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Abstract
The genesis Iongitudes@f the tropical cyclone (TC) for the months of June—October

exhibit the gradual westward shift since 1998 amﬁle present study investigates the possible
mechanisms. The period of 1998-202& characterized by the large anomalous anticyclonic
circulation over the western North Pacific (WNP) and an anomalous cyclonic circulation in
East Asia. Owing to this huge anomalous anticyclonic circulation, TCs could not develo@ver
the eastern part of the WNP. In addition, the equatorial western Pacific show@warm anomaly,
while the equatorial eastern Pacific presents a cold anomaly; thi@egative phase of the Pacific
Decadal Oscillation (PDO) demonstrates the strengthening of the Walker circulation, which

causes greater prevalence of TCs t(ﬂw western seas of the WNP.

Key words: western North Pacific, tropical cyclone, Pacific Decadal Oscillation, Walker

circulation



Q. Introduction
The western North Pacific (WNP) is the water body where tropical cyclone (TC) activity
is the most active on Earth. The TCs that occur in these waters migrate west to affect southern
China or Vietnam or north to affec%e mid-latitude region of East Asia. The regions affected
by TCs are mostly determined by the location of TC genesis (Chia and Ropelewski, 2002;
%ang and Chan, 2002). The TCs that occurred in the southeastern waters of the WNP migrate
northwest and recurvﬁ the East China Sea and eventually affect East Asia. As these TCs
travel long distancegver the ocean, they gain sufficient energy from the ocean to generate
higher intensity and aﬁec@\e mid-latitude region of East Asia. Meanwhile, TCs that occur in
the northwestern waters of the WNP generally migrate@mrt distances to the west to affect
southern China and Vietnam. These TCs generally have low intensity because of the
topographical effec@f the Philippines.
Studies have focused on the tendency of TCs to occur over the western part of the WNP
and have revealeﬁmt the tropical upper-tropospheric trough (TUTT), monsoon trough, and
QI Nifo-Southern Oscillation (ENSO) affected WNP TC genesis Iocations%uang et al. 2016;
Wang and Wu 2016; Huangfu et al. 2017; Deng. et al. 2018). Wu (2015) argued tha@]e
westward shift of the TUTT is responsible for the westward movement of the WNP TC genesis
location, while Huang et al. (2017) attributed this to the recent westward migration@f the
monsoon trough. Hu et al. (2018) recently reported that more TCs tendeo% occur in the
northwestern part of the WNP and showed that this was related to@ shift in convective
anomalies for El Nifio-Southern Oscillation (ENSO) and a climate regime shift in the Pacific
Ocean in 1998. Through observational data analysis and model simulations, Cao et al. (2019)

suggested that changes to the@a Nifa-type Pacific sea surface temperature (SST), which



induced the recent global warming hiatus, arﬂsponsible for the northwest migration of the
location of the WNP TC genesis.

Q/Iany studies have shown that the WNP TC genesis is affected by ENSO on the
interannual timescaleeander 1994; Chan 2000; Wang and Chan 2002; Camargo and Sobel
2005; Camargo et al. 2007; Zhao et al. 2010; Kim et al. 2011; Wang et al. 2013; Wang and Wu
2016). ENSO is the large-scale SST fluctuation that occurs% the tropical WNP and the
resultant changes in air—ocean circulation affect TC genesig various regions. Gray (1984)
showed that ENSO affected hurricane genesis in the North Atlantic region and Hastings (1990)
found that the frequency of tropical disturbances in the southwestern Pacific increased in the
eastern region of Australia during anti-EI Nifio yearthia and Ropelewski (2002) and Wang
and Chan (2002) showed that EI Nifio yeargave a strong tendency for WNP TCs to occur in
the southeastern waters of the WNP, Whereas% La Nifa years, they clearly occur in the
northwestern part of the WNP. It is also well known that ENSO affects the TC tracks (Kim and
Seo 2016).

