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Abstract

This paper examines the relationship between the East Asian summer monsoon and the El Nino South-
ern Oscillation (ENSO) during the period from 1958 to 1998, which is quite different from the link between
the South Asian summer monsoon and ENSO.

Major findings are: (1) A new index, called the East Asian Monsoon Index (EAMI), is defined for mea-
suring the East Asian monsoon, which could extensively describe the south-north distribution of the East
Asian summer monsoon’s activity. The interannual variability of the EAMI displays a significant negative
correlation with the broad-scale Asian monsoon index proposed by Webster and Yang (1992) from 1976 to
1998. (2) A significant positive correlation between the summer 500 hPa geopotential height anomalies and
the NINO-3 SST in the preceding fall and winter is found in the subtropical regions of East Asia and the
western North Pacific, and in northeast Asia centered at 70°N, 137.5°E. A strong (weak) summer monsoon
in the subtropical regions of East Asia tends to occur about two to three seasons after the NINO-3 SST
anomalies exceed 1.5 °C (drop below —0.7 °C). (3) The above results suggest a delayed impact of the ENSO
on the East Asian summer atmosphere circulation. During the summer after the El Nifio reaches its mature
phase, an anomalous blocking anticyclone tends to occur in northeast Asia. Meanwhile a subtropical high
of the western North Pacific extends abnormally westward. This anomalous circulation pattern enhances
the summer monsoon in subtropical East Asia. The abovementioned evolution of the circulation anomalies
became more prominent in the unprecedented '97/98 El Nifio event, suggesting that the devastating 1998
flood in southern central China may be partially due to the delayed impact of the ’97/98 El Niiio.

The physical processes for the delayed impact besides the air-sea interaction in the tropical and sub-
tropical western Pacific are discussed too.

1. Introduction
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warming (El Nifio). The influence of ENSO on the
Asian Monsoon has been extensively examined in
the last two decades. Mooley and Parthasarathy
(1983) found that deficient Indian summer mon-
soon rainfall tends to occur in the year when an El
Nifio event develops. Webster and Yang (1992) de-
fined a broad-scale circulation index to measure the
intensity of the Asian monsoon. They pointed out
that a weak Asian summer monsoon is often asso-
ciated with the development of an El Nifio event.
With an understood atmospheric general circula-
tion model, Yang and Lau (1998) found that the
forcing from the positive SST anomalies over the
east central Pacific in an El Nifio year reduces land-
sea thermal contrast over the Asian continent, re-
sulting in a weak Asian summer monsoon. Based
on the above results, Kawamura (1998) suggested
a possible mechanism for Asian summer monsoon-
ENSO interaction, which links the evolution of the
large-scale circulation with the continental land sur-
face processes and the feedback of anomalous SST
in the eastern Pacific. In general, most studies have
been focused on the impacts of ENSO on the South
Asian summer monsoon.

Zhang et al. (1996) found that the East Asian
summer monsoon intensified during the mature
phase of the ’86/87 El Nifio. This indicates that
the behavior of the East Asian summer monsoon
appears to be somewhat different from that of the
South Asian summer monsoon. Zhang et al. (1996)
argued that during the climax of El Nifio, the con-
vective activity around the equatorial western Pa-
cific is strongly suppressed, which exerts significant
influences on the East Asia climate. They em-
phasized the concurrent relationship between the
height of ENSO warming and the East Asian mon-
soon. However, the 86/87 event is exceptional as it
matured in the summer of 1987, whereas the ENSO
warm events normally mature in the boreal winter
(Rasmusson and Carpenter 1982).

As shown in Fig. 1, the summer precipitation in
China varies significantly in the year during which
the ENSO decays (reference is page 223-225 of
Ye and Huang 1996). There are two anomalous
rainfall belts, one in southern central China (the
south of Changjiang River) and the other stretch-
ing from northwest to northeast China. This sta-
tistical result has not received a full physical ex-
planation. Recently, Wang et al. (2000) reveal
that during the mature and decay phases of major
ENSO events, an anomalous low-level anticyclone
occurs over the Philippine Sea due to cooling of the
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Fig.1. Composite map of precipitation per-
centage anomalies in summer during the
next years of the onset of El Nino episodes
from 1950 to 1993 (adopted from Ye and
Huang, 1996). Shaded areas show the
value over 0.2 (20%).

sea basin. The anticyclone develops rapidly in late
fall of the year when a strong warm event matures.
This anticyclone persists until the following spring
or early summer, causing anomalous wet/dry con-
ditions along the East Asian front stretching from
south central China northeastward to east of Japan
(Kuroshio extension). The development of the an-
ticyclone is nearly concurrent with the enhance-
ment of in situ sea surface cooling. The mechanism
responsible for the development and persistence of
the western North Pacific subtropical anticyclone
is a positive thermodynamic feedback between the
anticyclone anomaly and the sea surface cooling in
the presence of mean northeasterly trades during
the boreal cold season (Wang et al. 2000). Their
analysis and theory are confined to the subtropics
and tropics.

