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Abstract 1 

 The present study found a significant influence of the Madden-Julian Oscillation (MJO) on 2 

the occurrence probability of extreme snowfall and precipitation in Japan during boreal winter 3 

(December-February) using observational data and the Database for Policy Decision Making 4 

for Future Climate Change (d4PDF). The analysis of d4PDF containing 90-member and 50-5 

member ensemble historical simulations by global and high-resolution regional models, 6 

respectively, enabled us to quantify and elucidate the geographical distribution of the 7 

occurrence probability of extreme weather in Japan related to the MJO. The d4PDF global 8 

simulations well represent the MJO and its teleconnection over the Pacific-North America 9 

region. 10 

Our results show that (1) the probability of extreme snowfall on the Sea of Japan side of 11 

northwestern Japan (SJA) increases (decreases) by approximately 20% (30-40%) associated 12 

with enhanced MJO over the Maritime Continent and western Pacific (western Indian Ocean)  13 

relative to that for all winter days; (2) the extreme precipitation on the Pacific Ocean side (PAC) 14 

of Japan increases (reduces) by 40-50% (approximately 30%) when the MJO is active over the 15 

Indian Ocean (western Pacific); and (3) the extreme snowfall on the Kanto area in PAC 16 

increases by 30-45% when the MJO is enhanced over the eastern Indian Ocean and Maritime 17 

Continent. Composite analysis reveals that different physical processes associated with the 18 

MJO are responsible for the occurrence of extremes in the three regions. The MJO intensifies 19 

cold air intrusion from Siberia into Japan associated with a more frequent blocking over East 20 



 

3 
 

Siberia, causing extreme snowfall in SJA. The MJO stimulates the explosive development of 21 

extratropical cyclones due to enhanced moisture flux convergence, leading to extreme 22 

precipitation in PAC and extreme snowfall in Kanto. Furthermore, the Kanto snowfall is partly 23 

related to a cold air outflow from the blocking induced by the MJO. 24 

 25 

Keywords MJO teleconnection, extreme snowfall and precipitation, AGCM, regional climate 26 

model, large ensemble simulation 27 

 28 

1 Introduction 29 

Severe snowfall and precipitation events over the Sea of Japan side and Pacific Ocean side 30 

of the islands of Japan (Fig. 1) are empirically known to be associated with different synoptic 31 

weather patterns. On the Sea of Japan side, precipitation is largely dominated by snowfall, and 32 

it is statistically known that normal snowfall is caused by intensified northwesterly monsoon 33 

flow (winter monsoon pattern), which is dry and cold air originating from Siberia with the 34 

development of the Siberian high and Aleutian low and becomes unstable by heat and moisture 35 

supply over the Sea of Japan. Previous studies have investigated the mechanism of heavy 36 

snowfall on the Sea of Japan side in terms of synoptic-to-large scale atmospheric circulations 37 

(e.g., Yamashita et al. 2012; Ueda et al. 2015; Kawase et al. 2018). Extreme snowfall 38 

occurrences on the Sea of Japan side link to intermittent cold air outbreaks (CAO; e.g., Iwasaki 39 

et al, 2014; Shoji et al. 2014), referred to as cold surge intrusions into East Asia via Siberia 40 
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(Yamashita et al. 2012; Sasai et al. 2019), and are related to intraseasonal atmospheric blocking 41 

in the East Siberian region (Yamazaki et al. 2019). The interannual variability of the occurrence 42 

of heavy snowfall is related to an anomalous cyclonic circulation over Japan formed as the 43 

stationary Rossby wave response to intensified tropical convection over maritime continents 44 

and neighboring oceans (Ueda et al. 2015), and extraordinary intensification of the East Asian 45 

winter monsoon circulation associated with combined forcing of El Niño-Southern Oscillation 46 

(ENSO) and North Atlantic Oscillation (NAO) (Sakai and Kawamura, 2009).  47 

On the Pacific Ocean side of southern Japan, including Kanto, precipitation is mostly 48 

dominated by rainfall, and there is less snowfall compared to the Sea of Japan side. Although 49 

few studies have focused on snowfall events on Japan's Pacific Ocean side, the Kanto area 50 

infrequently experiences extraordinarily heavy snowfall. This occurrence is mostly caused by 51 

the development of an extratropical cyclone passing along the southern coast of Japan (south 52 

coastal cyclone pattern) (Honda et al. 2016; Kawase et al. 2018) and is to some extent regulated 53 

by northwestern Pacific blocking, leading to a strong cold-air inflow (Yamazaki et al. 2015). 54 

However, it is incompletely understood what intraseasonal variabilities and how they control 55 

synoptic situations for heavy snowfalls and extreme rainfall in Japan, although a previous study 56 

mentioned the relation of Eurasian patterns (Wallace and Gutzlar 1981) to interannual 57 

variations in snowfall events at one observational site in southern Japan (Tachibana et al. 2007). 58 

   The Madden-Julian Oscillation (MJO) is the most dominant mode of tropical intraseasonal 59 

variability (Madden and Julian 1972), which manifests as an eastward propagating mode of 60 
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convection and atmospheric circulation and has the largest amplitude during boreal winter (e.g., 61 

Zhang 2005; Jiang et al. 2020). MJO-related convective heating excites a poleward dispersion 62 

of the Rossby wave train and generates a local Hadley circulation, which can modulate 63 

extratropical atmospheric circulation (MJO-teleconnection) and thus globally affect mid- to 64 

high-latitude weather changes (e.g., Matthews et al. 2004; Zhang et al. 2013; Seo and Lee 2016; 65 

Stan et al. 2017). The MJO-teleconnections are a key source of global weather predictability 66 

on the extended subseasonal timescale of about 10-40 day (Robertson et al, 2015). In East Asia, 67 

MJO-related convection influences subseasonal variability in precipitation and surface 68 

temperature (Jeong et al. 2008; He et al. 2011) and high-impact weather during the winter, the 69 

occurrences of the cold surge and CAO (Jeong et al. 2005; Abdillah et al. 2018) and heavy 70 

snowfall events over Korea (Park et al. 2010).  71 

The MJO affects the variations in North Pacific storm track activity (Deng and Jiang 2011; 72 

Takahashi and Shirooka 2014) and extratropical cyclones (Guo et al. 2017) due to interactions 73 

between synoptic eddies and MJO-induced flow anomalies. The enhanced activity of these 74 

extratropical storms can cause severe weather in midlatitude populated areas. Some previous 75 

studies have shown that MJO teleconnection is linked to significant changes in Northern 76 

Hemisphere winter blocking (Moore et al. 2010, Henderson et al. 2016). Henderson et al. 77 

(2016) demonstrated that a significant increase (decrease) in blocking frequency over the west 78 

and central Pacific occurs when MJO-related convection is enhanced in the western Pacific 79 

(Indian Ocean). Extreme cold events over Korea are partly associated with Subarctic (East 80 
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Siberian) blocking (Park et al. 2019). Hence, it is expected that the wintertime blocking 81 

associated with the MJO impacts extreme cold events and heavy snowfall in East Asia, 82 

including northern China, Korea, and Japan. 83 

   Recently, some studies have presented the quantitative impacts of the MJO on the 84 

occurrence frequency of extreme wintertime rainfall in southeast Asia (Xavier et al. 2014) and 85 

southern China (Ren and Ren 2017). Ren and Ren (2017) indicated that the probability of 86 

extreme rainfall events in southern China increased (decreased) by 30-50% (20-40%) relative 87 

to all days in the winter when the enhanced MJO convection was enhanced over the Indian 88 

Ocean (western Pacific). Matsueda and Takaya (2015) demonstrated that the frequency of 89 

winter extreme temperature events is significantly modulated by the MJO over some areas in 90 

the extratropics such as Asia, America, and Europe.                    91 

Although the understanding of the impact of the MJO on rainfall and temperature variations 92 

has progressed, the influence of the MJO on the geographical distribution and occurrence 93 

frequency of extreme snowfall and rainfall in Japan remains unclear. Due to the severe impacts 94 

of heavy snowfall, understanding the mechanisms driving the occurrence and the source of 95 

predictability are critical issues to improve projections' uncertainty. Observed extreme events 96 

for each MJO phase occur not too frequently to significantly and quantitatively estimate 97 

occurrence probability. In addition, a low-resolution global climate model (GCM) cannot 98 

represent the geographical distribution of extreme events in Japan. Therefore, we use a large 99 

ensemble dataset, "Database for Policy Decision Making for Future Climate Change (d4PDF)" 100 
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(Mizuta et al. 2017) containing high-resolution regional and global model (MRI-AGCM3.2) 101 

simulations with the horizontal resolutions of 20 km and 60 km, respectively. As this global 102 

model has relatively good skill of the MJO compared to other current GCMs (Wang et al. 103 

