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Abstract: 18 

 La Niña conditions during boreal winter sometimes brings excessive snowfall in Japan, 19 

especially on the East Sea/Sea of Japan coastal and mountain areas through intensified 20 

northwesterly cold winds caused by La-Niña related atmospheric teleconnection. 21 

Meanwhile, snowfall events also increase in the Pacific coast area of Japan during the 22 

El Niño state due to extratropical cyclones passing along the south coast of Japan 23 

(hereafter referred to as South-coast cyclone). In the present study, we investigated 24 

year-to-year snowfall/rainfall variations based on meteorological station data and 25 

cyclone tracks identified by using the Japanese 55-year Reanalysis. The result clearly 26 

indicates increase of the South-coast cyclone during El Niño-developing winters, which 27 

is consistent with excessive snowfall in the northern part of the Pacific coast. Strong 28 

subtropical jet hampers cyclogenesis due to less vertical interaction through the trapping 29 

of upper-level eddies. During El Niño-developing winters, the subtropical jet is 30 

weakened over East Asia, indicating dynamic linkage to increased cyclone frequency. 31 

In addition to this, both the deepening of the upper-tropospheric trough over East Asia 32 

and anomalous low-tropospheric northwest anticyclones extending from the Philippines 33 
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toward Japan are also consistent with the enhancement of cyclogenesis over the East 34 

China Sea as well as warm winter in Japan. 35 

 36 

 37 

Key words: South-coast cyclone, excessive snowfall, ENSO, teleconnection 38 

  39 



 4 

1. Introduction 40 

 Japan is known as one of the southern limits of heavy snowfall in the world. 41 

Climatologically, snowfall along the East Sea/Sea of Japan, including the 42 

mountainous regions, is closely associated with the East Asian winter monsoon 43 

(EAWM), which originates from the Siberian high and converges into the Aleutian 44 

low (Matsumoto, 1992). The relatively drier and colder air mass becomes more 45 

unstable stratification through the absorption of a large amount of moisture 46 

evaporated from the East Sea/Sea of Japan (Manabe, 1957), which brings heavy 47 

snowfall over the backbone range of the Japanese Islands. Therefore, variations of 48 

snowfall associated with cyclone activities are of great scientific and social 49 

importance, attracting much attention in view of the cold air outbreaks related to the 50 

EAWM toward the subtropics as well as the tropics (e.g., Chang et al., 1980; Zhang 51 

et al., 1997; Gong et al. 2014).  52 

 The modulation of the EAWM depends upon several factors. Among these, the 53 

Arctic Oscillation (AO) is a major candidate. Wang et al. (2010) showed that the 54 

Northern mode of EAWM has close relationship with AO, particularly after 1970s 55 
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(Yun et al. 2014). Whilst several studies have shown that the AO and the main body 56 

of EAWM are almost independent of each other (Wu and Wang, 2002; Kawamura 57 

and Ogasawara, 2007; Nan and Zhao, 2012), requiring alternative physical 58 

processes. Recently, Ueda et al. (2015) revealed that anomalous convection in the 59 

tropical western Pacific during La Niña events (a cold episode of El Niño) can 60 

explain the enhancement of a northwesterly wind embedded in the EAWM together 61 

with intensified low pressure over and around Japan through an atmospheric 62 

teleconnection of tropical origin. The reverse is almost true in the case of El Niño, 63 

which favors less snowfall on the East Sea/Sea of Japan coast.  64 

 In contrast to the East Sea/Sea of Japan coast, the Pacific coast is characterized by 65 

fine weather through the mountain-caused Föhn phenomenon. Meanwhile, 66 

South-coast cyclone originating from the East China Sea, which travel eastward 67 

over the Kuroshio region along the south coast of Japan, occasionally bring wet 68 

snowfall over the Pacific coast region, including cosmopolitan areas, such as Tokyo. 69 

