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Abstract 30 

This study assesses predictability of an enhanced monsoon trough south of Japan in late 31 

August 2016, which is accompanied by Rossby wave propagation over Eurasia and a 32 

consequent anticyclonic Rossby wave breaking east of Japan, with a relaxation technique 33 

using an atmospheric general circulation model. Three types of the relaxation experiments 34 

are conducted, with nudging the model forecast in the upper troposphere toward reanalysis, 35 

for regions of the Rossby wave breaking east of Japan, the Rossby wave propagation over 36 

Eurasia, and both the regions from Eurasia to the east of Japan. All types of the relaxation 37 

experiments show improved reproducibility of the enhanced monsoon trough, which the 38 

operational one-month ensemble prediction in Japan Meteorological Agency failed to 39 

predict. Compared to a result of control experiment, the relaxation experiments show the 40 

more amplified Rossby wave propagation over Eurasia and Rossby wave breaking east of 41 

Japan, as seen in the reanalysis. The upper-level wave amplification contributes to the 42 

improved reproducibility of the enhanced monsoon trough, through that of southwestward 43 

intrusion of upper-level high potential vorticity airmass toward the southeast of Japan. The 44 

results of relaxation experiments indicate primary and secondary contributions from 45 

corrected forecast errors of the Rossby wave breaking east of Japan and the Rossby wave 46 

propagation over Eurasia to the predictability of the monsoon trough, respectively. Their 47 

relative contributions to the enhanced monsoon trough are consistent with a result of 48 

ensemble-based simple sensitivity analysis shown in a related previous study. 49 
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1. Introduction 53 

  The monsoon trough from the South China Sea to the east of the Philippines is 54 

climatologically enhanced in summer in association with strong convergence in the lower 55 

troposphere due to monsoon westerlies and trade winds (e.g., Chan and Evans 2002, 56 

Tomita et al. 2004). An enhancement of the monsoon trough is frequently accompanied by 57 

typhoon formations over the tropical western North Pacific (WNP) (e.g., Takemura et al. 58 

2017, Jinno et al. 2019), and has large impacts on summer climate over East Asia (e.g., 59 

Molinari and Vollaro 2013, Wu et al. 2012, 2013). 60 

  The enhancement of the monsoon trough is associated not only with tropical large-scale 61 

atmospheric and oceanographic variabilities such as the Madden-Julian Oscillation (MJO), 62 

the El Niño Southern Oscillation (ENSO) (Molinari and Vollaro 2017) but also with Rossby 63 

wave breaking (RWB) near the Asian jet exit region. Takemura et al. (2017) showed by a 64 

case study on the RWB case in August 2016 that an equatorward intrusion of high potential 65 

vorticity (PV) airmass due to the RWB east of Japan can promote an enhanced convection 66 

over the subtropical WNP through dynamically-induced ascent. Takemura and Mukougawa 67 

(2020) showed a process from their lag composite analysis that Rossby wave propagation 68 

along the Asian jet (Lu et al. 2002, Enomoto et al. 2003) induces the RWB east of Japan 69 

and the consequent southwestward intrusion of high PV airmass toward the subtropical 70 

WNP. They further showed that the high PV intrusion and the consequent enhanced 71 

convection over the region can excite the Pacific-Japan (PJ) pattern (Nitta 1987, Kosaka 72 
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and Nakamura 2006) based on the mechanism suggested by Takemura et al. (2017). The 73 

PJ pattern is accompanied by lower-level cyclonic (anticyclonic) circulation anomalies near 74 

the Philippines (Japan), which is accompanied by the enhanced monsoon trough to the 75 

south of Japan. These results indicate that atmospheric variability in mid-latitude also can 76 

affect the enhanced convection over the subtropical WNP and the consequent 77 

enhancement of the monsoon trough. 78 

Although a precise prediction of the monsoon trough by medium- to long-range 79 

operational forecasts in boreal summer will largely contribute to reducing the 80 

socio-economic impacts of anomalous weather conditions, it still remains a challenging task 81 

after considerably improved quality of numerical forecast with high resolution models. 82 

Takemura et al. (2020) examined predictability of the enhanced monsoon trough south of 83 

Japan in late August 2016, and showed that operational one-month ensemble forecasts in 84 

Japan Meteorological Agency (JMA) during middle August failed to predict the enhanced 85 

monsoon trough. They also performed an ensemble-based simple sensitivity analysis 86 

(Enomoto et al. 2015), indicating that initial perturbations over sensitive regions of the 87 

Bering sea and near the Asian jet entrance region can contribute to the improvement of the 88 

predictability of the enhanced monsoon trough in late August 2016. They further conducted 89 

the associated hindcast experiments with the initial perturbations over the sensitive regions, 90 

revealing impacts of efficient growth and downstream propagation of perturbations on the 91 

enhanced monsoon trough. Although their hindcast experiments showed reduced forecast 92 
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errors of the enhanced monsoon trough, the intensity of the monsoon trough in the 93 

experiments was still largely underestimated compared with that in the reanalysis. It is 94 

highly expected from these results that a reproducibility of the enhanced monsoon trough 95 

can be greatly improved by reduced forecast errors of the Rossby wave propagation over 96 

Eurasia and the RWB east of Japan during time integration period in the experiments. 97 

One of valid methods to assess the impacts of the reduced upstream forecast errors is a 98 

relaxation technique (e.g., Magnusson 2017). This technique is to nudge the model 99 

forecast over a certain region toward the “truth” such as a reanalysis during the time 100 

integration period, and assess downstream impacts. Jung et al. (2010a, 2010b) and Jung 101 

et al. (2014) performed relaxation experiments using medium- to long-range forecast 102 

models to examine an impact of atmospheric circulations in tropics and high-latitudes on 103 

mid-latitude circulations, due to the teleconnection patterns. For a shorter timescale, 104 

