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ABSTRACT

Both 1981 and 2013 were weak La Nifia years with a similar seface temperature (SST) anomaly in the tropical
Pacific, yet the western Pacific subtropical high (WPSH)rduAugust exhibited an opposite anomaly in the two years. A
comparison indicates that, in the absence of a strong SSmalgan the tropics, the cold advection from Eurasian high
latitudes and the convection of the western Pacific warm plagl important roles in influencing the strength and positb
the WPSH in August. In August 1981, the spatial pattern of B8 geopotential height was characterized by a meridional
circulation with a strong ridge in the Ural Mountains and @&pmlerough in Siberia, which provided favorable conditions
for cold air invading into the lower latitudes. Accordingthe geopotential height to the north of the WPSH was reduced
by the cold advection anomaly from high latitudes, resgliiman eastward retreat of the WPSH. Moreover, an anomalous
cyclonic circulation in the subtropical western Pacificcieed by enhanced warm pool convection, also contributeti¢o
eastward retreat of the WPSH. By contrast, the influence Figimlatitudes was relatively weak in August 2013 due to akon
circulation pattern over Eurasia, and the anomalous asitinjc circulation induced by suppressed warm pool cofwa@lso
facilitated the westward extension of the WPSH. Therefitie combined gects of the high latitude and tropical circulations
may contribute a persistent anomaly of the WPSH in late surnmiespite the tropical SST anomaly being weak.
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1. Introduction Besides intraseasonal variability, the WPSH also shows

. . . . significant interannual variability. It is generally recoged
As a major circulation system of the East Asian SUMhat tropical circulation largely regulated by El Nifio and

mer monsoon (EASM), the western Pacific subtropical hi - ) .
(WPSH) exhibits distinct intraseasonal variation durirgg b . outhern Oscnllau_o.n (ENSO) plays an |mportant role in the
. interannual variability of the WPSH. In particular, the WHPS

real summer. USU?"Y’ It migrates n_orthward n a Ste.pW'?gndsto extend southwestward with stronger intensitynduri
manner, with two distinct northward jumps, occurring in thEI Nifio decaying summers (Fu and Teng, 1988). Nitta (1987)

m|do!le of June and Iate_JuIy, resp_ectlvely. After the Sef5und that an anomalous WPSH is more directly related to
ond jump, the EASM region enters into the late summer pe- L o
-Warm pool convection in the western Pacific. A Rossby wave

g%?r’] Cet‘raerg(\:/\t/(ietﬂztii t;);rr:'ggu?ﬁmgfraéﬁ;e da?hde rv\?gsh: 'TNHSI ain is generated by anomalous convection and propagates t
ens sphar V. In the mea>;1time it m?)ves t’o its most northat e extratropics, thus influencing the northward movemént o

_sharply. ' He WPSH. In addition, Lu (2001a) indicated that the zonal
position and retreats eastward to the south of Japan. Can-

sequently, the EASM circulation patterns exhibit confragst |splac§ment of the WPSH |s_alscbf§3cted by warm poo!
D convection. A low-level cyclonic (anticyclonic) anomaly i
characteristics between early and late summer (Su and Xpe

2010; Xue et al., 2015). If the WPSH extends westward wi € subtropical western Pacific induced by enhanced (sup-
) o . ; pressed) convection leads to eastward (westward) movement
strong intensity in late summer, persistent high tempeeatu

: . : of the WPSH.
and severe drought occur in southern China, as in the case o . . : : _
August 2013 examined in this study, The high latitude circulation system over the Eurasian
' continentis considered as another important factor for WPS
variation, especially in late summer when the WPSH arrives
* Corresponding author: Feng XUE at its most northern position. It has been demonstrated that
Email: fxue@lasg.iap.ac.cn the high pressure ridge of the WPSH in August near Japan is
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generated by a stationary Rossby wave propagating to Japarg factor, such as El Nifio, on the WPSH, with the combined
and its intensity is regulated by the Asian jet (Enomoto @tfluences of all possible factors having rarely been exam-
al., 2003; Enomoto, 2004). Tao and Wei (2006) found thated. For the purpose of predicting the position and stfengt
the stationary Rossby wave in the Eurasian continent projdéi-the WPSH more precisely, all possible factors should be
gates eastward along the subtropical jet and excites a lotaken into consideration. Besides, the role of ENSO should
wave ridge along the eastern coast of China. The develowt be overemphasized, although it is the strongest interan
ment of the longwave ridge results in the westward extensional signal. In fact, the WPSH may also exhibit a persistent
of the WPSH. Even in strong La Nifia years, there can beaad significant anomaly, especially in August, under the con
great diference in the WPSH (e.g., between 1989 and 199€ljtion of a weak tropical SST anomaly. Because it i§idilt
especially in August, due to theftrent circulation at high to perform conventional numerical simulations using a gen-
latitudes (Xue, 2008). eral circulation model without strong SST forcing, thisliss