2020b), the analysis of d4PDF with a large-ensemble simulation of the regional model enable 104 

us to quantitatively estimate and elucidate the geographical distribution of the occurrence 105 

probability of extreme weather in Japan associated with MJO, which has not been clarified. We 106 

investigate the influence of the MJO on extreme snowfall and precipitation on the Sea of Japan 107 

side and Pacific Ocean side of Japan. 108 

 The remaining parts of the paper are organized as follows. The dataset and methodology are 109 

described in Section 2. The simulation skills to represent MJO and MJO teleconnection in the 110 

d4PDF dataset are evaluated in Section 3. Section 4 presents the influence of the MJO on 111 

extreme wintertime snowfall and precipitation in Japan. Sections 5 and 6 describe the 112 

characteristics of atmospheric circulation patterns and the underlying mechanisms to link the 113 

occurrence of extreme events with the MJO, respectively. Conclusions and discussions are 114 

provided in section 7. 115 

 116 

2 Data and Methods 117 

2.1 Data 118 

We used a large number of ensemble simulation data from the d4PDF, which consists of 119 

outputs from a global atmospheric model (MRI-AGCM3.2) with a horizontal grid spacing of 120 
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60 km and from regional downscaling simulations covering the Japan area by a nonhydrostatic 121 

regional climate model (NHRCM) with a 20-km grid spacing (Fig. 1a). In this study, 90-122 

member and 50-member ensemble historical simulations from the output for GCM and RCM, 123 

respectively, were used for the analysis period during boreal winter (December-February, DJF) 124 

in 1979-2018.  125 

We also used daily gridded precipitation and temperature datasets with a spatial resolution 126 

of 0.25° provided by the Asian Precipitation-Highly Resolved Observational Data Integration 127 

Towards the Evaluation of Water Resources (APHRODITE) project (Yatagai et al. 2012). Daily 128 

snowfall data in Japan were obtained from observational station data of the Automated 129 

Meteorological Data Acquisition System (AMeDAS) operated by the Japan Meteorological 130 

Agency. The data of available stations are spatially interpolated with a 0.25° horizontal grid. 131 

Atmospheric variables were derived from the Japanese 55-Year Reanalysis (JRA55) Project 132 

(Kobayashi et al., 2015) dataset with a 1.25° horizontal and 6-hourly resolutions. The daily 133 

outgoing longwave radiation (OLR) and daily precipitation data interpolated from the pentad 134 

data with a 2.5° spatial resolution from the Global Precipitation Climatology Project (GPCP), 135 

(Adler et al., 2003) were utilized. Considering the reliability and availability of the 136 

observational data, we analyzed winter precipitation for 1979-2015 and the other data for 1979-137 

2018. Daily anomalies were derived relative to 1981-2010 climatology. We applied a 5-day 138 

running mean filter to the daily data in order to smooth small-scale noise. 139 

2.2 Methods 140 
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The phases and amplitude of the MJO are derived from the daily multivariate MJO (RMM) 141 

index (Wheeler and Hendon 2004). The MJO indices are the first two principal components of 142 

the combined empirical orthogonal functions (CEOFs) of 15°S-15°N averaged OLR and 850- 143 

and 200-hPa zonal winds anomalies. The observed MJO indices are calculated from the winds 144 

data of JRA55. Although some previous studies for the model comparison of the MJO use the 145 

observation-based CEOFs for consistent comparison among the models (Henderson et al. 146 

2017) or model-based CEOFs (Ahn et al. 2017). The former projection method possibly 147 

produce artificially higher MJO simulation skills in the models (Ahn et al. 2017). Our study 148 

first evaluates the MJO and MJO-teleconnection characteristics in d4PDF. Therefore, the MJO 149 

indices for d4PDF are obtained by projecting OLR and zonal wind anomalies for each member 150 

onto the CEOF of one reference member, which is randomly picked because we confirmed that 151 

the first two CEOFs modes have almost the same patterns among all ensemble members. The 152 

anomalies are derived by subtracting the previous 120-day mean to reduce the influence of 153 

interannual variability and the first three harmonics of the climatological seasonal cycle. MJO-154 

phase composites are constructed for days with normalized amplitudes of MJO indices greater 155 

than one standard deviation (std). Although the lag-composite is often applied in the regions 156 

such as North America and Europe where the propagation of Rossby wave in each MJO phase 157 

is delayed, we show the composites in MJO phases at lag 0 (day 0) after section 4 since Japan 158 

is closer to active region of MJO. We apply 10-80-day and 20-80-day bandpass-filter as 159 
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intraseasonal time scales appropriately to show tropical MJO signal and MJO-extratropical 160 

response, respectively. 161 

Extreme precipitation (snowfall) days were defined as days exceeding the 95th percentile 162 

value of daily precipitation (snowfall) amounts above 0.1 mm day-1 (0.1 cm day-1) on all days 163 

in DJF based on the percentile-based threshold method (Zhang et al. 2011). An extreme cold 164 

day was also defined as a day falling below the 5th percentile of temperature during all winter 165 

days. As another threshold of extreme events, the 90th or 10th percentile values were also used. 166 

The percentage change in the extreme events for the MJO phases is calculated as follows 167 

(Ren and Ren 2017): 168 

			∆𝑃!"#	 =
%!"#	('≧'%)*%&''	('≧'%)	

%&''	('≧'%)
∗ 100	%	           (1) 169 

Here, ΔPMJO is the percentage change in the cumulative probability of precipitation or snowfall 170 

(x) exceeding a percentile threshold (xc) due to the MJO. PMJO(x≧xc) is the cumulative 171 

probability exceeding xc calculated for only the days in a given MJO phase (MJO amplitude ≧	172 

1.0	std), and Pall(x≧xc) is calculated for all days during the winter season. In the same way, the 173 

percentage change in the extreme cold events falling below xc was calculated from PMJO(x≦xc) 174 

and Pall(x≦xc). 175 

   To detect atmospheric blocking, the Northern Hemisphere blocking index developed by 176 

Tibaldi and Molteni (1990) is used in this study. The gradient of the geopotential height at 500 177 

hPa smoothed by a 5-day running mean is calculated in the southern and northern parts for each 178 

longitude. A given longitude is regarded as blocked if the meridional gradients fulfill the 179 
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threshold on a given day. The definition is described in more detail in Tibaldi and Molteni 180 

(1990). 181 

 182 

3. MJO and MJO teleconnection simulated in d4PDF 183 

  Previous multimodel comparison studies have demonstrated that a global climate model, 184 

MRI-CGCM3 (Yukimoto et al. 2012), and the atmospheric component, MRI-AGCM3, which 185 

is the same as a model used by d4PDF, reasonably simulate the observed MJO signal (Rushley 186 

et al. 2019, Wang et al. 2020b). However, they analyzed only one member of each model. Here, 187 

we confirm the representation of the MJO during the winter by a large ensemble simulation in 188 

d4PDF. The observed lag-regression diagram of equatorial 20-80 day filtered precipitation 189 

anomaly against the Indian Ocean base point shows continuous eastward propagation from the 190 

Indian Ocean to the western Pacific at a phase speed of approximately 6 ms-1 with the low-191 

level zonal wind anomaly lagging 5-10 days behind (Fig. 2a). The ensemble means of each lag- 192 

regression in d4PDF capture the eastward propagation of precipitation and zonal wind well 193 

(Fig. 2b), which exhibits high skill with pattern correlation exceeding 0.8 of lag-regressed 194 

precipitation anomalies on a time-longitude domain of 60°-180°E and day -20 to day 20 195 

between the simulated and observed patterns.  196 

The wavenumber-frequency spectral variance normalized by background spectra following 197 

Wheeler and Kiladis (1999) is displayed for the symmetric component of equatorial 198 

precipitation in GPCP and d4PDF (Figs. 2c, d). The observed spectrum shows a distinct 199 
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variance peak corresponding to the MJO with wavenumbers 1-5 and frequencies from 1/90 to 200 

1/20 cycle per day (Fig. 2c). Equatorial Kelvin and Rossby waves have large variances in the 201 

equivalent depth range of 12-50 m. The d4PDF exhibits a strong variance maximum in the 202 

MJO spectral band that is clearly separated from that of the Kelvin wave, as in the observation 203 

(Fig. 2d). Although one reference member is shown here, we confirmed that other members 204 

have similar spectrums to this (not shown). 205 

  The MJO-extratropical teleconnection pattern in d4PDF is examined and compared to that 206 

in the observation. Figure 3 shows the composite of intraseasonal circulation and convective 207 

anomalies in MJO phases 1-8 for the observation and d4PDF. The observed teleconnection 208 

patterns in the midlatitude northwestern Pacific indicate anticyclonic and cyclonic circulation 209 

anomalies, along with OLR negative and positive anomalies over Japan in MJO phases 2-4 and 210 

