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Abstract 27 

This study examines the predictability of an enhanced monsoon trough, which is 28 

accompanied by a large-scale cyclone in the lower troposphere, south of Japan seen in late 29 

August 2016. The monsoon trough is found to be enhanced by a meandering of the Asian 30 

jet and a consequent southwestward intrusion of upper-level high potential vorticity 31 

associated with a Rossby wave breaking east of Japan. JMA’s operational one-month 32 

ensemble prediction during the forecast period of a week underestimates intensity of the 33 

Rossby wave breaking and fails to predict the enhanced monsoon trough. A simple 34 

sensitivity analysis based on ensemble singular vectors indicates that initial perturbations 35 

over the Bering sea and near the Asian jet entrance region can efficiently grow and 36 

propagate toward the region to the south of Japan, contributing to maximize the 37 

perturbations of the enhanced monsoon trough. The time evolution of the perturbations 38 

propagating toward the region to the south of Japan is consistent with that of the ensemble 39 

spread during the forecast period. Perturbed hindcast experiments were conducted with the 40 

initial perturbations obtained from the simple sensitivity analysis. The monsoon trough to the 41 

south of Japan in the perturbed experiment is significantly more enhanced than the 42 

unperturbed experiment, supporting the simple sensitive analysis. These results indicate 43 

crucial contribution of the initial perturbations associated with the Rossby wave breaking 44 

and near the Asian jet entrance region to the limited predictability of the enhanced monsoon 45 

trough in late August 2016. 46 
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1. Introduction 50 

In the Northern Hemispheric summer, the monsoon trough is climatologically enhanced 51 

from the South China Sea to the east of the Philippines (e.g., Lander 1996), accompanied 52 

by a strong convergence due to the monsoon westerlies and trade winds in the lower 53 

troposphere (e.g., Chan and Evans 2002, Tomita et al. 2004) and the resultant active 54 

convection over the region. The monsoon trough is thus one of the most essential features 55 

of the summer Asian monsoon circulation. A large-scale low-pressure system is occasionally 56 

seen over the subtropical western North Pacific (WNP) associated with the enhanced 57 

monsoon trough, which is called as a “monsoon gyre” (e.g., Ge and Shi 2019, Jinno et al. 58 

2019). Molinari and Vollaro (2013) and Wu et al. (2012, 2013) showed a close relationship 59 

between the enhanced monsoon trough and the formation of tropical cyclones, indicating its 60 

large impacts on summer climate over East Asia. 61 

The active cumulus convection over the subtropical WNP associated with the enhanced 62 

monsoon trough are well known to be closely related to anomalous anticyclonic circulation 63 

near Japan in the lower troposphere (e.g., Nitta 1987, Wang and Wu 1997, Lu and Dong 64 

2001). This atmospheric teleconnection is referred to as the Pacific-Japan (PJ) pattern (Nitta 65 

1987, Kosaka and Nakamura 2006). The anomalous anticyclonic circulation near Japan 66 

corresponds to the northwestward extension of the North Pacific subtropical high (NPSH), 67 

frequently causing anomalous hot summer climate (e.g., Wakabayashi and Kawamura 68 

2004) and occasionally bringing heavy precipitation over Japan along the periphery of the 69 
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NPSH. Molinari and Vollaro (2017) showed a close relationship between the monsoon gyre 70 

and the PJ pattern from their composite analysis of the monsoon gyre cases, indicating 71 

impacts of the monsoon gyre on the abnormal summer climate over Japan. 72 

The monsoon trough is associated not only with the tropical large-scale atmospheric and 73 

oceanographic variability such as the Madden-Julian Oscillation (MJO), the El Niño 74 

Southern Oscillation (ENSO) (Molinari and Vollaro 2017) but also with Rossby wave 75 

breakings (RWB) near the Asian jet exit region. Takemura et al. (2017) performed a case 76 

study on the event in August 2016 and showed that an equatorward intrusion of high 77 

potential vorticity (PV) airmass resulting from the RWB east of Japan can promote the 78 

enhanced convection over the subtropical WNP through dynamically induced ascent. The 79 

influence of the upper-level trough on the enhanced monsoon trough with a synoptic 80 

timescale is also indicated by Molinari and Vollaro (2012) and Geng et al. (2014). From the 81 

results of lag composite analysis of 44 RWB cases, Takemura and Mukougawa (2020) 82 

(TM20) further revealed a process linking the quasi-stationary Rossby wave propagation 83 

along the Asian jet (Lu et al. 2002, Enomoto et al. 2003) and the PJ pattern through the 84 

“inverse-S” shaped RWB east of Japan. These results imply the impacts of atmospheric 85 

variability in mid-latitude on the enhanced monsoon trough. 86 

In August 2016, the persistent monsoon gyre associated with the enhanced monsoon 87 

trough was clearly seen over the subtropical WNP, accompanied by formation of six tropical 88 

cyclones during the month (Takemura et al. 2017; Jinno et al. 2019). In the upper 89 



 

5 

 

troposphere, the persistent Rossby wave propagation along the Asian jet and the 90 

consequent frequent RWB east of Japan were clearly seen, contributing to the persistent 91 

monsoon trough (Takemura et al. 2017). The northern parts of Japan experienced a serious 92 

damage resulting from the sequent landfalls of typhoons associated with the monsoon gyre 93 

to the south. Hence, although the improved medium-range numerical prediction of the 94 

enhanced monsoon trough is expected to reduce the socio-economical damages due to the 95 

abnormal summer climate over East Asia, the related assessment of operational forecasts 96 

was not sufficiently performed in previous studies. According to the process indicated by 97 