It is worth noting that the intraseasonal variation—eoncerning the WPSH anomaly associated with weak SST
especially the dference between early and late summer-anomalies is not yet well understood.
can further &ect the interannual variation. Kawatani et al. The objective of this study is to explore the primary fac-
(2008) compared WPSH variation in June, July and Augustrs responsible for a persistent WPSH anomaly under a weak
and found that the interannual and submonthly variabiligy atropical SST anomaly condition. We pursue this investayati
smallest in June and largest in August. Xue and Liu (200By comparing the anomalous WPSH patterns in two particu-
also showed that the influence of El Nifio on the WPSH lar years (1981 and 2013). Despite the fact that both 1981
weakest in June and strongest in August, suggesting that émel 2013 were weak La Nifia years, and the WPSH in June
influence of El Nifio on the WPSH is more significant in latand July was close to normal, the WPSH anomalies in Au-
summer. gust were opposite, with a weakening in 1981 and a strength-

Despite the essential roles of many factors in WPSH vagning in 2013. During late summer 2013, the unusual west-
ation, most previous studies have focused on the influencengfrd extension of the WPSH brought about a prolonged heat
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Fig. 1. SST anomaly during summer (a) 1981 and (b) 2013 (uh(3:
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wave and severe droughtin southern China (Sun, 2014; Pe2fgs 2° grid (Smith et al., 2008). The daily data were further
2014). By comparing the WPSH in these two years, we iprocessed into pentad means to facilitate analysis.
tend to reveal the major impacting factors and their combine The WPSH is represented by the 5880 gpm contour at 500
effects on the WPSH anomaly in late summer with a wedlPa over East Asia and the western Pacific. The west point,
tropical SST anomaly, and provide new clues for WPSH prevhich is defined as the westernmost point of the 5880 gpm
diction. contour, is used to describe the zonal position of the WPSH
(Zhao, 1999). For simplicity, we also take August as the late
summer period, which usually begins from late July (Su and
2. Data description and WPSH in 1981 and Xue, 2010).
2013 The WPSH in 1981 was selected for comparison with
that in 2013 because both 1981 and 2013 were weak La
The daily data of wind and geopotential height were olNifia years with a similar tropical SST anomaly. As shown in
tained from NCEP-DOE Reanalysis-2 on .&°%4 2.5° grid Fig. 1, the SST anomaly during summer (June—July—August
from 1979 to 2013 (Kanamitsu et al., 2002). Outgoing longrean) in the tropical Pacific had a typical La Nifa pattern,
wave radiation (OLR) with the same resolution, used to repriee., negative anomalies in the central and eastern Panfific a
sent the convection intensity in the tropics, was derivechfr positive anomalies in the western Pacific. The SST anomaly
NOAA satellite observations (Liebmann and Smith, 1996in 2013 was slightly stronger than that in 1981, with a maxi-
The monthly mean SST data were obtained from NOAA onraum negative anomaly ef1°C off the Peru coast and a max-
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Fig. 2. The WPSH represented by the 5880 gpm contour in June, JuhAagdst (a—c) 1981 and (b—f) 2013. The
climatological mean is represented by the dashed contowofaparison (units: gpm).
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imum positive anomaly of 0°& in the warm pool region of years was also weak (Xue, 2008), the large discrepancy of the
the western Pacific. WPSH in August between the two years cannot be attributed
Figure 2 illustrates the monthly mean WPSH representtathe tropical SST forcing. In addition, there were strong
by the 5880 gpm contour in June, July and August, togetf@8T anomalies in the North Pacific and North Atlantic in
with the climatological mean for comparison. While th013 (Fig. 1b), but the anomaly in the midlatitude oceans is
WPSH was close to the climatology in June and July, thedeiven by the atmospheric circulation and the responseeof th
was a significant discrepancy in August. In August 19&8itmosphere to the SST anomaly is generally believed to be
(Fig. 2c), the WPSH was located more southeastward, witleak (Frankignoul, 1985; Park and Schubert, 1997). There-
the west point at 15%& and the ridge line at about 17M¥. fore, the SST anomaly in the midlatitude oceans is not a ma-
Meanwhile, the WPSH became very weak. In sharp contrgst; factor.
the WPSH in August 2013 extended westward to°El&ith In contrast to the similar SST anomaly in the tropics, there
much stronger intensity (Fig. 2f). Berent from the pattern was a large discrepancy of 500 hPa geopotential height in
in a typical La Nifia year, the anomalous pattern of the WPStgh-latitude Eurasia during August in the two years (Fig.
in 2013 was similar to that in a strong El Nifio year (Xue an8). In August 1981, the circulation pattern was charactetiz