A number of previous studies have pointed out
that the East Asian monsoon is different from the
Indian monsoon in its structure and evolution (Tao
and Chen 1987; Ding 1994). The East Asian mon-
soon is generally referred to as the area bounded
by 20°N and 40°N latitudes and 110°E and 140°E
longitudes (Zhang et al. 1996). The South Asian
monsoon is a tropical phenomenon that is charac-
terized by the annual reversal of the low-level zonal
wind component, whereas the East Asian monsoon
is a subtropical/midlatitude entity characterized
by the annual reversal of the meridional wind com-
ponent. The reversal of meridional wind in the
East Asian Summer monsoon can be attributed to
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the east-west thermal contrasts between the Asian
continent and the Pacific Ocean. Also quite dif-
ferent features from the tropical monsoon are the
influence of a mid-latitude frontal system, called
Meiyu/Baiu front. On the other hand, the annual
reversal of zonal winds in South Asia should result
from the north-south thermal contrast between the
Indian Ocean and the Asian land mass (it is also
enhanced by the effects of the Tibetan Plateau).
Ninomiya and Kobayashi (1998) defined major cir-
culation systems that related with the variations of
the Indian rainfall and East Asian rainfall (espe-
cially Meiyu/Baiu rainfall), respectively. The on-
set, withdrawal, and peak of the rainy season ex-
hibit remarkable differences in the East Asian and
South Asian monsoon regions. The South Asian
tropical monsoon is characterized by steep annual
range of rainfall, long duration (over four months
in general), and equatorward retreat of rain-belt.
The East Asian subtropical-midlatitude monsoon,
on the other hand, shows rather different features.
A prominent discontinuity on the map of peak rain-
fall time, defined by a line extending from Hainan
island (21°N, 110°E) to the region of 25°N, 145°E,
has divided the East Asian and western North Pa-
cific monsoons. Evidently these two regions are
highly influenced by the movement of the western
Pacific Subtropical high.

Four questions concerning the relationship be-
tween ENSO events and the East Asian summer
monsoon remain to be answered: (1) What are
the relationships between the East Asian summer
monsoon and the South Asian summer monsoon in
their interannual variability? (2) How to define an
adequate index for describing such an East Asian
summer monsoon? (3) How do ENSO events exert
a delayed impact on the East Asian summer mon-
soon? (4) What physical processes are responsible
for the delayed impact besides the air-sea interac-
tion in the tropical and subtropical western Pacific?

The aim of this paper is to address the first three
questions by examining observations. The fourth
question will also be discussed in the last section.

2. Data and analysis procedure

The NCEP/NCAR (National Centers for Envi-
ronmental Prediction/National Center for Atmo-
spheric Research) global atmospheric reanalysis
dataset, covering a 41-year period from January
1958 to December 1998, was the primary dataset
used for this study. A detailed description of the
data assimilation system that produces this dataset
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is given by Kalnay et al. (1996). The data assimila-
tion system was based on the global forecast model
that was implemented operationally at NCEP in
January 1995. The observational database includes
considerable amounts of data that were not avail-
able in real time. A spectral statistical interpre-
tation and a three-dimensional variational analy-
sis method were adapted for the data assimilation.
We used monthly mean data on standard pres-
sure surfaces gridded onto a 2.5° latitude/longitude
grid. In addition, we used monthly SST data from
NINO-3 area compiled by Climate Prediction Cen-
ter/NCEP from 1957 to 1998. NCEP optimum
interpolation (OI) analysis of SST (Reynolds and
Smith 1994) gridded onto a 2° latitude/longitude
grid is also used. Monthly rainfall data from 160
Chinese meteorological stations (1958 to 1998) used
in this study were obtained from the National Cli-
mate Center of China.

3. Relationships between the East Asian
and South Asian summer monsoon

Although the differences between the East Asian
and South Asian monsoons have been well recog-
nized, the difference and linkage between the vari-
ability of the East Asian and South Asian summer
monsoons has not been well documented and un-
derstood.

To measure the interannual variation of the
South Asian summer monsoon, Webster and Yang
(1992) defined a “broad-scale circulation” index
(WYT hereafter) based on the consideration of the
relationship between the thermal wind and merid-
ional temperature gradient that exists between the
Asian continent and the Indian Ocean. This index
is defined by the vertical zonal wind shears between
850 and 200 hPa averaged over the region (0-20°N,
40-110°E). The WYT represents the variability of
the active center of the westerly shears of the Asian
monsoon, and the convective variability in the en-
tire region of South Asia; it includes the convection
centers located in the Bay of Bengal and the vicin-
ity of the Philippines (Wang and Fan 1999). The
WYI as a whole is a very adequate measure of the
strength of the broad-scale South Asian tropical
monsoon.