It is well known that SST in important environmental factor influencing TC activity. In
a study*on the relationship between Pacific Decadal Oscillation (PDO) and TC, Lee et al. (2021)
indicate@nat the frequency of TCs passing through Korea and Japan during the negative phase
of PDO increased by approximately 50%, compared to those in the positive phase. Wang and
Liu (2016) investigated how PDO modulates the effecgf ENSO on the rapid intensification
(R1) of TCs in the WNF@he relationship between ENSO and RI frequency was shown to be
statistically significant in the warm PDO phase. Scoccimarr(@t al. (2021) showed that PDO
modulates TC days in the North Pacific Ocean.% addition, many other studies have

investigated the association between TC activity and PDO@hou et al. 2007; Kubota and Chan



2009; Liu ano@han 2008, 2013; Yang et al. 2018). So far, however, no studies have been
conducted thag]e westward shift of the WNP TC genesis location during peak TC season
(June to October) is associated with PDO. Therefore, we analyze the relationships betweemw
westward shift of the WNP TC genesis location during peak TC season and the PDO on a
decadal timescale.

% Section 2, the data and analysis methods are introduced, and in Section 3, a time series
of TC genesis longitude locations is analyzed. In Section 4, the recent westward shift o@w
WNP TC genesis location and atmospheric circulations is analyzed. In Section 5, the effect of
SST variation or%e recent westward shift of the WNP TC genesis Iocatio& analyzed. The

results of this study are summarized in Section 6.

2. Data and methodology
2.1 Data

Qhe best-track data produced by the Regional Specialized Meteorological Center—Tokyo
Typhoon Center were used as the TC data. These data provide information such as latitude,
longitude, central pressure, and maximum sustained wind speed of TCs that have occurred in
the WNP since 1951 at six-hour intervals. To analyze large-scale environment and atmospheric
circulation regarding the caus@f TC activity change, Reanalysis-2 (R-2) monthly average data
distributed by the National Center for Environmental Prediction—Department of Energy were
used (Kanamitsu 2002). These data consist of Qo x 2.5° latitude—longitude grid spacing with
a total of 17 vertical layers from 1979 to 2020.thended Reconstructed Sea Surface
Temperature (ERSST) V3b (Smith et al., 2008) data were used as the SST data. ERSST data

are the monthly averages from 1854 to the present and consist of 2° x 2° grid spacing. Outgoing



longwave radiation (OLR) data were also analyzed (Liebmann and Smith, 1996)@1 this study,
the PDO index (Mantua et al., 1997) was obtained from the website of the University of

Washington (http://jisao.washington.edu/pdo).

2.2 Methodology
Qhe vertical wind shear (VWS) for diagnosing large-scale conditions was calculated as

follows:

s \/ (U200-850) * (V200-850)
Here,q and v indicate the zonal and meridional flows, respectively. The numbers 200 and 850
represent the 200-hPa and 850-hPa levels, respectively (Wingo and Cecil 2010). The genesis
potential index (GPI) was calculated according to the equation of Camargo et al. (2007)9\ two-

tailed Student's t test was used to determine the significance of the results (Wilks 1995).

Baime series analysis

Figure 1 shows the time series of TC genesis longitude averaged during June—October for
1979-2020 (red line with dots)ths time series has distinct interannual and interdecadal
variations. The time series shows a decreasing trend until recently (significant at the 90%
confidence level), indicating a strong tendency in the occurrence of TCs@o determine whether
this phenomenon has actually occurred, ﬂatistical change-point analysis was applied to this
time series (blue line) using a 9-year sliding window. The largest absolute value of th(gvalue
appears in 1998, indicating a shift in the climate regime around this yeaﬁhe average longitude
of TC genesis was 136.9°E during 1979-1997 and 132.3°E during 1998-2020, withq

difference of 3.6° between the two periods. This difference was significant at the 95%



confidence level. This implies that TCs occurred farther west by approximately 300-400 km
during 1998-2020 than during 1979-1997. In the next section, the average difference between
the periods 1998-2020 and 1979-1997 is analyzed to determine why morﬁcent TCs have

occurred farther west of the WNP than before.