Liu, 2008).

3. The influence of circulation in high-latitude

Eurasia

by two ridges and two troughs over Eurasia. With a strong
ridge in the Ural Mountains and a deep trough in Siberia, this
pattern was favorable for the southward invasion of cold air
from high latitudes, thereby influencing the WPSH. By com-
parison, the circulation in August 2013 was a zonal pattern
superimposed with small ridges and troughs.

Since the response of the WPSH to a La Nifa signal The anomalous geopotential height in Fig. 4 is consis-
is generally weak and the intensity of La Nifia in the tweent with that in Fig. 3, with a positive anomaly in the ridge

500 hPa Gelopotentlial Heighlt

Auglljst 1981

N

EQ T T T T ‘l T T T
0 20E 40E 60E 80E 100E 120E 140E 160E 180
(b) 500 hPa Geopotential Height August 2013
90N : =5 350— : : —5350——]
——>5400 ————5400——|
SON_/W 20 e 5450 |
500
—— 2 o= =5500
70N+ oy - e — |
’- 600
60N 4 =5 650- g 44- -
| 700- s ":__
50N e ‘ 71 o
S5 ¢ T o R
o =~ E . - 3 200 —" |
40N ! 5850 a‘x, 2650 59/‘
30N+ — %o~
20N+ - - 5900 \' 7 > 0 : r
o -5 , /A
10N+ : I | KN/ : -
EQ L : T N AL :
0 20E 40E 60E 80E 100E 120E 140E 160E 180

Fig. 3. The 500 hPa geopotential height in August (a) 1981 and (b3 20dits: gpm).
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(a) . |500 hPla Geopgtential Height Alnomalyl August 1981
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Fig. 4. The 500 hPa geopotential height anomaly in August (a) 1981(la)n2013 (units: gpm).