The definition of a meaningful monsoon index
for the East Asian summer monsoon is an issue
and concern of current research (Wang and Fan
1999, and Lau et al. 2000). In this paper, we
propose a new East Asian monsoon index which
is defined by the difference between the summer
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(JJA) mean 850 hPa southerly anomalies averaged
over the area EA II (the southern portion of the
monsoon domain 20-30°N, 110-140°E) and over
the area EA I (the northern part: 30-40°N, 110-
140°E). The onset, peak, and withdrawal of the
East Asian monsoon rains start from about 22°N
and progress northward, accompanying the north-
ward march of the western Pacific subtropical high.
The southerly moisture transport from the three
major circulation systems in situ plays an impor-
tant role in keeping the Meiyu/Baiu front active
(Ninomiya and Kobayashi 1999). The position of
the subtropical high and monsoon rain belt (in-
cluding the Meiyu/Baiu frontal zone) vary signifi-
cantly from year to year (Wang 1993). Therefore,
it is very important to know where the East Asian
summer monscon would be most active for the pur-
pose of seasonal prediction (National Climate Cen-
ter 1998).

The EAMI reflects the prevailing position (south
or north) of the East Asian summer monsoon sys-
tems. A large value of EAMI means strong sum-
mer monsoon staying mainly in the southern part
of East Asia (the EA II area) and vice versa. This
can be seen from Figs.2a and 2b which show the
composite anomaly maps of the 850 hPa winds and
geopotential height for the years of large positive
(0.21 ms™!) and negative (—0.42 ms~') EAMI, re-
spectively!. During high EAMI years, southwest-
erly anomalies dominate the EA II area (Fig. 2a),
indicating stronger than normal summer monsoons.
Weaker southwesterly wind anomalies exist in the
EA I area. In contrast, for the low EAMI com-
posite, there exist northeasterly wind anomalies in
the EA II area, indicating weak summer monsoons
(Fig. 2b). In the EA I area, weak southwesterly and
anticyclonic circulation occur, suggesting a dipole
vorticity pattern.

Note also that during high EAMI years, posi-
tive Z850 anomalies are located around the Cherski
Mountains (to the northwest of the Okhotsk Sea)
and the EA II area, while the negative anomalies
occur to the east of Hokkaido Japan (Fig. 2a). The
anomaly centers of Z850 in Fig. 2b are distributed
almost oppositely to those in Fig.2a. The posi-
tive center is around Japan and the negative one
is around 22.5°N, 130°E. From this it can be seen
that the subtropical high (1520 contour line) ex-
tends much further westward in the high EAMI

1 We adopt 23 years’ data (summer of 1976-1998)
to calculate EAMI (see detailed explanation in the
discussions of the Section 6).
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Fig.2. Composite maps of the 850 hPa
winds anomaly (vector, ms™!), geopoten-
tial height (thick line, contour interval: 40
gpm) and the height anomaly (thin line,
contour interval: 5 gpm) for the years of
large positive EAMI (a: 1976, 1977,1979,
1980, 1983, 1987, 1988, 1991, 1993, 1994,
1995, 1996 and 1998) and negative EAMI
(b: 1978, 1981, 1982, 1984, 1985, 1986,
1989, 1990, 1992 and 1997). The data
used is from 1976-1998. Box area shows
the East Asian key region (up pane: EA
I area, below pane: EA II area).

years than that in the low EAMI years, which is
associated with the Z850 anomalies distribution.
Figure 3 shows the correlation between EAMI
and summer rainfall in China from 1976 to 1998.
A large significant positive correlation area is no-
table to the south of 30°N, especially distributed
in the regions bounded by 24-30°N, 107-119°E, in-



March 2001

55N

50N

45N

40N )

35N 4

30N

25N {7}

20N

100E 105€ 110E 115E 120E 125E 130E

Fig.3. Seasonal (JJA) correlation map be-
tween EAMI and Rainfall in China for the
period of 1976-1998. Shaded areas show
absolute values over 0.4 (exceeding 95%
confidence level).

dicating that the large positive (negative) EAMI
supports (abandons) the persistent rain belt (in-
cluding the Meiyu/Baiu rain belt) staying in the
EA II area. Note that the location of the posi-
tive correlation corresponds on the southern rain-
fall belt in Fig. 1. The strong southwesterlies play a
role in transporting warm/wet air flow into the EA
IT area from the ocean (Ding 1994, Ninomiya and
Kobayashi 1999), while the weak cold air associ-
ated with a blocking high around the Okhotsk Sea
invades the Changjiang basin (Wang 1992). These
two factors result in keeping the anomalous rain
belt to the south of the Changjiang basin. A sig-
nificant negative region exists around 33°N, 104°E,
suggesting an opposite situation upstream of the
EA T and II regions.