TM20, it is expected that the limited predictability of the meandered Asian jet (e.g., Kosaka 98 

et al. 2012) and the consequent RWB east of Japan can cause that of the monsoon trough. 99 

This study examines possible factors contributing to the predictability of the enhanced 100 

monsoon trough in the first half of late August 2016, which is one of the cases extracted in 101 

TM20, using operational one-month ensemble forecast dataset. 102 

The paper is arranged as follows. Section 2 describes the dataset used and analysis 103 

methods. Section 3 describes the atmospheric circulation from Eurasia to the WNP during 104 

the period from middle to late August 2016 and its ensemble forecast, using a reanalysis 105 

dataset and Japan Meteorological Agency (JMA)’s one-month ensemble forecast dataset. 106 

In Section 4, we perform a simple sensitivity analysis based on ensemble singular vectors 107 

(SVs) to identify factors contributing to the limited predictability of the monsoon trough over 108 

the subtropical WNP. In Section 5, we conduct perturbed hindcast experiments given by the 109 
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initial perturbations, which are obtained from the simple sensitivity analysis, to validate the 110 

result of the simple sensitivity analysis. Section 6 provides the main findings and discussion 111 

of the results in this study. 112 

 113 

2. Data and methods 114 

The data used in this study are the 6-hourly and daily mean datasets of the Japanese 55-115 

year reanalysis (JRA-55) for August 2016 and during the 30-year period from 1981 to 2010, 116 

with a horizontal resolution of 1.25o and 37 pressure levels (Kobayashi et al. 2015). To infer 117 

convective activities, interpolated outgoing longwave radiation (OLR) (Liebmann and Smith 118 

1996) provided by the National Oceanic and Atmospheric Administration (NOAA) is utilized. 119 

We also use operational one-month ensemble forecast dataset during 34-day forecast 120 

period from 12 UTC 16 August 2016, which is provided once a week by the Japan 121 

Meteorological Agency (JMA), with a horizontal resolution of 2.5o and 22 pressure levels. 122 

The forecast dataset has 25 ensemble members with 24 perturbed and 1 unperturbed (i.e., 123 

control run) initial conditions. The initial perturbations are obtained using the Breeding of 124 

Growing Mode (BGM) method (Toth and Kalnay 1993). Here, anomalies are defined as a 125 

departure from the climatology, which is obtained as the 60-day low-pass filtered 30-year 126 

daily averages of the JRA-55 from 1981 to 2010 using Lanczos filter (Duchon 1979). To 127 

extract low-frequency components including quasi-stationary Rossby waves, a 5-day 128 

running mean is applied to the daily data. To represent transient disturbances along the 129 
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meandered Asian jet, high-frequency components are defined by subtracting the 5-day 130 

running mean from the daily data. 131 

The propagation of Rossby wave packet is analyzed using the wave activity flux (WAF) 132 

defined by Takaya and Nakamura (2001). The horizontal component of WAF is defined as 133 

follows: 134 

𝑾 =
cos 𝜙
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),     (1) 135 

where u is the zonal wind, v is the meridional wind, and ψ is the geostrophic stream function 136 

at a reference latitude of 𝜙0 = 40oN, at a pressure level. The overbars and primes denote 137 

the climatology and anomalies, respectively. �̅� = (�̅�, �̅�) is the climatological wind vector. 𝜆 138 

and 𝜙  denote longitude and latitude, respectively. The WAF is derived from the 5-day 139 

running mean. 140 

To identify initial perturbations that can linearly evolve with the largest growth rate and 141 

contribute to the limited predictability of the monsoon trough over the subtropical WNP, we 142 

perform a simple sensitivity analysis based on ensemble SVs introduced by Enomoto et al. 143 

(2015). The analysis method is briefly described as follows. Assuming linear time evolution 144 

of initial perturbations denoted by y, perturbations at a verification time denoted by z can be 145 

represented as 146 

 𝒛 = M𝒚,   (2) 147 

where M is a matrix representing time integration from the initial to the verification time (Fig. 148 
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1 of Enomoto et al. 2015). Here, perturbations are defined as deviation from the control run. 149 

Considering that the perturbations can be expressed as linear combination of those for each 150 

ensemble member, the perturbations at the initial and verification time are represented as 151 

follows: 152 

  𝒚 = ∑ 𝑝𝑖𝒚𝑖
𝑚
𝑖=1 = Y𝒑,          (3a) 153 

  𝒛 = ∑ 𝑝𝑖𝒛𝑖
𝑚
𝑖=1 = MY𝒑 = Z𝒑,    (3b) 154 

where m is the number of perturbed ensemble members (i.e., m = 24), p is the weight 155 

coefficient denoted by pT = (p1, p2, …, pm). y and z can be expressed using matrix notations 156 

of Y = (y1 y2 … ym) and Z = (z1 z2 … zm), respectively. Here a constrained extremal problem 157 

for the norm of z can be solved using method of Lagrange multiplier. The Lagrange function 158 

of p and the Lagrange undetermined multiplier 𝜆 can be represented as 159 

  𝐹(𝒑, 𝜆) =< 𝒛, 𝒛 > +𝜆(1−< 𝒚, 𝒚 >) =< Z𝒑, Z𝒑 > +𝜆(1−< Y𝒑, Y𝒑 >),     (4) 160 

where the notation of < , > denotes inner product. The total derivative of F can be 161 

represented as follows: 162 

𝛿𝐹 = 2 < 𝛿𝒑, Z𝑇Z𝒑 − 𝜆Y𝑇Y𝒑 > −𝛿𝜆(1−< Y𝒑, Y𝒑 >).     (5) 163 

Thus F has the following constraint to have an extreme value: 164 

 (Y𝑇Y)−1Z𝑇Z𝒑 = 𝜆𝒑,      (6) 165 

which is an eigenvalue problem. Given the initial perturbations of the operational one-month 166 

