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ABSTRACT

The interannual variability of tropical zonal wind and the relationship between ENSO and the
Astan/ Austrahan monsoon in different phases are discussed, Results show that the tropical zonal wind
strongly couples with the central—eastern Pacific 85T on a quasi—four—year scale. During the period of El
Mifio, the East Asian winler {summer) monsoon is weaker (stronger) and the South Asizn summer monsoon
is weaker than normal Conversely, the East Asian winter (summer) monsoon is stronger (weaker) and the
South Asian summer monsoon is stronger than normal during the period of La Nifia. The anomalous north-
erly aver East Asia induces an anomalous westerly over the western equatorial Pacific, which favors the ap-
pearance of positive 88T anomalies in the central—eastern Pacific, The development of El Nifio requires the
persistence of a westerly over the central—eastern Pacific. The convergence between anomalous northerlies
from the ceniral North Pacific (not from the East Asian continent) and anomalous southerlies from
Northeast Australia favors the persistence of a westerly over the central—eastern Pacific. In particular, the
anomalous southerkies from Northeast Australia play a key role in the onset of strong westerly anomalies
over the tropical central-eastern Pacific,
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1. Introduction

The Asian/ Australian monsoon is a planetary—scale circulation system. It includes the
South Asian (Indian) monsoon, the East Asian monsoon, and the Australian monsoon com-
ponent systems. ENSO is a phenomenon of the air—sea interaction, The relationship between
ENSO and the Indian / Australian monsoon has been explored in numerous previous studies
(Rasmussen and Carpenter 1982; Ropelewski 1987; Joseph and Liebann 1991: Joseph et al.
1994). Chinese scientists have also discussed the relationship between the East Asian mon-
soon and ENSO. Li (1990) indicated that a strong East Asian winter monsoon favors the oc-
currence of El Nifio in the coming half vear. Huang et al. (1996) suggesied that East Asian
summer monsoon may strongly inflluence the development of ENSO,

Tomita and Yasunari (1996) and Meehl (1997) presented a quasi—biennial oscillation
(QBO) model of the ENSO ./ monsoon system. The former emphasized the East Asian
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monsoon while the latter stressed the South Asian monsoon. Chen et al, (1991) suggested that
the ENSO / monsoon system is a multi—scale phenomenon, A power—spectrum analysis of
the Nino 3 index from January 1951 to December 1995, shows obvious quasi—quadrennial
oscillation (QQO) and QBO with spectrum peaks at the 45—month and 26—month points,
These spectrum peaks reach the 98% significance level based on the red noise spectra, In the
singular spectrum analysis (SSA) for the same case, the first six components can express
56.48% of the variance with major periodical nature of the Nino 3 index (dashed line in Fig,
1a). The first four components can express 44.83% of the variance with components 1 and 2
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Fig. 1. Result of S5A for Nino 3 index from January 1951 to December 1995: (a) the variability of
Nino 3 index (solid) and QQOQ component (dashed), (b) QQO component (solid} and the first six
components (dashed), (c) QBO component (solid) and the first six components (dashed).
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responsible for the 48—month mode and components 3 and 4 for the 52—month mode (Fig,
1b). Components 5 and 6 (Fig. I¢) explain 10.6% of the variance and are responsible for the
26—month mode. Figure | indicates that QQO is the crucial component of the variability of
the Nino 3 index, which determines the time of occurrence and intensity of most El Nifio epi-
sodes.

Tt is difficult to understand the ENSO cycle well if only QBO is considered because QQO
is the most important component of ENSO variability, Since anomalous SST in the central
and eastern equatorial Pacific (CEEP) always persists for more than one year during El Nifio
(La Nifia) events, it is necessary to pay attention to the long periodic behavior of the ENSO
cycle. Mu and Li (1999) indicated that the QBO and QQO exist in the interannual variation of
the East Asian winter monsoon. In other words, ENSQ signals are included in the interannual
anomaly of winter monsoon over East Asia. Tan and He (1998), and Tan et al. (1999) dis-
cussed the relationship between ENSQ and the Asian summer monsoon through studying the
air—sea—land interaction on the QQO scale, However, most previous studies paid more atten-
tion to the time scale of QBO than QQO, and stressed the relationship between monsoon
rains and ENSQ. In fact, monsoon rains are not closely related to ENSO in every year. The
monsoon is defined as a seasonal reversal of prevailing wind direction. Since a close relation.
ship between abnormal tropical zonal wind and warm SST in CEEP has been demonstrated
by observation (Rasmussen and Carpenter 1982), our efforts are therefore focused on the re-
lationship between the Asian/ Australian monsoon and ENSO through studying the
interaction between abnormal tropical zonal wind and El Nifio,

