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Summary 

This study addresses the relationship between the Indian sum- 
mer monsoon (ISM) and the coupled atmosphere/ocean sys- 
tem in the tropical Pacific on the interannual time scales. 
High positive correlations are found between ISM rainfall 
and both mixed layer sea water temperature (SWT) and sea 
surface temperature (SST) anomalies of the tropical western 
Pacific in the following winter. Negative correlations between 
ISM rainfall and SST in the central/eastern Pacific also ap- 
pear to be most significant in the following winter. These 
parameters are correlated with each other mainly on a bi- 
ennial time scale. Lag-correlations between the zonal wind 
and SST along the the equatorial Pacific show that the west- 
erly (easterly) surface wind stress anomalies over the central/ 
western Pacific are greatly responsible for the formation of 
negative (positive) SST/SWT anomalies in the western Pacific 
and positive (negative) SST/SWT anomalies in the central/ 
eastern Pacific. Furthermore, it is evidenced that these lag- 
correlations are physically based on the anomalies in the 
large-scale convection over the Asian monsoon region and 
the associated east-west circulation over the tropical Pacific, 
which first appear during the Ihdian summer monsoon season 
and evolve during the following autunm and winter. 

These results strongly suggest that the Asian summer 
monsoon may have an active, rather than a passive, role on 
the interannual variability, including the ENSO events, of 
the coupled atmosphere/ocean system over the tropical Pa- 
cific. 

1. Introduction 

Since the ear ly  pa r t  o f  this cen tu ry  (Walker  and  
Bliss, 1932), m a n y  studies have  been done  on  the 

re la t ionship  be tween the Ind ian  su m m er  m o n s o o n  
( ISM) and  the E1 Ni f io /Sou the rn  Osci l la t ion 
(EN S O )  p h e n o m e n a .  In recent  years,  E N S O  has 
b eco m e  a m a t t e r  o f  great  interest  as an a tmos-  
phe re /ocean  in te rac t ion  which affects the inter-  
annua l  var iabi l i ty  o f  global  climate.  In par t icular ,  
some works  have stressed the role o f  E N S O  in the 
in t e rannua l  var iabi l i ty  o f  the Ind ian  m o n s o o n .  Ni- 
cholls (1984), for  example ,  a d o p t e d  SST anomal ies  
in the I n d o n e s i a n - n o r t h  Aus t ra l i an  area as a pre-  
d ic tor  o f  the Ind ian  m o n s o o n  rainfall .  Rasm us son  
and  Ca rp en t e r  (1983) suggested tha t  SST a n o m -  
alies in the eas tern  Pacific can  be a po ten t ia l  pre-  
d ic tor  for  the Ind ian  m o n s o o n  rainfall .  Angel l  
(1981), on  the o the r  hand ,  no ted  tha t  SST a n o m -  
alies in the equa to r ia l  eas tern  Pacific dur ing  fall 
and  winter  are highly cor re la ted  with the preceding  
Ind ian  m o n s o o n  rainfall .  Shukla  and  Pao l ino  
(1983) also stressed the inf luence o f  the Ind ian  
m o n s o o n  on  E N S O ,  po in t ing  out  tha t  Ind ian  
m o n s o o n  rainfall  anomal ies  are highly cor re la ted  
with sea-level pressure anomal ies  at D a r w i n  (as 
an index o f  the Sou the rn  Oscil lat ion) in 1Lhe fol- 
lowing a u t u m n  and  winter.  G loba l  analyses o f  sea 
level pressure  (Barnet t ,  1985) and  a tmosphe r i c  cir- 
cu la t ion  fields (Yasunar i ,  1987) also suggested the 
role o f  the Ind ian  m o n s o o n  on  the evo lu t ion  o f  
the E N S O  cycle. These  studies showed  dist inct  
s ignatures over  the Ind ian  Ocean  and  the Euras i an  
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continent which preceded the ENSO events in the 
equatorial eastern Pacific. 