ensemble members (𝒚𝑖) are approximately normalized and mutually orthogonal from tropics 167 

to the Northern Hemisphere extra-tropics (not shown), the matrix (Y𝑇Y)−1  is nearly 168 
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proportional to identity matrix and the Eq. (6) is equivalent to the singular value 169 

decomposition of the matrix Z. In this study, the norm of perturbation is assessed using 170 

vertically integrated areal averages of moist total energy (MTE; Ehrendorfer et al. 1999) 171 

expressed as follows: 172 

MTE =
1

2
∬ 𝑢′2 + 𝑣′2 +

𝑐𝑝

𝑇𝑟
𝑇′2 +

𝐿𝑐
2

𝑐𝑝𝑇𝑟
𝑞′2 + 𝑅𝑇𝑟 (

𝑝𝑠
′

𝑝𝑟
)

2

𝐴
𝑑𝐴 𝑑𝑝    (7) 173 

where A is the unit area; 𝑢′, 𝑣′, 𝑇′, 𝑞′, and 𝑝𝑠
′  are perturbed components of the zonal wind, 174 

meridional wind, temperature, specific humidity, and surface pressure, respectively; cp is the 175 

specific heat at constant pressure, Lc is the latent heat of condensation, R is the gas constant 176 

of dry air; Tr ( = 270 K) and pr ( = 1000 hPa) are the reference temperature and pressure, 177 

respectively. Although the previous studies performing the sensitivity analysis (e.g., 178 

Enomoto et al. 2007, Takemura and Mukougawa 2010, Matsueda et al. 2011) used dry total 179 

energy (Buizza et al. 1993) as the norm of perturbation, this study uses the MTE to include 180 

non-negligible moist processes in tropics. A Region with large vertically integrated (from 181 

1000 to 100 hPa) MTE, derived from the combined initial perturbation weighted by 𝒑 (i.e., 182 

the vector 𝒚 in Eq. (3a)), is referred to as sensitive region. Here, each mode of the initial 183 

perturbations is calculated from an eigenvector multiplied by the square root of the 184 

eigenvalues, according to Enomoto et al. (2015). 185 

To assess the validity of the aforementioned assumption on the linear perturbation growth, 186 

perturbed hindcast experiments with the initial perturbations, which are obtained from the 187 

simple sensitivity analysis, are conducted using JMA’s Global Spectrum Model (GSM) 188 
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version 1705, which is newer than that used to produce the JRA-55 (version 0808). The 189 

GSM has a horizontal resolution of TL319 and 60 vertical levels, which is the same as the 190 

JRA-55 system (Kobayashi et al. 2015), to avoid the interpolation of initial conditions derived 191 

from the JRA-55 dataset. A global objective analysis data (GANAL) in JMA, which has a 192 

higher horizontal resolution than the JRA-55 system, is used to give the initial conditions in 193 

the operational ensemble forecast. On the other hand, we used the JRA-55 as the initial 194 

conditions according to the available period and resolution of the GANAL. During the 10-day 195 

integration period with the time step of 450 s, the GSM is forced at the lower boundary by 196 

the global daily sea surface temperatures (MGDSST: Merged satellite and in situ data Global 197 

Daily Sea Surface Temperatures in the global ocean; Kurihara et al. 2006) and the 198 

climatological sea ice, which are provided by JMA.  199 

 200 

3. Atmospheric circulation and the ensemble forecast from mid- to late August 2016 201 

Figure 1 shows the upper- and lower-tropospheric stream function anomalies, 360-K 202 

isentropic PV in the reanalysis, and OLR anomalies during the period from 18 to 23 August 203 

2016. In the upper troposphere, the quasi-stationary Rossby wave propagation, 204 

accompanied by the meandered Asian jet, is clearly seen from Eurasia to the east of Japan 205 

during the period (Figs. 1a, 1d, 1g, and 1j). The persistent propagation of wave packets 206 

contributes to a persistent ridge east of Japan, associated with occurrence of an anticyclonic 207 

RWB with an “inverse-S” shaped overturning of the upper-level PV after 20 August (Figs. 1e, 208 



 

11 

 

1h, and 1k). The consequent southwestward intrusion of the upper-level high PV airmass 209 

toward the region to the southeast of Japan contributes to enhanced convection southeast 210 

of Japan (purple contour in Figs. 1h and 1k) through dynamically induced ascent as 211 

indicated by TM20. The southwestward intruding upper-level high PV is originated from a 212 

trough south of Alaska (Figs. 1a and 1b), which is downstream of the persistent ridge east 213 

of Japan. In the lower troposphere, an anomalous cyclonic circulation south of Japan is 214 

clearly seen in 18 August (Fig. 1c), which is associated with a prior RWB event in the first 215 

half of August (not shown). The lower-level anomalous cyclonic circulation, which once 216 

weakens in 20 August (Fig. 1f), is enhanced again after 22 August, indicating the persistent 217 

monsoon trough (Figs. 1i and 1l). The enhanced anomalous cyclonic circulation in late 218 

August 2016 is closely associated with the enhanced convection southeast of Japan (Figs. 219 

1h and 1k). Their relationship is consistent with Takemura et al. (2017), who performed a 220 

numerical experiment using the linear baroclinic model (LBM; Watanabe and Kimoto 2000, 221 

2001) with monthly-mean diabatic heat sources in August 2016. Their results of the LBM 222 

experiment show that the lower-level anomalous cyclonic circulation is a Rossby wave 223 

response to the heat sources associated with the enhanced convection over the subtropical 224 