Lamberson et al. (2016) also applied the relaxation technique to investigate predictability of 105 

a rapidly enhanced extra-tropical cyclone over western Europe, which the medium-range 106 

forecast failed to predict. A simpler method to assess impacts of the forecast errors could 107 

be done by comparing ensemble members with large and small forecast errors 108 

(Magnusson 2017). This ensemble-based method, by contrast, will provide us a quite 109 

limited understanding for the origins of the forecast errors, because all ensemble members 110 

failed to predict the enhanced monsoon trough in the case of late August 2016 (Takemura 111 

et al. 2020). 112 
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According to the abovementioned studies, this study conducts the relaxation experiments 113 

using the JMA’s Global Spectrum Model (GSM) to assess a causal relationship of the 114 

forecast errors of the Rossby wave propagation over Eurasia and the RWB east of Japan 115 

with the failed prediction of the enhanced monsoon trough in late August 2016. This line of 116 

approach will be important to increase our knowledge for origins of forecast errors in 117 

mid-latitudes and their influences on the tropical atmospheric circulation. 118 

The paper is arranged as follows. Section 2 describes the reanalysis dataset, models 119 

used, and analysis methods. Section 3 revisits the atmospheric circulation from Eurasia to 120 

the WNP during the period from middle to late August 2016 using the reanalysis dataset, 121 

according to Takemura et al. (2020). In Section 4, we show the results of the relaxation 122 

experiments using the JMA’s GSM to assess impacts of the corrected forecast errors from 123 

Eurasia to the east of Japan in the upper troposphere on the reproducibility of the 124 

enhanced monsoon trough. In Section 5, we quantitatively assess the reproducibility of 125 

atmospheric circulation over the WNP in the lower troposphere, including the enhanced 126 

monsoon trough. Section 6 summarizes the main findings in this study. 127 

 128 

2. Data and methods 129 

  The data used in this study are the 6-hourly and daily mean datasets of the Japanese 130 

55-year reanalysis (JRA-55) for August 2016 and during the 30-yr period from 1981 to 2010, 131 

with a horizontal resolution of 1.25o and 37 pressure levels (Kobayashi et al. 2015). To infer 132 
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convective activities, interpolated outgoing longwave radiation (OLR) (Liebmann and Smith 133 

1996) provided by the National Oceanic and Atmospheric Administration (NOAA) is utilized. 134 

Here, anomalies are defined as a departure from the climatology, which is obtained as the 135 

60-day low-pass filtered 30-year daily averages from 1981 to 2010 using Lanczos filter 136 

(Duchon 1979). 137 

The propagation of Rossby wave packet is analyzed using the wave activity flux (WAF) 138 

defined by Takaya and Nakamura (2001). The horizontal component of WAF is defined as 139 

follows: 140 

𝑾 =
cos 𝜙

2|�̅�|
(

𝑢

𝑟2cos2𝜙
[(

𝜕𝜓′

𝜕𝜆
)

2

− 𝜓′
𝜕2𝜓′

𝜕𝜆2 ] +
�̅�

𝑟2cos𝜙
[

𝜕𝜓′

𝜕𝜆

𝜕𝜓′

𝜕𝜙
− 𝜓′

𝜕2𝜓′

𝜕𝜆𝜕𝜙
]

𝑢

𝑟2cos𝜙
[

𝜕𝜓′

𝜕𝜆

𝜕𝜓′

𝜕𝜙
− 𝜓′

𝜕2𝜓′

𝜕𝜆𝜕𝜙
] +

�̅�

𝑟2 [(
𝜕𝜓′

𝜕𝜙
)

2

− 𝜓′
𝜕2𝜓′

𝜕𝜙2 ]

),     (1) 141 

where 𝑢 is the zonal wind, 𝑣 is the meridional wind, and 𝜓 is the geostrophic stream 142 

function at a reference latitude of 𝜙0 = 40oN, at a pressure level. The overbars and primes 143 

denote the climatology and anomalies, respectively. �̅� = (�̅�, �̅�) is the climatological wind 144 

vector. 𝜆 and 𝜙 denote longitude and latitude, respectively. The WAF is derived from the 145 

5-day running mean. 146 

  To assess impacts of corrected forecast errors from Eurasia to the east of Japan in the 147 

upper troposphere on reproducibility of the enhanced monsoon trough, relaxation 148 

experiments with 25 ensemble members are conducted using the JMA’s GSM version 1705. 149 

The relaxation technique is a method to nudge the model forecast over specific areas 150 

(hereafter referred to as “nudging areas”) toward the 6-hourly reanalysis (i.e. the JRA-55) 151 
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interpolated linearly with time during the time integration period (e.g., Ding et al. 2015, 152 

Magnusson 2017), as briefly introduced in Section 1. The forecast error of the enhanced 153 

monsoon trough will be improved by the nudging if it originates in the nudging areas and 154 

the errors over the nudging areas propagate toward the south of Japan during the time 155 

integration period. To nudge the model forecast toward the reanalysis, the following extra 156 

term is added to the model equations: 157 

  −𝜆(𝑥 − 𝑥𝑟𝑒𝑓),     (2) 158 

where 𝑥 is the model forecast, 𝑥𝑟𝑒𝑓 is the reanalysis, respectively. The nudging variables 159 

are the horizontal wind of 𝑢 and 𝑣, temperature 𝑇, and logarithm of surface pressure ln 𝑃𝑆. 160 

𝜆 ≡ 𝑎𝜆0 is the relaxation coefficient with a timescale of 𝜆0 = 0.1 h-1, according to Ding et al. 161 

(2015). The coefficient 𝑎 represents the nudging areas, which is given by a value of 1 and 162 