region and a negative anomaly in the trough region. Ov&®881, a southerly anomaly in late summer 2013 was associ-
the Northeast Asian region, there was a negative anomalyeited with a positive geopotential height anomaly (Figs. 6a
both years, but the intensity in 2013 was only half of that iand b). Both the maximum southerly anomaly and geopo-
1981. In addition, the negative anomaly in 1981 extendgehtial height anomaly emerged simultaneously in P43 (30
southward into the deep tropics, indicating that the caeulJuly to 3 August). Therefore, the northerly anomaly from the
tion at high latitudes played an important role in weakenirggh latitudes plays a more active role in reducing geopoten
the WPSH in August 1981. tial height, whereas the southerly anomaly helps sustan th
To further reveal the influence of high-latitude circulatio positive anomaly in the WPSH area to a certain degree.
on the WPSH, Figs. 5 and 6 show the longitude—pentad cross As an example, the eastward retreat at the beginning of
section of the 850 hPa meridional wind anomaly along\t0 August 1981 is used to explain how the circulation at high
(north of the WPSH) and the 500 hPa geopotential heightitudes #&ects the WPSH (Fig. 7). In P43 (30 July to 3 Au-
anomaly along 3N (the WPSH area). In 1981 (Fig. 5a)gust), the WPSH extended more northwestward with the west
a northerly anomaly appeared to the northwest of the WP3Mint at 95E. In P44 (4—8 August), however, the WPSH re-
(near 120E) from Julian pentad 42 (hereafter P42; 25-2@eated rapidly to the east of 140 with sharply weakened
July) and reached its maximum during P44—P45 (4-18 Aimensity.
gust). Corresponding to the northerly anomaly, there was The eastward retreat between P43 and P44 was related to
a negative geopotential height anomaly east of E3Qvith  the circulation at high latitudes. Corresponding to thersgr
a maximum over-40 gpm in late summer (Fig. 5b). It isridge in the Ural Mountains (Fig. 3a), there was an anoma-
also noted that the maximum geopotential height anomatyus anticyclone in high-latitude Eurasia (Fig. 8a). In Eas
was preceded by the maximum northerly anomaly about o8#eria, there was a strong northerly anomaly just to thehnor
pentad, indicating that the northerly anomaly at highlatéts of the WPSH. Due to the cold advection anomaly, the geopo-
plays a leading role in the anomalous WPSH. In contrast witiantial height in Northeast Asia was largely reduced, with a
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retreated rapidly to the east of 10in P44 (Fig. 7b).

Since the WPSH in August is located at a higher latitude,
it is easily influenced by the circulation at high latitudébe
above example is not unique and can frequently be seen in
other years, such as August 1989 (Xue, 2008). By contrast,
the zonal circulation pattern in August 2013 could not resul
in a similar retreat of the WPSH as in 1981 (Fig. 3b). Instead,
the WPSH tended to be located more westward (Fig. 2f).

4. The influence of tropical circulation

Besides the circulation at high latitudes, the WPSH is also
influenced by tropical circulation. In particular, enhatice
(suppressed) warm pool convection can excite an anomalous
cyclone (anticyclone) over the subtropical western Paiific
the lower troposphere, inducing eastward (westward) move-
ment of the WPSH (Lu, 2001a). The warm pool convection
is related to the SST anomaly as well as atmospheric pertur-
bations, especially cross-equatorial flow (Lu, 2001b; Sdi an
Xue, 2010).

Figure 9 shows the longitude—pentad cross section of the
cross-equatorial flow anomaly and OLR anomaly &tNLE
1981. Note that the latter is used as a surrogate for the warm
pool convection anomaly, with a negative (positive) angmal
corresponding to enhanced (suppressed) convection. The
cross-equatorial flow near 125 during July—August was ap-
parently intensified, and the anomaly exceeded 2hirem
P40 (15-19 July). Afterwards, the warm pool convection be-
gan to enhance gradually, with OLR anomalies lower than
—40 W nT? between P43 and P45 (9-13 August). The nega-
tive OLR anomaly lasted for one month. It is also noted that
the cross-equatorial flow near I’'#was largely reduced, as
indicated by a negative anomaly, and it was less related with
the warm pool convection.

In contrast, the cross-equatorial flow in 2013 was gener-
ally weak (Fig. 10a). After P39 (10-14 July), it changed to a
negative anomaly. Correspondingly, there were positivROL
anomalies (suppressed convection) during late summer (Fig
10b). The OLR anomaly reached maximum intensity in P42
(25-29 July) and weakened slightly in P44 (4-8 August), be-
fore beginning to intensify again up until the end of August.
The positive OLR anomaly lasted as long as one and a half
months.