WNP. The enhanced convection immediately south of Japan is associated with the lower-225 

level enhanced cyclone including the typhoons (red triangles of Figs. 1i and 1l) over the 226 

region, which is associated with the southwestward intruding high PV airmass (Figs. 1h and 227 

1k). Meanwhile, a persistent anomalous anticyclonic circulation is clearly seen east of Japan 228 
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(Figs. 1c, 1f, 1i, and 1l), indicating southwest–northeast-oriented dipole anomalies with the 229 

anomalous cyclonic circulation south of Japan, which is like the northeastward shifted PJ 230 

pattern. Relationship between the RWB occurred east of Japan and the PJ-like pattern is 231 

consistent with the linking mechanism indicated by TM20. 232 

Figure 2 shows the upper- and lower-tropospheric stream function anomalies, the 360-K 233 

isentropic PV, and precipitation anomalies, predicted by the JMA’s one-month ensemble 234 

mean forecast from 12 UTC 16 August 2016 until lead time of +7 day (23 August). Although 235 

the zonal phase of the quasi-stationary Rossby wave in the upper troposphere is well 236 

predicted, the amplitude of the wave is underestimated (Figs. 2a, 2d, 2g, and 2j), compared 237 

to that in the reanalysis (Fig. 1). The RWB east of Japan and the consequent southwestward 238 

intrusion of high PV airmass toward the region to the southeast of Japan are also 239 

underestimated (Figs. 2e, 2h, and 2k), associated with the weaker meandering of the Asian 240 

jet. The enhanced convection, which is shown by anomalous positive precipitation (purple 241 

contour in Figs. 2e, 2h and 2k), is seen in the narrow region over the subtropical WNP, due 242 

to the underpredicted intrusion of the upper-level high PV airmass. The enhancement of the 243 

monsoon trough in late August 2016 is not predicted at all (Figs. 2i and 2l), associated with 244 

the aforementioned underestimated process in the upper troposphere. The control forecast 245 

also underestimates the amplified Rossby wave in the upper troposphere, and fails to predict 246 

the enhanced monsoon trough (not shown), as with the ensemble mean. 247 

To assess the predictability of the enhanced monsoon trough south of Japan, the 248 
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ensemble spread of the geopotential height between the ensemble members, which is 249 

defined by 250 

𝑆 ≡ √
1

𝑚
∑ (𝐹𝑖 − 𝐹𝑀)2𝑚

𝑖=1 ,     (8) 251 

is calculated. Here, Fi and FM in Eq. (8) are the predicted value of i-th member and the 252 

ensemble mean, respectively. The large ensemble spread indicates the limited predictability. 253 

In this study, the ensemble spread is normalized by the zonal mean, to highlight the region 254 

with relatively large ensemble spread over each latitude and consider the increased 255 

ensemble spread with the lead time. The normalized ensemble spread of 200-hPa height in 256 

23 August (Fig. 3a) clearly shows the large ensemble spread from south of Alaska to the 257 

subtropical WNP, corresponding to the region where the southwestward intrusion of the 258 

upper-level high PV airmass is seen. The upper-level ensemble spread near the dateline is 259 

larger than the climatological standard deviation of height field (dots in Fig. 3a). The 260 

northeast-southwest-elongated large ensemble spread in the upper troposphere thus 261 

indicates the limited predictability of the high PV intrusion toward the region to the southeast 262 

of Japan associated with the RWB east of Japan. The normalized ensemble spread of 850-263 

hPa height in 23 August shown in Fig. 3b is also large over the same region and notably 264 

attains its maxima south of Japan (red rectangle in Fig. 3b), although the spread is smaller 265 

than the climatological standard deviation. The local maximum of the ensemble spread 266 

corresponds to the limited predictability of the enhanced monsoon trough. The ensemble 267 

spreads in the upper and lower troposphere indicate that the predictability of the monsoon 268 
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trough is closely associated with that of the upper-level high PV intrusion toward the region 269 

to the southeast of Japan through the process shown by TM20.  270 

Figure 3c further shows a Hovmöller diagram of the normalized ensemble spread of 200-271 

hPa height averaged between 35oN and 70oN from initial time to the lead time of +8 day (24 272 

August), showing variability of the ensemble spread along the Asian jet. The ensemble 273 

spread maxima in the upper troposphere propagates eastward from 30oE to the east of 274 

Japan (bold dashed line in Fig. 3c) during the period from initial time to the lead time of +4 275 

day (red arrow in Fig. 3c), contributing to the limited predictability of the RWB east of Japan 276 

afterward. The wave train structure of the ensemble spread maxima corresponds to the 277 

Rossby wave propagation along the Asian jet during the period (Figs. 2a and 2d). The 278 

ensemble spread maxima also move eastward (blue arrows in Fig. 3c), indicating the 279 

contribution of transient disturbances along the meandered Asian jet. To examine activities 280 

of the transient disturbances, the high-frequency components of 200-hPa height from the 281 

lead time of +2 day to that of +4 day are shown in Fig. 4. Both the reanalysis (left panels in 282 

Fig. 4) and the ensemble mean forecast (right panels in Fig. 4) show the eastward migrating 283 

transient disturbances along the meandered Asian jet (striped gray shading in Fig. 4), 284 

particularly from central Eurasia to the Bering sea, corresponding to the eastward migrating 285 

ensemble spread maxima (Fig. 3c). These results suggest that the ensemble spread near 286 

the Asian jet entrance region in the initial time propagates and migrates eastward resulting 287 

from the Rossby wave propagation and the active transient disturbances, contributing to the 288 
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large ensemble spread around the RWB east of Japan. Further impact of the ensemble 289 

spread over Eurasia on the predictability of the monsoon trough will be discussed later. 290 