From the social point of view, an occasional excessive snowfall over the Pacific 70 

coastal area could potentially affect socio-economic activity by, among other things, 71 
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obstructing traffic and damaging agriculture. It has been widely known that the 72 

winter air temperature in Japan becomes relatively warmer during warm El Niño 73 

episodes, which are characterized by weakened EAWMs (e.g., Wang et al., 2000). 74 

The anomalous climate state around Japan is consistent with a reduction of the 75 

east-west pressure gradient around Japan. Consequently, anomalous low-pressure 76 

field emerges over the Northwest Pacific to the south of Japan, which may give rise 77 

to generation of the South-coast cyclone through northward advection of warm and 78 

moist air. It has been revealed that the Pacific storm track during the El Niño shifts 79 

equatorward in response to the changed in the subtropical jet relevant to modulation 80 

of the Hadley circulation (e.g., Trenberth and Hurrell, 1997; Straus and Shukla, 81 

1997). These changes cause downward development of storm track and resultant 82 

enhancement of cyclogenesis (Chang et al, 2002). Numerous studies have greatly 83 

advanced our knowledge of the influence of ENSO or AO on EAWM (e.g., Wang et 84 

al. 2010, Yun et al. 2014) including precipitation change (Ropelewski and Halpert, 85 

1987). The other teleconnection pattern such as North Atlantic Oscillation (Ueno, 86 

1992) or Eurasian pattern (Tachibana et al., 2007) also affects the South-coast 87 
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cyclone. Yamazaki et al (2015) revealed the influence of atmospheric blocking over 88 

the northwestern Pacific on heavy snowfall events in Japan through intrusion of cold 89 

air mass from the polar region and resultant changes in cyclogenesis. Observed 90 

changes in the cyclones especially obtained from cyclone-tracking method (see 91 

methods), however, cannot establish statistical and physical explanation between the 92 

South-coast cyclone and amount of rainfall/snowfall in Japan. Therefore, the aim of 93 

the present study is to identify cyclone activities, especially focusing on the 94 

South-coast cyclone along the south coast of Japan from the perspective of ENSO 95 

fluctuations. 96 

 97 

2. Data and Methods 98 

  Procedures for identifying and tracking cyclones were based on Serreze et al. 99 

(1993) and have been used in some previous studies (Hayasaki and Kawamura, 100 

2012; Hayasaki et al., 2013). As noted in these studies, the cyclone-tracking 101 

algorithm is good enough to detect individual cyclones and to trace their paths with 102 

the exception of small-scale cyclones (e.g., secondary cyclones along a front, 103 
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thermal lows in land areas). Because the details of cyclone tracking procedures have 104 

been mentioned in previous studies, we overview them only briefly. Sea level 105 

pressure data on linear lat-lon grids were converted into the Equal-Area Scalable 106 

Earth (EASE) grid, which has 145x145 grids with a 125-km interval at the North 107 

Pole (Fig. 1). The cyclone center was identified by the SLP minimum, which is 108 

smaller than or equal to 0.5 hPa in the surrounding grids. Cyclone centers identified 109 

in successive time steps were connected if the cyclone center candidate was located 110 

within four grids of the target centers in the previous time step. Long-term SLP data 111 

taken every six hours was obtained from the Japanese 55-year Reanalysis (JRA-55) 112 

from 1958–2016 (Kobayashi et al., 2015).  113 

  Now, we focus on the South-coast cyclone along the south coast of Japan. It is 114 

well known that the South-coast cyclone typically originates in the East China Sea 115 

and move eastward-northeastward along the Kuroshio (cf., Nakamura et al., 2012). 116 

The cyclone tracks were selected by the geographical paths of identified cyclones 117 

that travel in the southern part of the Japanese Islands (the surrounding area in Fig. 118 
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1). We also used the daily rainfall and snowfall in Japan (149 stations) provided by 119 

the Japan Meteorological Agency for the period between 1961 and 2016. 120 

 121 

 122 

3. South-coast cyclone and the ENSO 123 

a. Observed rainfall/snowfall anomalies 124 

  The year-to-year variation of the multivariate ENSO index (MEI) based on six 125 

observed variables over the tropical Pacific (Wolter and Timlin, 2011) is shown in 126 