6-8, respectively (Fig. 3a). In the d4PDF, the phase changes in the circulation response over 211 

the northwestern Pacific and anomalous convection around Japan are qualitatively in good 212 

agreement with those of the observations (Fig. 3b). 213 

To quantitatively compare the simulation capability of d4PDF to those of CMIP5 models, 214 

we calculate skill metrics of the MJO (MS1-MS2) and MJO teleconnection (TS1-TS4) defined 215 

by Wang et al. (2020a, b) for all MJO phases in d4PDF (Figs. 4 and S1). For the skill metric of 216 

the MJO teleconnection pattern (TS1), the pattern correlation coefficient (pattern CC) of 500-217 

hPa geopotential height (Z500) anomaly composites is calculated between JRA55 and d4PDF 218 

over the Pacific-North America (PNA) region (20°N-80°N, 120°E-60°W; yellow box in Fig. 219 
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3a) averaged over 5-9 days after each MJO phase. TS1 of the ensemble mean anomalies (red 220 

numbers) are larger than the ensemble mean of TS1 (purple circles) for each phase (Fig. 4a) 221 

and show higher values in phase 2 (0.81), phase 3 (0.72), and phase 7 (0.7) compared with 222 

those for phase 2 (0.61), phase 3 (0.65), and phase 7 (0.64) in the multimodel mean of CMIP5 223 

(Wang et al. 2020a). This result means that the large-ensemble mean can yield a better signal 224 

of the teleconnection pattern because of the noise reduction. The pattern CCs of 500-hPa stream 225 

function (ψ500) anomalies show higher values than those of Z500 for each phase (Fig. S1a).      226 

For the skill metric of the MJO pattern (MS1), pattern CC between d4PDF and observed 227 

OLR anomaly composites is calculated over the tropical Indo-Pacific region (40°E-140°W, 228 

15°S-15°N) averaged over 0-4-day lag. The MS1 of the ensemble mean anomalies (red 229 

numbers) for phase 3 (0.76), phase 7 (0.77), and all phases (0.8) are larger than those in the 230 

multimodel mean of CMIP5 (Wang et al. 2020b).  231 

The Rossby wave source (RWS; Sardeshmukh and Hoskins 1988) is often examined to 232 

diagnose the origin of Rossby wave propagation. The RWS consists of a component of vorticity 233 

generation by a divergence of the upper-level divergent winds and a component of absolute 234 

vorticity advection by divergent winds. For the process-based metric, pattern CCs of RWS 235 

(TS3) are calculated from composites of 250-hPa RWS anomalies over the region (10°-45°N, 236 

60°E-120°W; yellow box in Fig. S1f) (Figs. S1f-i) on 0-4-day lag in a similar way as TS1. The 237 

d4PDF can reasonably reproduce the pattern of RWS with a pattern CC equal to 0.7 for MJO 238 

at all phase means (Fig. 4b). The correlation coefficients (r) between MS1 and TS3, TS3 and 239 



 

14 
 

TS1, and MS1 and TS1 are significant positive values with 0.57, 0.55, and 0.46, respectively 240 

(gray numbers) when they are estimated from all members for all MJO phases and have 241 

significantly higher values with 0.73, 0.86, and 0.95, respectively (purple numbers) when they 242 

are estimated from the ensemble mean of metrics for each phase (purple circles) (Figs. 4a, b, 243 

and S1a, b). The above results indicate that a more realistic MJO pattern produces more 244 

reasonable teleconnection patterns via a more consistent RWS pattern. 245 

For skill metrics representing the magnitude of simulated anomalies, the relative 246 

amplitudes of the MJO (MS2), MJO teleconnection over the PNA region (TS2), and RWS 247 

(TS4) in d4PDF to those of the observations are similarly calculated from the standard 248 

deviations of anomaly composites over the regions same as MS1, TS1, and TS3, respectively. 249 

The ensemble means of MS2 on 0-4-day lag and TS2 on 5-9-day lag for phase 3 (phase 7) are 250 

0.86 (0.83) and 1.1 (1.2), respectively (Figs. 4c, d), which is consistent with the feature that 251 

most CMIP5 models tend to underestimate MS2 and overestimate TS2 for phases 3 and 7 252 

(Wang et al. 2020a, b). The relationships between MS2 and TS4 and TS4 and TS2 show 253 

significant high correlations for all MJO phases (Figs. 4d, and S1c), whereas the correlation 254 

between MS2 and TS2 has a lower value (Fig. 4c). This result suggests that more enhanced 255 

MJO convection not necessarily produces stronger MJO teleconnection, because the nonlinear 256 

wave-mean flow interaction also may lead to the variation in amplitude of MJO teleconnection 257 

(Wang et al. 2020a). We also show several metrics derived from MJO indices using the 258 

observation-based CEOF, which is marked with an asterisk (Figs. S1d, e). The ensemble means 259 
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of MS1*, TS1*, and MS2* show somewhat higher values than those using the CEOF based on 260 

one-member in d4PDF, respectively (Figs. 4a, c and S1d, e).  261 

Additionally, we examined three other skill metrics of the MJO teleconnection: east-west 262 

position (TS5), intraphase pattern consistency (IPC, TS6), and persistence (TS7) following 263 

Wang et al. (2020a) (see Fig. S2 for details). The result of TS5 indicates that the MJO 264 

teleconnection in d4PDF tends to exhibit eastward shifted patterns for all phases compared to 265 

the observation, which is found in most CMIP5 models, as shown in Wang et al. (2020a) (Fig. 266 

S2a). This bias is likely due to an eastward and southward shifted subtropical jet (Figs. S1j, k). 267 

For TS6, the d4PDF ensemble mean shows a similar result of an interphase change to the 268 

observation (correlation of 0.94), with phases 2, 3, 7, and 8 having more consistent 269 

teleconnection patterns (Fig. S2b). For TS7, the observed teleconnection patterns for phases 3 270 

and 7 have longer persistence than other phases, and d4PDF has a similar finding (Figs. S2c, 271 

d).  272 

In short, the above results in comparison with CMIP5 models indicate that the ensemble 273 

means in d4PDF reproduce the MJO and its teleconnections well. As the simulation for d4PDF 274 

was performed using the observed monthly mean SST as the lower boundary condition, the 275 

above results suggest that a large ensemble simulation and SST pattern as well as a 276 

climatological subtropical jet play an important role in the reproduction of the MJO and thus 277 

its teleconnection patterns. Therefore, it is appropriate to investigate the influence of the MJO 278 

on extreme events over Japan using d4PDF. 279 
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 280 

4. Impacts of the MJO on extreme precipitation and snowfall in Japan 281 

4.1 Variability of precipitation and snowfall in Japan during the winter 282 

The winter mean and variance of precipitation and snowfall in Japan are shown in Figure 5. 283 

Dominant precipitation variation is found on the Pacific side and the Sea of Japan side (Fig. 284 

5a). On the other hand, a large amount of snowfall and its significant variation appear on the 285 

Sea of Japan side, with relatively moderate snowfall on the Pacific Ocean side of northeastern 286 

Japan (Fig. 5b). The Kanto area (blue box in Fig. 1c) on the Pacific Ocean side infrequently 287 

experiences heavy snowfall, although it has a smaller amount of snowfall than the Sea of Japan 288 

side (Figs. 5b-d).  289 

In this study, we focus on the three areas of the Sea of Japan side (SJA), the Pacific Ocean 290 

side (PAC), and the Kanto region (Kanto) and examine the extreme events of snowfall and 291 

precipitation. These regions are displayed in Fig. 1c. The snowfall amount in SJA has a high 292 

negative correlation with the surface temperature (correlation of -0.78) and exhibits a 293 

significant decreasing trend (Figs. 5c, f) in association with a warming trend in in Japan (Fig. 294 

5g). However, snowfall in Kanto is less relevant to the temperature (correlation of -0.27) (Fig. 295 

5f). Significant increasing trends are found in Kanto snowfall and PAC precipitation (Figs. 5d, 296 

e), which probably is linked to an increasing moisture trend (Fig. 5g). The results imply that  297 

snowfall variability in SJA is influenced by changes in the inflow of cold air masses, whereas 298 

snowfall in Kanto is not necessarily affected only by colder condition.  299 
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4.2. Influences of the MJO on extreme precipitation and snowfall 300 