To investigate the East Asian monsoon relat-
ing with the Z500 pattern, the correlation between
the EAMI and Z500 in summer is calculated as
shown in Fig.4. A significant positive correlation
is centered around 20°N, 145°E (covering most of
the areas in the low latitudes) and 65°N, 140°E
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(around the Cherski Mountains), and a significant
negative center is around 40°N, 145°E (to the east
of Japan). This implies positive (negative) EAMI
associated closely with the anticyclonic (cyclonic)
anomalous circulation around the Cherski Moun-
tains and tropical region (to the east of the Philip-
pine Islands), and cyclonic (anticyclonic) anoma-
lies around Japan. Negative and positive centers
located at middle and low latitudes are clearly di-
vided by the 30°N line suggesting that EAMI re-
lates with the height field at 500 hPa not limited
in the EA T and EA II areas, but in the rather ex-
tensive region outside of the two key areas of East
Asia. In brief, EAMI representing the East Asian
monsoon in EA I and IT areas is broadly associated
with the middle troposphere atmosphere circula-
tion centered around 140~145°FE in high, middle
and low latitudes respectively.

Figure 5 depicts the temporal JJA evolution of
EAMI and the WYT from 1976 to 1998. A neg-
ative correlation coefficient of —0.41 is found be-
tween EAMI and WYT in the last 23 years; this
correlation is statistically significant at the 95%
confidence level. The negative correlation implies
that when the South Asian summer monsoon is
strong (weak), the East Asian monsoon is often
weak (strong) in subtropical East Asia (EA II area).
Note that when the WYT is a minimum (maxi-
mum), the EAMI tends to reach maximum (min-
imum) in the same year or the year after. Since
weak South Asian summer monsoon (low WYT) is
often associated with El Nifo, it is meaningful to
examine how the East Asian summer monsoon re-
lates to ENSO events.

4. Relationship between the East Asian
summer circulation and ENSO events

4.1 Seasonal correlation

Webster and Yang (1992) showed that the at-
mosphere circulation in South Asia is poorly corre-
lated with the preceding Southern Oscillation In-
dex (SOI). To see whether this conclusion applies to
the East Asian summer monsoon, we examine the
seasonal correlation maps between 500 hPa geopo-
tential height (Z500), in summer and the SST
anomalies in the NINO-3 area (SST3), from the
preceding autumn (SON) to the concurrent sum-
mer.

Quite similar correlation patterns are seen dis-
tributed in Figs.6a and 6b. A positive correla-
tion center exceeding 95% significant level between
Z500 in JJA and the SST3 from preceding SON to
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Fig.4. Seasonal (JJA) correlation maps be-
tween EAMI and 500 hPa geopotential
height for the period 1976-1998. Shaded
areas show absolute values over 0.40 (ex-
ceeding 95% confidence level).

DJF is located around the Cherski Mountains. An-
other large significant positive correlation area cov-
ers the lower latitude, which is centered at 25°N,
180°E with a peak amplitude (over 0.6) stretching
into the EA II area. Note that this area is where
the subtropical high prevails in the summer season.
The positive correlation areas in Figs.6a and 6b
are close to the locations of those in Fig.4. In fact,
EAMI also has a significant correlation (0.487, at
98% confidence level) with the SSTA in the NINO-
3 area (SSTA3) in the preceding SON. The signif-
icant positive areas in Figs.6a and 6b mean that
the positive (negative) height anomaly will occur
in situ two to three seasons after the warm (cold)
episode of ENSO. Wang (1992) pointed out that
blocking anticyclones around East Asia of higher
latitudes (from Lake Baikal to the Okhotsk Sea)
occur frequently in summer. He also pointed out
that when the stationary wave activity fluxes asso-
ciated with the blocking high around the Okhotsk
Sea propagates from East Siberia via Japan to the
subtropics. In association, the eastern part of the
Meiyu/Baiu rain belt often shifts southward. In
addition, Wang (1992) and Wang and Song (1998)
showed that the blocking high around East Asia
has a significant positive correlation with Meiyu in
China for the formation of a blocking situation is
favorable for cold air flowing southward into the
Meiyu frontal zone. The significant positive cor-
relation center located around the Cherski Moun-
tains in Fig. 6a basically matches the location of
the negative correlation center near the Okhotsk
Sea in Fig.9 of Wang (1992). Although the area of
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Fig.5. Time series of the EAMI and WYI
in summer (ms™').

the positive correlation around the Cherski Moun-
tains is much smaller than that around low lati-
tudes, there is no doubt about its robustness. Lag
correlations between Z500 and some other ENSO
indices (i.e., SOTI etc.) show similar results. This
finding suggests that the positive height anomaly
around the Cherski Mountains associated with the
preceding El Nifio episode may be contributed to
the in situ development of the blocking anticyclone.
Likewise, the positive height anomaly covered with
the lower latitudes in the preceding warm episodes
implies development of a subtropical high in those
regions. Note that the most part of the signifi-
cant positive area in the lower latitudes is located
to the south of 30°N, while the mean major sub-
tropical high in summer extends much further to
the northeast of the area (National Climate Center
1998). This indicates that the contribution to the
subtropical high is limited to a more southwestern
area (i.e., closer to the equator).