On the other hand, oceanographical evidence 
(Wyrtki, 1975, etc.) suggests the importance of the 
thick and warm oceanic mixed layer in the equa- 
torial western Pacific as an origin of the E1 Nifio 
events in the eastern Pacific. Recent oceanic model 
studies with observed wind forcing (White et al., 
1987; Miyakoda et al., 1987) also showed that an 
anomalously high heat content in the surface layer 
of the western tropical Pacific is formed one year 
prior to a mature ENSO event by strong easterly 
wind stress over the tropical north Pacific. Very 
recently, Yamagata and Masumoto (1989) dem- 
onstrated, by use of a simple atmosphere/ocean 
coupled model, that an ENSO event evolves au- 
tomatically on the condition that warm SST and 
positive anomaly of oceanic heat content (OHC) 
covers all the equatorial Pacific, as was pointed 
out by Zebiak and Cane (1987). They have also 
suggested, however, that this condition is prepared 
only when the atmospheric westerly bursts and 
positive OHC anomaly in the western Pacific are 
coupled. Pazan et al. (1986) noted the role of off- 
equatorial Rossby waves, which propagate west- 
ward from the central Pacific, on the anomalously 
high dynamic height in the western Pacific. In view 
of this, the important question may be what ac- 
tually controls the heat content and dynamic 
height anomalies of the oceanic mixed layer in the 
tropical western Pacific, and how the Asian mon- 
soon activity is related to these anomalies. This 
may give a clue as to what the mechanism of the 
ENSO cycle is. 

The present paper attempts to solve these prob- 
lems based on observational data. Some atmos- 
pheric and oceanic key parameters will be syste- 
matically examined by lag-correlation and com- 
posite techniques, particularly relevant to Indian 
monsoon activity. Some apparent evidences will 
be presented that the variability of the Indian sum- 
mer monsoon and the associated convective ac- 
tivity over the Asian monsoon region play a crucial 
role in the ENSO cycle. 

2. Data 

Monthly, gridded 15 year (1970-1984) SST data 
compiled at NOAA are used in the present study. 
The 2 ~ x 2 ~ lat./lon, grid data for the Pacific basin 
were converted into areal mean data of 4 ~ x 4" lat./ 

lon. blocks. January and July SWT profile data 
along 137 ~ for the 19 years (1967-1985), regu- 
larly observed by the research vessel Ryofu-Maru 
of the Japan Meteorological Agency (JMA), are 
also utilized. This data set is invaluable for ex- 
amining the depth and temperature of the oceanic 
mixed layer in the tropical western Pacific. ISM 
rainfall (June to September) index (1871-1986) is 
adopted from Parthasarathy (1987), which was 
originally computed from the monthly rainfall 
data of about 3000 raingages by weighting the 
areas of the different meteorological subdivisions 
of India (Parthasarathy and Mooley, 1978). 

Monthly mean zonal wind anomalies at 700 mb 
and 200rob for the 17 years (1968-1984) are 
adopted from the National Meteorological Center 
(NMC)'s operational tropical wind field analysis. 
Since the wind data at 850 mb and the surface do 
not adequately cover the analysis period, we util- 
ized the wind field at 700 mb as representative of 
the lower troposphere. The validity of this as- 
sumption is discussed in Yasunari (1985). Monthly 
mean outgoing longwave radiation (OLR) data 
compiled at NMC for the period from 1974 to 
1984 are also used. The anomalies of each param- 
eters described here are computed simply by sub- 
tracting the mean monthly value, which is ob- 
tained by averaging the all available data. 

3. Indian Monsoon and SST in the Pacific Basin 

Figure 1 shows the lag-correlations between the 
ISM rainfall and the SST anomalies for wider 
areas in the equatorial western and eastern Pacific. 
To deduce the relationships for seasonal means, 
the SST data are smoothed by three-months mov- 
ing average. Y(0) denotes the year of the summer 
monsoon referenced. It is noteworthy that the cor- 
relations of SST to ISM rainfall gradually increase 
from the summer of Y(0) to the following winter, 
and reach the maximum (minimum) in January 
or February of Y(+  1) in the western (eastern) 
Pacific. Particularly in the western Pacific, the 
maximum value of the correlation coefficient 
reaches + 0.79, which is far above the 99% con- 
fidence level. Relatively high values with opposite 
signs to Y(0) are also found in the summer and 
fall months (June to November) of the year before 
(Y( - 1)), though these values are not as significant 
as those of the Y(0)/Y( + 1) winter. This secondary 
maximum (or minimum) of correlation in Y ( -  1) 
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Fig. 1. Lag-correlations between In- 
dian monsoon rainfall and sea sur- 
face temperature in the western (0 ~ 
8 ~ 130 ~ ~ and the eastern 
(0~176 170~176 Pacific. 
The reference monsoon season is 
shown with thick black bar. Y(0) 
denotes the year of reference mon- 
soon and Y(- 1) (Y(+ 1)) denotes 
the year before (after) the reference 
monsoon year 