  Figures 6 and 7 illustrate the distribution of the percentage change in the probability of 301 

extreme event occurrences over Japan for four MJO phases in which the MJO-related changes 302 

are more pronouncedly found in Japan. The enhanced convection of the MJO is located over 303 

the Indian Ocean in phases 2-3, the Maritime Continent in phase 5, and the western Pacific in 304 

phase 6. Overall, we found that the occurrence probabilities of extreme precipitation and 305 

snowfall show different phase changes on the Pacific side and Sea of Japan side. Therefore, 306 

instead of combining some MJO phases, the percentage changes for each phase are shown. The 307 

probability of observed extreme precipitation (Fig. 6a) saliently increases during phases 2-3 308 

and clearly decreases for phase 6 on the Pacific side, which corresponds to anomalous moist 309 

and dry conditions associated with MJO-related southerly and northerly wind anomalies, 310 

respectively.    311 

The probability of observed extreme snowfall on the Sea of Japan side (Fig. 7a) remarkably 312 

increases for phases 5-6 and decreases for phase 2. This phase change in frequency is consistent 313 

with the finding that the probability of extremely cold days increases for phases 5-6 but 314 

decreases for phase 2 (Fig. 7c). The results indicate that the increased (decreased) probability 315 

of extreme snowfall for phases 5-6 (phase 2) is related to the colder (warmer) temperature 316 

condition by the enhanced (weakened) northerly in the corresponding phase of the MJO (Figs. 317 

6b, c). In the Kanto area, the occurrence of snowfall tends to increase in phases 3-5 (Fig. 7a), 318 

although it is not necessarily due to extremely cold temperatures (Fig. 7c). The impact of 319 
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synoptic to large-scale conditions modulated by the MJO on extreme events is described in 320 

detail in sections 5 and 6. 321 

 d4PDF well captures the changes in the distribution of the probability of extreme 322 

precipitation (Fig. 6b) and snowfall (Fig. 7b) with MJO-related circulation and moisture 323 

anomalies during the MJO phases as aforementioned observed results. This result indicates that 324 

d4PDF successfully reproduces the MJO's influence upon extreme events, and hence, the 325 

probability change in extreme events can be quantitatively estimated. We focus on three 326 

extreme events that have distinct MJO phase changes: extreme precipitation in the PAC and 327 

extreme snowfalls in SJA and Kanto. 328 

 Figure 8 shows the probability distribution function (PDFs) of precipitation in PAC and 329 

snowfall in SJA and Kanto for MJO phases 1-8 with wintertime climatological PDF during all 330 

days in DJF. In addition, histograms and PDF curves in the representative phases that have the 331 

most positively or negatively skewed PDFs are also presented with the PDF curves for all days 332 

and non-MJO days (MJO amplitude < 1.0) in DJF. For d4PDF, PDFs in PAC precipitation 333 

represent a more positively (negatively) skewed distribution in phases 2-4 (phases 6-8) 334 

compared to the climatological PDF (Fig. 8d). PDFs in SJA snowfall have more positive 335 

skewness in phases 5-6 and skew toward lower values in phases 1-2 and 8 compared with the 336 

climatological PDF (Fig. 8e). The Kanto snowfall shows more positively and negatively 337 

skewed PDFs in phases 3-5 and phases 1 and 8, respectively (Fig. 8f).  338 
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Overall, the phase changes in the skewness of PDFs of rainfall and snowfall for d4PDF are 339 

in good agreement with those in the observation (Figs. 8a-c). Although the differences between 340 

the observed histograms in MJO phases are unclear (particularly for Kanto snowfall), those 341 

between the MJO phases in d4PDF are clearly represented. Therefore, we emphasize that 342 

d4PDF enables the occurrence probability in extreme events for MJO phases to be significantly 343 

evaluated due to the sufficient sample numbers, although the observation is not enough to 344 

determine the significance because of the lack of the sample numbers. 345 

We quantitatively estimate the percentage changes in the probability of extreme event 346 

occurrence averaged over the specific areas during MJO phases 1-8 with respect to that of all 347 

DJF days from d4PDF (Fig. 9). As the phase change in occurrence probability agrees well 348 

between the 95th and 90th percentile threshold values, we describe the case of the 95th 349 

threshold. The results indicate that MJO dominantly increases the probability of extreme 350 

precipitation in PAC by approximately 40% and 50% in phases 2 and 3, respectively, whereas 351 

it clearly decreases the probability by approximately 30% in phase 6 (Fig. 9a). With respect to 352 

the extreme snowfall in SJA (Fig. 9c), MJO significantly increases the probability by 353 

approximately 20% in phases 4-6 and reduces it by 20-40% in other phases. For Kanto, it is 354 

found that the probability of extreme snowfall and precipitation significantly increases by 30-355 

45% in phases 3-5 and by 35-40% in phases 3-4 (Figs. 9b, d), respectively.  356 

To see the effect of extreme temperature drops on extreme snowfall occurrence, the 357 

percentage changes in the probability of area-averaged extreme cold events are likewise 358 
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estimated for SJA and Kanto (Figs. 9e, f). MJO acts to increase the probability of temperature 359 

that falls below the 5th percentile during phases 5-6 by approximately 25% and 30% in SJA 360 

and Kanto, respectively, and decrease the probability during phases 1-2 and 8 by 30-40% in 361 

both areas. The results indicate that the cold extreme brought by the MJO is responsible for the 362 

occurrence of extreme snowfall in SJA, whereas abnormally cold temperatures caused by the 363 

MJO do not always lead to snowfall events in Kanto. 364 

 365 

5. Atmospheric pattern influences on extreme snowfall and rainfall 366 

 In this subsection, we explore the large-scale factors that trigger the three extreme events 367 

(that is, the snowfalls in SJA and Kanto and precipitation in PAC) and how the MJO influences 368 

them. Figures 10 and 11 show composite maps of surface air temperature (SAT), sea-level 369 

pressure (SLP), and the large-scale circulation anomalies in the middle-upper troposphere, 370 

including the propagation of Rossby wave trains depicted by the wave activity fluxes (Takaya 371 

and Nakamura 2001) for the occurrence of the three extremes (more than 95th percentile) 372 

during winter all days and those for MJO phases 2-6, respectively, in d4PDF. d4PDF represents 373 

very similar patterns of circulation and SAT anomalies in three extreme events and MJO phases 374 

and a more widespread significant area to those in the observation (Fig. S3). Therefore, the 375 

figures of d4PDF are given for the main text in this section. 376 

5.1 Extreme snowfall in SJA 377 
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The anomaly fields during the occurrence of extreme snowfall in SJA (Figs. 10a, b) indicate 378 

enhanced cyclonic anomalies centered on northeastern sea of Japan at the surface and over 379 

Japan in the middle-upper troposphere. They are accompanied by anomalous anticyclones 380 

prevailing over the Eurasian continent north of 50°N and the Arctic Sea at the middle-upper 381 

level and all the way to the south of China (20°N) at the surface. These circulation patterns 382 

correspond to the Siberian High and Aleutian Low intensifications, leading to the enhancement 383 

of the northwesterlies and formation of cold temperature anomalies over East Asia, including 384 

Japan (Fig. 10a). Thus, they bring much snowfall to SJA. 385 

 It is noteworthy that the anomalous cyclone over Japan with an anticyclone northward over 386 

the East Siberia constitute a meridional dipole structure (Fig. 10b). The dipole anomalies 387 

develop as part of two Rossby wave trains propagating over the subpolar and subtropical jets 388 

as wintertime waveguides. The wave activity fluxes indicate that the Rossby wave train 389 

originating from the subtropical anticyclonic anomaly over South Asia (20°-30°N, 100°-390 

120°E) propagates northeastward through Japan, which is an anomalous anticyclone-cyclone-391 

anticyclone pattern (Fig. 10b).  392 

For MJO phases 5-6, the cyclonic anomalies over Japan and the anticyclonic anomalies at 393 

middle-upper latitude develop as part of Rossby wave train excited by the MJO anomalous 394 

convective heating (Figs. 11b and S3h, i), although these anticyclones center reside around 395 

Bering Sea rather than the East Siberia. The result indicates that MJO-related enhanced 396 

convection over the Maritime Continent to the western Pacific contributes to the formation of 397 
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quasi-stationary anomalous circulations with the meridional dipole structure over East Asia to 398 

Eastern Siberia, resulting in an increased probability of extreme snowfall occurrence in SJA 399 

due to sustained cold anomalies. 400 

5.2 Extreme snowfall in Kanto 401 

  The large-scale conditions during extreme snowfall in Kanto are presented for d4PDF (Figs. 402 

10c, d) and observations (Figs. S3c, d). A cyclone in the lower to upper troposphere develops 403 

near the south coast of Japan, and an anomalous anticyclone is enhanced over Eastern Siberia 404 

and the northwestern Pacific including the Bering Sea. These circulation anomalies develop as 405 

part of a northeastward propagating Rossby wave train originating from an anticyclonic 406 

anomaly over the Arabian Sea and India (20°N, 60°-100°E) (Figs. 10d and S3d). Zonal dipole 407 

circulation anomalies at 20°N (Fig. 10d) have similar patterns to the Matsuno-Gill response 408 

(Matsuno, 1966; Gill, 1980) to MJO convective heating in phases 3-5 (Fig. 11b).  409 

Most notably, surface cyclonic patterns clearly form on the sea to the south of Japan in 410 

phases 3-5 (Figs. 11a, S3j), accompanied by the middle-level trough over the East Asia 411 