0 inside and outside of the nudging areas, respectively. The coefficient 𝑎  is further 163 

smoothed by a cumulative normal distribution function at the edges of the nudging areas 164 

with a width of 10o to avoid computational instability. The GSM has a horizontal resolution 165 

of TL319 and 60 vertical levels with the top of 0.1 hPa. The initial conditions are obtained 166 

from the reanalysis at the initial time of 12 UTC 16 August 2016. The initial perturbations 167 

are provided from JMA, and are created by the Breeding of Growing Mode method (Toth 168 

and Kalnay 1993). During a 10-day integration period with a time step of 450 s, the GSM is 169 

forced at the lower boundary by global daily sea surface temperatures (MGDSST) and the 170 

climatological sea ice, which are also provided by JMA. 171 
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To extract low-frequency components including quasi-stationary Rossby waves, a 5-day 172 

running mean is applied to the daily data of the reanalysis and the results of the relaxation 173 

experiments. 174 

 175 

3. Atmospheric circulations from mid- to late August 2016 176 

  The upper- and lower-tropospheric stream function anomalies, 360-K isentropic PV in the 177 

reanalysis, and OLR anomalies during the period from 18 to 23 August 2016 are briefly 178 

revisited in Fig. 1, according to Takemura et al. (2020). In the upper troposphere, the 179 

Rossby wave propagation accompanied by the meandered Asian jet is persistently seen 180 

over the area from Eurasia to the east of Japan during the period (Figs. 1a, 1d, 1g, and 1j). 181 

The upper-level strong wave propagation contributes to the persistent ridge east of Japan 182 

and the enhanced trough south of Alaska, accompanied by an anticyclonic RWB 183 

occurrence with an meridional overturning of the upper-level PV after 20 August (Figs. 1e, 184 

1h, and 1k). The consequent southwestward intrusion of the upper-level high PV airmass 185 

from south of Alaska toward the southeast of Japan contributes to enhanced convection 186 

southeast of Japan (purple contour in Figs. 1h and 1k) through dynamically-induced ascent 187 

(Takemura et al. 2017). 188 

In the lower troposphere, the enhanced anomalous cyclonic circulation south of Japan in 189 

middle August (Fig. 1c) once weakens in 20 August (Fig. 1f), and then amplifies again after 190 

22 August (Figs. 1i and 1l), indicating the persistent monsoon trough. The enhanced 191 
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anomalous cyclonic circulation can be explained as a Rossby wave response to heat 192 

sources associated with the enhanced convection southeast of Japan (Figs. 1h and 1k) 193 

(Takemura et al. 2017). Meanwhile, a persistent anomalous anticyclonic circulation is 194 

clearly seen east of Japan (Figs. 1c, 1f, 1i, and 1l), corresponding to an extended North 195 

Pacific subtropical high toward the east of Japan. These anomalous circulations in the 196 

lower troposphere indicate southwest–northeast-oriented dipole anomalies over the WNP, 197 

which corresponds to a northeastward shifted PJ-like pattern. 198 

The JMA’s operational ensemble prediction with an initial time of 16 August 2016 199 

underestimated intensity of the Rossby wave propagation and the RWB east of Japan, and 200 

consequently failed to predict the enhanced monsoon trough in late August 2016 201 

(Takemura et al. 2020). Hereafter a lead time of +7 day (23 August 2016), which is a 202 

verification time defined by Takemura et al. (2020) in their ensemble-based simple 203 

sensitivity analysis (Enomoto et al. 2015), is mainly focused to assess the predictability of 204 

the enhanced monsoon trough. 205 

 206 

4. Relaxation experiments 207 

  To assess the causal relationship between the forecast errors from Eurasia to the east of 208 

Japan in the upper troposphere and the failed prediction of the enhanced monsoon trough 209 

in late August 2016, the relaxation technique is applied using an atmospheric general 210 

circulation model (JMA’s GSM). Here we performed three types of the relaxation 211 
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experiments, with the nudging areas (Fig. 2) of the RWB east of Japan (150oE–160oW, 212 

30o–70oN; red line in Fig. 2; RWB-exp), the Rossby wave propagation over Eurasia (30o–213 

150oE, 30o–70oN; blue line in Fig. 2; EWP-exp), and both the regions from Eurasia to the 214 

east of Japan (30oE–160oW, 30o–70oN; green line in Fig. 2; BTH-exp), above a pressure 215 

level of 500 hPa. The nudging areas in the RWB-exp and EWP-exp include the sensitive 216 

regions, which is obtained from the simple sensitivity analysis performed in Takemura et al. 217 

(2020). According to the nudging technique described in Eq. (2), the RWB-exp still includes 218 

forecast errors over the nudging areas of the RWB during the time integration period. The 219 

forecast errors over the RWB are expected to be further reduced by the decreased forecast 220 

errors of the Rossby wave propagation along the Asian jet (i.e., the EWP-exp). The 221 

BTH-exp thus represents an accumulated effect of the reduced forecast errors for the 222 

Rossby wave propagation along the Asian jet and the RWB east of Japan. Differences in 223 

the ensemble mean between the relaxation experiment and a non-relaxation (i.e., control) 224 

experiment (CTL-exp) can be identified as atmospheric responses to the nudgings, which 225 

are simply referred to as “response”. The significance of the ensemble mean response is 226 

estimated by Welch’s t-test. 227 

 228 

4.1. Forecast errors in CTL-exp 229 

To firstly examine the forecast errors of the monsoon trough in the CTL-exp in lead time 230 

of +7 day (i.e., 23 August 2016), differences in 850-hPa stream function between the 231 
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ensemble mean of the CTL-exp and the reanalysis are shown in Fig. 3. The lower-level 232 

stream function clearly shows its positive forecast errors south of Japan (shading in Fig. 3), 233 

corresponding to underestimated strength of the monsoon trough with the weaker eastward 234 

extension of cyclonic circulation along the latitudinal band of 20oN (contour in Fig. 3) 235 

compared to the reanalysis. The forecast error of the lower-level stream function, by 236 

contrast, shows its negative values east of Japan associated with underestimated 237 

extension of the North Pacific subtropical high toward the region. These forecast errors 238 

show a southwest–northeast-oriented dipole pattern, which has an opposite sign to the 239 

anomalies in the reanalysis (shading in Fig. 1l), indicating the underestimated PJ-like 240 

pattern. 241 

Although the forecast error in the CTL-exp (Fig. 3) shows similar pattern with that in the 242 