Itis evident that the warm pool convection anomaly is re-
lated to the seasonal march of atmospheric circulationen th
western Pacific during summer. Compared with early sum-
mer, the anomaly of warm pool convection in late summer
is much more significant and lasts for a relatively long time.
As noted previously (Ueda et al., 1995; Xiang et al., 2013),
warm pool convection tends to be enhanced during the sea-

Fig. 8. The (a) 850 hPa wind anomaly in P43 in 1981 (units: sonal march from July to August, corresponding to the onset

m s1) and (b) the dference in 500 hPa geopotential height of the western Pacific summer monsoon. As a result, warm
between P43 and P44 in 1981 (units: gpm).

pool convection is much more sensitive to cross-equatorial
flow.

maximum over 200 gpm near the Sea of Japan (Fig. 8b). As An anomalous cyclonic circulation in August 1981 ap-
a result, the WPSH split into two parts, and the main bogyeared in the subtropical western Pacific due to enhanced
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(a) Cross equatorlal FIow Anomaly 1981 (b) OLR Anomaly 1981
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Fig. 9. Longitude—pentad cross section of the 850 hPa (a) crosst@ipl flow anomaly (units: m2) and (b) OLR
anomaly along 15N (units: W nT2) during summer 1981. The numbers on the ordinate represedulian pentad.
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warm pool convection (Fig. 11a), further inducing loweAugust 1981 retreated eastward with weak intensity, the
geopotential height and an eastward retreat of the WPS¥HPSH in August 2013 extended westward with strong in-
(Fig. 4a). By contrast, there was an anomalous anticyclonénsity, despite the normal conditions in June and July.
circulation due to suppressed convectionin August 201 (Fi  The contrast between the two years indicates that there
11b). With higher geopotential height in the subtropicg(Fiwas a significant discrepancy in the high latitude circolati
4b), the WPSH tended to extend westward with stronger iaver the Eurasian continent during August. In August 1981,
tensity (Fig. 2f). This anomalous pattern persisted thhamug there was a meridional circulation pattern in Eurasia, with
late summer due to the lack of the influence of cold advectianstrong ridge in the Ural Mountains and a deep trough in
from high latitudes as in August 1981. Itis also important tSiberia. In particular, the anomalous northerly ahead ef th
note that the anomalous cyclonic circulation (Fig. 11a) waough induced a lower geopotential height in NortheasaAsi
located more northeastward than the anomalous anticyclotiirough a cold advection anomaly. As a result, the WPSH
circulation (Fig. 11b), because the subtropical circolatin tended to retreat eastward. In August 2013, however, there
August 1981 was alsdfzcted by the circulation at high lati-was a zonal circulation system in Eurasia, with weak ridges
tudes. and shallow troughs. Accordingly, the WPSH was less af-
It should be emphasized that the warm pool SST wéexcted by the circulation at high latitudes.
higher during summer in both years, and was even higher in Besides the circulation at high latitudes, there was a large
2013 thanin 1981 (Fig. 1). Hence, the contrast in warm podifference in tropical circulation between the two years. In
convection between the two years did not mainly result frolate summer 1981, an anomalous cyclonic circulation ap-
the SST diference in the tropics. Instead, the cross-equatorp@ared in the subtropical western Pacific, excited by the en-
flow played a more important role in the warm pool convettanced warm pool convection due to the perturbation from a
tion. strong cross-equatorial flow, thereby leading to the weaken
ing of the WPSH. By contrast, there was an anomalous an-
) ) ticyclonic circulation in late summer 2013, corresponding
5. Summary and discussion suppressed convection over the warm pool associated with a

Although both 1981 and 2013 were weak La Nifia yan%eak cross-equatorial flow, resulting in the westward exten
with a typical La Nifia pattern (i.e., negative SST anonsali&©" Of the WPSH. In the meantime, the weak influence of
in the central and eastern Pacific and positive SST anorffg!d advection from high latitudes helped sustain the gfron
lies in the western Pacific), the WPSH exhibited an opposlif§ensity of the WPSH.

anomaly in August in the two years. While the WPSH in Even.V\_/ith a Wgak tropical SST anomaly, the WP,SH may
also exhibit a persistent anomaly in late summer owing to the

combined €fects of the dference in tropical circulation and
the circulation at high latitudes. When predicting the WRPSH
we must pay special attention to the in-phase condition of
these two factors. In late summer 2013, for instance, bath th
zonal circulation at high latitudes and suppressed warnh poo
convection contributed to the westward extension and pro-
longed maintenance of the WPSH, resulting in a heat wave
and droughtin southern China. If there had been a meridional
circulation system at high latitudes in August 2013 as in Au-
gust 1981, the anomalous WPSH could not have persisted for