(Fig.11b) that is also evident in extreme Kanto snowfall (Fig. 10d). In phase 5, the anticyclonic 412 

circulation is similarly produced over the Eastern Siberia to northwestern Pacific, although it 413 

is centered to the east of that in extreme events (Figs. 11b, S3j). Upper-level circulation 414 

anomalies during the extreme Kanto snowfall have a pronounced inter-event variance over the 415 

North Pacific (Fig. S3l), indicating the uncertainty in center location of anticyclonic anomalies. 416 

In fact, the observed anomalous anticyclone is most enhanced over the Bering Sea (Fig. S3d).  417 
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The results suggest that the enhanced MJO convection over the eastern Indian Ocean to the 418 

Maritime Continent encourages a cyclone near the southern coast of Japan, the East Asian 419 

trough, and partly an anticyclone over Eastern Siberia and the northwestern Pacific to evolve 420 

by producing the Rossby wave train, resulting in an increased likelihood of extreme snowfall 421 

in Kanto.  422 

Over the surface (Figs. 10c and S3c), the cold anomalies extend southward and dominate 423 

most of Asia, including Japan, accompanied by anomalous anticyclones prevailing over the 424 

Eurasian continent. On the other hand, the Siberian high over eastern China is weakened, and 425 

cold anomalies over Japan are relatively small in MJO phases 3-4 (Figs. 11a and S3g). We 426 

discuss other possible impacts of large-scale atmospheric variability in mid- to high-latitudes 427 

associated with pronounced cold anomalies and extreme snowfall in Section 7. 428 

5.3 Extreme rainfall in PAC 429 

   The large-scale circulation patterns during the extreme rainfall in PAC (Figs. 10e, f) are 430 

mostly opposite in sign to those during the SJA extreme snowfall (Figs.10a, b). Surface 431 

cyclonic anomaly develops to the southwest of Japan (Fig. 10e). Comparison of the circulation 432 

patterns during the extreme snowfall in Kanto show that an anomalous anticyclone in the 433 

notrhwestern Pacific is located relatively southwestward (40°N) and covers Japan, and the 434 

middle-upper level cyclonic anomalies dominate over the eastern Siberia (Fig. 10f) that is 435 

evidently different from that in Kanto snowfall.  436 
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  In MJO phases 2-3, the anomalous anticyclone over the Northwestern Pacific and cyclone 437 

in the Eastern Siberia are produced similarly to those during extreme rainfall, though the 438 

anomalous anticyclone is enhanced more eastward (Figs. 11b, S3k). These anomalous 439 

circulations correspond to a poleward dispersion of the Rossby wave train originating from the 440 

anticyclonic anomaly over the Arabian Sea and India triggered by MJO. (Fig. 11b).  441 

At the surface (Fig. 10e), the Siberian anomalous high and the corresponding cold anomalies 442 

are confined to the north of Asia, which is different from the case of extreme snowfall in Kanto 443 

(Fig. 10c). Therefore, the anomalous cyclone near Japan's southern coast and the northwestern 444 

Pacific anticyclone can lead to intensified warm and moist southwesterly inflows in Japan due 445 

to suppressed cold airmass intrusion, resulting in an increased chance of heavy precipitation 446 

rather than snowfall. 447 

 448 

6. Dominant factors for the extreme snowfall 449 

The results presented in the previous section show that extreme snowfall events are 450 

accompanied by pronounced anticyclonic anomalies over eastern Siberia and the northwestern 451 

Pacific, suggesting that atmospheric blocking and associated long-lasting cold air intrusion 452 

frequently occur. Furthermore, the cyclone passing through the Pacific Ocean to the south of 453 

Japan is evidently important for Kanto snowfall. The MJO produces such anomalous 454 

circulations favorable to extreme snowfall occurrences in specified areas over Japan during the 455 

respective phase. In this section, to provide physical explanations of the large-scale patterns, 456 
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we examine the occurrence of atmospheric blocking, cold air intrusion, and cyclone 457 

development, which are responsible for extreme snowfall. 458 

6.1 Impact of the atmospheric blocking and CAM inflow 459 

  Here, we examine whether extreme events are related to blockings and whether MJO 460 

influences the occurrence of extreme events by regulating blockings using the 1-dimensional 461 

index (Tibaldi and Molteni, 1990) as shown in Figure 12. Blocking eastern Siberia and the 462 

northwestern Pacific promotes cold airmass intrusion from polar regions toward Korea and 463 

Japan, leading to favorable conditions for extreme snowfall there (Yamazaki et al. 2015, 2019).    464 

We examine the evolution of the cold air mass (CAM) stream in extreme snowfall events 465 

and the influence of the MJO, which is derived from the observation-based analysis (Fig. 13). 466 

The CAM flux is defined as the flux of integrated air mass below a threshold isentropic surface 467 

(θ = 280 K) in the lower troposphere (Iwasaki et al. 2014) and can quantitatively measure the 468 

strength and movement of CAO. Here, day 0 denotes the day of occurrence of extreme snowfall. 469 

6.1.1 Extreme snowfall in SJA 470 

Figure 12a shows anomalies of blocking frequency as a deviation from the wintertime 471 

climatology (DJF mean) during the extreme events in the observation. The climatology of the 472 

blocking frequency has the largest value in the area of 150°E-160°W and accounts for 473 

approximately 13% at a maximum. For extreme snowfall in SJA, the anomalous blocking 474 

frequencies evidently increase in the Ural region (50°-80°E) and eastern Siberia (130°-170°E) 475 

by up to + 9% and + 12%, respectively.  476 
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The CAM flux analysis (Figs. 13a-c) show that polar CAM anomalies originating from the 477 

Arctic Ocean anticyclonically rotate along the blocking-type negative potential vorticity (PV) 478 

anomaly over eastern Siberia. Subsequently, the predominant CAM flux moves southeastward 479 

coupled with a positive PV anomaly over East Asia, resulting in a widespread cooling anomaly 480 

around Japan.  481 

6.1.2 Extreme snowfall in Kanto 482 

During extreme snowfall in Kanto (Fig. 12a), the anomalous blocking frequency increases 483 

over eastern Siberia and the northwestern Pacific (145°-180°E) by up to + 9%. On the other 484 

hand, extreme precipitations in PAC and Kanto are of little relevance to the blocking.  485 

From the analysis of d4PDF (Fig. 12b), similar results are obtained, although the Ural 486 

blocking frequency for SJA snowfall is lower than those in the observation. The maximum 487 

blocking frequency for SJA snowfall is larger and located further to the west than those for 488 

Kanto snowfall. The above results indicate that the formation of blocking with relatively 489 

different positions over eastern Siberia and the northwestern Pacific is an important factor 490 

causing extreme snowfall in SJA and Kanto. 491 

The CAM stream for the extreme snowfall in Kanto has a partly different path from the 492 

snowfall event in SJA (Figs. 13d-f). The polar CAM flux anomalies move southward along the 493 

anomalous anticyclone over the Bering Sea and northwestern Pacific and go through the Sea 494 

of Okhotsk on day -4 to day -2 (Figs. 13d, e). On day -2 to day 0 (Figs. 13e, f), the 495 

southeastward CAM flux toward Japan accompanied by weak positive PV anomaly over East 496 
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Asia is unclear in contrast to that during SJA extreme snowfall. On the other hand, the polar 497 

CAM flux anomalies are clearly directed southwestward toward Japan along the anomalous 498 

anticyclone over the northwestern Pacific. In this way, the oceanic cold northerlies toward 499 

Japan largely contribute to Kanto snowfall occurrence, even though they are weaker than those 500 

in SJA snowfall. 501 

6.1.3 Impact of MJO  502 

  We evaluated the anomalous blocking frequency for MJO phases 1-8 as a deviation from the 503 

DJF mean (Figs. 12c, d). The results of observations and d4PDF clearly show that the blocking 504 

frequencies significantly increase in eastern Siberia and the northwestern Pacific during MJO 505 

phases 5-7 and decrease during phases 1-3, consistent with the finding of Henderson et al. 506 

(2016). Figures 12e and f show the change in the probability of blocking for all MJO phases 507 

during the SJA and Kanto extreme snowfall events in d4PDF, respectively. Probability changes 508 

in blocking frequency averaged over the region of 130°-170°E in SJA extreme snowfall (Fig. 509 

12e) and 145°-180°E in Kanto extreme snowfall (Fig. 12f) increase by 10-20% for MJO phases 510 

5-7 and decrease for other phases with respect to those in all DJF extreme days.  511 