Fig. 2. The positive (negative) values indicate the El Niño (La Niña) state. During 127 

the last 56 years (1961–2016), we choose the top 10 El Niño (open circles) and La 128 

Niña (open triangle) events. Based on these criteria, we examined the composite 129 

differences in the cyclone track frequencies between El Niño and La Niña conditions. 130 

Climatologically, South-coat cyclone is generated in the East China Sea and moves 131 

northeastward along the Kuroshio, having its peak to the south of Kanto-plain 132 

including Tokyo. During El Niño years (Fig. 3b), cyclone track frequencies are 133 

relatively large over the Pacific, especially off of Japan’s south coast as compared 134 
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with those in La Niña years (Fig. 3c). The salient anomalies are recognizable in the 135 

composite differences between El Niño and La Niña (Fig. 3d). The same analysis 136 

was applied for rainfall (Fig. 4a) and snowfall (Fig. 4b). A distinct contrast can be 137 

seen between the Pacific coastal area and the East Sea/Sea of Japan coast with the 138 

exception of Hokkaido (Japan’s northern big island). Rainfall anomalies are positive 139 

along the Pacific coast, while they are negative along the East Sea/Sea of Japan 140 

coast; this is consistent with the cyclone track frequencies. Rainfall and snowfall 141 

anomalies in Tokyo during El Niño show a 30% increase relative to La Niña (Table 142 

1). A significance test for employing Student’s statistics confirmed that those 143 

increasing and decreasing tendencies in regional rainfall and snowfall are significant 144 

at the 5% level. A slight month-to-month difference is recognizable in winter, while 145 

the DJF-mean better characterizes the relationship between cyclone track frequencies 146 

and rainfall/ snowfall variations throughout the winter season. This is due to the 147 

prolonged anomalous anticyclone over the tropical Northwest Pacific caused by the 148 

mature stage of El Niño together with Kelvin-wave divergence anchored with 149 

delayed basin-wide warming of Indian Ocean in the El Niño winter (Xie et al., 2016). 150 
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Taking a closer look at the regional differences in snowfall anomalies, one may 151 

notice that the values are relatively small in the southern part of Japan facing the 152 

Pacific Ocean. This can be attributed to the relatively warmer air temperatures as 153 

compared with those in the northern part of Japan. In other words, distinct snowfall 154 

anomalies are recognizable in the area north of Tokyo, including the northeastern 155 

provinces, called the Kanto area.  156 

 157 

b. Physical background for the modulation of cyclone track frequencies  158 

 The present study concerns how cyclone track frequencies are modulated in 159 

relation to the ENSO condition. Figure 5 shows the composite anomalies of the 160 

circulation fields of the major (top 10) El Niño minus La Niña events. In the upper 161 

troposphere (Fig. 5a), twin anomalous anticyclones are recognizable over the 162 

tropical eastern Pacific, striding across the equator, accompanied by warmer air 163 

temperatures. This is a typical atmospheric Rossby response caused by the enhanced 164 

convection relevant to the underlying warm SST anomalies (Matsuno, 1966; Gill, 165 

1980). As for East Asia, the mid-latitude trough embedded in the westerly jet 166 
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intrudes the subtropics to the southwest of Japan, which is consistent with the 167 

increased track frequencies in Fig. 3d. Another noticeable feature in Fig. 5a is the 168 

presence of zonally elongated cold temperature anomalies over East Asia along a 169 

latitudinal band of 30°–45°N, which corresponds with the upper-level trough 170 

centered around 120°–140°E.  171 

 In the lower-troposphere (Fig. 5b), the anomalous Pacific anticyclone dominates to 172 

the east of Philippines, stretching in the northeast direction toward the southeast of 173 

