Vol.18 Neo. 4 Advances in Atmospheric Sciences July 2001

Meridional Wind Stress Anomalies over Tropical Pacific and
the Onset of El Nifio. Part I: Data Analysis®

Zhang Renhe (3 AR), Zhao Gang (# MI)@ and Tan Yanke (REH)
LASG, Institute of Atmospheric Physics, Chinese Academy of Sclences, Beijing 100080

(Received November 13, 2600; revised March 28, 2001}

ABSTRACT H’Z A

By using correlation analysis and singular value decomposition (SVD) methods, diagnostic studies are
made to investigate the relationship between the meridional wind stress anomalies over the tropical Pacific
and El Niflo events, The correlation of the sca surface temperature anomabies (SSTA) in the NINO3 region

. (150°-90°W, 5°5—5°N) and the leading meridional wind stress anomalies shows that 1he NINO3 S5TA
significantly correlated with the anomalous meridional wind stress convergence in the equatorial eastern Pa-
cific at the leading time of more than six months, With the reduction of the leading time, the corrclation be-
comes stronger and the convergence area with statistical significance enlarges and extends 10 the west, The
coupling patterns between SSTA in tropic Pacificand the leading meridional wind stress anomalies revealed
by SYD show the similar feature to that revealed by the correlation analysis. The converging meridional
wind stress aboul the equator in the eastern equatorial Pacific precedes Lhe increasing of 85TA in the central
and eastern equatorial Pacific as early as balf a year or more. Compared to the keading zonal wind stress
anomalies in the tropical western Pacific, it seems that the increasing of the NINCG3 SSTA is more related to
the convergence of the leading meridional wind stress anomalies in the eastern equatorial Pacific, It is sug-
gested that preceding meridional wind stress anomalies may play an important role in the occurrence of El
Nifio events.
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1. Introduction

An El Nifio is the period when the ocean temperature of upper layer in the central and
eastern equatorial Pacific rises abnormally, The movement of the tropical upper layer ocean is
driven mainly by wind stress, The formation of the. mean state of the tropical upper layer
ocean is closely related to the atmospheric wind stress, and the occurrence of an El Nifio is as-
sociated with the atmospheric wind stress anomalies. A lot of researches have been done 10
investigate the role of the atmospheric wind stress on El Nifio (e.g., Wyrtki, 1975; Philander,
1981, Rasmusson and Carpenter, 1982; Weisberg and Tang, 1984; Huang and Zhang, 1997,
Zhang and Huang, 1998), All these researches have pointed out the importance of the zonal
wind stress anomalies during the El Ni%o episode throngh the data diagnosis, dynamic analy-
sis and the numerical simulation, respectively.
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Up to now, the studies have mainly emphasized the effects of the zonal wind stress
anomalies on an El Nifio. McCreary (1976) pointed out that the meridional wind stress
anomalies are notl important to an El Nifio because they cannot excite the oceanic Kelvin
wave, which is of central importance to El Nific events, However, the studies by Philander
and Pacanowski (1981), Yamagata and Philander (1985) and Xie (1994) demonstrated that
the meridional wind stress were important to the formation of the climatology, seasonal vari-
ations and annual cycle of the equatorial Pacific Ocean. Therefore, it can be inferred that the
anomalies of the meridional wind stress should cause the anomaly of the mean state of the
equatorial ocean,

In fact, some observational studies (e.g., Hickey, 1975; Philander, 1983) showed that one
of the precursors of an El Nifio is that ITCZ moves southward abnormally from its
climatological position of about 9°N to 3°N or even near the equator, The abnormally south-
ward moving of ITCZ should accompany the anomalies of the meridional wind stress field,
The results of numerical experiments by Philander and Pacanowski (1981} indicated that the
relaxation of the meridional wind stress can change the climatology of tropical ocean and
cause the variation of the zonal distribution of heat in the ocean. Therefore, the meridional
wind stress anomalies in the central and eastern equatorial Pacific should have important ef-
fects on the occurrence of El Nifio events.