Our results revealed that the quasi-stationary Rossby wave response to MJO heating over 512 

the Maritime Continent to the western Pacific significantly contributes to an increase in the 513 

probability of extreme snowfall occurrence in SJA (Kanto) during MJO phases 5-6 (phase 5) 514 

due to more frequent formation of blocking in eastern Siberia and northwestern Pacific. On the 515 
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other hand, increased occurrences of extreme snowfall in Kanto and the extreme precipitations 516 

during the phases 3-4 are less relevant to the formation of blocking. 517 

The CAM fluxes over East Asia, including Japan, are significantly strengthened by the 518 

MJO, when MJO-related convection is active over the Maritime Continent (phase 5) and 519 

western Pacific (phase 6) (Figs. 13h, i). In MJO phase 6 (Fig. 13i), the path of CAM from the 520 

polar region is similar to that in the SJA extreme snowfall (Fig. 13c). The polar CAM flux 521 

anticyclonically moves along MJO-related negative PV anomaly over the eastern Siberia and 522 

then cyclonically migrate southeastward accompanied by MJO-induced positive PV anomaly, 523 

leading to the cold air outbreak around Japan. Even though the CAM flux and positive PV 524 

anomalies over East Asia in phase 5 are relatively weaker than those in phase 6, the CAM 525 

intrudes into Japan along the negative PV anomaly formed over the Okhotsk Sea and 526 

northwestern Pacific (Fig. 13h). On the other hand, the advection of polar CAM into East Asia 527 

is suppressed in phase 3 because the MJO-related anomalous positive (negative) PV dominates 528 

over the Bering Sea (the northwestern Pacific) (Fig. 13g).  529 

As the CAM flux cannot be derived from d4PDF datasets, the low-level horizontal 530 

temperature advection for the MJO phases is shown in Figs. S4a-f. Northerly (southerly) 531 

anomalies dominate over Japan due to the enhancement of cyclonic (anticyclonic) anomalies 532 

off the eastern coast of Japan in phase 6 (phase 3) (Figs. S4a-d). Consequently, the anomalous 533 

cooling due to cold advection over Japan is intensified in phases 5-6 and suppressed in MJO 534 

phases 1-3 and 8 in both the observation and d4PDF (Figs. S4e, f). The phase changes in the 535 
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cold advection are nearly consistent with those in the observed CAM intensity over Japan (Fig. 536 

13j).  537 

Thus, the MJO acts to promote (suppress) the penetration of the polar CAM into East Asia 538 

due to the higher (lower) occurrence frequency of Siberian blocking, which leads to an increase 539 

(decrease) in the probabilities of extreme cold temperature and heavy snowfall in SJA and 540 

Kanto, when the MJO is located over the eastern Maritime Continent and western Pacific 541 

(Indian Ocean). 542 

6.2 Effect of extratropical cyclone development and moisture flux convergence 543 

The occurrences of extreme rainfall in PAC and snowfall in Kanto are attributed to the 544 

evolution of cyclones passing near Japan's southern coast, as mentioned in Section 5. Here, we 545 

estimate the local deepening rate (LDR) of cyclones defined by Kuwano-Yoshida (2014) to 546 

clarify the key process that brings about the occurrence of extreme Kanto snowfall events 547 

associated with the MJO, as follows: 548 

LDR = − !(#$%&'))!(#)%&')
&*

,+,- ./
°

+,- 0
,     (2), 549 

where p is the SLP, t is the time, and θ is the latitude of the grid point. According to their 550 

definition, a cyclone is identified as a rapidly developing cyclone (explosive cyclone) if the 551 

LDR exceeds 1 hPa hr-1. Hereafter, we show the LDR anomalies only if the LDR is more than 552 

1.0 hPa hr-1. 553 

 Figures 14a-c depict the composites of observed LDR anomalies corresponding to explosive 554 

cyclones on day 0. Day 0 denotes the day defined as the extreme events. The LDR anomalies 555 
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significantly increase from the south coast to the Pacific Ocean side of Japan northeastward 556 

during extreme Kanto snowfall and PAC rainfall (Figs. 14b, c), whereas they decrease near 557 

Japan during extreme SJA snowfall (Fig. 14a). The variabilities of the LDR anomalies 558 

correspond well to those in the anomalous low-level kinetic energy with the synoptic eddies, 559 

called "storm track activity", because a synoptic eddy disturbance meridionally conveys heat 560 

and moisture to offset the background anomalies (Takahashi et al. 2014).  561 

The composite of the low-level integrated moisture flux convergence and moisture flux is 562 

also shown in Figs. 14d-f. During the Kanto snowfall and PAC precipitation events (Figs. 14e, 563 

f), the moisture transport from the ocean and moisture flux convergence on the Pacific Ocean 564 

side of Japan are intensified due to the enhancement of anomalous cyclones around the south 565 

coast of Japan and anticyclones over the northwestern Pacific, respectively. 566 

  Figures 15a and b show that the changes in anomalous LDR and storm track activity 567 

averaged over the region of 25°-45°N for MJO phases 1-8 in the observation and d4PDF. They 568 

evidently increase during MJO phases 3-5 and decrease during phases 1 and 6-8 over the region 569 

of 130°-170°E. It is noteworthy that these increased (decreased) phases almost correspond to 570 

the increased (decreased) phases of the occurrence probability of extreme snowfall in Kanto 571 

(Figs. 8c, f and 9d).  572 

The changes in the observed anomalous moisture flux convergence during the MJO phases 573 

are shown in Figs. 15c-e. The southerly moisture flux and its convergence anomalies on the 574 

Pacific Ocean side of Japan are intensified (suppressed) during phases 2-4 (phases 5-7) due to 575 
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the anomalous anticyclone (cyclone) over the northwestern Pacific, which provides favorable 576 

(unfavorable) conditions for the occurrence of extreme snowfall in Kanto and precipitation in 577 

PAC. A similar result is also found in d4PDF (Figs. S4g-i). The results indicate that the 578 

intensification of the MJO-induced moisture flux convergence plays a key role in the 579 

occurrence of extreme Kanto snowfall as well as PAC precipitation because it enables a 580 

synoptic cyclone passing through the Pacific side of Japan to develop explosively. When the 581 

MJO convection is active over the eastern part of the Maritime Continent (phase 5), the 582 

increased occurrence of extreme Kanto snowfall is attributed to the intensification of cold air 583 

inflow (Figs. 13h, j and S4e, f), which is partly related to the blocking over East Siberia and 584 

the northwestern Pacific (Fig. 12f). 585 

 586 

7. Conclusions and Discussion 587 

In this study, we investigate the influences of the MJO on the occurrence probability and 588 

spatial distribution of wintertime extreme snowfall and precipitation in Japan, which has not 589 

been clarified so far, using observational data and a large ensemble of d4PDF global and 590 

regional climate datasets. The results show that d4PDF can reproduce the MJO and its 591 

teleconnections in the PNA region relatively well compared to those of the multimodel 592 

simulations presented by Wang et al. (2020a) and suggest that a large ensemble simulation and 593 

SST pattern play an important role in the reproductions.  594 
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The primary finding of this study is that the MJO significantly modulates the occurrence 595 

probability of extreme snowfalls on the Sea of Japan side (SJA) and Kanto region and extreme 596 

precipitation on the Pacific Ocean side (PAC). This result is confirmed by pronounced changes 597 

in PDFs skewness of snowfall and precipitation during the MJO phases compared with the 598 

wintertime climatological PDF. For the occurrence probabilities of the above three extremes, 599 

our analysis indicates that (1) the extreme snowfall in SJA increases by approximately 20% 600 

with enhanced MJO convection over the Maritime Continent and western Pacific (phases 4-6), 601 

whereas it decreases by 30-40% with the MJO over the western Indian Ocean (phases 1-2), 602 

relative to all days in the winter season; (2) the extreme precipitation in PAC increases by 40-603 

50% with the MJO over the Indian Ocean (phases 2-3) and most reduces by approximately 604 

30% with the MJO over the western Pacific (phase 6); and (3) the extreme snowfall in Kanto 605 

increases by 30-45% during the MJO over the eastern Indian Ocean and Maritime Continent 606 

(phases 3-5). 607 

  We examine the relationship of the large-scale circulation patterns responsible for three 608 

extreme events with the MJO-induced circulations and present their different triggering 609 

mechanisms associated with the MJO. Schematic diagrams are shown in Fig. 16. The active 610 

MJO over the Maritime Continent and western Pacific (phases 5-6) intensifies cold air intrusion 611 

from Siberia into Japan coupled with the middle-upper-level trough, promoted by more 612 

frequent blocking over the East Siberian region, which is conducive to extreme snowfall in SJA 613 

(Fig. 16a). When active MJO convection occurs over the Indian Ocean and west of the 614 
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Maritime Continent (phases 2-4), MJO-induced moisture flux convergence acts to facilitate the 615 

development of explosive south-coast cyclones and storm track activity, which is responsible 616 

for extreme snowfall in Kanto and extreme precipitation in PAC (Figs. 16b, c). In addition, the 617 