seems to be due to the strong biennial nature of 
both ISM rainfall (Bhalme and Jadhav, 1984) and 
SST in the equatorial Pacific (Yoshino and Ka- 
wamura, 1987; Meehl, 1987). 

Figure 2 shows the spatial pattern of lag-cor- 
relations between the ISM rainfall and the SST 
anomalies for the (a) winter of Y(-1) /Y(0) ,  (b) 
summer of Y(0) and (c) winter of Y(0)/Y(+ 1). 
Systematic changes in correlation patterns can be 
seen from the preceding winter to the following 
winter. The change of sign between the  western 
and the eastern Pacific is noticeable particularly 
along the equatorial belt. The overall pattern is 
most significant in the winter of Y(0)/Y(+ 1), and 
is very similar to the SST anomaly pattern for the 
typical E1 Nifio phase (e.g., Rasmusson and Car- 
penter, 1982). However, it should also be noted 
that the positive correlations in the western Pacific 
are as significant as the negative correlations in 
the central through the eastern Pacific, which is 
not obvious from the real SST anomaly pattern. 
The pattern for the summer of Y(0) is similar to 
that for the winter of Y(0)/Y( + 1), but the values 
as a whole are not as significant. Thus, the SST 
anomalies in the tropical Pacific, particularly in 
the western part are closely associated with Indian 
monsoon activities in such manner that SST fol- 
lows the monsoon with a lag of one to two seasons. 

In the subtropical western Pacific and along the 
east coast of the Asian continent, a narrow area 
of negative correlations is found in the winter of 
Y(0)/Y(+ 1), which is not seen in the summer of 
Y(0) (Fig. 2 (b)). This anomalous pattern seems 

to be closely related to the effect of anomalous 
winter monsoon surges from Siberia to areas of 
SST anomalies in the northwest Pacific, as dis- 
cussed by Kawamura (1986) and Hanawa etal. 
(1988). If this is the case, then there should be a 
significant association between the Asian summer 
monsoon activity and the following Asian winter 
monsoon activity. 

4. Indian Monsoon and SWT 
in the Western Pacific 

The SWT anomalies may represent more ade- 
quately the measure of heat content anomalies in 
the oceanic mixed layer. This is true particularly 
in the western Pacific, where variances of SST 
anomalies are small compared to those in the east- 
ern Pacific. Figure 3 shows the vertical time section 
of SWT anomalies from the surface to 800 m depth 
averaged from 2 ~ through 10 ~ along the lon- 
gitude line of 137 ~ A remarkable feature is that 
the anomalies show a nearly in-phase fluctuation 
through the whole mixed layer. The maximum 
variance occurs at 100m through 200m depth, 
which corresponds to the main thermocline. An- 
other feature to be noted in this diagram is the 
distinct biennial nature of the anomalies. 

The lagged-correlations between the ISM rain- 
fall and SWT anomalies averaged for the surface 
mixed layer (0-30 m) are shown in Table 1. The 
most significant correlation appears in January of 
Y(+  1) with a value of 0.83, whereas relatively 
high negative correlations are also seen in the pre- 
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(Y(0)) plus January (Y(+ 1)) of each depth is 
shown in Fig. 4. High positive correlations ex- 
ceeding the 99% confidence level are found in the 
layer above 300 m depth, which roughly corre- 
sponds to the bottom of main thermocline of this 
latitude zone (2 ~ ~ (Kurihara, 1985). The 
maximum correlation (nearly 0.80) appears at 10 
to 20m depth, e.g., the core layer of the surface 
mixed layer, while the second maximum exists at 
the core layer of the main thermocline (about 
150 m), where the variance of the SWT anomalies 
appears to be maximum (see Fig. 3). 