Japan. The northeasterly wind anomalies emerging to the southwest of Japan 174 

indicate the weakening of the East Asian winter monsoon. Positive temperature 175 

anomalies extending from the South China Sea to Japan in Fig. 5b are consistent 176 

with the attenuated EAWM. As shown in Fig. 6a and Table 1, northeastward 177 

transport of moisture toward Japan during the El Niño shows significant increase 178 

along the western periphery of anomalous anticyclone dominating over the 179 

Northwest Pacific (see Fig, 5b). These features are consistent with increase of the 180 

South-coat cyclone (see Fig. 3d) and resultant warm advection extending to the 181 

Northwest Pacific around the dateline (Fig. 6b). Wang et al. (2000) have proposed 182 
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that lower-tropospheric northwest Pacific anticyclones tend to persist during El 183 

Niño years due to underlying cold SST anomalies through local air-sea interaction. 184 

In addition to this, basin-wide warming in the Indian Ocean after the peak phase of 185 

El Niño also contributes to maintaining the northwest Pacific anticyclone by means 186 

of the propagation of tropospheric Kelvin waves (Xie et al., 2016). Thus, warm 187 

winters in Japan and enhanced cyclones to the south of Japan can be dynamically 188 

interpreted by ENSO-caused anomalous global circulation.  189 

  190 

c. The subtropical jet and storm track 191 

 Previous subsections have focused on the influence of tropical-origin 192 

teleconnections on cyclone activities to the south of Japan (30°–35°N). 193 

Climatologically, strong westerlies, which are called the subtropical jet (hereafter 194 

abbreviated as STJ), dominate in that region (Fig. 7). Baroclinic eddies are 195 

generated in the vertically sheared STJ, which is also an important factor for the 196 

modulation of storm tracks, including the South-coast cyclone, to the south of Japan. 197 

It has been revealed dynamically that cyclones rapidly develop through eddy 198 



 14 

coupling between the upper troposphere and the lower troposphere (Takayabu, 199 

1991). Climatologically, Nakamura and Sampe (2002) found that the strong STJ 200 

weakens eddy amplification through the trapping of upper-level eddies. This 201 

relationship is manifested as “midwinter suppression” (Nakamura, 1992). It is 202 

conceivable that the reverse could be applicable to the attenuated STJ condition. 203 

Figure 7 shows the composite anomalies of the zonal wind (shading) between major 204 

El Niño and La Niña events. If we pay attention to the core region of the STJ around 205 

30°–35°N (see also Table 1), corresponding to the cyclone south of Japan, we notice 206 

the weakened STJ (blue shading) in the upper troposphere. This is consistent with 207 

the cold anomalies seen in Fig. 5a, due to less zonal warm advection in the STJ. 208 

Furthermore, it could also be responsible for the increase in cyclones to the south of 209 

Japan by means of intensified vertical eddy coupling. In addition to the eddy-mean 210 

flow interaction, Lee et al. (2011) revealed that increase in moisture in upstream 211 

region of storm tracks has also crucial role in the enhancing of storm track activities. 212 

As was shown in Table1, the additional moisture into the storm track regions during 213 

the El Niño is consistent with increase of the South-coast cyclone.   214 
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 215 

   4. Discussion and Remarks 216 

   We examined long-term (1961–2016) rainfall/snowfall variations in view of 217 

ENSO-caused circulation changes and the resultant cyclogenesis along the Pacific 218 

coast of Japan. During El Niño years, the northwest Pacific anticyclone develops in 219 

the lower troposphere to the east of the Philippines, which manifests as a warm 220 

winter caused by the weakened EAWM. In contrast, an upper-tropospheric trough is 221 

generated over the continental area of East China through the East China Sea, which 222 

could facilitate enhanced cyclogenesis and more rainfall/snowfall ensuing along the 223 