To assess the predictability and the forecast error of the monsoon trough, daily timeseries 291 

of areal average of 850-hPa relative vorticity over verification area from the initial time to the 292 

lead time of +9 day is shown in Fig. 5a. Here, the verification area is defined as the region 293 

between [15–30oN, 125–150oE] (red rectangle in Fig. 3b), where the large ensemble spread 294 

of 850-hPa height is seen in the lead time of +7 day (Fig. 3b). In the reanalysis (black line in 295 

Fig. 5a), positive vorticity over the verification area clearly increases after the lead time of 296 

+5 day, consistent with the enhanced monsoon trough (Figs. 1i and 1l). The lower-level 297 

relative vorticity in all ensemble members (gray thin lines) and the ensemble mean (black 298 

dashed line), by contrast, fails to predict the enhanced monsoon trough after the lead time 299 

of +5 day, accompanied by the increasing ensemble spread (error bars). Difference in the 300 

relative vorticity between the ensemble mean (black dashed line) and the reanalysis (black 301 

line) also greatly increases after the lead time of +5 day, resulting in the large forecast errors. 302 

 303 

4. Ensemble-based simple sensitivity analysis 304 

To identify the initial perturbation fields which can contribute to maximize the perturbation 305 

of the monsoon trough south of Japan, the simple sensitivity analysis (Enomoto et al. 2015) 306 

described in section 2 is performed. Here, the norm of perturbation at the verification time 307 

(i.e., the norm of z) is calculated from the 5-day running mean perturbations over the 308 
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verification area between pressure levels from 1000 to 500 hPa in the lead time of +7 day 309 

(23 August). The sensitive regions obtained from the first, second components of SVs, and 310 

their sum (hereafter referred to as SV1, SV2, and SV1+2), which explains about 33 %, 22 %, 311 

and 55 % of the total variance, respectively, are shown in Fig. 6. The SV1+2 shown in Fig. 312 

6a indicates the two major sensitive regions from northern Europe to Central Asia and over 313 

the Bering sea. The sensitive region over the Bering sea is clearly detected as the SV1 (Fig. 314 

6b), corresponding to the trough south of Alaska in the upper troposphere, which is one of 315 

the origins of the southwestward intruding upper-level high PV airmass toward the region to 316 

the southeast of Japan. Meanwhile, the sensitive region from northern Europe to Central 317 

Asia is identified as the SV2 (Fig. 6c), corresponding to the wave train near the Asian jet 318 

entrance region. Although these sensitive regions are shown by the vertically integrated 319 

(from 1000 to 100 hPa) MTE, they are centered in the upper troposphere above 500 hPa 320 

(not shown). It also indicates their close relationships with the upper-level atmospheric 321 

variability. 322 

To examine time evolution of the identified sensitive regions until the verification time, daily 323 

MTE derived from the regressed perturbations onto SV1 and SV2 during the forecast period 324 

is shown in Fig. 7. The large MTE in the SV1 over the Bering sea at initial time (Fig. 6b) 325 

extends and intrudes southwestward (Figs. 7a, 7b, and 7c), which is accompanied by the 326 

trough extending southward in the upper troposphere (contours in the figures). The time 327 

evolution of perturbations in the SV1 thus corresponds to the southwestward intrusion of the 328 
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upper-level high PV airmass associated with the RWB east of Japan (middle panels in Figs. 329 

1 and 2), contributing to the large perturbation over and around the verification area (Figs. 330 

7c and 7d). The MTE in the SV2 near the Asian jet entrance region (Fig. 6c) expands 331 

eastward in the lead time of +2 day (Fig. 7e), also contributing to the large perturbation over 332 

the WNP including the verification area afterward (Figs. 7f, 7g, and 7h). To further assess 333 

the downstream influence of the sensitive region in the SV2, a Hovmöller diagram of the 334 

MTE normalized by the zonal mean averaged between 35oN and 70oN from initial time to 335 

the lead time of +8 day (24 August) is shown in Fig. 8. The large MTE propagates eastward 336 

from 30oE to the east of Japan (bold dashed line in Fig. 8) during the period from initial time 337 

to the lead time of +4 day, clearly showing its influence on the large perturbation east of 338 

Japan afterward. It is consistent with the eastward propagation of the ensemble spread 339 

described in Fig. 3c, and is presumed to be associated with the Rossby wave propagation 340 

(left panel in Fig. 2) and the eastward migrating transient disturbances (right panel of Fig. 4) 341 

over Eurasia. 342 

These results indicate that the initial perturbation near the Asian jet entrance region and 343 

over the Bering sea can contribute to the limited predictability of the enhanced monsoon 344 

trough, through the meandered Asian jet and the consequent southwestward intrusion of the 345 

upper-level high PV airmass associated with the RWB east of Japan. 346 

 347 
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5. Perturbed hindcast experiments 348 

The aforementioned simple sensitivity analysis indicates that the initial perturbations over 349 

the sensitive regions linearly grow and can contribute to the maximized perturbation south 350 

of Japan in the lead time of +7 day (23 August). To assess validity of the assumption on the 351 

linear perturbation growth, perturbed hindcast experiments given by the initial perturbations 352 

in the SV1 and SV2 (hereafter referred to as SV1- and SV2-experiments) with their norms 353 

of the MTE shown in Figs. 6b and 6c are conducted using nonlinear atmospheric general 354 

circulation model (JMA’s GSM). To focus on impacts of the perturbations in the upper 355 

troposphere on those in the lower troposphere, the initial conditions are perturbed above a 356 

pressure level of 500 hPa. Figure 9 shows difference in 850-hPa stream function between 357 

the SV1-, SV2-experiments and the unperturbed experiment (CTL-experiment) in the lead 358 

time of +7 day. Both experiments show negative (cyclonic) perturbations over the subtropical 359 