The time series of ISM rainfall anomalies are 
compared to the SWT anomalies at 20m and 
100 m in the following January, as shown in Fig. 5. 
It is obvious from this figure that the strong (weak) 
summer monsoons are followed by the positive 
(negative) SWT anomalies. It is also evident that 
these two time series show the quasi-biennial os- 
cillation, which may be responsible for the sec- 
ondary maxima in the correlations between the 
ISM rainfall and the SST and SWT in the pre- 
ceding summer through winter (Fig. 1 and 
Table 1). 
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Fig. 2. Spatial distribution of lag correlation between the 
Indian  monsoon rainfall of  Y(0) and sea surface temperature 
anomalies for (a) preceding winter (DJF), (b) contemporary 
summer (JJA) and (c) following winter. Positive (negative) 
values of more (less) than 0.6 ( - 0 . 6 )  are shaded (stippled) 

ceding seasons (July of Y ( - 1 )  and January of 
Y(0)) with a minimum value of -0.75.  These re- 
sults are consistent with those from the SST data 
(Fig. 1). 

The vertical profile of the correlations between 
the ISM rainfall and the SWT anomalies of July 

5. Indian Monsoon 
and Tropical East-West Circulation 

The results of lag correlations between ISM rain- 
Fall and SST and SWT in the tropical Pacific sug- 
gest that the strong convective activities over south 
Asia through the central Pacific associated with 
the active Indian summer monsoon may cause the 
"piling up" of warm surface waters over the trop- 
ical western Pacific to the east of the Philippine 
islands, via a strong tropical east-west circulation 
(Krishnamurti, 1971). The oceanic process for the 
piling up of warm water by strong surface easterly 
wind stress is discussed by White et al. (1987) and 
others. What is crucial for the evolution of SST 
and SWT anomalies over the Pacific, as shown in 
Fig. 1 and Fig. 2, is that the strong easterly wind 
stress over the western Pacific should be main- 
tained or further intensified throughout the seaons 
from the norther summer to the following winter. 
This feature is clearly shown in the lag correlation 
diagram between [SM rainfall and zonal wind 
anomalies in the upper (200 rob) and the lower 
(700rob) troposphere along the equatorial belt 
(5 ON-j oS) as shown in Fig. 6. At 700rob (Fig. 
6 (a)), negative correlations are significantly high 
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Fig. 3. Vertical time section of January and July sea water temperature anomalies fl-om the surface to 800 m depth averaged 
for the 137 ~ line from 2 ~ to 10 ~ 

Table 1. Lag-Correlations Between Indian Monsoon Rainfall 
and Sea Water Temperature Anomalies Averaged for Surface 
Mixing Layer (0 to 30 m) of the Western Pacific 

Y(-1) Y(O) Y(+t) 

Jan. Jul. Jan. Jul. Jan. Jul. 

-0.49 -0.61 -0.75 -0.22 -0.83 -0.10 

(more than 0.7), particularly between 150 ~ and 
180 ~ from the summer monsoon season of Y(0) 
through the following winter. Over the eastern 
Indian Ocean through the Indonesian maritime 
continent (90 ~ to 130 ~ in contrast, positive 
correlations are seen. A similar correlation pat- 
tern, but with the opposite sign, can be seen in 
the summer of Y ( - 1 )  through the winter of 
Y(-1) /Y(0)  associated with the QBO nature of 
the tropical atmosphere, though the pattern is less 
significant. At 200 mb (Fig. 6 (b)), the overall cor- 
relation pattern is very similar to, or even more 
systematic than, that of 700 mb except with the 
opposite sign. Again, the maximum east-west con- 
trast of correlation appears in the winter of Y(0)/ 
Y(+  1), when the absolute coefficient values ex- 
ceeds 0.7 both in the western and the eastern Pa- 
cific. These timelag-correlation diagrams also 
show the eastward propagation of  correlation pat- 
tern from the Indian Ocean side toward the eastern 
Pacific from Y(0) through Y (+  1), which corre- 
sponds to the eastward propagation of the tropical 
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Fig. 4. Vertical profile of correlations between Indian mon- 
soon rainfall and sea water temperature anomalies averaged 
for July of Y(0) and January of (+  1) 

anomalous east-west circulation in the QBO time 
scale (Yasunari, 1985). 