This paper is organized as follows. The datasets used in this study are described in sec-
tion 2. Section 3 presents the interannual variability of the tropical zonal wind and its rela-
tionship with El Nifio, Section 4 analyzes the relationship between the Asian/ Australian
monsoon and the tropical zonal wind, The interaction between the Asian/ Australian mon-
soon and ENSO on the QQO scale is discussed 1n section 5. Section 6 summarizes the results,

2. Data

The monthly mean zonal and meridional wind components at 850 hPa on a 2.5°x
2.5° grid are from the NCEP / NCAR reanalyzed data set. SST data on a 7.5° x 4.5° grid are
from the University of Hawaii provided by Prof. Bin Wang. All data are from January 1951
to December 1995,

3. Interannual variability of tropical zonal wind and its relationship with E] Nifio

The first step is to define the five subregions over the area from the tropical eastern In-
dian Ocean to the easlern Pacific (3°N—5°S, 80°E—90°W). The subregions are marked by U1,
U2, U3, U4, and US (Fig. 2). Zonal wind variations in these five subregions are the time series
with 456 samples of monthly zonal wind deviation from the 30—year average (1961—1990).
The power—spectrum analysis and SSA show that the five time series of monthly zonal wind
anomaly all contain notable QQO with a 95% confidence level.

The next step is to apply a cross—spectrum analysis to the five time series respectively.
Results show covariant spectrum peaks located at the 48—month points. The corresponding
coagulation spectrum is statistically significant at the level o= 0.05 for the F—test (with 456

samples, M= 96 as the maximum lag, and Rf =(),348 when o= 0.05). Their lead—lag
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Fig. 2. The definition of five subregions (UL, U2, U3, U4 and U3). All five subregions are bound-
ed by 5°S and 5°N with U1 between 80°—100°E for the eastern equatorial Indian Ocean (EEI), U2
(100°—130°E) for the maritime continent, U3 (130°-160°E) for the western equatorial Pacific
(WEP), U4 {160°E—160°W) for the central equatorial Pacific (CEP), and U5 (160°-90°W) for the
eastern equatorial Pacific (EEP).

Ul Lead 5 months, P=0.7 pl U2 lead 10.2 months. P.=0.66 | U3

Lead 22.2 months, P.=0. 53 gad 7 months, P.=0.8

. . P.=0. 82
Us 4Lead L. 4 months 0.8 Us

Fig. 3. Schematic illustration of the cross—spectrum analysis,

relations are summarized schematically in Fig. 3.

To understand Fig. 3, an example is presented here, The figure shows that the variation
of zonal wind in Ul is five months ahead of that in U2 with P, =0.70 (P, as coagulation
spectrum square) on QQO, It indicates that the variabilities of zonal wind over different
subregions are closely linked each other on the time scale of QQO. For example, the phase va-
riability of zonal wind over EEP is opposite to that over EEI

In the following, we focus on the relationship between SST in CEP and zonal wind over
different subregions. Fig. 4 displays the variation of zonal wind anomalies (ZWA} over the
five subregions and sea surface temperature anomalies (SSTA} in the Nino 3 region, The sta-
tistical study reveals a negative correlation (with synchronous correlation coefficient of 0.29)
between ZWA over Ul and SSTA in the Nino 3 region. The negative correlation indicates
that warm SSTA is related to an abnormal easterly over Ul. Observation shows that an ab-
normal easterly (westerly) over Ul always persits in more than one year (figure omitted),
which suggests that India experiences not only a weak southwest summer monsoon but also a



