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1. Introduction
Severe weather events have detrimental impacts on economic and social infrastructure. Increasing trends of intense 

precipitation in Japan under a warming climate have been reported (Groisman et al. 2005; Fujibe et al. 2006; Donat 
et al. 2016; So et al. 2022). Duan et al. (2014) demonstrated that relatively weak, successive precipitation events show a 
decreasing trend, and 1- and 5-day precipitation has become more intense in the last couple of decades.

Large-scale circulation is—in principle—more predictable than local extreme precipitation events (EPEs) at longer 
forecast lead times (Buizza and Leutbecher 2015; Khain et al. 2020). At different temporal and spatial scales the modu-
lation of local weather by large-scale flow patterns has been investigated (Beerli and Grams 2019; Pasquier et al. 2019; 
Domeisen et al. 2020; Miyasaka et al. 2020; Mastrantonas et al. 2021; Sawada and Ueno 2021). For instance, Pfahl and 
Wernli (2012) suggests that 80% of EPEs over Japan during winter are enforced by cyclonic flow systems. 

To detect flow patterns, a widely used method is stratifying the large-scale flow using statistical clustering, resulting 
in so-called “weather regimes” or “weather patterns” that recur frequently and persist for a long time, providing longer 
predictability (Yiou and Nogaj 2004; 39 Ferranti et al. 2015; Matsueda and Kyouda 2016; White et al. 2022). This 
approach is attractive to national weather services as well as the energy sector due to its potential for extending the 
forecast skill horizon (Grams et al. 2017; Lavaysse et al. 2018; White et al. 2022). Understanding the link between win-
tertime EPEs in Japan and large-scale flow patterns in the upper atmosphere can help predict EPEs far in advance and 
mitigate socio-economic impacts.

This study aims to explore the statistical and dynamical link between wintertime EPEs in various regions of Japan 
and East-Asian synoptic weather patterns. Section 2 describes the data and methods. Sections 3.1 and 3.2 explore the 
statistical relationship between EPEs and weather patterns. In Sections 3.3 and 3.4, we explore the synoptic situation 
during EPEs and the effect of anomalous large-scale flows facilitating EPEs. Section 4 summarises our findings.

2. Data and method
We use the European Centre for Medium-range Weather Forecasts (ECMWF) Re-Analysis 5 dataset (ERA5; 

Hersbach et al. 2020) for synoptic analyses and the ground-based observations called AMeDAS (the Automated Mete-
orological Data Acquisition System) (JMA 2023) for 20-km interval precipitation data over Japan (Section 2.2). ERA5 
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fields are remapped to 1.25° latitude–longitude grid, except for the Lagrangian analysis (Section 2.3). Forty extended 
winters (November–March during 1979/80 to 2018/19, 365-day calendar) are investigated.

2.1 Definition of East-Asian synoptic weather patterns
We define East-Asian synoptic weather patterns based on Matsueda and Kyouda (2016, hereafter MK2016). Using 

k-means clustering for pattern detection (Jung et al. 2005), samples are divided into five categories based on the inher-
ent characteristics of the samples. Clustering is applied to top 20 non-normalised principal components of the 500-hPa 
geopotential height field (Z500) over the East-Asian region (20°N–60°N, 100°E–170°E) at 12 UTC. Each day within 
the span of 40 winters (a total of 6040 days) is attributed to one of the five patterns. 

2.2 Identification of extreme precipitation events
In this study, an EPE is a day with daily accumulated precipitation averaged over AMeDAS observations in a region 

exceeding a threshold. We defined the five regions in Japan according to the seasonal forecast regions of the Japan Me-
teorological Agency (JMA 2022): Southwestern Japan (SWJ), the Pacific coasts of Eastern Japan (PEJ) and Northern 
Japan (PNJ), and the Japan Sea coasts of Eastern Japan (JEJ) and Northern Japan (JNJ) (Fig. 2). A change from the 
reference is merging the two western Japan regions into SWJ.

For EPE days, the 90th percentile of daily precipitation sets the threshold. Daily accumulation is the sum of 00–24 
UTC precipitation at each AMeDAS station, omitting days with 6 hours or more of missing data. This yields data from 
1317 AMeDAS stations across 40 winters (station counts: 442 in SWJ, 283 in PEJ, 276 in PNJ, 109 in JEJ, 207 in JNJ). 
Area-average daily precipitation is calculated as the mean of the stations per region. Using the 90th percentile thresh-
old, 604 EPEs are selected for each region. 