When approaching summer, the positive correla-
tion areas both in high and low latitude decreases,
but the negative area to the east of Japan slightly
enhances as shown in Fig. 6¢c. The significant neg-
ative correlation area centered at 42.5°N, 150°E
(below —0.4) becomes more evident in Fig. 6d. On
the contrary, the positive area around low latitudes
shrinks. In order to focus on the impact of the
preceding ENSO event on the East Asian summer
monsoon, we defer discussion of the negative cor-
relation areas in Figs. 6¢c and 6d to Section 6.

4.2 Composite characteristics

Since the correlation pattern in Fig.6a is more
significant than that found in Fig. 6b, the SSTA3
(Fig. 7) in autumn (SON) is chosen as a criterion to
estimate the impact of ENSQ. Figures 8a-d (Figs.
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Fig. 7. Evolution of NINO-3 SSTA (C) in
Correlation between sst{preceding dijf nino;u} and z500(jja) (b) fall season (SON) for the period 1957
- ' g 1998.

8e-h) show the composite maps of the SSTA distri-
bution from SON to the following JJA for the years
when SSTA3 is over 1.5 C (below —0.7 °C) in the
SON. Five samples of warm episodes (1965, 1972,
1982, 1987 and 1997) and six of cold ones (1967,
1970, 1971, 1973, 1975, and 1988) were selected for
composition. Note that the warm events contain
the most robust El Nifo cases in recent decades,
such as 1982 and 1997 (see Fig.7). The distinct
Correlation between sst(mam nino3) and 2500(jja) (c) warm (cold) SSTA areas are distributed around the
ST J central east Pacific in Figs. 8a and 8b (Figs. 8 and
8f), which identifies typical El Nifio and La Nina
phenomenon occurring in the preceding SON and
DJF. And the most obvious ones are in the Fig. 8a
and Fig. 8e. The El Nifio and La Nina episodes de-
cay and reverse from MAM to JJA. The intensity
of the El Nifio phenomenon in Fig. 8a is stronger
than that of the La Nina phenomenon in Fig. 8e.
; = This is because the absolute value of the compos-
MG GO We 6 NG WK Uk WC ba e e e nor for o ite negative SSTA3J is smaller (about 0.8 °C) than
that of the composite positive SSTA3 (see Fig. 7).
Also notice that a quite large opposite SSTA area
around the northwestern Pacific frequently exists
to that around the central east Pacific in Figs. 8a—
h, whose function will be discussed in the Section
6.
Figure 9 illustrates the composite 500 hPa height
and its anomalies (Z500A) in the summers selected

Correlation between sst{jjo nino3) and z500(jja) (d)

PP

Fig.6. Seasonal correlation maps between
summer (JJA) 500 hPa geopotential
height and NINO-3 SSTA in the preced-
ing fall (SON, —1) (a), winter (DJF, —1),
spring (MAM, 0) (c), and summer (JJA,
0) for the period of 1957-1998. Shaded
areas show absolute values over 0.3 (ex-
ceeding 95% confidence level).
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years (1965, 1972, 1982, 1987, and 1997; shaded areas: over 0.8 C), SON (e), DJF (f), MAM (g) and
JJA (h) for La Nina years (1967, 1970, 1971, 1973, 1975 and 1988; shaded areas: below —0.4 C).

by SSTA3 exceeding over 1.5 °C (a) and dropping
below —0.7 °C (b) in the preceding autumns. A
strong positive anomaly center (over +25 gpm) is
found around the Cherski Mountains (involving the
Okhotsk Sea) in Fig. 9a, which is associated with

a strong ridge in situ. This positive center is very
close to the location of the positive correlation cen-
ter in Fig.4 and Figs. 6a and 6b. But compared
with the significant area around the Cherski Moun-
tains in Fig. 6a, the strongly positive height anoma-
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Fig.9. Composite 500 hPa geopotential
height (thick lines, contour interval: 40
gpm) and its anomalies (thin lines, con-
tour interval: 5 gpm) in summer {(a: de-
cay El Nifio years, 1966, 1973, 1983, 1988,
and 1998; b: decay La Nino years, 1968,
1971, 1972, 1974, 1976 and 1989). Dashed
lines show the negative anomalies.