No. 4 Zhu Yanfeng and Chen Longxun 731

strong northeast winter monsoon during warm SSTA, The correlation ceefficient between
ZWA in U3 and SSTA is 0.19 without lagging, but it is 0.4 with ZWA three months ahead of
SSTA. It can be seen from Fig, 4¢ that an abnormal westerly usually occurrs in WEP(U3) be-
fore warm SSTA occurs in the Nino 3 region, The abnormal westerly shifts (0 an abnormal
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Fig. 4. The variation of zonal wind anomalies over the five subregions (bar, units: m s™') and
SSTA (curve, units: °C) in the Nino 3 region: {a} U1, (b) U2, (¢} U3, (d) U4, (2) US.
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Fig. 4. (Cantinued).

easterly while warm SSTA reach a maximum. After an abnormal easterly appears in U3, the
warm SSTA shift to cold. In other words, an abnormal easterly over U3 is associated with the
withdrawal of El Nifio. The variation of ZWA over U4 (US) agrees with Nino 3 SSTA (Figs,
4d.e) with a correlation coefficient of 0.71 (0.68) without lagging and 0.73 (0.71) with ZWA
one to two months ahead of SSTA. Usually, warm SSTA accompany the abnormal westerly
over U4 area. The stronger the westerly is, the warmer the SSTA. However, during the period
from the winter of 1958 to the spring of 1959 and from the autumn {o the winter in 1969, no
prominent warm SSTA appears in the Nino 3 region, although a strong westerly occurs over
U4. By referring back to Fig. 4e, it can be found that the abnormal westerly in U5 is weak and
discontinnous during the periods mentioned above, Se, an abnormal westerly over WEP is
only a part of the signal of warm Nino 3 SSTA. Warm Nino 3 SSTA is more closely related to
an abnormal westerly over CEP and EEP, especially over EEP.

It is worth noting that abnormal zonal wind over different areas influences SST in vari-
ous ways, The eastward propagation of the warm sea water due to the castward—propagating
warm Kelvin wave exited by the westerly anomalies over WEP favors the warm SST appear-
ance over CEP and EEP, In the CEP, a westerly would be conducive to weaken cool upwel-
ling through suppressing Ekman pumping, which is favorable for the persistence of warm
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SST. The persistence of warm SSTA may further contribute to the occurrence and develop-
ment of El Nifio,

In summary, the interaction process between zonal wind and El Nifio on QQO can be
described as follows, The abnormal westerly over EEI occurs two years prior to the onset of
El Nifio. Five monihs later, an abnormal westerly also appears over the Maritime continent.
After 10 months, the abnormal westerly controls the WEP, which leads to warm 5ST in CEP
and EEP due to the eastward spread of Kelvin wave and warm—pool sea water. Seven months
later, an abnormal easterly dominates CEP and EEP, which induces the occurrence of posi-
tive SSTA in these areas by suppressing Ekman pumping. These results imply that the ab-
normal westerly over CEP and EEP plays a key role in El Nifio onset.

4. Relationships between the Asian/ Australian monsoon and the tropical zonal wind

In the above sections, the spatial and temporal characteristics of the tropical zonal wind
and its relationship with El Nifio have been discussed. Results show ZWA over the tropical
area is closely linked to El Nifio and expresses notable QQO. In this section, we try to discuss
the relationships between zonal and meridional wind, and the interaction between meridional
wind and SSTA in the CEP and EEP.

The distribution of the correlation coefficient between meridional wind and zonal wind
shows that the abnormal westerly in U1 is closely associated with the convergence of
meridional wind to the west of 80°E and divergence to the east of 80°E (Fig, 5). This circula-
tion pattern is related to the weak summer or strong winter Indian monsoon, The abnormal
westerly in U2 is related to the abnormal northerly over the northwestern Pacific and the re-
gion from the East China to South China Sea and the abnormal southerly over South India
and northeast Australia, Fig. 5b indicates that the abnormal westerly in U2 accompanies a
cyclone pair, which is located at Australia and the area from East China to the northwestern
Pacific. The abnormal westerly over WEP is linked to the convergence between the northerly
from the Philippines and ihe southerly from North Australia. The abnormal westerly above
CEP and EEP is also related to the convergence belween meridional winds in this area (Figs.
5d and Se). All these suggest that the behavior of tropical zonal wind is closely related to the
circulation pattern in the Southern and Northern Hemispheres, which agrees with the conclu-
sions from a previous study (Zhu and Chen 2000).

