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ABSTRACT

Based on the data analysis, this study further explores the characteristics of East Asian winter monsoon
{hereafier, EAWM, for brevity) as well as the related air—sea—iand sysiem, and illustrates how and to what
degree anomalous signals of the subsequent Asian summer monsoon are rooled in the preceding EAWM ac-
tivity. We identified an important air—sea coupled mode, ie., the EAWM mode illustrated in Section 3. In
cold seasons, strong EAWM—related air—s¢a two—way interaction is responsible for the development and
pessistence of the SSTA patternof EAWM mode. As 2 consequence, the key regions, i.e., the western Pacific
and South China Sea (hereafter, SCS, for brevity), are dominated by such an SSTA pattern from the winter
to the following summer. In the strong EAWM years, the deficient snow cover dominates castern Tibetan
Plateau in wintér, and in spring, this apomaly pattern is further strengthened and extended to the
northwestern side of Tibetan Platcau, Thus, the combined effect of strong EAWM-Telated SSTA and
Tibetan snow cover constitutes an important factor in modulating the Asian monsoon circulation, The ac-
tive tole of the EAWM activity as well as the related air—sca—land interaction would, in the subsequent sea-
sons, lead to: 1) the enhancement of SCS mensoon and related stronger sainfall; 2) the northward displace-
ment of subiropical high during Meiyu period and the related deficient rainfall over Meiyu rainband; 3)
above—normal precipitation over the regions from northern Japan to northeastern China in summer; 4)
more rainfall over the Arabian Sea and Northeast India, while less rainfall over southwest India and the Bay
of Bengal. The strong EAWM-—related air-sea interaction shows, to some degree, precursory signals to the
following Asian summer monsoon. However, the mechanism for the variability of Indian summer monsoon
subsequent to the strong EAWM years remains uncertain,
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1, Introduction

The monsoon—related air—sea and air—land interactions have long been the subject of
observational and theoretical studies, In general, there are two dominant ideas for the
interannual variation of Asian monsoon circulation: first, the boundary forcing (SST and
land surface process) is the important factor in governing the interannual variability of Asian
monsoon system; second, the Asian monsoon circulation itself plays a very active role in the
variation of air—sea—land coupled climate system and thus its anomalous activity might well
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be the precursory signal to the monsoon circulation in the subsequent seasons,

Numerical experiments with GCMs suggested that the tropical Pacific SSTA is responsi-
ble for the variation of Asian monsoon circulation, More specifically, during the past few
years, coupled Ocean—Atmosphere models have also been used to study the relationship be-
tween Asian summer monsoon and SST anomalies (e.g., Latif et al,, 1994), They all reached
the conclusion that the warming of the central—eastern Pacific Ocean is generally accompa-
nied by a weaker—than—normal Asian monsoon, Most studies in this area emphasized the
important role of tropical SST anomalies in modulating the interannual variability of Asian
monsoon system,

The influences of land surface process on the Asian monsoon circulation have also been
studied extensively with observational data and GCMs (Yeh et al., 1984; Yasunari et al,
1991; Yang and Lau, 1998; among others), However, owing to the lack of adequate data, the
interannual vatiability of Eurasian snow cover, soil moisture content and their related physi-
cal processes have not yet been clarified so far, As for the snow cover anomalies, for example,
most studies take the Furasian snow cover as a whole regardiess of the fact that the snow cov-
ers anomalies are tend to be of opposite signs for the high and mid—latitude area of the con-
tinent,

The Asian monsoon circulation is an important component of global general circulation
and plays an active, rather than passive, role in the climate system, Yasunari et al. (1991) pro-
posed that anomalous Indian summer monsoon could lead to the occurrence of a chain of
gvent in the air~sea—land system and posed a concept of “monsoon year”. Liet al, (1988) also
suggested that the frequent outburst of the cold wave over East Asia is responsible for the ini-
tiation of El Nifio event. More recently, Ji et al. (1997) and Bueh and Ji (1999} put forward a
concept of the Ocean—Atmosphere coupled regime (i.e., EAWM regime), and highlighted the
active role played by the EAWM activity in the development and persistence of self—sustained
regime behavior in the air—sea coupled system. They also suggested that such a coupled re-
gime would dominate during whole cold seasons, and thus bring, to some degree, predictable
signals to the following Asian summer monsoon. The land surface process, however, has not
been taken into account and hence the related air—land interaction is not involved in their
studies.