lies occupy a much larger area around East Siberia
as shown in Fig.9a. This distinct phenomenon
may imply that the preceding El Nifio is widely
associated with strong ridge or anticyclone around
high latitudes of the East Asian region. There is
a relatively low height area to the east of Japan,
corresponding to the negative correlation center in
Fig.4. The subtropical high, represented by the
5880 gpm contour line, extends westward to 20°N,
130°E; southwest of this high (including the Philip-
pine Islands) is a positive anomaly area (over 10
gpm). This is consistent with the significant posi-
tive anomaly around low latitudes in Figs.6a and
6b.

Figure 10 is the same as Fig.9 except for the
composite geopotential height, geopotential anom-
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Fig. 10. Same as in Fig.9 except for the
850 hPa winds anomaly (vector, ms™1!),
geopotential height (thick line, contour
interval: 40 gpm) and the height anomaly
(thin line, contour interval: 5 gpm) in
summer (a: decay El Nifio years, b: de-
cay La Nino years). Dashed lines show
the negative anomalies.

aly and wind anomaly at 850 hPa. A significant
southwesterly wind anomaly with 0.51 ms™! of
EAMI prevailed around the EA II area in Fig. 10a.
This southwesterly wind anomaly could transport
moisture air into EA II area as a result of favorable
summer monsoon rainfall condition in situ. Corre-
sponding to the location of the positive center in
Fig. 9a, large positive height anomaly centers (over
+15 gpm and +10 gpm) with a ridge are located
around the Okhotsk Sea and the Cherski Moun-
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tains respectively. The amplitude of anomaly of
height is smaller here than that at 500 hPa. But the
dipole around ~140°E indicates a blocking circu-
lation in situ. On the other hand, the western end
of the subtropical high (1520 contour line) extends
much further westward and keeps a more southern
location (20°N, 137.5°E) in Fig.10a than it does
(27°N, 147.5°E) in Fig. 10b, similar to the pattern
EAMI composite in Figs.2a and 2b. It could be
also identified that the main body of the subtrop-
ical high is located to the southwest of the clima-
tological position for a positive anomaly (over +10
gpm) is centered at 17.5°N, 132.5°E and a negative
one (below zero gpm) at 30°N, 140°E respectively.
This phenomenon could be seen more clearly than
that at 500 hPa (refer to Figs.9a and 9b). Wang
et al. (2000) found that the anticyclonic circulation
around the Philippine Islands tends to develop and
maintain from mature to decay phase of El Nifio
episodes. Their finding may partly explain why
the zonally westward expansion of the subtropical
high in summer is associated with the preceding El
Nifio.

The circulation distributions from middle to low
level troposphere in Figs. 9b and 10b are basically
opposite from those in Figs.9a and 10a, due to
some position drift. Low values cover both the high
and the low latitudes around East Asia in decaying
La Nina years. The primary position of the sub-
tropical high in decay La Nina years (Fig.10b) is
located to the northeast of that in decay El Nifo
years (Fig. 10a). However, Fig. 10b has somewhat
different features from Fig.2b. No strong north-
easterlies in EA II area and southwesterlies in EA
I area are found, in spite of the negative EAMI
(—0.97 ms™1).

The southern East Asian summer monsoon (i.e.,
in the EA II area) is basically quite strong (weak)
associated with the preceding warm (cold) episode
of ENSQ. However, in the recent 23 years, La Nina
conforming to the condition of SSTA3 below —0.7
°C in autumn occurs very infrequently. The Z500/
7850 anomaly in Figs.9b and 10b does not well
match up with the composite map of Fig.2b. Tt
is difficult to faithfully estimate the impact of La
Nina on the East Asian summer monsoon. On the
other hand, it is more meaningful to analyze the
impact of mature phase of the warm episode in
SON since the mature phases of El Nifio tend to
occur toward the end of the calendar year (Ras-
musson and Carpenter 1982, Wang et al. 2000).
Hereafter, we focus only on the impact of El Nino
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Fig.11. Same as in Fig. 9 except for the rain-
fall in China (decay El Nifio years, mm).
Shaded areas show the value over 20 mm.

episodes.

Figure 11 shows the composite maps of the rain-
fall anomaly around China in summer for the years
when SSTA3 was over 1.5 °C during the preceding
autumn. Positive rainfall anomalies are distributed
in two belts. One rain belt spreads from 29°N,
103°E to east China, corresponding well to the
positive correlation area in Fig.3. The other one
stretches from that point extending to the north-
east district of China. The rain belts, especially
the southern one, are distributed similarly to those
in Fig. 1. Notice that the southern rain belt associ-
ated with the southwesterly wind anomaly at 850
hPa around EA II area agrees well as discussed in
Section 3. The southern rain belt, located in be-
tween 27°N and 32°N, is a little on the southern
side of the climatological position of the Meiyu belt
(30~31°N). The northern rain belt is also associ-
ated with the positive southwesterly wind anomaly
at 850 hPa around northeastern China, which is
not the focal point in this study.