4. Large-scale environment and atmospheric circulation
First, we analyzeae difference in TC genesis frequency between the two periods (Fig.
2a). TCs during 1998-2020 haaq strong tendency to occur mainly in the sea near the
Philippines and in the South China Sea. However, during 1979-1997, TCs had a higher
preference in the eastern waters of the WNP. That is, recently, TCs occurred more often tﬂ]e
western side of the WNP. The TC passage frequency indicates that the frequency of TC
migration alongue East Asian coast is higher (Fig. 2b); therefore, East Asian coastal countries
have the increased TC-related risk.
The reason wh@cent TCs have occurred west of the WNP can be found from GPI field.
q positive anomaly was located in the northern region as well as in the westenﬂegion of the
WNP (Fig. 3a). Conversely, a negative anomaly was Iocatecgouth of 20°N and east of 150°E.
As a proxy for deep convection, OLR is shown in Fig. 3b where a negative OLRQnomaly IS
distributed in the western region of the WNP (relative to 140°E),Qnd a positive anomaly is in
the eastern part of the WNP. This means that during 1998—2020,Qonvection was more active
in the western WNP than during 1979-1997. The precipitable water shows the similar results
as those of the GPI (Fig. 3c). Except for the eastern seas of the WNP, most of the analyzed
areas showed a positive anomaly. Rainfall field indicates a spatial distribution opposite to that

of the OLR (Fig. 3d); the region west of 140°E shows the positive anomaly, while the region



east of 140°E shows the negative anomaly.

The occurrence of TCs in more or less farther western area of the WNP during 1998-2020
can also be attributed to environmental factors affecting the occurrence of TCs. For example,
the 600-hPa relative humidity (RH600) shows that the regiorm/est of 150°E has a positive
anomaly, while the region east of 150°E has a negative anomaly (Fig. 3e). The VWS field
shows that the negative anomaly south of 10°N is located farther west than the positive anomaly
at 10°-20°N (Fig. 3f). Figure 3g shows a positive low-level relative vorticity anomaly located
slightly farther northwest than theaegative anomaly in the WNP. The 850-hPa horizontal
divergence shows anomalous convergence@ver the western region of the WNP, while
anomalous divergence over the eastern region of the WNP (Fig. 3h). All these indicate that
convection during 1998-2020 is more active in the west of the WNP than during 1979-1997

Qo examine whether the climate regime shift occurred in 1998 in all oﬂw above variables,
statistical change-point analysis for GPI, OLR, and RHGO&as applied to the area-averaged
time series in the western (0°-25°N, 100°Q40°E) and eastern regions (0°-25°N, 140°-180°E)
of the WNP (Fig. 4), where 140° E is the longitude of dividing the opposite anomalies in the
OLR field (Fig. 3b). Trends for GPI and RH600 averaged in the western WNF@mws an
increasing trend, but OLR shows a decreasing trend (these trends wer@gnificant at the 95%
confidence level), indicating that the large-scale environment favorable for the occurreanf
TCs in the western region of the WNP has formed in recent years. Th(gatistical change-point
applied to the time series reveals that the largest absolute value of the t-value existed for 1998
for all three variables. Thus, the supportive environment@or the formation of TCs have been
present in the western WNP since 1998. Meanwhile, environments unfavorable@or the

occurrence of TCs have been formed in the eastern WNP (the area-averaged GPI and RH600



decreased, while OLR increased). This region also showge largest absolute value of the t-
value occurring in 1998, indicating that fewer TCs havgccurred in the eastern region of the
WNP since 1998.