JMA’s operational one-month ensemble forecast, the distribution is slightly different over a 243 

wide area of the western North Pacific between them (not shown). It is presumed that 244 

difference in the version of the model between the operational forecast and the CTL-exp in 245 

this study is one of the factors of this difference in the forecast errors. The difference in 246 

dataset used for the initial conditions between the operational forecast (GANAL: Global 247 

objective analysis data) and the CTL-exp (i.e., the JRA-55) also may influence the 248 

difference of the forecast errors. 249 

 250 

4.2. Results of RWB-exp 251 
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  Figure 4 shows the responses of the upper- and lower-tropospheric stream function 252 

anomalies, 360-K isentropic PV, and precipitation in the RWB-exp from the initial time of 12 253 

UTC 16 August until lead time of +7 day (23 August). The stream function at 200 hPa in the 254 

nudging area (surrounded by green dashed lines in left panels) shows amplified responses 255 

with the lead time, with significant positive responses over the ridge east of Japan and 256 

significant negative ones over the trough south of Alaska (Figs. 4a, 4d, 4g, and 4j). These 257 

responses indicate the corrected forecast errors of the RWB east of Japan, resulting from 258 

the nudging toward the reanalysis. The negative response of the stream function south of 259 

Alaska in the upper troposphere further shows southwestward extension toward the south 260 

of the ridge east of Japan from the lead time of +4 day to +6 day (Figs. 4d and 4g). The 261 

extension of the upper-level negative stream function response corresponds to the 262 

southwestward intrusion of upper-level high PV airmass toward the southeast of Japan 263 

(shadings in Figs. 4b, 4e, 4h, and 4k). The upper-level high PV intrusion is associated with 264 

significant positive responses of precipitation (i.e., enhanced convection) southeast of 265 

Japan (purple contours in middle panels of Fig. 4), as with the reanalysis (middle panels of 266 

Fig. 1). 267 

The 850-hPa stream function shows amplified significant negative responses from Japan 268 

to the south (shadings in Figs. 4c, 4f, 4i, and 4l) in association with the Rossby wave 269 

response to the enhanced convection southeast of Japan. The eastward extended trough 270 

toward the dateline (contours in Figs. 4c, 4f, 4i, and 4l) is also clearly seen in the lower 271 
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troposphere associated with the enhanced convection along a latitudinal band of 20oN. 272 

These lower-level negative stream function responses indicate improved forecast of the 273 

enhanced monsoon trough resulting from the nudging. The lower-level circulation further 274 

shows significantly amplified positive responses east of Japan, corresponding to the 275 

enhanced extension of the North Pacific subtropical high toward the east of Japan. These 276 

lower-level responses show the northeastward shifted PJ-like pattern, contributing to the 277 

cancellation of the lower-level forecast errors with the underestimated pattern (Fig. 3). 278 

  To assess the forecast error and the reproducibility of the monsoon trough, daily 279 

timeseries of areal-averaged 850-hPa relative vorticity over region “A” (surrounded by 280 

orange bold dashed lines in Fig. 2) from the initial time to the lead time of +9 day is shown 281 

in Fig. 5. In the reanalysis (black line in Fig. 5), the lower-level positive vorticity south of 282 

Japan clearly increases after the lead time of +5 day, consistent with the enhanced 283 

monsoon trough (Figs. 1i and 1l). The lower-level vorticity represented by the ensemble 284 

mean in the CTL-exp (blue dashed bold line) fails to reproduce the rapidly enhanced 285 

monsoon trough, particularly after the lead time of +6 day. Difference in the lower-level 286 

vorticity between the ensemble mean of the CTL-exp and the reanalysis consequently 287 

amplifies after the lead time of +6 day, resulting in the large forecast errors (Fig. 3). The 288 

RWB-exp (red dashed bold line), by contrast, shows the increasing lower-level vorticity 289 

associated with the more enhanced monsoon trough after the lead time of +5 day, 290 

compared to the CTL-exp. The smaller ensemble spread of the lower-level vorticity in the 291 
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RWB-exp (red error bars) during the time integration period, compared to that in the 292 

CTL-exp (blue error bars), is due to the nudging toward the reanalysis to the east of Japan 293 

in the upper troposphere. This result indicates that the corrected forecast errors of the RWB 294 

east of Japan can contribute to the improved reproducibility of the enhanced monsoon 295 

trough in late August 2016, through the reproduced upper-level high PV intrusion caused by 296 

the RWB. 297 

 298 

4.3. Results of EWP-exp 299 

  Figure 6 shows the responses of the atmospheric circulations in the EWP-exp. The 300 

200-hPa stream function from the nudging area (surrounded by green dashed lines in left 301 

panels) shows amplified responses with the lead time, with significant responses of wave 302 

train over Eurasia (Figs. 6a, 6d, 6g, and 6j). A positive response of the upper-level stream 303 

function is also significantly amplified over the persistent ridge east of Japan, indicating a 304 

downstream influence of the corrected forecast errors from Eurasia on the RWB. These 305 

corrected forecast errors of the Rossby wave propagation over Eurasia and the RWB east 306 

of Japan can promote the strong southwestward intrusion of high PV airmass toward the 307 

southeast of Japan (shadings in Figs. 6b, 6e, 6h, and 6k). The upper-level high PV intrusion 308 

is further associated with significantly enhanced convection southeast of Japan (middle 309 

panels of Fig. 6). 310 

The 850-hPa stream function shows significantly amplified negative responses south of 311 
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Japan (shadings in Figs. 6c, 6f, 6i, and 6l) associated with the Rossby wave response to 312 

the enhanced convection southeast of Japan, indicating the improved reproducibility of the 313 

enhanced monsoon trough. The lower-level responses of the stream function from the 314 

south to the east of Japan also show the northeastward shifted PJ-like pattern, contributing 315 

to reducing the forecast errors in the lower troposphere over the region (Fig. 3). 316 