5. Typical case in 1997/1998

The unprecedented El Nifio in "97/98 follows com-
posite pictures. The Pacific warming reaches a
peak in November of 1997. Then, the positive SST
anomalies around the east central Pacific weakened
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Fig.12. 500 hPa geopotential height (thick
lines, contour interval: 40 gpm) and its
anomalies (thin lines, contour interval: 10
gpm) in summer of 1998 (a), 850 hPa
winds anomaly (vector, ms™!), geopoten-
tial height (thick line, contour interval 40
gpm) and the height anomaly (thin line,
contour interval 10 gpm) in summer of
1998 (b) and rainfall anomaly (mm) in
summer of 1998 (c). Dashed lines indi-
cate negative anomalies and shaded areas
show the value over 50 mm.
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and finally, turned into negative anomalies in the
summer of 1998. SSTA3 in SON and DJF reached
3.5°C and 3.4°C respectively, which is the strongest
in the recent 50 years. The negative phase is main-
tained around northern Pacific during the whole
period (figure omitted).

The spacial distribution in Figs.12a and 12b is
quite similar to that of the composite map of Figs.
9a and 10a. Large positive Z500 and Z850 anoma-
lies associated with a huge blocking high are cen-
tered near the Okhotsk Sea in the summer of 1998
as shown in Figs.12a and 12b. The subtropical
high (5880 contour line) at 500 hPa extends west-
ward to the Hainan Islands of China (18°N, 110°E);
it extends further southward than normal. The
position of the subtropical ridge in Fig.12a ex-
tends 4-5 degrees of latitude further southward of
that in Fig.9a. Very strong southwesterly wind
anomalies at 850 hPa prevail in the EA II area,
but seldom in the EA T area. One strong positive
rainfall anomaly area exists around northeastern
China and the other much stronger anomaly belt
is located in between 27°N and 30°N as shown in
Fig. 12c. Note that the southern rainfall anoma-
lies exceed 120 mm, a history record of heavy flood
in situ (National Climate Center 1998). The pat-
terns in Figs. 12c and 11 are basically similar except
there is a weak positive rainfall anomaly around
the Huaihe basin in Fig.12c, whereas a negative
anomaly exists in Fig.11. All of the features in
the '97/98 case well agree with the results sum-
marized from El Nino composite analysis, but are
more prominent.

6. Discussions and Summary

6.1 Discussions

The mechanism through which eastern Pacific
warming can have a delayed impact on the East
Asian monsoon from the following spring to early
summer has been discussed recently by Wang
et al. (2000). They noticed that a key system
that bridges the eastern Pacific warming and the
East Asian monsoon climate is the anticyclonic cir-
culation anomalies located over the Philippine Sea.
This anomalous anticyclone establishes prior to the
warm peak in the Pacific and persists until the
following summer due to in situ air-sea interac-
tion, providing a delayed impact to the East Asian
summer monsoon. The western Pacific Subtropical
High anomalies found in this study are consistent
with their results.