The changes in the large-scale environments, shown above, between 1998-2020 and
1979-1997 can be identified irﬁw difference in the 850-hPa stream flow between the two
periods (Fig. 5a). Whereas the large anomalous anticyclonic circulation exists in the WNP
region,@n anomalous cyclonic circulation is located in East Asia. This is the west-low—east-
high spatial pressure pattern. Owing to thguge anomalous anticyclonic circulation located in
the WNP during 1998-2020, TCs could not develoﬁ the eastern WNP but rather occurred in
the western WNP. In addition, from this anomalous pressure pattern, the easterr@oast of China
and the Korean peninsula are affected by anomalous southerlies; these steering flows affect the
TC track shown in Fig. 2b, in such a way that during 1998-2020, TCs could mainly affect the
Korean Peninsula from the Philippines region through the east coast of China. Th&ndency
for TCs to occur to the west during 1998-2020 was identified in the longitudinal position of
monsoon troughs in the two periods (represented by red lines in Figs. 5b and 5¢). The monsoon
trough appeared only up to 125°E during 1998-2020 (Fig. 5b) but expanded eastward to
approximately 140°E during 1979-1997 (Fig. 5¢); the latter situation supports the development
of TC to more eastern side of the WNP.

Qonsistent with the OLR field shown in Fig. 3Db, for the latitudinal range of 100°-140°E
the meridional circulation pattern%ft panel of Fig. 6a) shows the anomalous upward motions
overQ\e region where TCs mainly occur (0°-28°N), whereas the anomalous downward
motions are formea@] the mid-latitude zone of East Asia (30°-40°N); in contrast, for the

domain of 140°-180°E, the anomalous downward motions develop strongly at 5°~20°N, while



anomalous upward motions are formed at 20°-40°N (right panel of Fig. 6a). This property is
also manifested in the longitude—height plot (Fig. 6¢). The relative humidity anomalies (Fig.
6b) shows roughly the consistent result with other variables. These atmospheric circulations
and moisture conditions are directed toward the formation oﬂmre TCs in the western region
of the WNP during 1998-2020.

The TUTT is an elongated trough stretching from the mid-Ilatitude to the tropics (red lines
in Figs. 7a and b) and since it induces a large amount of VWS, tropical disturbances can be
subdued. Howevelg] the vicinity of TC center (usually to the northeast of it), TUTT can help
ventilate the upper-level air so that TC can develop and/or intensify (Barry and Carlton 2001).
Figures 7a and 7b show evidently that the TUTT developed westward to 155°E during 1998—
2020 but contracted eastward to 165°E during 1979-1997, indicating the favorable
environment for more TCs to develop over western WNP. The longitudinal location of the
TUTT averaged in June—-October was analyzed each year (Fig. 7C)Qhe annual mean east-west
shift of the TUTT is measured by dividing the boundary between the easterly and westerly
winds in the trough (zero contour of zonal wind speed over 5°~20°N). The longitudinal location
of the TUTT shows a decreasing trend, whicﬂ significant at the 95% confidence level. There
is a clear in-phase relationship between the locations of the TC genesis and TUTT longitudes;
a positive correlation of 0.62 (0.5@ the linear trends are removed) was found between the two
variables. The statistical change-point analysis (Fig. 7d@10ws that the largest absolute value

of the t-value occurred in 1998, indicating the interdecadal variation of the TUTT longitudes.

5. Teleconnection related to SST variation

Qhe difference in SST between the two periods (Fig. 8a) indicates a warm anomaly over
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%e western region of the WNP and a cold one over the eastern region. This spatial distribution
of SST anomalies causes TCs during 1998—202(% occur in the western WNP. In fact, the
whole SST field is typical of the cold PDO pattern and its inde>gnows a decreasing trend until
recently (Fig. 8b). This PD(ﬂme series has a correlation of 0.52 (0.49 if the linear trends are
removed) with that of TC genesis longitudes averaged from June to October. This implies that
the lower (higher) the PDO index is%e more TCs is formed in the western (eastern) region of
the WNP. The statistical change-point analysis (Fig. 8c) demonstrate%e largest absolute value
of the t-value in 1998, indicating the interdecadal variation of the PDO index time series.