WNP in the lower troposphere (Figs. 9a and 9b), indicating that the initial perturbations in 360 

the SV1 and SV2 can contribute to the intensity of the monsoon trough. The cyclonic 361 

perturbations over the subtropical WNP are consistent with the results of the simple 362 

sensitivity analysis, indicating the valid assumption on the linear perturbation growth. Note 363 

that centers of the cyclonic perturbations slightly shift eastward from the verification area 364 

(dashed red rectangle in Fig. 9), suggesting a possible contribution of the nonlinear 365 

perturbation growth which cannot be represented in the simple sensitivity analysis. The 366 

predicted central positions of the lower-level cyclones at 12 UTC in the lead time of +7 day 367 
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(green triangles in Fig. 9) are largely different between the SV1- and SV2-experiments, and 368 

the cyclone in the CTL-experiment cannot be detected to the south of Japan. These large 369 

differences in the predicted cyclone may contribute to the eastward shifted lower-level 370 

cyclonic perturbations. Positive (anticyclonic) perturbations, by contrast, are seen west of 371 

the dateline in both SV1- and SV2-experiments, indicating the extended NPSH toward the 372 

region. These perturbations show the southwest–northeast-oriented dipole structure, with 373 

the cyclonic perturbation over the subtropical WNP and the anticyclonic one west of the 374 

dateline, which is like the northeastward shifted PJ pattern and is also consistent with the 375 

anomalous circulation in 23 August (right panels in Figs. 1 and 2). 376 

To examine influence of the upper-level initial perturbation over the Bering sea in the SV1 377 

on the lower-level cyclonic perturbation over the subtropical WNP at the lead time of +7 day, 378 

differences in 200-hPa stream function between the SV1-experiment and the CTL-379 

experiment are shown in Fig. 10. Negative (cyclonic) perturbation over the Bering sea at 380 

initial time (Fig. 10a) intrudes southwestward toward the region to the southeast of Japan 381 

(Figs. 10b, 10c, and 10d) in the upper troposphere. The time evolution of perturbations in 382 

the SV1-experiment corresponds to the southwestward intrusion of the upper-level high PV 383 

airmass associated with the RWB east of Japan. It is consistent with the time evolution of 384 

MTE derived from the regressed perturbations onto SV1 (left panel of Fig. 7), also indicating 385 

the impact on the large perturbation of the monsoon trough at the verification time (Fig. 9a). 386 

The influence of the upper-level initial perturbation in the SV2 on the perturbations over 387 



 

20 

 

the WNP is also clearly seen in their longitude-time cross section. Figure 11 shows a 388 

Hovmöller diagram of the MTE, which is derived from the perturbations of the SV2-389 

experiment from the CTL-experiment, normalized by the zonal mean averaged between 390 

35oN and 70oN from the initial time to the lead time of +8 day (24 August). As with the result 391 

of the simple sensitivity analysis (Fig. 8), the large perturbations propagate eastward from 392 

30oE to near the dateline through the region near Japan (bold dashed line in Fig. 11) during 393 

the period from initial time to the lead time of +4 day, indicating the impacts on the large 394 

perturbation east of Japan afterward. Meridional wind perturbation in the upper troposphere 395 

(contours in Fig. 11) further exhibits both the quasi-stationary and the eastward migrating 396 

wave train structures until the lead time of +4 day, indicating that the eastward propagation 397 

of the initial perturbations is associated with the Rossby wave propagation and the eastward 398 

migrating transient disturbances over Eurasia. The eastward propagation of the 399 

perturbations from the Asian jet entrance region to the region near the dateline is also clearly 400 

seen, even in the experiment in which the initial perturbations obtained from the SV2 are 401 

limited over Eurasia alone (not shown). This result further confirms an essential contribution 402 

of the initial perturbations near the Asian jet entrance region to the enhanced monsoon 403 

trough at the verification time. 404 

Daily timeseries of the areal average of 850-hPa relative vorticity over the verification area 405 

in the SV1-, SV2-, and CTL-experiments are shown in Fig. 5a. The relative vorticities in the 406 

SV1-experiment (red triangles) and SV2-experiment (blue squares) increase after the lead 407 
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time of +5 day and reproduce the enhanced monsoon trough, compared to the ensemble 408 

forecasts (gray thin and black dashed lines) that fail to predict that. The intensity of cyclonic 409 

circulations in the SV1- and SV2-experiments are prominent and strongest between all 410 

ensemble members in the lead time of +7 day, in contrast to that in the CTL-experiment 411 

(green circles) which is within the range predicted by the ensemble members. The 412 

differences in the lower-level cyclone intensity of the SV1-experiment (red line in Fig. 5b) 413 

and SV2-experiment (blue line in Fig. 5b) from the CTL-experiment are almost the same as 414 

or larger than those of the ensemble member with the highest vorticity from the control run 415 

(gray line in Fig. 5b) in the lead time of +7 to +8 days. The large positive differences in the 416 

lower-level vorticity for the SV1- and SV2-experiments from the CTL-experiment are 417 

consistent with the maximized perturbation to the south of Japan. The lower-level vorticity 418 

timeseries in the SV1+2-experiment is almost the same as those in the SV1- and SV2-419 

experiments, and the monsoon trough is stronger than the CTL-experiment (not shown). 420 