2.3 Trajectory calculations
To investigate the origin of air masses associated with extreme rainfall, 3-day backward trajectories are computed 

using a Lagrangian analysis tool (Lagranto; Sprenger and Wernli 2015). The computations are based on ERA5’s 
three-dimensional wind fields at all available model levels that were derived on a regular 0.5° × 0.5° latitude–longitude 
grid every 3 hours. The trajectories are started at 12 UTC on each day of an EPE from grid points lying at an equidistant 
grid of 60 km × 60 km inside the five regions and from 17 equidistant pressure levels ranging from 970 to 490 hPa. Fol-
lowing Sodemann et al. (2008), we assume that the relative humidity of precipitating air parcels exceeds 80% at their 
starting time. Accordingly, we consider only those trajectories starting at grid points where this criterion is fulfilled. In 
the last step, the trajectories are gridded at each time step on a regular 1° × 1° latitude–longitude grid in order to display 
their density at various time steps prior to the EPE.

3. Results
3.1 Synoptic weather patterns

We identify five East-Asian weather patterns that reflect those of MK2016 (Fig. 1): winter monsoon (WM), western 
Pacific (WP), high pressure (HP), low pressure (LP), and southerly flow (SF). This supports the robustness of the clus-
tering and its insensitivity to differences in re-analysis datasets, although slight differences are found: the centre of the 
negative anomaly during WM has shifted slightly eastward and the occurrence frequency of LP increased by 1.8%, de-
creasing the other frequencies by 0.2–0.7%. The more frequent appearance of LP in the late 2010s leads to a change in  
the entire period (not shown). Further description of the weather patterns is found in Supplementary Text S1. 

3.2 EPEs’ Relationship to the East-Asian weather patterns
To elucidate the extent to which East-Asian weather patterns are linked to EPEs, we calculate the frequencies of the 

five weather patterns during the occurrence of EPEs in each region (Fig. 3a and Supplementary Table S1 for detailed 
numbers). In all regions, more than 50% of EPEs happen on a day of SF or LP. SF constitutes 50% and 44% of all 
extreme days in SWJ and PEJ, respectively, and LP is the second most frequent pattern during EPEs in these regions. In 
contrast, LP plays an important role in the northern regions; i.e., JEJ, JNJ, and PNJ. LP is the prevailing weather pattern 
for 32%, 38%, and 38% of all EPE cases in JEJ, JNJ, and PNJ, respectively. During the other three patterns (WM, WP, 
and HP), EPEs occur less frequently. In JEJ and JNJ, WM and WP constitute relatively higher fractions, but their occur-
rence frequencies are comparable with the climatological ones. Precipitation patterns for EPEs in these regions show a 
curvature of the typical monsoonal effect, as shown in the third and fourth rows of Supplementary Fig. S1. However, 
LP still has more EPE cases there. This result gives us additional insight into Pfahl and Wernli (2012). The northern 
regions seem to coincide with their conclusion, but in the southern regions a different flow characteristic seems to be at 
play. 

A question that naturally follows is, whether a certain weather pattern enhances the likelihood of an EPE. A differ-
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Fig. 1. Geopotential height anomaly of each cluster centroid (shading) and mean geopotential height of each weather pattern 
(black contours; every 60 m with thick contour denoting 5600-m isoline) at 500-hPa pressure level. Mean anomalous sea level 
pressure is drawn by light green contours. Arrows indicate mean anomalous winds at a pressure level of 850 hPa (reference vec-
tor is given in the top right corner). The number of days on which each pattern n was detected and the climatological occurrence 
frequency are indicated in each panel heading.

Fig. 2. Map of five regions of Japan (coloured) and 
Oceans (blue lines) used for the backward trajectory 
analysis.

Fig. 3. (a) Occurrence frequency of weather patterns during EPEs in 
each region. The hatched bar on the right indicates the climatological 
frequencies. (b) Change in the likelihood of EPE occurrence in each 
region from the climatological occurrence frequency (~0.10).
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ence in EPE occurrence frequency from the climatology indicates an increased or reduced likelihood of EPE occurrence 
given the weather pattern. The change in the likelihood of EPE occurrence in each region is illustrated in Fig. 3b 
(Supplementary Table S2 for values). Apparently, SF has a profound impact in SWJ and PEJ, whilst LP dominates in 
the other part of Japan. Those impacts almost double the likelihood. PNJ, JEJ and JNJ are more sensitive to LP, which 
enhances EPEs, and HP, which suppresses them, representing migrating wave patterns with the waveguide over the 
northern regions (Figs. 1c and 1d). Despite the stronger monsoon effect expected with WM and WP in JEJ and JNJ, 
these patterns show a very slight increase in the EPE likelihood only in JEJ. A clear message obtained here is that EPEs 
favour the synoptic patterns of SF and LP and vice versa, and this is strongly region dependent. 