The anomalous east-west circulations suggested 
above should be associated with the anomalous 
large-scale convection over the Asian monsoon 
region through the equatorial Pacific in the sea- 
sonal cycle starting from the Indian monsoon sea- 
son. This features is demonstrated in Fig. 7, where 
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the anomalous OLR and 700 mb wind fields are 
seasonally composited in reference to the strong 
monsoon years. Since the OLR data is available 
only after 1974, only 4 strong monsoon years 
(1975, 1978, 1981, 1983) are composited in this 
case. However, the anomalous wind field com- 
posited for 6 strong monsoon years (not shown) 
appeared to be substantially the same pattern as 
Fig. 7. In March-April-May (MAM) of the strong 
summer monsoon year (Fig. 7 (a)), convection is 
relatively strong in the central through the eastern 
Pacific, whereas it is still weaker than normal in 
the western Pacific. The anomalous wind field 
along the equator is consistent with this anoma- 
lous OLR field. Thus, the large westerly anomalies 
with anomalous convergence are noticeable in the 
eastern Pacific, whereas the anomalous divergence 
is apparent near the positive anomalies of OLR 
in the western Pacific. It is also of interest to note 
that the OLR anomalies are positive along the 
South Pacific Convergence Zone (SPCZ). 

In June-July-August (JJA) (Fig. 7 (b)), the OLR 
field drastically changes from the previous season. 
The negative anomalies (stronger convection) ap- 
pear over India through southeast Asia, and the 
positive anomalies (weaker convection) in the 
western Pacific become less significant and shift 
their position more eastward. The area of negative 
anomalies in the eastern Pacific is considerably 
diminished. A notable change in the wind field is 
the appearance of easterly anomalies over the cen- 
tral and the eastern Pacific. The anomalous south- 

westerlies over the Arabian sea are manifested as 
stronger monsoon flows. 

In September-October-November (SON) of the 
strong ISM year (Fig. 7 (c)), the negative OLR 
anomalies further develop and extend the areas 
over southeast Asia throuth the equatorial western 
Pacific, while the positive anomalies over the cen- 
tral/eastern Pacific also develop. Associated with 
this east-west contrast of OLR anomalies is the 
further intensification of easterly anomalies along 
the equatorial Pacific. 

In December-January-February (DJF) (Fig. 
7 (d)), the overall feature in the anomalous OLR 
and wind field is very similar to that in SON, or 
is further developed. An area of negative OLR 
anomalies is also developed over SPCZ and South 
America, wshich suggest the intensified tropical 
east-west circulation along the Indian Ocean 
through the South American sector. It should be 
noted that at this stage the SST (SWT) anomalies 
reach their maxima in the western Pacific while 
they reach their minima in the eastern Pacific (Ta- 
ble 1 and Fig. 2). These anomalous patterns in 
OLR and wind field established in SON through 
DJF of strong ISM year continue through MAM 
of the post strong ISM year (Fig. 7 (e)), though 
the anomalies are to some extent diminished as a 
whole. These patterns are, however, completely 
collapsed or changed to the opposite pattern by 
the start of the next Indian summer monsoon as 
suggested in the change from Fig. 7 (a) to Fig. 
7 (b). In the composites of weak ISM year, only 
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Fig. 8. Longitude-time section of anomalous SST and zonal wind at 700 mb along the equator composited for two years from 
strong ISM year to weak ISM year. Positive (negative) values in SST field are shown with solid (dashed) lines (unit: 2.0C) 
and negative values are stippled 

mirror  images (i.e., very similar patterns but with 
opposite signs both in OLR and wind field) of  
Fig. 7 are found (not shown). 