Kanto extreme snowfall in MJO phase 5 is probably attributed to an enhanced cold air inflow 618 

associated with the anomalous anticyclone over East Siberia and the northwestern Pacific, 619 

which is partly blocking-type high, even though the magnitude of cold air is weaker than the 620 

case of extreme snowfall in SJA (Fig. 16b). This study suggests that good representation and 621 

monitoring of the MJO help improve the predictability of wintertime extreme precipitation and 622 

snowfall in Japan. 623 

Previous studies have indicated that the Arctic Oscillation (AO), which is one of the 624 

prominent large-scale atmospheric patterns in the Northern Hemisphere (Thompson and 625 

Wallace, 1998), to be an important factor in the occurrence of cold temperature anomalies and 626 

cold surges over East Asia (e.g., Jeong and Ho 2005; Song and Wu 2018). Interestingly, the 627 

intraseasonal AO pattern is linked to the MJO convective variability during boreal winter (Zhou 628 

and Miller 2005; L’Heureux et al. 2008). Song and Wu (2019) showed that the AO-related mid- 629 

to high-latitude wave train over Eurasia and the MJO convection-triggered poleward wave train 630 

simultaneously contribute to cold temperature anomalies over eastern China. In addition, the 631 

wintertime pattern of a warm Arctic-cold continent (WACC; Overland et al. 2011) or warm 632 

Arctic-cold Eurasia (WACE; Mori et al. 2014) caused midlatitude extreme cold winters, 633 

including East Asia (e.g., Cohen et al. 2014). In this study, we show that the extreme snowfall 634 
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events in SJA and Kanto are accompanied by mid- to high-latitude wave trains with enhanced 635 

and southward extended Siberian highs (Figs. 10, S3).  636 

The occurrences of extreme snowfall in Kanto and precipitation in PAC increase in 637 

common during the MJO phases 3-4. They have a common finding that the moisture flux 638 

convergence is intensified to promote the development of cyclones along the south coast of 639 

Japan, whereas they have distinct differences in the anomalous circulations and temperature 640 

advection. (Figs. S4j, k, l, m). In extreme Kanto snowfall (PAC precipitation) for phases 3-4, 641 

the anticyclonic anomaly enhanced over the Okhotsk sea and eastern Siberia (over the 642 

Northwestern Pacific around 40°N) leads to the advection of northerly cold air (southerly warm 643 

air) into Japan. Furthermore, the anticyclonic circulation anomalies at mid- to high-latitude in 644 

MJO phases 5-6 are centered to the east of those during the extreme snowfall events (Figs. 16a 645 

b). Thus, the result suggests the concurrent influence of large-scale variabilities such as AO 646 

and WACC/WACE along with the MJO-induced circulation pattern on extreme snowfall in 647 

Japan.  648 

The MJO activity and its teleconnection over the North Pacific and East Asia exhibit 649 

pronounced year-to-year variation, which has been modulated by ENSO (Moon et al. 2011, 650 

Takahashi et al. 2014) and more strongly attributed to the stratospheric quasi-biennial 651 

oscillation (Song et al. 2017, Kim et al. 2020). The combined impact of the MJO and other 652 

predominant large-scale teleconnections in mid- to high latitudes, and tropospheric and 653 
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stratospheric interannual variabilities in the tropics, on extreme events in East Asia including 654 

Japan, deserves further investigation in the future to improve subseasonal predictions. 655 

 During the last few decades, the observed long-term change in tropical SST anomalies has 656 

significantly led to that in the MJO phase residence time (Roxy et al. 2019). As noteworthy 657 

finding in previous modeling studies (Wolding et al. 2017, Maloney et al. 2019, Jenny et al. 658 

2021), the extratropical MJO teleconnection especially over the North Pacific is expected to 659 

weaken with warming due to the increase in static stability. Furthermore, recent works show 660 

that the modeled MJO-teleconnection pattern extends further eastward primarily due to 661 

eastward shift of subtropical jet (Zhou et al. 2020) and uncertainty in mean state winds are a 662 

primal driver of inter-model uncertainty in future MJO teleconnections (Jenney et al. 2021). 663 

Thus, how MJO-related extratropical weather changes with changes in SST pattern and mean 664 

state in a warmer climate is an important issue to be further addressed by using a large ensemble 665 

of climate and regional models together.   666 

 667 

Supplement 668 

Supplement 1 shows scatter diagrams of pattern CCs and relative amplitudes of the skill metrics, 669 

and composites of RWS anomalies and subtropical jet. Supplement 2 shows other simulation 670 

skills of the MJO teleconnection in d4PDF as additional three metrics. Supplement 3 shows 671 

composites of anomalies for three extreme events and MJO phases 2-6 in JRA55. Furthermore, 672 

the figure shows composite anomalies during the occurrence days of extreme events in some 673 
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MJO phases and inter-member variances of the upper-level circulation anomalies for d4PDF. 674 

Supplement 4 shows composites of horizontal temperature advection and vertically integrated 675 

moisture flux convergence for the MJO phases. In addition to them, the figure shows 676 

differences in the circulation and temperature advection anomalies between during Kanto 677 

extreme snowfall and PAC extreme precipitation in some MJO phases. 678 
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List of Figures 868 

 869 

Fig. 1 (a) RCM domain (shaded area). (b) Topography of Japan represented in the RCM. (c) 870 

Three areas defined in the text. Red and blue areas indicate the Sea of Japan side (SJA) and 871 

Pacific Ocean side (PAC), respectively. The blue box denotes the Kanto area. The black dotted 872 

line in (b, c) represents a borderline between the Sea of Japan side and Pacific Ocean side 873 

separated based on the top of altitude. 874 

 875 

Fig 2. (a, b) Lag regression of 20-80 day bandpass-filtered precipitation（shaded）and 850-876 

hPa zonal wind (contour, interval 0.3 m s-1 in (a) and 0.15 ms-1 in (b), red and black lines 877 

indicate the positive and negative, respectively) anomalies onto MJO-filtered (i.e., a 20-80-day 878 

period and zonal wavenumbers 1-5) precipitation averaged over equatorial Indian Ocean (80°-879 

95°E, 10°S-10°N) in DJF in (a) observation and (b) d4PDF (ensemble mean in 90 members). 880 

The anomalies are averaged over 15°S-10°N. White dots and bold lines in (a) denote anomalies 881 

significant at 95 % confidence level. The anomalies in (b) indicate the ensemble means of each 882 

regression in 90 members. (c, d) Symmetric component of the wavenumber-frequency power 883 

spectrum of anomalous equatorial precipitation normalized by background spectrum averaged 884 

over 15°S-15°N in (c) observation and (d) d4PDF (one reference member). Black lines 885 

represent the dispersion relation of the equatorial Kelvin waves (straight lines) and Rossby 886 

waves (curved lines) for equivalent depths of 12, 15, and 50 m. 887 
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 888 

Fig. 3 Composite of 10-80 day filtered OLR (shaded) and 500-hPa stream function (contour, 889 

intervals of 8 × 105 m2 s-1, orange, and green contours indicate the positive and negative, 890 

respectively) anomalies at day 0 for MJO phases 1-8 in (a) observation and (b) d4PDF (90 891 

members). Shading indicates statistically significant regions at the 95% confidence level. The 892 

yellow box (20°-80°N, 120°E-60°W) in (a) denotes the PNA region. 893 

 894 

Fig. 4 Scatter diagrams of pattern CCs of (a) MJO teleconnection over PNA region (TS1) and 895 

(b) RWS (TS3) relative to pattern CCs of the MJO (MS1) (x-axis), and relative amplitudes of 896 

(c) MJO teleconnection over PNA (TS2) and (d) RWS (TS4) to relative amplitude of the MJO 897 

(MS2) (x-axis), averaged over (a, c) day 0-4 lags and (b, d) day 5-9 lags. MS1 and MS2 are 898 

calculated from OLR anomaly composites over the region (40°E-140°W, 15°S-15°N). 899 

TS1 and TS2 are derived from Z500 anomaly composites over the PNA region. T3 and T4 are 900 

calculated from 250-hPa RWS anomaly composites over the region (10°-45°N, 60°-120°W). 901 

Gray dots indicate the values for each member of all MJO phases. Purple circles with black 902 

numbers and gray bars indicate the ensemble means and ensemble spreads of pattern CCs and 903 

amplitudes for each MJO phase, respectively. The navy cross signs exhibit the average of all 904 

MJO phases. Red numbers denote the pattern CCs of ensemble means for each MJO phase, 905 

with the average of all MJO phases marked by red crosses. The correlation coefficients (r) are 906 

calculated from the ensemble means of pattern CCs (purple), pattern CCs of ensemble means 907 
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(red) for each MJO phase, and all members for all MJO phases (gray). Dabble and single 908 

asterisks with numerical values indicate significant correlations exceeding the 99% and 95% 909 

confidence levels, respectively. 910 

 911 

Fig. 5 Standard deviation (shaded) and mean (white contour, intervals of 3 mm day-1 in (a) and 912 