Figure 7 shows the daily timeseries of areal average of 850-hPa relative vorticity over 317 

region “A” until the lead time of +9 day in the EWP-exp. The lower-level vorticity in the 318 

EWP-exp (red dashed bold line) shows the rapidly increased and higher values from the 319 

lead time of +7 to +8 days in association with the enhanced monsoon trough, compared to 320 

the CTL-exp (blue dashed bold line). The ensemble spread of the lower-level vorticity in the 321 

EWP-exp is quite small resulting from the nudging toward the reanalysis over Eurasia in the 322 

upper troposphere. These results indicate that the corrected forecast errors of the Rossby 323 

wave propagation over Eurasia also can contribute to the improved reproducibility of the 324 

enhanced monsoon trough in late August 2016, through the reproduced RWB and the 325 

consequent southwestward intrusion of the upper-level high PV airmass. 326 

 327 

4.4. Results of BTH-exp 328 

  To examine the accumulated contribution of the Rossby wave propagation over Eurasia 329 

and the RWB east of Japan to the reproducibility of the enhanced monsoon trough, the 330 

responses of the atmospheric circulations in the BTH-exp are further shown in Fig. 8. The 331 
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200-hPa stream function from the nudging area (surrounded by green dashed lines in the 332 

left panels) shows amplified responses with the lead time, with significant responses of 333 

wave train over Eurasia and the RWB east of Japan (Figs. 8a, 8d, 8g, and 8j). These 334 

corrected forecast errors of the Rossby wave propagation over Eurasia and the RWB east 335 

of Japan can promote the strong southwestward intrusion of high PV airmass toward the 336 

southeast of Japan (shadings in Figs. 8b, 8e, 8h, and 8k). The upper-level high PV intrusion 337 

is further associated with significantly enhanced convection southeast of Japan (middle 338 

panels of Fig. 8). 339 

The amplified significant negative responses of the 850-hPa stream function south of 340 

Japan (shadings in Figs. 8c, 8f, 8i, and 8l), which are resulting from the enhanced 341 

convection over the southeast of Japan, are more clearly seen compared to those in the 342 

RWB- and EWP-exps. The eastward extended trough toward the dateline (contours in Figs. 343 

8c, 8f, 8i, and 8l) is clearly seen along the latitudinal band of 20oN in the lower troposphere. 344 

These lower-level responses indicate greatly improved reproducibility of the enhanced 345 

monsoon trough. The lower-level responses from the south to the east of Japan also show 346 

the northeastward shifted PJ-like pattern, cancelling the lower-level forecast errors (Fig. 3). 347 

Figure 9 shows the daily timeseries of areal-averaged 850-hPa relative vorticity over 348 

region “A” until the lead time of +9 day in the BTH-exp. The lower-level vorticity south of 349 

Japan in the BTH-exp (red dashed bold line in Fig. 9) indicates the highest values among 350 

the three types of the relaxation experiments after the lead time of +7 day in association 351 
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with the enhanced monsoon trough. The ensemble spread of the lower-level vorticity in the 352 

BTH-exp is quite small, as with the EWP-exp, resulting from the nudging toward the 353 

reanalysis from Eurasia to the east of Japan in the upper troposphere. These results 354 

indicate that the accumulated correction of forecast errors for the Rossby wave propagation 355 

over Eurasia and the RWB east of Japan can largely improve the reproducibility of the 356 

enhanced monsoon trough in late August 2016. 357 

 358 

5. Reproducibility of enhanced monsoon trough in relaxation experiments 359 

This section quantitatively compares the reproducibility of the lower-level atmospheric 360 

circulation, which includes the enhanced monsoon trough, between each type of the 361 

relaxation experiments. To assess the improved forecast errors of the lower-level circulation 362 

pattern from the south to the east of Japan, pattern correlations of the 850-hPa stream 363 

function between the responses (Figs. 4l, 6l, and 8l) and the forecast error (Fig. 3) over 364 

region “B” (surrounded by pink thin dashed lines in Fig. 2) in the lead time of +7 day are 365 

shown in Table 1. The responses of the 850-hPa stream function in the RWB-, EWP-, and 366 

BTH-exps show large negative pattern correlations of -0.77, -0.78, and -0.90, respectively. 367 

The correlation coefficient in the BTH-exp is highest among the three types of the relaxation 368 

experiments. This result quantitatively shows the greatly improved reproducibility of the 369 

northeastward shifted PJ pattern resulting from the corrected forecast error of the Rossby 370 

wave propagation over Eurasia and the RWB east of Japan, as described in Subsection 4.4. 371 
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The pattern correlation coefficients of the responses with the anomaly of the reanalysis 372 

further show significantly large positive values, particularly in the highest for the BTH-exp 373 

(+0.92). The high pattern correlations indicate that the responses correspond to the 374 

lower-level anomalous circulation associated with the northeastward shifted PJ pattern in 375 

the reanalysis. 376 

  To further examine the impacts of the nudging on the improved reproducibility of the 377 

enhanced monsoon trough, relative errors of 5-day running mean 850-hPa relative vorticity 378 

averaged over south of Japan (region “A” in Fig. 2) for the lead time of +7 day in the 379 

relaxation experiments and their degrees of improvement are shown in Table 2. The lead 380 

time of +7 day is based on the verification time defined by Takemura et al. (2020) as 381 

described at the end of Section 3. Here, the relative error is calculated based on the 382 

reanalysis (black lines in Figs. 5, 7, 9), and the degree of improvement is defined as a 383 

difference in the relative error between each relaxation experiment (red dashed bold lines in 384 