As is well known so far, the ENSO mode and its related air—sea—land interaction have
been extensively studied in the monsoon—related subject, but little attention has been paid to
other coupled modes. In addition to ENSO mode, Bueh and Ji (1999) identified an important
coupled mode, i.e., EAWM mode, and emphasized, as mentioned above, its importance in the
coupled climate as well as the interseasonally persistent characteristics related.

In the present study, based on the data analysis, we further explore the characteristics of
EAWM-—related air—sea—land system, and illustrate how the signals of anomalous Asian
summer monsoon are rooted in the preceding anomalous EAWM activity.

This paper is organized as follows, The data set used is described in Section 2. The char-
acteristics of the anomalous EAWM-—related air—sea—land interaction are presented in Sec-
tion 3. Section 4 will discuss interseasonal persistence of the anomaly signals associated with
EAWM activity. The conclusion and discussion are presented in the final section.

2. The data set

The data used in this study are monthly mean wind and SST from NCEP/ NCAR
reanalysis data (1958, 1-1992. 12), Xie and Arkin’s precipitation data (1979. 1-1993. 12), as

.
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well as snow depth data of ECMWF reanalysis {1979.1-1993.12).
3. Characteristics of EAWM—related air—sea—land interaction

It has long been recognized that the East Asian trough at 500 hPa level in the strong
EAWM vyears strengthens and extends southward significantly and, meanwhile, the corre-
sponding two ridges over the Ural area and the western coast of North America are well de-
veloped and they often merge into the well established polar high. In the strong EAWM year,
thus, the middle troposphere flow over high and middle latitudes is characterized by the ap-
parent stretch of East Asian major trough, The reverse is also true for the weak monsoon
year. How is then the anomalous EAWM activity coupled with the tropical Pacific SST?

Figures 1 and 2 display the first and second SVD modes of two fields, i.e., northern
extratropical 500 hPa height and the tropical Pacific SST, The strength of coupling between
these two fields is indicated by three measures, namely, the fraction of total squared
covariance between the two fields (SCF), the temporal correlation coefficient between the two
expansion coefficients (R} as well as the singular value (SV) for SVD mode in question, A use-
ful measure of the significance of the heterogeneous correlation patterns themselves is given
by the fraction of domain—integrated variance of the pattern (VARF) explained by the expan-
sion coefficient of the other pattern as shown at the upper right corner of each panel. The in-
terested readers are referred for further details to the work of Bretherton et al. (1992) and
Bueh and Ji {(1999). The heterogeneous correlation patterns for the first mode, displayed in
Fig, 1 exhibit a notable projection on the coupling between PNA patterns (positive or nega-
tive), documented by Wallace and Gutzler (1981), and the SST patterns of ENSO episodes,
This pair of patterns are basically identical to the leading mode of Lau and Nath (1990), Such
a relationship has been extensively investigated (e.g., VanLoon and Madden 1981; Horel and
Wallace 1981; among others) and is not the main subject of this paper.