1 cm day-1 in (b), respectively) during the winter (DJF): (a) precipitation for 1980-2015 and (b) 913 

snowfall for 1980-2018 in Japan based on the observational data. Time series of the monthly 914 

mean (open bars) and 5-day running mean (bars) (c) snowfall averaged in the region of SJA, 915 

(d) snowfall in Kanto, and (e) precipitation in the PAC during the winter (DJF), 1980-2018. 916 

The areas are displayed in Fig. 1c. Monthly (daily) winter-mean climatology is exhibited with 917 

thin horizontal solid (dashed) lines. (f) Scatter diagram of observed daily snowfall amount 918 

relative to temperature (x-axis) for SJA (blue) and Kanto (red). The correlation coefficients 919 

(corr.) are shown in the panel. (g) Time series of DJF-mean anomalies of surface air 920 

temperature (red) and precipitable water (green) in JRA55 over Japan (31°-42°N, 131°-142°E). 921 

The dashed lines indicate the trends for 1980-2018 in (c, d, g) and 1980-2015 in (e). The values 922 

of trends are displayed in each panel. The gray value in (g) is precipitable water. The asterisk 923 

denotes significance value exceeding 95% confidence level.  924 

 925 

Fig. 6 Percentage changes (shaded) in the probability of extreme precipitation events exceeding 926 

the 95th percentile values with respect to winter climatological PDF for the MJO phases 927 
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(phases 2, 3, 5 and 6) for (a) observation and (b) d4PDF. Contours represent the composite of 928 

10-80 day filtered 850-hPa specific humidity anomalies. Contour intervals are (a) 8 and (b) 4 929 

× 10-5 kg kg-1. Solid (dotted) lines indicate positive (negative) values. Gray lines represent zero 930 

value. The vectors show the composite of 10-80 day filtered 850-hPa wind anomalies. 931 

 932 

Fig. 7 Same as Fig. 6 but for the percentage changes in the probability of extreme (a, b) snowfall 933 

exceeding the 95th percentile and (c) surface temperature below the 5th percentile values for 934 

(a, c) observation and (b) d4PDF. Contours represent 10-80 day filtered 850-hPa stream-935 

function in (a, b) and 850-hPa temperature anomalies in (c). Contour intervals are (a) 4 × 105 936 

m2 s-1, (b) 3 × 105 m2 s-1, and (c) 0.2 K. 937 

 938 

Fig. 8 Probability distribution (box plots) of (a, d) precipitation in PAC, (b, e) snowfall in SJA, 939 

and (c, f) snowfall in Kanto for MJO phases 1-8 and all days (DJF) in the upper parts for (a-c) 940 

observations and (d-f) d4PDF. Red (blue) indicates the MJO phases with a more positively 941 

(negatively) skewed distribution than that for all days (DJF). Histograms of the MJO phases 942 

with the most positively (red line) and negatively (blue line) skewed distributions are shown in 943 

the lower parts. The PDF curves are also plotted for d4PDF. For Kanto snowfall, two phases 944 

are combined due to the infrequent occurrence in (c, f). The black line and black dashed line 945 

denote PDFs for all days in DJF and non-MJO (MJO amplitude < 1), respectively. The vertical 946 

dotted lines indicate the 95th percentile values. 947 
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 948 

Fig. 9 Area-averaged percentage changes in the probability of extreme (a) precipitation in PAC, 949 

(b) precipitation in Kanto, (c) snowfall in SJA, (d) snowfall in Kanto, (e) temperature in SJA, 950 

and (f) temperature in Kanto for the MJO phases with respect to winter climatological PDF in 951 

d4PDF. The thresholds of extremes for precipitation and snowfall (temperature) are the 90th 952 

and 95th (5th and 10th) percentile values during winter all days. 953 

 954 

Fig. 10 Composites of (a, c, e) surface air temperature (shaded) and sea level pressure (contour, 955 

intervals of 1 hPa, red and black lines indicate the positive and negative, respectively) 956 

anomalies and (b, d, f) 500-hPa geopotential height (shaded), 250-hPa stream function 957 

anomalies (contour, intervals of 2 × 106 m2 s-1), and 250-hPa wave activity flux vectors for 958 

extreme (a, b) snowfall in SJA, (c, d) snowfall in Kanto, and (e, f) precipitation in PAC at the 959 

day of occurrence of each extreme event (day 0) for d4PDF. Dots indicate statistically 960 

significant regions at the 95% confidence level. 961 

 962 

Fig. 11 Same as Fig. 10 but for composites of anomalies at day 0 during MJO phases 2-6. 963 

 964 

Fig. 12 (a, b) Climatology (gray) and anomalies of blocking frequency for four extreme events 965 

(SJA snowfall; red, Kanto snowfall; blue, PAC precipitation; yellow, Kanto precipitation; 966 

green) during the winter in (a) observation and (b) d4PDF. (c, d) Same as (a) and (b) but for 967 
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the blocking frequency anomalies in MJO phases, respectively. (e, f) Percentage changes of 968 

blocking frequency anomalies for extreme snowfall events in (e) SJA and (f) Kanto for MJO 969 

phases to those in winter all days, averaged over the region of 130°-170°E (hatching area in 970 

(b)) and 145°-180°E (gray shaded area in (b)), respectively. 971 

 972 

Fig. 13 Lag composite of 850-hPa temperature and (shaded), potential vorticity on 320 K 973 

surface (contour), and cold air mass (CAM) flux (vector, green arrows) anomalies for (a-c) SJA 974 

extreme snowfall event, (d-f) Kanto extreme snowfall event, and (g-i) MJO phases 3, 5, 6. 975 

Shading is displayed only for negative temperature anomaly. Contour intervals are (a-c) 0.2, 976 

(d-f) 0.15, and (g-i) 0.1 K m2 kg-1s-1. The red and blue lines indicate the positive and negative 977 

values, respectively. (j) CAM flux intensity averaged over Japan (yellow rectangle) for MJO 978 

phases. 979 

 980 

Fig. 14 Composites of observed (a-c) LDR (shaded) and 850-hPa kinetic energy (KE) of 981 

synoptic eddies (contour, an interval of 1.5 m2 s-2, red and black lines indicate positive and 982 

negative values, respectively, 9-day running mean) anomalies for extreme (a) snowfall events 983 

in SJA, (b) snowfall events in Kanto, and (c) precipitation events in PAC. (d-f) Same as (a-c) 984 

but for vertical-integrated (925-500 hPa) moisture flux convergence (shaded) and vertical-985 

integrated (925-700 hPa) moisture flux (vector). Dots indicate statistically significant regions 986 

at the 95% confidence level. 987 
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 988 

Fig. 15 Composites of (a, b) LDR (shaded) and 850-hPa KE of synoptic eddy (contour, interval 989 

of (a) 0.5 m2 s-2 and (b) 0.3 m2 s-2, red and black lines indicate positive and negative values, 990 

respectively, 9-day running mean) averaged over the region of 25°-45°N in the MJO phases for 991 

(a) observation and (b) d4PDF. Composite of observed (c, d) vertically integrated (925-500-992 

hPa) moisture flux convergence (shaded), precipitation anomalies (contour, an interval of 0.3 993 

mm day-1, red and black lines indicate positive and negative values, respectively), and 994 

vertically integrated (925-700-hPa) moisture flux (vector) in (c) MJO phases 2, 3, 4 and (d) 995 

MJO phase 6, and (e) vertically integrated (925-500-hPa) moisture flux convergence averaged 996 

over Japan (gray rectangle in (c)) in MJO phases. 997 

 998 

Fig. 16 Schematic illustrations of large-scale circulations related to the MJO for (a) extreme 999 

snowfall in SJA, (b) extreme snowfall in Kanto, and (c) extreme precipitation in PAC. The 1000 

orange and purple shaded areas indicate anticyclonic circulations (Ae) and cyclonic 1001 

circulations (Ce) anomalies, respectively, at the middle-upper level during the occurrence of 1002 

each extreme event. The red and blue closed curves show anticyclonic circulations (Am) and 1003 

cyclonic circulations (Cm) anomalies, respectively, at the middle-upper level, in MJO (a) 1004 

phases 5-6, (b) phase 5 (Am) and phases 4-5 (Cm), and (c) phases 2-4, which is responsible for 1005 

increased occurrence of each extreme event. The green shaded areas (Ce,m) in (b, c) indicate 1006 

developing surface cyclones on the sea to the south of Japan formed in MJO (b) phases 3-5 and 1007 
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(c) phases 2-4. The blue and red arrows denote the enhanced CAM flux and vertical-integrated 1008 

moisture flux anomalies, respectively, which are contributing factors for the occurrence of 1009 

extreme events. The black shadings show the occurrence areas of each extreme event. 1010 
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