krosa’s track forecast error at 806 

1200 UTC 11 August are also shown. The thick black contours in a and b are 807 

for 680 m of Z925.  808 

 809 
  810 
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811 
  812 

 813 

Fig. 9 Same as Fig. 8 but for around Lekima. 814 

 815 

 816 

  817 
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818 
  819 
 820 

Fig. 10 TC-center relative ensemble-based lagged correlation between (a, c) 821 

SLP and (b, d)10-m wind speed and Krosa’s track forecast error at 1200 UTC 822 

11 August for (a, b) 1800 UTC 6 August (FT = 6 h) and (c, d) 1200 UTC 7 823 

August (FT = 24 h). The x and y axes represent the eastward and northward 824 

distance (degree) from Krosa’s center, respectively. 825 

  826 
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 827 
 828 

Fig. 11 Ensemble mean of the horizontal winds (vector; m s-1), divergence 829 

(shade; s-1) and geopotential height (contour; m) at 200 hPa for the best (a–c) 830 

and worst (d–f) members and their difference (g–i) at 0000 UTC 7 August (a, 831 

d, g); 0000 UTC 8 August (b, e, h); and 0000 UTC 9 August (c, f, g), 832 

respectively. The blue and red crosses are ensemble mean of TC centers for 833 

the best and worst members, respectively. Thick broken lines in a–f show the 834 

radius of 6 and 9.5 degree from the Krosa’s center for reference. 835 
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 837 
 838 

 839 

Fig. 12 Same as Fig. 11 but for 925 hPa. 840 
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 842 
 843 

 844 

Fig. 13 The vertical wind shear of horizontal winds between 11988 m and 1500 845 

m at 0000 UTC 7 August (red); 8 August (green); and 9 August (blue). The x 846 

and y axes are the zonal and meridional component (m s-1), respectively.  847 

 848 
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 850 
 851 

Fig. 14 Ensemble-based lagged correlation between the divergence averaged 852 

(a) within 6 degrees and (b) between 6 and 9.5 degrees from the Krosa’s 853 

center and Krosa’s track forecast error at 1200 UTC 11 August, respectively. 854 
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 856 

 857 

Fig. 15 Spaghetti diagram of the 500-hPa geopotential height valid for (a, d, g) 858 

0000 UTC 8 August; (b, e, h) 0000 UTC 9 August; and (c, f, i) 0000 UTC 10 859 

August by the ECMWF (a–c), JMA (d–f), and NCEP (g–i) models, initialized at 860 

1200 UTC 6 August. The thin orange (aqua) contours were forecasted by the 861 

worst (best) 20% (10 for ECMWF, 5 for JMA, 4 for NCEP) of the members in 862 

terms of the Krosa track forecast error at 1200 UTC 11 August. The thick lines 863 

are ensemble means of the best and worst members, respectively. The black 864 

contours show the analysis by each model. The contours for 5760 (broken 865 

line) and 5860 (solid line) m are shown. 866 
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 Table 1 Specifications of the operational ensemble prediction data archived at 873 

TIGGE as of August 2019. 874 

 875 

 ECMWF JMA NCEP 

Model resolution Tco639 (Tco319 

after 10 day) 

TL479 TL574(TL190 after 

8 days) 

Archived data 

resolution 

Same as model 

resolution 

1.25 deg × 1.25 

deg 

1.0 deg × 1.0 deg 

Perturbation 

method 

Singular Vectors 

+Simplified 

Extended Kalman 

Filter 

Singular Vectors + 

Local Ensemble. 

Transform Kalman 

Filter  

Ensemble Kalman 

Filter 

# of members 51 27 21 
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