60N (a) ‘ 850 hPa Wind Anomaly  August 1981

308 ‘ ‘ ‘ a long time. Instead, the WPSH would have retreated east-
80E 100E  120E  140E  160E 180 ward due to the influence of the high-latitude circulation.
60N(b) ‘ 850 hPa Wind Anomaly  August 2013 _Our findings concerning the roles of tropical and high-
- - - gy ,g. T latitude circulation in th_e development and per&_stenoenof
45N T LT T T 2R T \/\‘/\Q ol anomalous WPSH during late summer are similar to those
s NV E R presented in some previous studies. Ogasawara and Kawa-
SONY - - -~ - 3 8N :\:-_:':’- D mura (2007) found that anomalous summer weather in Japan
15N . QARSI \ R | is afected by two teleconnection patterns: the West Asia—
K - Japan and Pacific—Japan patterns. The combination of these
EQ P two patterns is favorable for the establishment of a zonally
155 ‘_“e_ 1_ - | elongated anticyclonic anomal_y in Japan, resulting in hot
— " N o< g weathert_here. In agreement with our results, they noted tha
- : I ‘ - - the combined#ect of the two patterns on anomalous weather
80E 100E  120E  140E  160E 180 in Japan is much more significant than those of each single
pattern.

Fig. 11.The 850 hPa wind anomaly in August (a) 1981 and (b) The contrast between 1981 and 2013 also indicates that
2013 (units: m 31). the WPSH in late summer is veryftirent from that in early
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summer. Even though the WPSH is close to the climatoltu, R. Y., 2001a: Interannual variability of the summertierth

ogy in June and July, it may exhibit a significant anomaly Pacific subtropical high and its relation to atmospheric-con
in August with the seasonal march of the circulation in East ~ vection over the warm pooll. Meteor. Soc. Japan Ser. 1, 79,
Asia and the western Pacific. In the seasonal march from 771-783. o

July to August, enhanced warm pool convection makes theu R. Y., 2001b: Atmospheric cwculgtlons and sea surfare-t 3
tropical circulation more sensitive to perturbations lgkess- peratures related_ o the convection over the western Pacific
equatorial flow, thereby influencing the WPSH anomaly. In warm pool on the interannual scakelv. Atmos. Sci., 18, 270~

o . . 282, doi: 10.100/500376-001-0019-z.
addition, due to the fact that the WPSH is located at a h'gh%itta, T., 1987: Convective activities in the tropical werst Pacific

latitude in late summer, it is easilyfacted by the circula- and their impact on the northern hemisphere summer circula-
tion at high latitudes. Therefore, for WPSH prediction itela tion. J. Meteor. Soc. Japan, 65, 373-390.
summer, a combination of these two factors must be cor®gasawara, T., and R. Kawamura, 2007: CombirfEtes of tele-
sidered comprehensively, especially when the tropical SST connection patterns on anomalous summer weather in Japan.
anomaly is weak. J. Meteor. Soc. Japan, 85, 11-24.

It is also important to note that the WPSH exhibits a conPark, C. K., _and S. D. Schubert, 19_971 On the nature of the 1994
sistent westward extension throughout the whole summer in  East Asian summer drought. Climate, 10, 1056-1070.
strong El Nifio years (Xue, 2008). However, when the trop_Peng, J. B 2014: An |n.vest.|gat|on of the formation of thathe
ical SST anomaly is weak, as in 1981 and 2013, the WPSH wave in SOUtheT” Ch_ma in summer 2013 a_md the relev_ant ab-
anomaly cannot persist throughout the whole summer. In this normal subtropical high activitiesitmospheric and Oceanic

; L Science Letters, 7, 286—290.
case, the seasonal forecast is largely limited due to the lag i, T M. R, W Reynolds, T. C. Peterson, and J. Law-

of strong tropical forcing. Instead of relying merely on¢pn rimore, 2008: Improvements to NOAA's historical merged
range forecasting, we should place emphasis on monthly |and-ocean surface temperature analysis (1880—-2006)i-
forecasting in order to further improve the forecast skill. mate, 21, 2283-2296.
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