However, Wang et al. (2000) did not explore the
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delayed impacts of ENSO to the mid-high latitude
circulation anomalies. The present study reveals
that the high latitude blocking highs that favor
Meiyu rainfall occur two or three seasons after the
mature phase of the warm episode. Although the
correlation maps (Figs.6a and 6b) show a smaller
significant positive area around the Cherski Moun-
tains, the positive height anomaly is covered by
quite a large area around higher latitudes of East
Asia in the decay of El Nifio episodes (see the com-
posite Figures 9a and 10a). The positive anomaly
center is rather close to the Okhotsk Sea in the
composites. An important question needs to be
addressed is: How does the East Asia blocking
high (or strong ridge) form and persist during the
decay of ENSO, affecting the East Asian summer
monsoon? A possible explanation is as follows: In
the case of the warm episode around the tropical
eastern Pacific, the SSTA around high latitudes of
the western North Pacific is negative which cools
the atmosphere and lasts for two to three seasons
(see Figs.8a—d). On the other hand, the conti-
nent between Siberia and the Okhotsk Sea is heated
rapidly by strong solar radiation in the boreal sum-
mer, which could warm up adjacent continent air.
Thus, a strong temperature gradient would be es-
tablished in the middle troposphere between the
continent and the Northwest Pacific oceans in sum-
mer. The persistent anticyclone in the area, 50-
70°N, 131-150°E and the Aleutian low are possibly
intensified by the land-ocean thermal contrast, so
that the blocking anticyclones around East Asia
become active (Wang 1993). Okawa (1973 and
1976) suggested that the land-sea thermal contrast
between the Siberia and Bering Seas plays an im-
portant role in developing the Okhotsk high, whose
point of view supports our suggestion. This mys-
terious mechanism needs to be analyzed further.
We analyzed EAMI from 1958 to 1998. It is
identified that (1) almost all of the features of the
EAMI in 41 years’ period are the same as those in
23 years’ period (1976-1998), and (2) however, the
correlation between EAMI and WYT in 41 years’
period is poorer than that in 23 years’ period.
Kawamura et al. (1998) pointed out that the Asian
monsoon-ENSOQ interaction may be more active in
recent years (1979 to 1993) than before (1963 to
1977). In fact, the correlation pattern in Figs.6a
and 6b is more prominent by using 23 years’ data.
The positive correlation center around the Cher-
ski Mountains drifts southwards about two latitude
degrees and reaches 98% confidence level in recent
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23 years. Meanwhile, the significant positive cor-
relation area covered with low latitudes is stronger
to the west of the Philippine Islands (figure omit-
ted). These results are consistent with Kawamura
et al. (1998). Considering the distinct climate dif-
ference from decadal to vicennial scale, we only
focus on recent interannual variability of EAMI.
Recent EAMI can also give more information of its
latest tendency of the variability, which could more
clearly show not only a recent relationship between
the East Asian summer monsoon and South Asian
summer monsoon but also their different impact
by ENSO. The significant negative correlation be-
tween the two indices also indicates that the East
Asian summer monscon and the broad-scale Asian
summer monsoon are not independent systems, es-
pecially in the recent 23 years, although they ex-
hibit different behavior. The relationship between
the distribution pattern of the East Asian summer
monsoon and the strength of the broad-scale Asian
summer monsoon deserves further study.

Zhang et al. (1996) pointed out that the mature
phase of El Nino is associated with the strong East
Asian summer monsoon simultaneously. However,
the relationship is based on a limited data sample.
The significant negative correlation area around
42.5°N, 150°E in Figs.6¢ and 6d implies that low
height around the negative region tends to occur
almost simultaneously when El Niho develops in
summer. But as discussed above, the East Asian
summer monsoon is more related with the evolu-
tion of the height field around the western Pacific
(equatorward of 30°N), as related to the subtropi-
cal high. At the same time, there is a less dramatic
significant area of positive correlation centered at
25°N, 147.5°E; this area is too far from the EA I
and EA II areas and has less influence compared
with that of Figs.6a and 6b. Summer EAMI is
poorly correlated (r=0.227), with the concurrent
SST3 and most mature El Nifio events occur in the
end of a calendar year as mentioned above. This
tendency lays the stress on the delayed impact of El
Nino on the East Asia summer monsoon due to the
significant correlation (r =0.487) between summer
EAMI and the preceding autumn SST32.

6.2 Conclusions
The present study has investigated the lagged
relation of ENSO event with the East Asian sum-

2 Refer to the time series of EAMI in Fig. 5 and the
SSTA3 in SON in Fig. 7. The time series of SSTA3
in JJA is omitted.
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mer monsoon by using correlation and composite

analysis. The composite results are confirmed by

the ’97/98 case analysis. The following results were
obtained:

(1) A new index called EAMI for measuring the
East Asian monsoon was defined, which could
extensively describe the south-north distribu-
tion of the East Asian summer monsoon’s ac-
tivity. The interannual variability of the EAMI
displays a significant negative correlation with
the broad-scale Asian monsoon index proposed
by Webster and Yang (1992) from 1976 to 1998.

(2) A significant positive correlation between the
summer 500 hPa geopotential height anoma-
lies and the NINO-3 SST in the preceding fall
and winter is found in the subtropical East
Asia/western North Pacific, and in the north-
east Asia centered at 70°N, 137.5°E. A strong
(weak) summer monsoon in subtropical East
Asia tends to occur about two to three seasons
after the NINO-3 SST anomalies exceed 1.5 °C
(drop below —0.7 °C).

(3) The above results indicate a delayed impact
of the ENSO on the East Asian summer at-
mosphere circulation. During the summer af-
ter the El Nino reaches its mature phase, an
anomalous blocking anticyclone tends to oc-
cur in northeast Asia, meanwhile the west-
ern North Pacific subtropical high extends ab-
normally westward. This anomalous circula-
tion pattern enhances the summer monsoon in
subtropical East Asia. The above mentioned
evolution of the circulation anomalies becomes
more prominent in the unprecedented ’97/98
El Nifio event, suggesting that the devastating
1998 flood in south central China may be par-
tially due to the delayed impact of the '97/98
El Nifo.
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