Thus, a stronger (weaker) than normal  Indian 
monsoon is most probably followed by stronger 
(weaker) easterly wind over the central Pacific and 
stronger (weaker) westerly wind to the west of  
130~ i.e., stronger (weaker) low-level conver- 
gence over the equatorial western Pacific during 
the succeding au tumn and winter. This means that 
the anomalies of some atmospheric parameters 
first appear over the Indian monsoon region and 
move towards the equatorial central Pacific, 
through the seasonal migration of  convection cen- 
ter f rom the norther  summer to the northern win- 
ter and spring. This characteristic nature of  the 
interannual variability in the tropics was also sub- 
stantiated by Meehl (1987). 

6. SST/Zonal Wind Relations 
Along the Equatorial Pacific 

In the previous sections, the evidence was shown 
that the SWT anomalies in the western Pacific and 
the SST anomalies in the whole tropical Pacific 
are well correlated with the preceding ISM activ- 
ities. This correlation was also suggested to be 
physically based on the characteristic nature of  
anomalies in convection and associated circulation 
field over the Asian monsoon region through the 
tropical Pacific, which start from the northern 
summer and persist up to the end of  the succeding 
winter or spring. 

To further examine how the atmosphere and 
ocean are coupled to each other along the equa- 
torial Pacific associated with the ISM and the sea- 
sonal cycle, the zonal wind anomalies at 700 nab 

Fig. 7. Composites of anomalous OLR and anomalous wind at 700 mb for (a) March-April-May, (b) June-July-August, (c) 
September-October-November, (d) December-January-February of strong ISM year and (e) March-April-May of the year 
next. Positive (negative) values in OLR field are shown with solid (dashed) contours (unit: 2.0 W m-1) and negative values 
less than -4.0 are stippled 
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Fig. 9. Lag-correlations between 
700 mb zonal wind anomalies along 
the equator and SST anomalies at 
(a) 140 ~ (b) 170 ~ (c) 120 ~ 
at the equator. Contours of more 
(less) than 0.3 (-0.3) are shown 
with solid (dashed) lines (unit: 0.1). 
Negative lags imply that zonal wind 
leads SST 

and SST anomalies are composited in reference 
to the ISM activity. The important parameters for 
the atmosphere/ocean interaction in the equatorial 
Pacific are zonal wind and OHC of the surface 
layers (Cane et al., 1986; Wyrtki, 1985; Yamagata 
and Masumoto, 1989; etc.). Strictly speaking, the 
mean SWT of the surface layer, instead of SST, 
should be used as a measure of OHC in the oceanic 
mixed layer. In the eastern Pacific, where the 
mixed layer depth is far smaller and its variability 
is far larger than those in the western Pacific, SST 
anomaly is supposed to be a good measure of OHC 
anomaly. The correlations between the observed 
mean mixed layer temperature at 160~ and 
100 ~ along the equatorial belt adopted from 
Meyers et al. (1988) and the SST at the same points 
used here are certainly proved to be very high (e.g., 
0.89 and 0.93, with number of freedom of about 
60). In the western Pacific, where the large OHC 
is sustained by the combined effect of radiation 
balance of the surface, ~orizontal advection and 
down- or up-welling, it may generally be supposed 
that SST anomaly does not necessarily represent 
OHC anomaly. However, the SWT temperature 
anomalies, which show nearly in-phase fluctuation 
from the surface to the bottom of the mixed layer 

as shown in Fig. 3, strongly suggest that even in 
the western Pacific the SST anomaly may well 
reflect the OHC anomaly as far as a proper spatial 
and time average is applied. We have tentatively 
concluded, therefore, that SST anomaly adopted 
here is a good measure of OHC anomaly in the 
surface mixed layer. 