Pacific coast (Table 1). These results are consistent with excessive snowfall along 224 

the East Sea/Sea of Japan coast, including the backbone mountain regions in Japan, 225 

associated with intensified EAWM during La Niña years (Ueda et al., 2015). Thus, 226 

the contrast in the amounts of snowfall of El Niño and La Niña as well as the 227 

opposite relationship between the East Sea/Sea of Japan coast and the Pacific coast 228 

could be explained by the intensity of the EAWM and the South-coast cyclone.  229 
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  Regarding snow accumulation events in Tokyo, Tachibana et al. (2007) revealed a 230 

crucial role of the Eurasian pattern, which is the response to low-pressure anomalies 231 

dominant over the entire region of Japan, including East China. Their obtained 232 

cyclonic anomaly was located slightly to the north (~40°N) of the present study 233 

(~30°N). Because their study starts from the year-to-year snow accumulation in 234 

Tokyo, it is conceivable that their result includes the anomalous cyclonic circulation 235 

over and around Japan that emerges in both El Niño and La Niña. In addition to this, 236 

we should mention the behavior of the subtropical jet (STJ; 30°~35°N). Nakamura 237 

and Sampe (2002) showed that a stronger STJ hampers the development of cyclones 238 

by trapping upper-level eddies. In fact, the composite anomalies of zonal winds 239 

during El Niño (Fig. 7) show a weaker STJ, which is consistent with the increase in 240 

cyclones to the south of Japan. Developing a predictive understanding of regional 241 

snowfall/rainfall variations is fundamentally important missions, which is expected 242 

to connect the global climate research community and meso-scale researchers. From 243 

this perspective combination of meso-scale model and global circulation model, 244 
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which resolves synoptic disturbances, could lead to improve the seasonal forecast 245 

skill.  246 

 The ENSO has decadal variability such as the Pacific inter-decadal oscillation 247 

(PDO; Mantua et al. 1997). In the present study we examined the differences in 248 

cyclone track between the positive and negative phase of PDO, while we do not 249 

obtain the significant relationship (not shown). As for the long-term change, the total 250 

number of extratropical cyclone is projected to decrease in a warmed climate due to 251 

reduction of baroclinicity near the surface (Mizuta et al., 2011). Whilst the most 252 

climate models show El Niño-like warming pattern (e.g., Endo et al. 2012), which 253 

potentially affects the number of South-coast cyclone. Further study is needed to 254 

clarify the influence of global warming on cyclogenesis and its passage from 255 

rainfall/snowfall variation perspective. 256 

 257 
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Tables 362 

Table 1. DJF composited anomalies between the top 10 El Niño minus La Niña events. 363 

Bold indicates a confidence level > 95%. Rainfall and snowfall anomalies were 364 

provided by the Tokyo Meteorological Observatory. Horizontal advection (v’T’) at 365 

850 hPa and vertically (1000-1hPa) integrated moisture flux is the area average 366 

over 25°–35°N and 120°–140°E. The STJ is a zonal wind component at 200 hPa 367 

averaged over 30°–35°N and 120°–140°E. 368 

 369 

Figures 370 

Fig. 1. Division of an area of cyclone tracks. Red (south of Japan) demarcates the 371 

subject area in the present study for examining the relationship between 372 

rainfall/snowfall variations in the Pacific coast of Japan and cyclone tracks along 373 

the south coast of Japan. 374 

 375 
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Fig. 2. Time series of the interannual variation of the multivariate ENSO index (MEI) 376 

between 1961 and 2016. Open circles and triangles show the top 10 El Niño and La 377 

Niña events, respectively. 378 

 379 

Fig. 3. DJF cyclone track frequencies (count month-1). (a) Climatological mean (1981–380 

2010). (b) and (c) are composite anomalies of major El Niño events and La Niña 381 

events, respectively. (d) The difference between major El Niño minus La Niña 382 

events. Grids with a confidence level of > 95% are denoted by dot. The total 383 

number of South-coast cyclone between December and February is denoted in the 384 

upper-right. 385 

 386 

Fig. 4. Composited anomalies between the major El Niño and La Niña for total amounts 387 

of (a) rainfall and (b) snowfall in boreal winter. The values are three-month 388 

integration of daily-based data. Stations with a confidence level of > 95% are 389 

denoted by dot. 390 

 391 
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Fig. 5. Same as Fig. 4 but for stream function (contours: positive indicates anti-cyclone 392 

in the Northern Hemisphere) and temperature (shading); (a) 200 hPa, (b) 1000 hPa. 393 