3.3 Background dynamics
The investigation in Section 3.2 showed that SF increases the occurrence of EPE in SWJ and PEJ, and LP in PNJ, 

JEJ and JNJ. To understand how EPEs are dynamically linked with the large-scale flows of SF and LP, we investigate 
the synoptic composites of EPE days in this section.

A comparison of the composites of anomalous sea level pressure (SLP) and wind in Fig. 4 with those in Fig. 1 
demonstrates the influence of the weather patterns for EPEs. The dipole pattern of the west-to-east SLP anomaly and 
the southerly flow anomaly appear to be the common synoptic features for all regions. On closer inspection, however, 
we can see that their relationship to the weather patterns varies. The black contours during EPE in SWJ and PEJ (Figs. 

Fig. 4. Mean one-hour accumulated moisture divergence (shading in kg m−2) vertically integrated over the entire atmosphere. 
A red and blue colour indicates an increase and decrease in moisture, respectively. Arrows indicate mean anomalous winds at 
a pressure level of 850 hPa (reference vectors are given in the upper right corner). Black contours indicate mean geopotential 
height anomaly at a pressure level of 500 hPa (every 60 m), light green mean anomalous sea level pressure (every 2 hPa). All 
fields are averaged over 12 UTC of extreme precipitation days in each region.
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4a and 4b) show high geopotential anomaly over Japan, similar to those of SF (Fig. 1e). Likewise, EPEs in JEJ, JNJ and 
PNJ (Figs. 4c–4e) are characterised by an anomalous surface low pressure centred over mainland Japan, reminiscent 
of LP (Fig. 1d). The strong high SLP anomaly lies to the east of the high geopotential anomaly and involves a stronger 
southerly wind anomaly on the western flank. These are dominated by the elongated upper tropospheric anomaly 
originating from high latitudes, indicating the indirect influence of large-scale meridional interactions related to Rossby 
wave breaking (de Vries 2021).

As for the moisture transport, an anomalous convergent flow during EPEs in SWJ and PEJ appears to moisten di-
rectly over the affected region (dark blue in Figs. 4a and 4b). This is the result of a confluence of two moist anomalous 
air streams, mainly from the subtropical oceans, enforced by the wind anomaly associated with SF. The resulting con-
fluence leads to an accumulation of moisture over the south of Japan that is then pushed towards the Japanese mainland. 
In contrast, for PNJ, JNJ and JEJ moisture convergence occurs east of the EPE regions over the Pacific Ocean (Figs. 
4c–4e). This suggests that this cyclone-induced moisture convergence over the Pacific Ocean could contribute to EPEs 
in PNJ, JNJ and JEJ, which we will explore in more detail with the Lagrangian perspective in Section 3.4. Note that the 
strong convergence over the coastal area of the Sea of Japan is commonly found among the composites. This moisture 
supply is well known as the monsoon effect of wintertime Japan. However, this alone does not always cause precipita-
tion extreme relative to the climatology (Yamashita et al. 2012). This is also implied by the neutral contribution of WM 
to the EPE likelihood shown in Fig. 3b.

3.4 Backward trajectory analysis
The Eulerian perspective on the synoptic flow configuration and moisture convergence during EPEs suggests that 

SF and LP enhance EPEs through different processes. To detect the possible source of moisture supply linked to the 
weather patterns, a backward trajectory analysis is performed for EPEs in all the regions (Section 2.3 for technical 
details). Figure 5 shows a result exemplarily for SWJ and JNJ, as a representative for SF- and LP-induced events, re-
spectively. For completeness the analysis for PEJ, JEJ and JNJ are shown in Supplementary Figure S2.

Fig. 5. Results of backward trajectory analysis for extreme precipitation events in the (a, c) SWJ and (b, d) JNJ regions. (a, b) 
Trajectory density is shown at −72 h by the dark red contour (contour at 10% 10−6 km−2), at −36 h by red shading, and at −12 h 
by the light red contour (contour at 60% 10−6 km−2). Mean trajectory is given as a thick blue line coloured by the average specific 
humidity (g kg−1). (c, d) Fraction of trajectories over ocean basins surrounding Japan (see Fig. 2) as a function of time. The sum 
over the fractions does not yield 100%, as trajectories over land are not considered.
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Three days prior to EPEs in SWJ, air parcels are located in East Asia, over the East China Sea, the Philippine Sea, 
the Yellow Sea and the Sea of Japan (dark red contour in Figs. 5a and 5c). From there, they move to the south of 35°N 
36 hours before the event (red shading). Clearly, the dense trajectory overlaps well with the moisture convergence 
shown in Fig. 4a, and the parcels’ specific humidity is getting almost saturated by −36 h (blue line). This illustrates the 
path of the SF contribution to EPEs. These parcels are initially embedded over oceans surrounding the southern part of 
Japan. The marked increase in specific humidity identifies these subtropical oceans as local moisture sources once they 
reach the SWJ region with the help of anomalous flow from SF. Similarly, although the relative contributions of the 
oceans vary, southern oceans moisten the air parcels by 36 hours before EPEs in PEJ and the parcels are carried towards 
the region (Figs. S2a and S2d).