Further study was emploved to understand the relationship between abnormal zonal
wind over CEP (EEP) and abnormal meridional wind. The statistical result shows that the
correlation coefficient between the averaged meridional wind over the area 2,5°—30°N,
130°-160°E (VNI, Fig. 6) and averaged zonal wind in U4 is —0.39, and the correlation
coefficient between the averaged meridional wind over the region of 2.5°-30°S, 130°-160°E
(V81) and U4 is —0.61, The correlation between U4 and the imtensity of meridional
convergence / divergence represented by V1 =V§1~VN1 is 0,68, which is larger than the criti-
cal value with a 99% confidence level (see Fig. 7). These results mean that the stronger the
meridional convergence over WEP is, the larger the abnormal westerly above CEP. The ab-
normal meridional winds from northern Australian play a more important role in
convergence.

Similarly, the correlation between VN2 (averaged meridional wind over the region
2.5°=30°N, 160°E—170°W) and U$ (averaged zonal wind in U5) is —0.478, and the correlation
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Fig. 6. The definition of subregions V {}10°-130°E, 10°=30°N), ¥NI (2.5°-30°N, 130°-160°E),
VN2 (2.5°-30°N, 160°E—170"W). VS1 (2.5"-30"8, 130°-160°E)} and V82 (2,5°-30°,
160°E—170°W).

between VS2 (averaged meridional wind over the region 2.5°-~30°S, 160°E~170°W) and U5 is
0.467, The correlation between V2 (VS2—VN2) and U5 is 0.542, which is also larger than the
critical value with a 99% confidence level. This suggests thai the stronger the meridional
convergence over CEP is, the larger the abnormal westerly over EEP, Such a condition favors
the warm SSTA in this area (Fig, 8).

On the whole, the tropical zonal wind is closely related to the Asian/ Australian mon-
soon. The abnormal westerly over the EEI is associated with the strong summer or weak win-
ter Indian monsoon. The abnormal westerly over the maritime continent always accompanies
the abnormal cyclone located over Australia and the area from East China to the
northwestern Pacific, The abnormal westerly over WEP is related to the convergence between
the northerly from the Philippines and the southerly from northern Australia. The abnormal
westerly over CEP and EEP is linked to the meridional wind convergence over the same area.
The relation between the abnormal southerly from Northeast Australia and the abnormal
westerly over the central—eastern Pacific is notable,

5. Interaction between the Asian/ Australian monsoon and ENSO on QQO

The results of the previous sections suggest that zonal wind anomalies over the tropics
are closely related to the occurrence, development, and dissipation of El Nific episodes on the
time scale of QQO. The abnormal westerly over CEP and EEP corresponds to the occurrence
and development of El Nifo, Meridional convergence in CEP is associated with the abnormal
westerly over this area.

From Fig. 5, it is apparent that meridional wind over East China is also related to tropi-
cal zonal wind. Li (1990} discussed the relationship between the East Asian winter monsocon
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Fig. 7. The variations of VNI (dashed), VS1 (dotted), V1 (thin solid}, and U4 (thick solid}, units: ms™.

and ENSO, and suggested that a strong East Asian winter monsoon favors the occurrence of
El Nifio in the next half year. Huang et al. (1996) proposed that the East Asian summer mon-
soon might play an important role in the ENSQO cycle. To verify the role of the East Asian
monsoon in ENSO events, an investigation is carried out on the 850 hPa meridional wind
anomaly (deviation from the five—point moving average} over the East Asian coastal area
(110°-130°E, 10°-30°N, V in Fig. 6). The resulls show that in most cases, the anomalous
northerly on the East Asian coast is followed by a La Nifia event, and it persists for more
than one year. In other words, a persistent anomalous northerly prevails off East Asia, which
is associated with the strong East Asian winter monsoon and weak East Asian summer mon-
soon prior 1o the onset of El Nifio, Sun and Sun (1995, 1996) suggested that a strong winter



No, 4 Zhu Yanfeng and Chen Longxun 737

1984 1985 1986 1987 1988 1983 1990 1991 1992 1993 1994 1995

Year
Fig. 8. The variations of VN2 (dashed), V§2 (dotted), V2 {thin solid} and U5 (thick solid), units: ms~".

monsoon may induce the occurrence of a2 weak summer monsoon in the next year over East
Asia through the air—sea interaction. However, some years exist m which the northerly
anomalies occurred over East Asia but no EI Nifio event developed in the following year. For
example, although northerly anomalies prevailed off the East Asia coast from 1979 to 1980,
ne following El Nifio appeared. This means that some other factors must also be present. The
analyses in section 4 suggest that the Australian monsoon may play an important role, In our
opinion, it is necessary to consider the joint effects of the Asian / Australian monsoon on the
ENSO cycle.