The cyclonic circulations shown in the SV1- and SV2-experiments further show the reduced 421 

forecast errors of the monsoon trough compared to the ensemble predictions, although the 422 

intensity is still largely underestimated compared to the reanalysis (black line). The 423 

underpredicted positive vorticity from the lead time of +2 day to +4 day in the perturbed 424 

hindcast experiments, compared to the operational ensemble forecast, may be due to the 425 

difference in the dataset to give the initial conditions between the JRA-55 and the GANAL, 426 

as described in section 2. Detailed comparison with the perturbed hindcast experiment using 427 
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the GANAL will provide us with further understanding of the differences in the predicted 428 

lower-level vorticities between the operational forecast and the hindcast experiment in this 429 

study. 430 

These results from the perturbed hindcast experiments also indicate that the initial 431 

perturbation near the Asian jet entrance region and over the Bering sea can contribute to 432 

the predictability of the enhanced monsoon trough, supporting the results of the simple 433 

sensitivity analysis in the valid assumption on the linear perturbation growth. 434 

 435 

6. Concluding remarks 436 

This study investigated the predictability of the enhanced monsoon trough south of Japan 437 

in late August 2016, using the JRA-55 reanalysis dataset and the JMA’s operational one-438 

month ensemble forecast dataset. 439 

The enhanced monsoon trough in late August 2016 was caused by the propagation of 440 

amplified Rossby waves along the Asian jet and the consequent southwestward intrusion of 441 

the upper-level high PV airmass toward the region to the southeast of Japan associated with 442 

the RWB east of Japan. The influence of the amplified Rossby waves along the Asian jet on 443 

the enhanced monsoon trough was consistent with the linking process indicated by TM20. 444 

The ensemble prediction during the forecast period of a week underestimated intensity of 445 

the Rossby wave propagation and the RWB east of Japan, and failed to predict the 446 

enhanced monsoon trough. In the upper troposphere, the ensemble spread maxima 447 
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extended from south of Alaska to the subtropical WNP during the forecast period, indicating 448 

the contribution of the limited predictability of the southwestward intruding high PV airmass 449 

associated with the RWB to that of the enhanced monsoon trough. The upper-tropospheric 450 

ensemble spread maxima near the Asian jet entrance region also propagated eastward 451 

along the Asian jet until the lead time of +4 day, associated with the Rossby wave 452 

propagation and the eastward migrating transient disturbances, contributing to the limited 453 

predictability of the RWB east of Japan. The existence of eastward migrating transient 454 

disturbances along the meandered Asian jet described in Fig. 4 is one of the remarkable 455 

features, even though baroclinicity in mid-latitudes in summer is climatologically smallest in 456 

the year (e.g., Nakamura 1992). It motivates us to further examine the influences of the 457 

active transient disturbances on the maintenance of RWB east of Japan as indicated by 458 

Yamazaki and Itoh (2013a, b). 459 

The simple sensitivity analysis based on ensemble SVs with the verification area south of 460 

Japan showed the sensitive regions over the Bering sea and near the Asian jet entrance 461 

region as the SV1 and SV2, respectively. The result of the sensitivity analysis indicated that 462 

initial perturbations over the regions can efficiently grow and propagate toward the region to 463 

the south of Japan, contributing to the limited predictability of the enhanced monsoon trough, 464 

consistent with the variation of the ensemble spread during the forecast period. The 465 

contribution rate of the initial perturbation over the Bering sea and near the Asian jet 466 

entrance region can be approximately estimated as 33 % and 22 % from the variance of 467 



 

24 

 

SV1 and SV2, indicating the primary and secondary factors causing the limited predictability 468 

of the enhanced monsoon trough, respectively. The sensitive region for the weighted 469 

average from SV3 to SV10 is seen over tropics, particularly over the central to eastern 470 

tropical North Pacific, although each SV mode has the small variance (not shown). This 471 

result suggests a relatively insignificant contribution of tropical variability such as convective 472 

activities over the intertropical convergence zone to the predictability of monsoon trough in 473 

late August 2016. 474 

The perturbed hindcast experiments with the initial perturbations in both the SV1 and SV2 475 

reproduced the enhanced monsoon trough south of Japan, in contrast to the operational 476 

ensemble forecast that failed to predict that. The results of the perturbed hindcast 477 

experiments supported the result of the simple sensitive analysis, and showed the validity 478 

in the assumption on linear perturbation growth. These results indicate crucial contributions 479 

of the initial perturbations around the RWB and along the meandered Asian jet to the limited 480 

predictability of the persistent monsoon trough in late August 2016. 481 

The results shown in this case study suggest that the precise prediction of the enhanced 482 

monsoon trough due to the variability in mid-latitudes during the forecast period of one week 483 

still remains a challenging task as described in Fig. 5a. To further assess the causal 484 

relationship from the underestimated RWB east of Japan to the failed prediction of the 485 

enhanced monsoon trough in the operational ensemble forecast, we are planning to perform 486 

impact experiment using the JMA’s GSM, which nudges the forecast over the region of RWB 487 
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toward the reanalysis during the time integration. The result of the impact experiment will be 488 

presented in our future paper. 489 
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 594 

Fig. 1. Five-day running mean (left) 200-hPa stream function (contour; unit: 106 m2 s-1) and 595 
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the anomalies (shading), (middle) 360-K potential vorticity (shading; unit: PVU) and 596 

negative OLR anomalies (purple contour) at intervals of 15 W m-2, and (right) 850-hPa 597 

stream function (contour) and the anomalies (shading). The WAF (unit: m2 s−2) is 598 

indicated by vectors on the left and right panels. Black shadings in the right panels 599 

indicate regions with altitudes exceeding 1,600 m. Red triangles in the right panels 600 

denote central positions of typhoons at 12 UTC in each day based on JMA’s best track 601 

data. (a, b, c) 18 August, (d, e, f) 20 August, (g, h, i) 22 August, and (j, k, l) 23 August 602 