In contrast, the majority of air parcels involved in EPEs in JNJ originate mainly from northern China and Korea 
(dark red contour in Fig. 5b). The parcels follow a southeastward path until they spread over Japan and the surrounding 
oceans 36 hours prior to the events (red shading in Figs. 5b and 5d). The moisture increase along the trajectories is 
initially not pronounced, but it increases between 48 and 12 hours before the event (blue line in Fig. 5b), at which time 
the Pacific Ocean has a non-negligible fraction (Fig. 5d), where large-scale flows reinforce the moistening (Fig. 4e). 
This demonstrates that, unlike the confluence of moistened air parcels due to SF for SWJ and PEJ (Figs. 4a and 4b), 
the cyclone-induced moisture convergence over the Pacific Ocean along with the monsoon effect over the Sea of Japan 
contributes to EPEs in JNJ, consistent with previous studies (e.g. Yamashita et al. 2012; Ando and Ueno 2015). PNJ 
also seems to be affected by the cyclone-induced flow like JNJ (Figs. S2c and S2f). For JEJ (Figs. S2b and S2e) the 
trajectory analysis suggests more widespread air mass origin and moisture sources compared to the other regions. This 
is reminiscent of the partly cyclonic flow around the anomalous low in LP that ultimately reaches the region from the 
west (Fig. 4c). The JEJ region appears to have a mixed characteristic of direct moistening by the Sea of Japan and the 
cyclonic effect concerning moisture supplies.

4. Conclusions
In this study, we have assessed the statistical relationship between regional EPEs in wintertime Japan and the East-

Asian weather patterns. The large-scale dynamics facilitating EPEs in five regions are also explored using composite 
and backward trajectory analysis.

More than 50% of EPEs are accompanied by either LP or SF. The individual contribution rate of these two patterns 
depends on the regions: in the SWJ and PEJ regions, SF comprises 44–50% of all cases, while in the other regions, 
JEJ, JNJ and PNJ, LP is the dominant weather pattern. The likelihood of EPE occurrence doubles during SF in SWJ 
and PEJ, whereas it more than doubles during LP for the other regions (Fig. 3b). Despite the known importance of the 
monsoon effect over the coastal area of the Sea of Japan, WM has little impact to enhance EPE only in JEJ.

The composite and backward trajectory analysis shed light on the different pathways causing EPEs in each region. 
In SWJ and PEJ, the synoptic SF-like flow brings moist warm air directly from subtropical oceans to the regions where 
EPEs occur. In JNJ and PNJ, on the other hand, cyclone-driven flows represented by LP converge eastward off Japan. 
Air parcels crossing there take up convergent moisture and transport anomalous moisture along with the monsoonal 
moisture supply over the Sea of Japan, which results in extreme precipitation. Our results corroborate the previous  
research on the effect of cyclonic flow (Pfahl and Wernli 2012) and upper-tropospheric Rossby wave (de Vries 2021), 
and add the regional dependence of these effects. 

A caveat of our study is that it does not address the intra-regional variability of extreme precipitation, which is 
perceived in Supplementary Fig. S1. This is due to our focus on a statistical exploration of the large-scale impact rather 
than individual extremes at scales of O(10km). Other studies cover that point with a focus on local snowfall with point 
observations (e.g. with a convection-permitting model (Kawase et al. 2018) and observations at city scales in one region 
(Yamazaki et al. 2019)). Nevertheless, further investigation in the context of a coarse-grained approach as this work 
would expand our understanding. 

We conclude that EPEs in wintertime Japan are to a large degree driven by the synoptic flows described by the 
simple patterns in the troposphere. The conclusion is consequently similar to those in other parts of the world (e.g. in 
the Mediterranean shown by Mastrantonas et al. 2021); nevertheless, the precise quantification enables us to benefit, 
for example, in the calibration of models’ climatology and in obtaining a better picture of the effect of global warming. 
Another recent prospect is a dependence of local forecast skill on synoptic conditions (Keil et al. 2020; Büeler et al.  
2021; Matsunobu et al. 2022; Nabizadeh et al. 2022). A follow-up study that will investigate this point should give fur-
ther insight. 
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