The difference irQOO-hPa omega between the two periods (Fig. 9a) indicates the similar
result. Over the latitudinal area of 0°~10°N, anomalous upward motions developed west of
160° E, while anomalous downward motions east of 160°E, implying the environment
supportive of the formation of more TCs in the western WNP. The dipole pattern exhibitﬁe
strengthening of the Walker circulation after 1998. To examine whether Walker circulation is
correlated witiﬁne location of TC genesis longitude, the average Walker circulation index
during June—October is obtained by using the method of Vecci et al. (2006). This index shows
the increasing trend until recently, but this trend is not statistically significant (Fig. 9b)Q1
addition, an out-of-phase relationship between the two variables was clear (r = —0.68),
implying that the stronger (weaker) the Walker circulation is, the higher the possibility igf
TCs occurring on the western (eastern) side of the WNP. The Walker circulation index also

produces the largest t-value at 1998, as before.

5. Summary

The statistica&ange-point analysis was applied to the TC genesis longitude averaged
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from June to October in each year from 1979—2020@ was found that the longitude of TC
genesis has shifted to the west since 1998. The average longitude location during 1979-1997
was 136.9° E, whereas it was 132.3°E during 1998-2020, a difference of 300-400 km in
distancgetween the two periods. The present study investigates the possible mechanisms of
this shift.

The recent trendqor TCs to occur in the western WNP was confirmed by many
thermodynamic and dynamics variables. Here, positive precipitation, GP@nd 600-hParelative
humidity (OLR) anomalies were observed in the western (eastern) WNP. In contrast, negative
precipitation, GPI@nd 600-hPa relative humidity (OLR) anomalies were located east (west) of
140°E. All these indicateQ1at convection was more active in the western area of the WNP
during 1998-2020 than during 1979-1997. The VWS anomalies showed that the negative
anomalies below 10°N were located further west than the positive anomalies at 10°~20°N. The
850-hPa relative vorticity anomalies also showed that positive anomalies were located farther
northwest than were the negative anomalie% the WNP.

The changes in the large-scale environment between 1998-2020 and 19791997 as shown
above, could be confirmed by the differenceQ\ the 850-hPa stream flow between the two
periods. The large anomalous anticyclonic circulation existed in the WNP, while the anomalous
cyclonic circulation existe@] East Asia. Owing to the huge anomalous anticyclonic circulation
located in the WNP, TCs during 1998-2020 could not occu@] the eastern area of the WNP
but rather occurred in the western side. This was confirmed by the longitudinal Iocatior@f
development of monsoon troughs during the two periods; the monsoon troughs only developed
up to 125°E during 1998-2020 but developed eastward to approximately 140°E during 1979—

1997.

12



Verticaaeridional circulations and relative humidity averaged over 100°-140°E and
140°-180°E, respectively, were also analyzed% the vertical meridional circulation averaged
at 100°-140°E (140°—180°E)9nomalous upward flows developed (at 20°-40°N) in the region
where TCs mainly occurred, whereas anomalous downward flows were formed (at 5°~20°N)

% the mid-latitude zone of East Asia. In addition, positive relative humidity anomalies were
observed at 0°—40°N.

TUTTSs developed more westward during 1998-2020 than during 1979-1997. The TUTT
time series shovx@]e climate regime shift in 1998, and since 1998, there has been a strong
tendency towarc@ westward shift of the TUTT.

Qhe differences in SST between the two periods shows the warm (coldj*anomaly over the
western (eastern) region of the WNP, and, considering the midlatitude anomalies together, this
SST anomaly field is the characteristic pattern of cold PDO phase@he difference in the 500-
hPa omega between the two periods demonstrates the strengthening of the Walker circulation,
which also showeﬂclimate regime shift in 1998 (Fig. 10).

@his study showed that TC genesis longitude was shifted westward in the WNP during the
cold PDO phase. The precise physical mechanisms can be verified using a series of sensitivity
tests using coupled climate model, which will be pursued as a future work. As shown above,

ere TCs develop over the western area of the WNP in recent years, implying the higher risk
of natural hazard alonﬁ]e coastal countries of East Asia, which requires increased precaution

in those areas.