The heterogeneous correlation patterns for the second mode, shown in Fig, 2, clearly
show the relation between anomalous EAWM activity and the tropical Pacific SST.
Hereafter, this SVD mode is called EAWM mode, for brevity, In this mode, SCF, 8V and R
reached about 20.0%, 86.5% and 80%, respectively, also meeting significance requirement, It
is noteworthy that the singular value of this mode is equivalent to two thirds of its counter-
part of the first SVD mode. Also noticeable is that the domain—integrated variance (VARF)
of 500 hPa height explained by the expansion coefficients of SST field in this mode is 10.5%,
and larger than that of the first mode. So it is suggested that the anomalous winter monsoon
activities over East Asia must be closely connected with such a pattern of SST field. On the
positive polarity of its expansion coefficients, particularly, the North—South dipole structure
of this pattern is reminiscent of the flow pattern of 500 hPa height during the periods of
strong (or frequent) winter monsoon activities over East Asia, The SST field of this mode dif-
fers significantly from that of the first mode. It can be seen that the SST anomaly of the
Nino3 area is very weak and less extensive than that of ENSO mode. On the other hand, the
positive (warm) anomaly bands, from the western Pacific to subtropical areas near the west-
ern.coast of North America and South America, are well-organized and quite different from
the circumstance of La Nifia event. Such an SST pattern, as suggested by Bueh and Ji(1999),
could lead to the enhancement of EAWM activity, which is, in turn, also favorable to the de-
velopment and maintenance of the SSTA pattern of this SVD mode. The two-—way
interaction, thus, would lead to a positive feedback process and then form a self-sustained
coupling regime, and we may call it EAWM regime.
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Fig. 1. Heterogeneous correlation patterns for the first SVD mode of (a) the extratropical 500 hPa
height field of the Northern Hemisphere and (b) the tropical Pacific S5T field, in winter (DJF).

To help better understand the prominent features of EAWM—related air—sea—land sys-
tem, we defined a normalized EAWM index (hereafter, EAWMI), which is the combination
of two normalized indices 1, and I, where I, is the area mean ¥ component of 1000 hPa
wind velocity for coastal eastern Asia (115°-130°E, 10°—30°N) while Iy represents the
meridional extension of 500 hPa flow in winter (DJF), The latter is defined as follows:

Iy=05(Hy+ Hp)— Hg,

)

in which, H,,, Hp and Hy stand for the normalized area mean 500 hPa height over Ural ridge
area (55°—65°E, 50°—60°N), North Pacific ridge area (150°—120°W, 60°—70°N) and East
Asian trough region (120°-140°E, 35°-50°N), respectively,
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Fig. 2. Asin Fig. 1 but for the second SVD mode,

And the EAWMI ([, wpy) is defined as
Teawm = 0.5y + 1y). 2)

From the comparison of Fig. 3b and Fig. 3¢, one can see that the second SVD mode dis-
cussed above clearly illustrates the intimate relationship between the anomalous EAWM ac
tivity and the tropical Pacific SSTA pattern different from that of ENSO phenomenon.

In terms of the EAWMI, we may define the strong (Jpawy>1.0) and weak
{Ipawn< —1.0) monsoon yeats. Figure 4a shows the winter SSTA pattern of strong EAWM
composite, It is clear that most features, e.g., positive anomalies over the central and middle
Pacific as well as over the subtropical area near the coast of North and South America, and
negative anomalies over the eastern Pacific are essentially identical to the result of SVD ana-
lysis, Alse notable are the significant negative anomalies over the SCS and the northwesiern

| 71v
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Fig. 3. The EAWM-related indices, (a) Iy and fy, (b) EAWM index, and (c) the cxpansion
coefficient of 500 hPa height field for the EAWM mode.

Pacific as well as the North Pacific region, Observational studies found the 55T in the
above—mentioned regions is very sensitive to the strong EAWM activity, in particular, at the
SCS and the northwestern Pacific region. The SSTA pattern of weak composite, in Fig. 5a, is
basically out of phase with that of strong composite, It is very similar to the El Niflo phase
and consistent with the fact that the majority of weak EAWM years are concurrent with El
Nifio years, So, our discussion in the following sections will be mainly focused on the strong
EAWM composite,

According to the basic mechanism of monsoon, ie., land—sea thermal contrast, the land
surface anomaly over Furasia must be very important in modulating the Asian monsoon, As
extensively investigated, the snow cover anomaly is an important factor in the sense of
land—air interaction during celd seasons. The snow depth anomalies of strong EAWM com.-
posite in winter and spring ate shown in Fig, 6a and Fig, 6b, respectively, Over Eurasian
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a) DJF SSTA