Figs. 5, 7, 9) and the CTL-exp (blue dashed bold lines in the figures). The relative error of 385 

the monsoon trough in the CTL-exp is -60.1 %, indicating the largely underestimated 386 

strength of the monsoon trough as described in Fig. 3. The RWB-, EWP-, and BTH-exps 387 

show reduced relative errors of -26.8 %, -34.5 %, and -12.5 % compared to the CTL-exp, 388 

respectively, even though the strengths still remain to be underestimated compared to the 389 

reanalysis. The reduced relative errors correspond to the improved reproducibility of the 390 

enhanced monsoon trough resulting from the nudging. The smallest negative relative error 391 
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in the BTH-exp quantitatively indicates the accumulated contribution of the Rossby wave 392 

propagation over Eurasia and the RWB east of Japan to the largely improved reproducibility 393 

of the monsoon trough. The relative contributions from each nudging area to the improved 394 

reproducibility of the monsoon trough can be estimated from the degrees of improvement, 395 

which are higher in order of the BTH-, RWB-, and EWP-exp. These results indicate primary 396 

and secondary contributions from the RWB east of Japan and the Rossby wave 397 

propagation over Eurasia, respectively. Their relative contributions are consistent with the 398 

result of the ensemble-based simple sensitivity analysis with the verification time of +7 day 399 

(23 August 2016) in Takemura et al. (2020), who indicated the primary and secondary 400 

contributions from initial perturbations near the RWB east of Japan and the Asian jet 401 

entrance region to the predictability of the enhanced monsoon trough, respectively. 402 

 403 

6. Conclusion and discussion 404 

  This study examined the predictability of the enhanced monsoon trough south of Japan 405 

in late August 2016, which is accompanied by the Rossby wave propagation over Eurasia 406 

and the consequent anticyclonic RWB east of Japan, by the relaxation technique using the 407 

atmospheric general circulation model (JMA’s GSM). Three types of the relaxation 408 

experiments were conducted, with nudging the model forecast above the pressure level of 409 

500 hPa toward the reanalysis, for the nudging areas of the RWB east of Japan (RWB-exp), 410 

the Rossby wave propagation over Eurasia (EWP-exp), and both the regions from Eurasia 411 
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to the east of Japan (BTH-exp). 412 

The responses in the relaxation experiments, which are defined as the difference 413 

between each relaxation experiment and the non-relaxation (i.e., CTL-) experiment with the 414 

initial time of 12 UTC 16 August 2016, showed the amplified Rossby waves in the upper 415 

troposphere with the Rossby wave propagation over Eurasia and the RWB east of Japan, 416 

due to the nudging to the reanalysis. The upper-level amplified waves could subsequently 417 

promote the strong southwestward intrusion of upper-level high PV airmass toward the 418 

southeast of Japan and the resultant enhanced convection over the region. Consequently, 419 

all relaxation experiments showed the improved reproducibility of the enhanced monsoon 420 

trough after the lead time of +5 day, which JMA’s operational one-month ensemble 421 

prediction failed to predict. The reproduced enhancement of the monsoon trough in both 422 

the RWB- and EWP-exps indicates that the enhanced monsoon trough is closely 423 

associated with not only the RWB east of Japan (RWB-exp) but also the upstream 424 

meandered Asian jet (EWP-exp). This result also indicates an essential contribution of the 425 

linking process between the Rossby wave propagation along the Asian jet and the 426 

enhanced convection over the subtropical WNP (Takemura et al. 2017, Takemura and 427 

Mukougawa 2020) to the predictability of the enhanced monsoon trough. The BTH-exp 428 

further showed the greatest reproducibility of the enhanced monsoon trough, indicating the 429 

accumulated contribution from the corrected forecast errors of the Rossby wave 430 

propagation over Eurasia and the RWB east of Japan to the predictability of the monsoon 431 
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trough. 432 

To quantitatively assess the reproducibility of the lower-level atmospheric circulation in 433 

the RWB-, EWP-, and BTH-exps, the pattern correlation of the responses with the forecast 434 

error as well as the anomaly of the reanalysis from the south to the east of Japan was 435 

examined. The correlation coefficients for the three types of the relaxation experiments 436 

were significantly high particularly in the BTH-exp, indicating the cancellation of the forecast 437 

error of the lower-level circulation pattern due to the nudging. The relative errors for the 438 

strength of the monsoon trough were also largely reduced in order of the BTH-, RWB-, and 439 

EWP-exps, compared to the CTL-exp. The corrected forecast errors of the RWB east of 440 

Japan and the Rossby wave propagation over Eurasia indicated the primary and secondary 441 

contributions to the improved reproducibility of the monsoon trough, respectively. Their 442 

relative contributions were consistent with the role of primary and secondary singular 443 

vectors (SVs) obtained by the ensemble-based simple sensitivity analysis shown in 444 

Takemura et al. (2020). 445 

  This case study in late August 2016 suggests that the corrected forecast errors of the 446 

atmospheric variability in mid-latitudes can largely contribute the reproducibility of the 447 

enhanced monsoon trough. The residual underestimation of the enhanced monsoon trough, 448 

which cannot be explained by the relaxation experiments in this study, may be caused by 449 

forecast errors in tropics. Although the contribution from the tropics will be lower than that 450 

from the mid-latitudes in this case, the investigation of the subordinate SV modes obtained 451 
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from the ensemble-based sensitivity analysis (Takemura et al. 2020) and the related 452 

numerical experiments may provide us further physical understanding of the predictability 453 

of the enhanced monsoon trough. 454 

 455 

Acknowledgments 456 

 The authors are very grateful to an editor Dr. Hiroshi G. Takahashi and two anonymous 457 

reviewers for their constructive and helpful comments. The GSM to conduct the relaxation 458 

experiments were provided by JMA, with a framework of “Research and Development 459 