Figure 8 shows a longitude-time section of these 
two parameters composited for two years, by using 
6 cases starting from the strong ISM years (i.e., 
1971, 1973, 1975, 1978, 1981 and 1983). Note that 
in these cases the second years all correspond to 
weak ISM years including ENSO years. Therefore, 
the biennial cycles are particularly strong. At 
nearly the same time when the strong ISM starts, 
easterly anomalies develop over the whole Pacific 
basin, particularly in the western Pacific to the 
west of the dateline. The development of easterly 
anomalies in the western Pacific from an ISM 
season to the succeding autumn (September 
through November) is followed by large negative 
SST anomalies in the central/eastern Pacific and 
large positive SST anomalies in the western Pacific 
in the succeding winter. On the other hand, these 
negative SST anomalies in the central/eastern Pa- 
cific in October through January are followed by 
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the easterly wind maxima in late winter through 
the following spring (January through April). In 
the second year the change from easterly to west- 
erly anomalies seems to be associated with the start 
of weak ISM. The westerly anomalies are signif- 
icant again over the longitudes 150 ~ to 160 ~ 
in the western Pacific. The composites starting 
from the weak ISM years (not reproduced here) 
show just the opposite features to Fig. 8, as is 
easily supposed from the anomalies of the second 
year (i.e., weak monsoon year) in Fig. 8. 

The relations between zonal wind anomalies 
and SST evolutions along the equator are more 
clearly demonstrated in the lag-correlation dia- 
grams between zonal wind anomaly of each lon- 
gitude in the Pacific basin and SST anomalies of 
some specified longitudes, as shown in Fig. 9. It 
is noteworthy to state that not only in the western 
Pacific, but also in the central/eastern Pacific, SST 
is significantly correlated to the zonal wind be- 
tween 150 ~ and 160 ~ in the western Pacific with 
a few or several months lag. The signs of corre- 
lations are opposite to each other. That means 
that strong easterly anomalies over these longi- 
tudes are largely responsible for producing the 
positive (negative) SST anomalies to the west 
(east) several months later, and vice versa. It 
should be noted here that the correlation of zonal 
wind with ISM is highest at these longitudes, as 
shown in Fig. 6. In other words, the anomalous 
ISM activity is closely associated with zonal wind 
anomalies over this region possibly through the 
tropical east-west circulation, which may, in turn, 
produce SST anomalies with some time lag. We 
may emphasize here that the wind field of these 
longitudes leads the SST field over the whole equa- 
torial Pacific. 

In the central/eastern Pacific (Fig. 9 (b) and 
9 (c)), the secondary maxima in lag-correlations 
are also noted, showing that SST leads the zonal 
wind with a few months. This suggests that the 
positive feedback process that the SST anomalies, 
once produced by the wind anomalies, further in- 
tensify the anomalous wind field has an additional 
role on the evolution of the coupled atmosphere/ 
ocean system, particularly during the mature 
phase of warm or cold events there (Fig. 8). 

7. Summary and Remarks 

Lag correlation analyses between the ISM rainfall 
and SST or SWT anomaly in the tropical Pacific 

show that the interannual fluctuation of the ISM 
activity with a QBO nature strongly controls the 
OHC anomaly of the oceanic mixed layer in the 
tropical Pacific, particularly in the western Pacific. 
Lag correlations between ISM rainfall anomaly 
and zonal wind anomaly in the lower troposphere, 
and that between zonal wind anomaly and SST 
anomaly along the equator strongly suggest that 
the OHC anomalies are formed by the anomalous 
easterly or westerly surface wind stress particularly 
in the western Pacific (150 ~ to 160 ~ Very re- 
cently, Kutsuwada (1988) also found that the QBO 
mode in the surface zonal wind stress field is par- 
ticularly strong over the tropical western Pacific, 
even compared to the ENSO mode with about 4- 
year period. 

Generally speaking, lag correlations do not nec- 
essarily imply immediate cause and effect rela- 
tions, particularly in case the correlations show 
cyclic nature as shown in Fig. 1. However, all the 
statistical results integrated here can be interpreted 
consistently with each other, as manifestations of 
time sequences of the some physical processes. For 
example, both SST and zonal wind at the equa- 
torial Pacific show remarkably large lagged cor- 
relations, compared to lead correlations, with the 
ISM rainfall, as shown in Fig. 2 and Fig. 6. The 
time lags between the extreme phases of these two 
parameters suggested from these correlations are 
consistent with the systematic lags as shown in 
Fig. 9. In such a case, it may be reasonable to 
postulate that in reality the SST and the SWT 
anomalies in winter may be more directly (or phys- 
ically) linked to the ISM rainfall anomaly in the 
preceding summer, rather than in the succeding 
summer, by means of the persistent anomalous 
wind field. The seasonal evolutions of anomalous 
wind and OLR field composited for strong (weak) 
ISM years (Fig. 7) further substantiate the evi- 
dence that these wind anomalies over the tropical 
Pacific are linked with the anomalous convection 
over the western Pacific which starts from ISM 
season and persists through the following winter 
and spring. 