2016. 603 

 604 
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 606 

Fig. 2. Same as Fig. 1, but for the JMA’s operational one-month ensemble mean forecast 607 

from 12 UTC 16 August 2016. The purple contours denote positive precipitation 608 
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anomalies at intervals of 3 mm day-1. 609 

 610 

  611 
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 612 

Fig. 3. Five-day running mean geopotential height (contour; unit: m) and its spread 613 

normalized by the zonal mean (shading) at (a) 200 hPa, (b) 850 hPa in lead time of +7 614 

day (23 August 2016). (c) shows Hovmöller diagram of the normalized spread of 200-615 

hPa geopotential height (shading) and 200-hPa meridional wind anomalies (contour; 616 
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unit: m s-1) averaged between 35oN and 70oN from initial time to the lead time of +8 day 617 

(24 August 2016). Black shading in (b) indicates region with altitudes exceeding 1,600 618 

m. Red rectangle in (b) denotes the verification area between [15–30oN, 125–150oE]. 619 

Dots in (a) denote the region where the ensemble spread is larger than the 620 

climatological standard deviation of height field derived from JRA-55. Black bold dashed 621 

line in (c) shows a longitude line of 135oE near Japan. Red and blue arrows in (c) mark 622 

the eastward propagating and migrating spread maxima, respectively. 623 

  624 
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 625 

Fig. 4. High-frequency component of 200-hPa height (contour) at intervals of 30 m and 5-626 

day running mean 200-hPa height (striped gray shading) at intervals of 100 m from 627 

12,000 to 12,500 m in (left) the reanalysis and (right) the ensemble mean forecast. Red 628 

solid and blue dashed contours denote the positive and negative high-frequency 629 

components of height, respectively. (a, d) 18 August, (b, e) 19 August, and (c, f) 20 630 
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August 2016. 631 

  632 
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 633 

 634 

Fig. 5. (a) Daily timeseries of 850-hPa relative vorticity (unit: 10-6 s-1) averaged over the 635 

verification area between [15–30oN, 125–150oE] in the reanalysis (black line), control 636 

run (green dashed line), all ensemble members (gray thin line) and the ensemble mean 637 

(black dashed line) from initial time to the lead time of +9 day (25 August 2016). Error 638 

bars denote the ensemble spread represented by 1 standard deviation. Red triangles, 639 
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blue squares, and green circles connected by lines indicate the results of SV1-, SV2-, 640 

and CTL-experiments, respectively. (b) Same as (a), but the differences from the control 641 

run for the ensemble members (gray thin line) and those from the CTL-experiment for 642 

the SV1-experiment (red line) and SV2-experiment (blue line), respectively. 643 

  644 
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 645 

 646 

Fig. 6. Sensitive regions of (a) SV1+2, (b) SV1, and (c) SV2, represented by MTE (shading; 647 

unit: J kg-1) derived from linear combination of initial perturbations in all perturbed 648 

ensemble members. The variance of the SVs (unit: %) are denoted above the panels. 649 

Contours indicate 200-hPa geopotential height (unit: m) at initial time. Dashed black 650 
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rectangles denote the verification area between [15–30oN, 125–150oE]. 651 

  652 
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 653 

 654 

Fig. 7. Same as Fig. 6, but for the MTE derived from the regressed perturbations onto the 655 

(left) SV1 and (right) SV2 in the lead time of (a, e) +2 day, (b, f) +4 day, (c, g) +6 day, 656 

and (d, h) +7 day. The MTE and geopotential height in (d) and (h) are derived from the 657 

5-day running mean. 658 
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 659 

 660 

Fig. 8. Hovmöller diagram of vertically integrated (from 1000 to 100 hPa) MTE derived from 661 

the regressed perturbations onto the SV2 normalized by the zonal mean (shading) and 662 

200-hPa meridional wind anomalies predicted by ensemble mean (contour; unit: m s-1) 663 

averaged between 35oN and 70oN from initial time to the lead time of +8 day (24 August 664 

2016). Black bold dashed line shows a longitude line of 135oE near Japan. 665 

  666 



 

45 

 

 667 

 668 

Fig. 9. Five-day running averages of the difference in 850-hPa stream function from CTL-669 

experiment for (a) SV1-experiment and for (b) SV2-experiment (shading; unit: 106 m2 s-670 

1) in the lead time of +7 day, respectively. Contours denote the 850-hPa stream function 671 

in the (a) SV1- and (b) SV2-experiments at intervals of 2×106 m2 s-1. Green triangles 672 

denote predicted central positions of cyclones south of Japan at 12 UTC in the lead 673 

time of +7 day for the (a) SV1- and (b) SV2-experiments. Black shadings indicate region 674 

with altitudes exceeding 1,600 m. 675 
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 677 

 678 

Fig. 10. Difference in 200-hPa stream function between SV1-experiment and CTL-679 

experiment (shading; unit: 106 m2 s-1) in the lead time of (a) 0 day (i.e., initial day), (b) 680 

+2 day, (c) +4 day, and (d) +5 day. Contours denote the 200-hPa stream function in the 681 

SV1-experiment at intervals of 5×106 m2 s-1. The stream function in (d) is derived from 682 

the 5-day running mean. 683 



 

47 

 

 684 

 685 

Fig. 11. Hovmöller diagram of vertically integrated (from 1000 to 100 hPa) MTE normalized 686 

by the zonal mean (shading) and differences in 200-hPa meridional wind between SV2-687 

experiment and CTL-experiment (contour; unit: m s-1) averaged between 35oN and 688 

70oN from initial time to the lead time of +8 day (24 August 2016). The MTE is derived 689 

from the perturbations of the SV2-experiment from the CTL-experiment. Black bold 690 

dashed line shows a longitude line of 135oE near Japan. 691 
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