13



Acknowledgements

@his work is supported by a National Research Foundation of Korea (NRF) grant funded by
the Korean government (MSIP) (No. NRF-2020R1A2C2009414) and the Korea
Meteorological Administration (KMA) Research and Development Program under Grant

KMI2021-01410.

14



302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

References

Qarry RG, Carleton AM (2001) Synoptic and dynamic climatology. Psychology Press.
p. 519. ISBN 978-0-415-03115-8.

Qamargo SJ, Emanuel KA, Sobel AH (2007) Use of a genesis potential index to diagnose
ENSO effects on tropical cyclone genesis. IRI Technical Report 07-01, 45 pp.,
International Research Institute for Climate Prediction, Palisades, NY

Camargo SJ, Sobel AH@OOS) Western North Pacific tropical cyclone intensity and ENSO. J
Clim 18:2996-3006

an X, Liu Y, Wu R, Bi M, Dai Y, Cai Z (2019) Northwestwards shift of tropical cyclone
genesis position during autumn over the western North Pacific after the late 1990s. Int J
Climatol 40:1885-1899

tha HH, Ropelewski CF (2002) The interannual variability in the genesis location of tropical
cyclones in the Northwest Pacific. J Clim, 15:2934— 2944,

Qeng K, Yang S, Ting M, Hu C, Lu M (2018) Variations of the mid-Pacific trough and their
relations to the Asian-Pacific-North American climate: Roles of tropical sea surface
temperature and Arctic sea ice. J Clim 31:2233-2252

anield, D. B., Mestas-Nufiez, A. M., and Paul, J. T. (2001). The Atlantic multidecadal
oscillation and its relation to rainfall and river flows in the continental us. Geophys Res
Lett 28 (10):2077-2080. doi:10.1029/2000g1012745

Qray WM (1984) Atlantic seasonal hurricane frequency Part I: ElI Nifio and 30 mb quasi-
biennial oscillation influences Mon Wea Rev 112:1649-1668

Hastings RA (1990) Southern Oscillation influences on tropical cyclone activity in the

Australian/south-west Pacific region. Int J Climatol 10:291-298

15



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

mu C, Zhang C, Yang S, Chen D, He S (2018) Perspective on the northwestward shift of

Autumn tropical cyclogenesis locations over the western North Pacific from shifting
ENSO. Clim Dyn 51:2455-2465

Huang R, Huangfu J, Wu L, Feng T, Chen G (2016) Research on the interannual and
interdecadal variabilities of the monsoon trough and their impacts on tropical cyclone

Qenesis over the western North Pacific. J Tropic Meteorol 32:767—785 (In Chinese)

Huangfu J, Huang R, Chen W, Feng T, Wu L (2017) Interdecadal variation of tropical cyclone
genesis and its relationship to the monsoon trough over the western North Pacific. Int J
Climatol 37:3587-3596

Kanamitsu M, W Ebisuzaki, Woollen J, Yang SK, Hnilo JJ, Fiorino M, Potter GL (2002)

NCEP-DOE AMIP-I1I Reanalysis (R-2). Bull Amer Meteor Soc 83:1631-1643

Qim HK, Seo KH (2016) Cluster analysis of tropical cyclone tracks over the western North

Pacific using a self-organizing map. J Clim 29:3731-3751

Qim HM, Webster PJ, Curry JA (2011) Modulation of North Pacific tropical cyclone activity

by three phases of ENSO. J Clim 24:1839-1849

Qubota H, Chan JCL (2009). Interdecadal variability of tropical cyclone landfall in the

Philippines from 1902 to 2005. Geophy Res
Lett, 36(12)Qttps://doi.0rg/10.1029/2009gI038108

Lander MA (1994) An exploratory analysis of the relationship between tropical storm
formation in the western North Pacific and ENSO. Mon Wea Rev 122:636—651