Areas with a confidence level of > 95% are denoted by oblique line. 394 

 395 

Fig. 6. Same as Fig. 4 but for (a) vertically integrated moisture flux (q’u’, q’v’) in the 396 

lower troposphere (1000-1hPa) and (b) horizontal heat advection (v’T’) at 850 hPa. 397 

Areas with a confidence level of > 95% are denoted by oblique line. 398 

 399 

Fig. 7. Latitude-height section of the zonal mean u-wind (m s-1) across Japan, showing 400 

the STJ. Shading denotes composited anomalies between the major El Niño and La 401 

Niña. Contours indicate the climatology. Areas with a confidence level of > 95% 402 

are denoted by oblique line. 403 

 404 

 405 



Fig. 1. Division of an area of cyclone tracks. Red (south of Japan) demarcates the 
subject area in the present study for examining the relationship between rain-
fall/snowfall variations in the Pacific coast of Japan and cyclone tracks along the 
south coast of Japan.
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Fig. 2. Time series of the interannual variation of the multivariate ENSO index 
(MEI) between 1961 and 2016. Open circles and triangles show the top 10 El Niño 
and La Niña events, respectively.
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Fig. 3. DJF cyclone track frequencies (count month-1). (a) Climatological mean 

(1981–2010). (b) and (c) are composite anomalies of major El Niño events and La Niña 

events, respectively. (d) The difference between major El Niño minus La Niña events. Grids 

with a confidence level of > 95% are denoted by dot. The total number of South-coast 

cyclone between December and February is denoted in the upper-right.



Fig. 4. Composited anomalies between the major El Niño and La Niña for total 
amounts of (a) rainfall and (b) snowfall in boreal winter. The values are three-month 
integration of daily-based data. Stations with a confidence level of > 95% are 
denoted by dot.
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(a) PSI & T (200hPa)

(b) PSI & T (1000hPa)

Fig. 5. Same as Fig. 4 but for stream function (contours: positive indicates anti-cy-
clone in the Northern Hemisphere) and temperature (shading); (a) 200 hPa, (b) 1000 
hPa. Areas with a confidence level of > 95% are denoted by oblique line.



Fig. 6. Same as Fig. 4 but for (a) vertically integrated moisture flux (q’u’, q’v’) in 
the lower troposphere (1000-1hPa) and (b) horizontal heat advection (v’T’) at 850 
hPa. Areas with a confidence level of > 95% are denoted by oblique line.

(a) Moisture flux

(b) Horizontal advection



Fig. 7. Latitude-height section of the zonal mean u-wind (m s-1) across Japan 
(125°-145°E), showing the STJ. Shading denotes composited anomalies between 
the major El Niño and La Niña. Contours indicate the climatology. Areas with a 
confidence level of > 95% are denoted by oblique line.

uwnd 125°-145°E

He
igh
t (h
Pa
)



Table 1. DJF composited anomalies between the top 10 El Niño 
minus La Niña events. Bold indicates a confidence level > 
95%. Rainfall and snowfall anomalies were provided by the 
Tokyo Meteorological Observatory. Horizontal advection 
(v’T’) at 850 hPa and vertically (1000-1hPa) integrated 
moisture flux is the area average over 25°–35°N and 120°–
140°E. The STJ is a zonal wind component at 200 hPa 
averaged over 30°–35°N and 120°–140°E. 

                  
 El Niña La Niña Difference 

Pacific coast cyclones 11.0 7.6 3.4 

rainfall (mm) 198.7 151.8 46.9 

snowfall (cm) 8.2 4.4 3.8 

moisture flux (kgms-1) 159.1 140.7 18.4 

v’T’ (850hPa) 6.2 5.2 1.0 

STJ (m s-1) 67.8 70.3 -2.5  
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