Further cross—spectral analysis, applied to the averaged meridional wind anomalies over
V and the Nifio 3 index (with a sample of 456 months, maximum lag of 96 months), shows a
dominant coupled variability with a quasi—four—year period. The covariant spectrum peak is
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at perieds of 48 months and the corresponding coagulation spectrum is 0.59 (in the F—test,
Ri = (.348 when x= 0.05), reaching the level of significance. In this case, the variability of

the meridional wind is about 3—4 months ahead of the variation of SST in the Nino 3 region.
The teleconnection circuiation pattern also shows that the position of the polar front is fur-
ther south than normal and the intensity of the East Asian trough is stronger than normal
aver East Asia, which induces the emergence of an abnormal northerly over East China. That
is, the abnormal northerly over East Asia 1s closely related 1o the anti—PNA pattern,

In summary, the relationships between ENSQO and the Asian ./ Australian monscon can
be described as follow, The south Asian summer {winter) monsoon is stronger (weaker) than
normal during the period of La Nifia, The variation of the teleconnection pattern forced by
abnormal SSTA leads to the persistence of an abnormal northerly over East Asia, A strong
winter monsoon is followed by a weak summer monsoon through the air—sea interaction, The
abnormal northerly benefits the occurrence of an abnormal westerly over WEP, which trig-
gers the eastward propagation of Kelvin wave and warm SST to EEP. This will resull in the
withdrawal of La Nifia. The westerly over CEP and EEP is related to the convergence of the
southerly from Australia and the northerly from the central North Pacific, and it weakens the
cool upwelling by suppressing Ekman pumping. The persistence of warming SS8T in CEEP
contributes to the development of El Nifio. The northeriy over East Asia is of benefit to the
onset of the abnormal westerly over WEP. However, the development of El Nifio needs the
persistence of an abnormal westerly in CEP. The convergence between the northerly from the
central northern Pacific (not from the eastern Asian conltinent) and the southerly from
Australia contributes to the persistence of the abnormal westerly over CEEP. In particular,
the Australian monsoon plays a key role in the persistence of the abnormal westerly over
CEEP,

6. Summary

The interannual variability of the tropical zonal wind and its relationship with El Nifio is
investigated, The relationship between the Asian / Aystralian monsoon and the tropical zonal
wind, and that between the Asian/ Australian monsoon and ENSO on a QQO scale is also
discussed, The results show:

(1) A prominent Quasi—quadrennial oscillation can be identified in the variation of zonal
wind in the tropical area and ENSO. The tropical zonal wind is strongly associated with SST
in CEP on the time scale of QQO.

(2) During the period of El Nifio, the East Asian winter(summer) monsoon is weaker
(stronger) than normal, and the South Asian summer monsoon is weaker than normal, Con-
versely, during the period of La Nifia, the East Asian winter (summer) monsoon is stronger
(weaker) than normal, and the South Asian sumimer monsoon is stronger than normal.

(3) The preceding northerly associated with the East Asian monsoon is partly responsible
for the occurrence of El Nifio. The convergence between the northerlies from the central
North Pacific{not from the East Asian continent) and the southerlies Mrom northeast
Australia can trigger strong westerly anomalies over the CEP and EEP, which will excite El
Nifio. The anomalous southerlies from North Australia play a more important role in the de-
velopment of the westerly over the CEP and EEP,

This paper analyzes the relationship between ENSO and the Asian/ Australian mon-
soon in view of the air—sea interaction, and stresses the joint effects of the Asian / Australian
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monsoon on the ENSO cycle. Further studies are necessary to explore the relationship be-
tween ENSO and the monsoon in detail from the viewpoint of land—atmosphere— ocean
interactions,
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