Lee M, Kim T, Cha DH, Min SK, Park DSR, Yeh SW, Chan JCL (2021). How does Pacific
Decadal Oscillation affect tropical cyclone activity over Far East Asia? Geophy Res Lett,

48, €2021GL096267. https://doi.org/10.1029/

16


https://doi.org/10.1029/2009gl038108

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

Liebmann B, Smith CA (1996) Description of a complete (interpolated) outgoing longwave
radiation dataset. Bull Amer Meteor Soc 77:1275-1277

Liu KS, Chan JCL (2008). Interdecadal variability of western North Pacific tropical cyclone
tracks. J Clim 21(17):4464— 4476.

Liu KS, Chan JC (2013). Inactive period of western North Pacific tropical cyclone activity in
1998-2011. J Clim 26(8):2614— 2630.

Mantua NJ, Hare SR, Zhang Y, Wallace JM, Francis RC (1997) A Pacific interdecadal climate
oscillation with impacts on salmon production. Bull Amer Meteor Soc 78:1069-1079.

McCabe GJ, Palecki MA, Betancourt JL (2004) Pacific and Atlantic Ocean influences on
multidecadal drought frequency in the United States. Proc. Natl. Acad. Sci. U.S.A. 101
(12), 4136-4141. doi:10.1073/pnas.0306738101

Smith TM, Reynolds RW, Peterson TC, Lawrimore J (2008) Improvements to NOAA’s
historical merged land-ocean surface temperature analysis (1880-2006). J Clim 21:2283-
2296

Scoccimarro E, Villarini G, Gualdi S, Navarra A (2021) The Pacific Decadal Oscillation
Modulates Tropical Cyclone Days on the Interannual Timescale in the North Pacific
Ocean. J Geophy Res 126:€2021JD034988

Sutton RT, Dong B (2012) Atlantic Ocean influence on a shift in European climate in the 1990s.
Nat. Geosci. 5 (11):788-792. doi:10.1038/nge01595

Sutton RT, Hodson DLR (2005) Atlantic Ocean forcing of north American and European
summer climate. Science 309 (5731):115-118. doi:10.1126/science.1109496

Vecchi GA, Soden BJ, Wittenberg AT, Held IM, Leetmaa A, Harrison MJ (2006) Weakening

of tropical Pacific atmospheric circulation due to anthropogenic forcing. Nature 441:73—

17



371 76

372 Wang B and Chan JCL@OOZ) How strong ENSO events affect tropical storm activity over the
373 western North Pacific. J Clim 15:1643— 1658

374  Wang C, and Lee SK (2009) Co- variability of tropical cyclones in the North Atlantic and the
375 eastern North Pacific. Geophys Res Lett 36:L.24702. doi:10.1029/2009g1041469

376 QIang C, Li C, Mu M, Duan W (2013) Seasonal modulations of different impacts of two types
377 of ENSO events on tropical cyclone activity in the western North Pacific. Clim Dyn
378 40:2887-2902

379 Wang C, Wu L@OlG) Interannual shift of the tropical upper-tropospheric trough and its
380 influence on tropical cyclone formation over the western North Pacific. J Clim 29:4203-
381 4211

382  Wang X, Liu H (2016) PDO modulation of ENSO effect on tropical cyclone rapid
383 intensification in the western North Pacific. Clim Dyn 46:15-28

384 %ilks DS (1995) Statistical methods in the atmospheric sciences. Academic Press, 467 pp
385  Wingo MT, Cecil DJ (2010) Effects of vertical wind shear on tropical cyclone precipitation.
386 Mon Wea Rev 138:645-662

387 Qang L, Chen S, Wang C, Wang D, Wang X (2018). Potential impact of the pacific decadal
388 oscillation and sea surface temperature in the tropical Indian Ocean—Western Pacific on
389 the variability of typhoon landfall on the China coast. Clim Dyn, 51(7):2695— 2705

390 Qhao H, Wu L, Zhou W (2010) Assessing the influence of ENSO on tropical cyclone prevailing
391 tracks in the western North Pacific. Adv Atmos Sci 27:1-11

392 Zhou W, Li C, Wang X (2007). Possible connection between Pacific oceanic interdecadal

393 Qathway and East Asian winter monsoon. Geophy Res

18



394 Lett, 34(1). https://doi.org/10.1029/200691027809

19


https://doi.org/10.1029/2006gl027809

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

Qist of Figure

Fig. 1. Time series of TC genesis longitude averaged for June—October (JJASO) (red line with
dot) and the statistical change-point profile (blue line).