Fig. 4, The tropical Pacific SSTA fields for strong EAWM composite, (a) in winter, (b) in spring,

and (c) in summer.

continent, the snow depth anomalies in these two seasons look a little bit different, In winter,
most areas of Eurasian continent except the latitude band about 40°—55°N is dominated by
deficient snow cover, particularly over eastern Tibetan Platean. In spring, however, the nega-
tive anomaly over the Tibetan Plateau extends to its northwest side and the positive and

'[ |
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Fig. 5. As in Fig. 4 but for the weak EAWM composite.

negative anomalies over middle and high latitude bands are strengthened extensively. In weak
composite, as displayed in Fig. 6c and Fig. 6d, the reverse is basically true, especially over
Tibetan platean. Numerical studies with GCMs (e.g., Vernekar et al,, 1995; Shen, 1996) stress
the important impact of Tibetan snow cover anomaly on the Asian summer monsoon, Thus,
it is naturally suggested that the snow anomaly associated with anomalous EAWM activity
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Fig. 6. Composite anomalies of the snow depth over Eurasian continent, {a) for strong EAWM in
winter, (b) as in (a) but for spring, (c) for weak EAWM in winter, (d) as in (c) but for spring.

has a significant influence on the Asian monsoon circulation, The further discussion on this
subject will be given in the following section.

4. Interseasonal persistence of the anomaly signals in EAWM— related air—sea—land
system

In Section 3, the characteristics of EAWM—related air—sea—land coupled patterns are
discussed mainly in winter season. The question following is how the associated S8T and land
surface anomalies persist and further interact with the subsequent Asian monsoon circulation,

Figure 7 shows the 1000 hPa anomaly wind streamlines of the strong EAWM composite,
In winter, given in Fig. 7a, the three branches of monsoon circulation respectively in East
Asia, Indian peninsula and East Africa are all well strengthened. In particular, extra northerly
over East Asian sector stretches across the equator, indicating the enhancement of the
Australian summer monsoon circulation. The extra cyclone centered at the southern tip of
Indian peninsula seems also indicative of the influence of strong EAWM activity. The most
prominent features are the cyclonic convergence anomalies over the western Pacific and
northeastern Pacific areas, Such anomalous circulation is consistent with the enhancement of

1
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Fig. 7, As in Fig. 4 but for the streamline fields of 1000 hPa level.
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the convection, hence the precipitation, over these areas, particularly over the western Pacific,
the area of maximum precipitation in the winter hemisphere, In Fig. 7b and Fig. 7c, one can
also see that this cyclonic anomaly is also maintained in spring and its western Pacific part
remains conspicuous even in summer. We speculate that such an interseasonal persisience of
the circulation anomaly must be closely associated with the EAWM-—related tropical Pacific
SSTA pattern (see Fig. 4). In the prior autumn season, the corresponding SSTA pattern (not
shown) is much less organized and different from that in winter, In cold seasomns, strong
EAWM-related air—sea interaction, illustrated by a self—sustained coupled regime (Bueh and
Ji, 1999), is responsible for the development and persistence of such an SSTA pattern. As a
consequence, the key regions, i.e., the western Pacific and SCS, are dominated consistently by
the EAWM—type SSTA pattern from the winter to the following summer, whereas that of
other domain is significantly changed.

As is well known, the SCS monsoon breaks out in the late spring prior to the outburst of
Indian summer monsoon in the same year (Wu and Zhang, 1998). In the following spring of
strong EAWM composite, southerly anomaly wind (Fig. 7b} and above—normal precipitation
{Fig. 9b) occur over the region from SCS to South China, showing a deeper SCS monscon
trough, The SCS SST and Tibetan snow cover are two important factors in governing the
interannual variability of SCS monsoon (Chen and Wu, 1998; Sun and Chen, 2000). It is
clearly seen in Fig, 4b and Fig. 6b that all SCS basin in spring is covered by cold 58TA while
the Tibetan snow cover is significantly deficient, implying a stronger land—sea thermal con-
trast, hence a stronger SCS monsoon. So, the strong EAWM activity, 1o some degree, leads to
a strong subsequent SCS monsoon circuiation, keeping in mind that the active role of the
strong EAWM is responsible for the corresponding springtime SST and snow cover anoma-
lies.