The scenario of the ENSO cycle derived here 
may be very different from that deduced from 
some coupled atmosphere/ocean models such as 
Zebiak and Cane (1987), Battisti (1988) among 
others, which are based solely on the physics of 
atmosphere/ocean interaction over the Pacific ba- 
sin. In these models the ENSO cycle depends on 
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flowing back of warm (or cold) water westward 
along the equatorial or off-equatorial latitudes 
through the western boundary reflection of 
Rossby waves during the cold (or warm) phase 
(Cane et al., 1986), where the OHC anomaly fun- 
damentally leads the wind stress anomaly in the 
equatorial Pacific. These models also suggest that 
the spreading of positive OHC anomaly in the 
whole equatorial Pacific basin is important for the 
preconditioning of the ENSO event, or in other 
words, the triggering of the unstable ocean/at- 
mosphere coupled mode. In the real system, how- 
ever, the wind stress anomaly in the western Pacific 
seems to be essential for producing the OHC 
anomaly later on in the whole equatorial Pacific, 
as shown in Fig. 8 and Fig. 9. By using a coupled 
atmosphere/ocean model, Yamagata and Masu- 
moto (1989) demonstrated that once this condi- 
tion (or preconditioning) is established the ENSO 
event evolves automatically. They also suggested 
that the predictability skill of the ENSO shown 
by Cane etal. (1986) is essentially based on the 
instability of this preconditioned state, 

We should comment here that although indi- 
vidual ENSO years appear every 3 to 6 years, they 
are all phase-locked with the phases of the QBO 
in the SWT anomalies in the western Pacific. For 
example, as shown in Fig. 3, the first half of each 
calender year of ENSO events (1986, 1972, 1976, 
1982) corresponds to the transition phase from 
the maximum to the minimum in the SWT and 
SST anomalies in the western Pacific. In 1974 and 
1979, however, although the same transitions oc- 
curred in the western Pacific (Fig. 3), E1 Nifio 
events in the eastern Pacific did not occur. In other 
words, the variation of OHC anomaly in the west- 
ern tropical Pacific during winter and spring, 
which seems to be modulated by the preceding 
Asian monsoon activity via the anomalous surface 
wind field, may provide a necessary or at least a 
very favorable dynamical condition for triggering 
ENSO events in the eastern Pacific. Masumoto 
and Yamagata (1989) have recently shown in the 
coupled model that both the OHC anomaly and 
the strong westerly wind anomaly in the western 
Pacific are very essential to produce the precon- 
ditioning mentioned above. 

In fact, the basic time scale of ENSO cycle may 
be decided by the heat storage of the whole equa- 
torial Pacific basin and the accumulation rate of 
warm water in the western Pacific as noted by 

Wyrtki (1985). The present results strongly suggest 
that the accumulation rate of warm water and also 
the timing of the preconditioning are modulated 
fundamentally by the anomalous surface wind 
field over the central/western Pacific. This wind 
field may be part of the coupled land/atmosphere/ 
ocean system involving the Asian monsoon sys- 
tem, rather than of the coupled atmosphere/ocean 
system over the equatorial Pacific. 

An important problem now reserved for future 
is the mechanism of the QBO in this coupled land/ 
atmosphere/ocean system, which seems to be "in- 
trinsic" to the tropics. The amplitude modulation 
of this oscillation may actually controls the fre- 
quency and intensity of so-called ,,westerly burst" 
over the western/central Pacific, which seems to 
be a key factor for triggering the unstable ocean/ 
atmosphere coupled mode. Further analysis for 
these problems is currently in progress using long 
term global data sets. 
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