Fig. ZQifferences in (@) TC genesis frequency (TCGF) and (b) TC passage frequency (TCPF)
between 1998-2020 and 1979-1997 in JJASOQ\ (@) and (b), the small squares inside
the circles indicate that the differences are significant at the 95% confidence level. TC,
tropical cyclone.

Fig. BQomposite differences in (a) GPI, (b) OLR, (c) precipitable water, (d) rainfall, (e) 600-
hPa relative humidity (RH), (&ertical wind shear (VWS), (g) 850-hPa relative vorticity,
and (h) 850-hPa horizontal divergence between 1998-2020 and 1979-1997 in JJASO.

Qatched areas are significant at the 95% confidence level.

Fig. 4. Time series of GPI, OLR, 600-hPa RH averaged for the western area@°—25°N, 100°—
140°E; left panel) and the eastern area (0°-25°N, 140°—180°E; right panel) oﬂle western
North Pacific in JJASO.

Fig. 5. (a) Composite difference in stream flows a@SO-hPa and composites of (b) 850-hPa
geopotential height (GPH) for 1998-2020 and (c) 850-hPa GPH for 1979-1997 in
JJASO. In (a), gra%aded areas are significant at the 95% confidence level.

Fig. 6. Composite differences of latitude—pressure cross-section of (a) vertical velocity
(contours) and meridional circulation (vectors), (b) relative humidity averaged along
100°-140°E (left panel) and 140°-180°E (right panel) between 1998-2020 and 1979-
1997 in JJASOQhe values of vertical velocity are multiplied by —100. Hatched areas
are significant at the 95% confidence level, and shaded areas denote negative values.
Contour intervals are 372hPa s* and 1% for vertical velocity and relative humidity,

respectively.
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434

Fig. 7. Tropical upper tropospheric trough (TUTT) averaged for (a) 1998-2020 and (b) 1979—
1997 in JJASO an(ﬂme series of (c) TC genesis longitude, TUTT longitude, and (d) t-
value of the TUTT longitude.

Fig. 8.% Composite difference in SST between 1998-2020 and 1979-1997 in JJASOﬂime
series of (b) TC genesis longitude an@acific Decadal Oscillation (PDO) index in JJASO
and (c) t-value on PDO index. In (a)ﬂatched areas are significant at the 95% confidence
level. SST, sea surface temperature; TC, tropical cyclone.

Fig. 9.@ Composite difference in 500-hPa omega in JJASO and time series of (bﬁc genesis
longitude and Walker circulation index and (c) t-value on Walker circulation index. In
%, hatched areas are significant at the 95% confidence level. TC, tropical cyclone.

Fig. 10. Schematic diagram of SST anomalieg cold PDO phase in post-1998. When a cold
PDO phase occurs, WNP represents warm SST anomalies and central Pacific forms cold
SST anomalies. Then, anomalous forward flows occw@] the WNP and anomalous
downward flows are formed in central Pacific and then Walker circulation enhances.

Eventually, TC genesis longitude is shifted westward in the WNP.
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474 Fig. G.Qomposite differences of latitude—pressure cross-section of (a) vertical velocity
475  (contours) and meridional circulation (vectors), (b) relative humidity averaged along 100°—
476 40°E (left panel) and 140°-180°E (right panel) between 1998-2020 and 1979-1997 in JJASO.
477 he values of vertical velocity are multiplied by —100. Hatched areas are significant at the 95%
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