Platform of Numerical Prediction”. The initial perturbations to perform the ensemble 460 

experiments were also provided by JMA. The idea of relaxation experiments in this study is 461 

based on a profound suggestion from S. Maeda and Y. Kubo of JMA in KT’s joint research 462 

with them (Takemura et al. 2017). The Generic Mapping Tools (GMT) were used to create 463 

the graphics. This study was partly supported by the JSPS KAKENHI Grant Numbers 464 

JP18H01280 and JP18K03734 465 

 466 

References 467 

Chan, S., and J. Evans, 2002: Comparison of the structure of the ITCZ in the west Pacific 468 

during the boreal summers of 1989–93 using AMIP simulations and ECMWF reanalysis. 469 

J. Climate, 15, 3549–3568. 470 

Enomoto, T., B. J. Hoskins, and Y. Matsuda, 2003: The formation mechanism of the Bonin 471 



 24 

high in August. Quart. J. Roy. Meteor. Soc., 129, 157–178. 472 

Enomoto, T., S. Yamane, and W. Ohfuchi, 2015: Simple sensitivity analysis using ensemble 473 

forecasts, J. Meteor. Soc. Japan, 93, 199–213. 474 

Ding, H., R. J. Greatbatch, and G. Gollan, 2015: Tropical impact on the interannual 475 

variability and long-term trend of the southern annular mode during the austral summer 476 

from 1960/1961 to 2001/2002, Clim. Dyn., 44, 2215–2228. 477 

Duchon, C. E, 1979: Lanczos filtering in one and two dimensions. J. Appl. Meteor., 18, 478 

1016–1022. 479 

Jinno, T., T. Miyakawa, and M. Satoh, 2019: NICAM predictability of the monsoon gyre over 480 

the western North Pacific during August 2016, J. Meteor. Soc. Japan, 97, 533–540. 481 

Jung T, M. Miller, and T. Palmer, 2010a: Diagnosing the origin of extended-range forecast 482 

errors. Mon. Wea. Rev., 138, 2434–2446. 483 

Jung T, T. Palmer, M. Rodwell, and S. Serrar, 2010b: Understanding the anomalously cold 484 

European winter of 2005/06 using relaxation experiments. Mon. Wea. Rev., 138, 3157–485 

3174. 486 

Jung T, M. A. Kasper, T. Semmler, and S. Serrar, 2014: Arctic influence on subseasonal 487 

midlatitude prediction. Geophys. Res. Lett., 41, 3676–3680. 488 

Kobayashi, S., Y. Ota, Y. Harada, A. Ebita, M. Moriya, H. Onoda, K. Onogi, H. Kamahori, C. 489 

Kobayashi, H. Endo, K. Miyaoka, and K. Takahashi, 2015: The JRA-55 reanalysis: 490 

General specifications and basic characteristics. J. Meteor. Soc. Japan, 93, 5−48. 491 



 25 

Kosaka, Y., and H. Nakamura, 2006: Structure and dynamics of the summertime 492 

Pacific-Japan teleconnection pattern. Quart. J. R. Met. Soc., 132, 2009–2030. 493 

Lamberson, W. S., R. D. Torn, L. F. Bosart, and L. Magnusson, 2016: Diagnosis of the 494 

source and evolution of medium-range forecast errors for extratropical cyclone Joachim. 495 

Weather and Forecasting, 31, 1197–1214. 496 

Liebmann, B., and C. A. Smith, 1996: Description of a complete (interpolated) outgoing 497 

longwave radiation dataset. Bull. Amer. Meteor. Soc., 77, 1275–1277. 498 

Lu, R., J-H. Oh, and B-J. Kim, 2002: A teleconnection pattern in upper-level meridional wind 499 

over the North African and Eurasian continent in summer, Tellus, 54, 44–55, 500 

DOI:10.3402/tellusa.v54i1.12122. 501 

Magnusson, L., 2017: Diagnostic methods for understanding the origin of forecast errors, 502 

Quart. J. R. Met. Soc., 143, 2129–2142. 503 

Molinari, J., and D. Vollaro, 2013: What Percentage of Western North Pacific Tropical 504 

Cyclones Form within the Monsoon Trough?, Mon. Wea. Rev., 141, 499−505. 505 

Molinari, J., and D. Vollaro, 2017: Monsoon gyres of the northwest Pacific: Influences of 506 

ENSO, the MJO, and the Pacific-Japan pattern. J. Climate, 30, 1765–1777. 507 

Nitta, T., 1987: Convective activities in the tropical western Pacific and their impact on the 508 

Northern Hemisphere summer circulation. J. Meteor. Soc. Japan, 65, 373–390. 509 

Takaya, K., and H. Nakamura, 2001: A formulation of a phase-independent wave-activity 510 

flux for stationary and migratory quasigeostrophic eddies on a zonally varying basic flow. 511 



 26 

J. Atmos. Sci., 58, 608–627. 512 

Toth, Z., and E. Kalnay, 1993: Ensemble forecasting at NMC: the generation of 513 

perturbations. Bull. Amer. Meteor. Soc., 74, 2317–2330. 514 

Takemura, K., Y. Kubo, and S. Maeda, 2017: Relation between a Rossby Wave-Breaking 515 

Event and Enhanced Convective Activities in August 2016. SOLA, 13, 120–124. 516 

Takemura, K., and H. Mukougawa, 2020: Dynamical Relationship between 517 

Quasi-stationary Rossby Wave Propagation along the Asian Jet and Pacific-Japan 518 

Pattern in Boreal Summer, J. Meteor. Soc. Japan, 98, 169–187. 519 

Takemura, K., T. Enomoto, and H. Mukougawa, 2020: Predictability of Enhanced Monsoon 520 