Huang and Sun (1992) proposed that above—normal convection over maritime continent
is unfavorable to the residence of the subtropical high in its climatological position during the
Meiyu period, thus leading to deficient rainfall over Meiyu band. It is clear that the cyclonic
anomaly flow over the western Pacific and anticyclonic anomaly flow over the sea of Okhotsk
as well as its southern flank, as shown in Fig, 7c and Fig, 8¢, are essentially unfavorable to the
residence of the subtropical high in the position associated with Meiyu band, Rather, it would
be suggestive of the northward displacement of the subtropical high, Also seen is the cyclonic
anomaly to the south of Lake Baigal, implying the cold air activity from the high—latitude re-
gion, Obviously, such a circulation pattern is closely related to deficient rainfall over Meiyu
rainband and abundant rainfall over northeastern China as well as its neibouring part of
North China. The summer rainfall pattern of the strong EAWM composite, displayed in Fig.
9c, is just in line with the above—mentioned East Asian summer monsoon circulation, How-
ever, it is noteworthy that Meiyu pericd is mainly in June and early July. So the above discus-
sion based on the June—July—August (JJA) mean anomaly seems not appropriate. But we
have found that the anomalous circulation pattern of JJA mean is still robust in June, July
and August, respectively (not shown),

It is also seen in Fig. 7c that the monsoon flow over the Arabian Sea and the Northeast
India is strengthened, whereas Southwest India is dominated by anomalous northwesterly,
indicative of the weak monsoon trough there. It is even more evident in Fig. 9¢ that, in the
Indian monscon region, the rainfall distribution is mainly characterized by a wave-like (+ —
+) pattern over the Arabian Sea, Southwest India and Northeast India, respectively, Also no-
table is the deficient rainfall over the Bay of Bengal where extra northwesterly dominates

, 1
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and reduces the monsoon precipitation, It might be suggested that the deficient snow cover of

SOW

Tibetan Plateau is responsible for the abundant rainfall over the Arabian Sea and Northeast
India, As for the deficient rainfall over Southwest India and the Bay of Bengal, the mecha-

nism remains uncertain.
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5. Concluding remarks

The ENSO mode and its related air—sea—land interaction is extensively studied in the
monsoon—related subject while other coupling modes, if any, have received much less atten-
tion. In addition to ENSO mode, in this paper and our previous work (Bueh and Ji, 1999), we
have identified an important air—sea coupled mode, i.e., the EAWM mode illustrated in Sec-
tion 3, In cold seasons, strong EAWM-—related air—sea two—way interaction is responsible for
the development and persistence of the SSTA pattern of EAWM mode. As a consequence, the
key regions, i.c., the western Pacific and SCS, are dominated consistently by such an SSTA
pattern from the winter to the following summer. In the strong EAWM years, less snow cover
tends to occur at eastern Tibetan Plateau in winter, and in spring, this anomaly pattern
strengthens further and extends to the northwestern side of the plateau, Thus, the combined
effect of the two, the strong EAWM-—related SSTA and less snow cover over Tibetan Plateau,
constitutes an important factor in modulating the Asian monsoon circulation,

The active role of the EAWM activity associated with air—sea—land interaction would, in
the subsequent seasons, lead to: 1) the enhancement of SCS monseon and related stronger
rainfall; 2) the northward displacement of subtropical high during the Meiyu period and re-
lated deficient rainfall over the Meiyu rainband; 3) above—normal precipitation over the re-
gions from northern Japan to northeastern China in summer; 4) more rainfall over the
Arabian Sea and Northeast India, and deficient rainfall over Southwest India and the Bay of
Bengal. The strong EAWM—related air—sea—interaction shows, to some degree, precursory
signals to the following Asian summer monsoon, However, the mechanism for the variability
of Indian summer monsoon subsequent to the strong EAWM years remains uncertain,
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