Trough Related to the Meandered Asian Jet and Consequent Rossby Wave Breaking in 521 

Late August 2016, J. Meteor. Soc. Japan, in press. 522 

Tomita, T., T. Yoshikane, and T. Yasunari, 2004: Biennial and lower-frequency variability 523 

observed in the early summer climate in the western North Pacific. J. Climate, 17, 4254–524 

4266. 525 

Wu, L., Z. Wen, R. Huang, and R. Wu, 2012: Possible linkage between the monsoon trough 526 

variability and the tropical cyclone activity over the western North Pacific, Mon. Wea. 527 

Rev., 140, 140−150. 528 

Wu, L., H. Zhong, and J. Liang, 2013: Observational analysis of tropical cyclone formation 529 

associated with monsoon gyres. J. Atmos. Sci., 70, 1023–1034. 530 

  531 



 27 

List of Figures 532 

 533 

 534 



 28 

Fig. 1  Five-day running mean (left) 200-hPa stream function (contour; unit: 106 m2 s-1) and 535 

the anomalies (shading), (middle) 360-K potential vorticity (shading; unit: PVU) and 536 

negative OLR anomalies (purple contour) at intervals of 15 W m-2, and (right) 850-hPa 537 

stream function (contour) and the anomalies (shading). The WAF (unit: m2 s−2) is 538 

indicated by vectors on the left and right panels. Black shadings in the right panels 539 

indicate regions with altitudes exceeding 1,600 m. (a, b, c) 18 August, (d, e, f) 20 August, 540 

(g, h, i) 22 August, and (j, k, l) 23 August 2016. From Takemura et al. (2020). 541 
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 543 

 544 

Fig. 2  Nudging areas in relaxation experiments (solid lines) and target areas to assess 545 

reproducibility of atmospheric circulation in the lower troposphere (dashed lines). Areas 546 

surrounded by red, blue, and green solid lines denote the nudging areas in RWB-, EWP-, 547 

and BTH-exps, respectively. Areas surrounded by orange bold and pink thin dashed lines 548 

labeled by “A” and “B” denote the areas to assess reproducibility of monsoon trough and 549 

northeastward shifted PJ pattern, respectively. 550 
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 552 

Fig. 3  Forecast error of 5-day mean 850-hPa stream function in lead time of +7 day (23 553 

August 2016) in CTL-exp (shading; unit: unit: 106 m2 s-1), which is defined as differences 554 

between the ensemble mean and reanalysis. Contours denote the ensemble mean of the 555 

850-hPa stream function in the CTL-exp. Black shading indicates regions with altitudes 556 

exceeding 1,600 m. 557 
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 559 

Fig. 4  (left) Five-day running mean 200-hPa stream function (contour; unit: 106 m2 s-1) and 560 

the responses (shading), (middle) 360-K potential vorticity (shading; unit: PVU) and 561 
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responses of positive daily precipitation (purple contour) with intervals of 5 mm, and 562 

(right) five-day running mean 850-hPa stream function (contour) and the responses 563 

(shading), for RWB-exp. Dots denote the significant responses of (left, right) stream 564 

function and (middle) positive precipitation with a confidence level of 99 %. Area 565 

surrounded by green dashed lines in the left panels denote the nudging area. Black 566 

shadings in the right panels indicate regions with altitudes exceeding 1,600 m. Each 567 

panel shows lead times of (a, b, c) +2 day (18 August), (d, e, f) +4 day (20 August), (g, h, 568 

i) +6 day (22 August), and (j, k, l) +7 day (23 August). 569 
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 571 

Fig. 5  Daily timeseries of 850-hPa relative vorticity (unit: 10-6 s-1) averaged over the region 572 

of [15–30oN, 125–150oE] (region “A” in Fig. 2) in reanalysis (black bold line), all 573 

ensemble members (red thin lines) and the ensemble mean (red dashed bold line) for 574 

RWB-exp, and all ensemble members (blue thin lines) and the ensemble mean (blue 575 

dashed bold line) for CTL-exp from the initial time to the lead time of +9 day (25 August 576 

2016). Error bars denote the ensemble spread represented by standard deviation 577 

between the ensemble members. 578 

 579 
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 581 

Fig. 6  Same as Fig. 4, but for the EWP-exp. 582 

  583 



 35 

 584 

 585 

Fig. 7  Same as Fig. 5, but for the EWP-exp. 586 

 587 
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 589 

Fig. 8  Same as Fig. 4, but for the BTH-exp. 590 
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 592 

 593 

Fig. 9  Same as Fig. 5, but for the BTH-exp. 594 

 595 

 596 
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List of Tables 598 

 599 

Table 1  Pattern correlations in 5-day running mean 850-hPa stream function averaged 600 

over region in [20–50oN, 120–180oE] (region “B” in Fig. 2) for the lead time of +7 day 601 

between the responses in RWB-, EWP-, BTH-exps and (left) forecast error, (right) 602 

anomaly in reanalysis.  603 

 604 

 Forecast errors in 

CTL-exp 

Anomalies in 

JRA-55 

RWB-exp -0.77 +0.87 

EWP-exp -0.78 +0.67 

BTH-exp -0.90 +0.92 

 605 

Table 2  (left) Relative errors of 5-day running mean 850-hPa relative vorticity averaged 606 

over region of [15–30oN, 125–150oE] (region “A” in Fig. 2) for the lead time of +7 day in 607 

RWB-, EWP-, BTH-, and CTL-exps (unit: %), and (right) degrees of improvement from 608 

the CTL-exp (unit: %point) defined as differences in the relative errors between each 609 

experiment and the CTL-exp. 610 

 611 

 Relative errors (%) Degrees of 

Improvement (%pt) 

RWB-exp -26.8 +33.2 

EWP-exp -34.5 +25.6 

BTH-exp -12.5 +47.6 

CTL-exp -60.1  

 612 