Harrison (1989) studied the local and remote forcing of the wind stress on the 1982-83 El
Nifio event by using an oceanic model, In his model experiments, when the meridional wind
stress is omitted, but the zonal wind stress is retained within 7° of the equator, the model re-
produces upper—ocean dynamic height acceptably, but introduce errors in sea surface tem-
perature (SST) and upper—ocean currents that approach the ENSO signal, He pointed out
that the meridional wind contributed nontrivially to model near equatorial behavior during
the 1982-1983 ENSO event, However, the role of the meridional wind stress in the occurrence
of ENSO and how the meridional stress affects the ENSO are still unclear. In order to go fur-
ther insight into the physical mechanisms of the occurrence of an El Niiio, it is necessary to
investigate the effects of the meridional wind stress anomalies on El Nifio events,

This paper is the first part of this study. Through analyzing the observational data, the
relations of the meridional wind stress anomalies in the tropical Pacific with SSTA associated
with E1 Nifio will be investigated. In Section 2 the data and analysis methods are described.
The correlation between the meridional wind stress over the tropical Pacific and the SSTA in
the equatorial eastern Pacific is analyzed in Section 3. Section 4 discusses the coupling pat-
terns between the meridional wind stress anomalies and SSTA in the tropical Pacific by using
the SVD method. In Section 5 a comparison of the zonal and meridional wind stresses on the
occurrence of the El Nifio events is given, The summary and concluding remarks follow in
Section 6,

2. Data and analysis methods

The data used in the présent paper are the monthly mean sea surface wind siress data set
compiled by Florida State University (FSU) on a 2° % 2° grid over the area of tropical Pacific
29°5-29°N, 124°E-70°W from January 1961 to June 1989, The global monthly mean sea sur-
face temperature (SST) data set provided by the Japan Meteorological Agency (JMA) on
a 2° % 2° grid from January 1946 to August 1994 is also used, The SST data in the same peri-
od as wind stress data set are utilized in the analysis. The analysis methods used in the paper
are correlation and SVD analyses,
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3. Correlation between NINO3 SSTA and the meridional wind stress anomalies

In order to analyze the relationship between El Nifio events and the meridional wind
stress, based on the method of Zebiak and Cane (1987), an region called NINO3 (5°S—5°N,
90°~150°W) in the eastern equatorial Pacific is selected. The SSTA averaged over the NINO3
region acts as the proxy of the change of SSTA in the eastern equatorial Pacific associated
with El Nifio events. Figure 1 shows the time evolution of the monthly NINO3 SSTA. It can
be seen clearly that the positive peaks of the NINO3 SSTA indicate well the El Nifio events,
We also can see from Fig, 1 that there are 7 El Nifio events in the daia period. They occurred
in 1963, 1965, 1969, 1972, 1976, 1982 / 83 and 1986 / 87, respectively.

Figure 2 shows the correlation coefficients between the NINO3 SSTA and meridional
wind stress prior to NINO3 SSTA by seven months (Fig. 2a), five months (Fig. 2b), three
months (Fig. 2¢c) and one month (Fig. 2d) as well as at the same time (Fig. 2e), respectively,
The shadings in Fig, 2 are the areas with statistical significance at 95% level. Corresponding
to a positive NINO3 SSTA or SST rising in the NINO3 region, the positive and negative cor-
relation coefficients in Fig. 2 represent the southerly and nottherly wind stress anomalies,
respectively.

When the meridional wind stress is prior to NINO3 SSTA by seven months (Fig. 2a), it
can be found that in the equatorial eastern Pacific between 80°~150°W, the negative correla-
tion appears to the north of about 2°N and the positive correlation around and to the south
of the equator. It is indicated that in seven months before the NINO3 SSTA rising, there ap-
pear northerly wind stress anomalies in the north of the equator and southerly wind stress
anomalies in the south of the equator. The meridional wind stress anomalies converge about
the equator in the eastern equatorial Pacific although the converging area of statistical signifi-
cance is small and is confined near the equator. Meanwhile, another significant area of posi-
tive correlation can be found to the northeast of Australia.

When the meridiona) wind stress is prior to NINO3 SSTA by five months (Fig, 2b), both
the negative correlation area to the north of equator and the positive correlation area to the
south of equator in the equatorial eastern Pacific showed in Fig. 2a become larger and expand
westward, The converging area stretches to the dateling and the correlation becomes stronger.
The positive correlation area to the northeast of Australia also strengthens, The correlation
coefficients prior by three months and one month are shown in Figs. 2¢ and 2d, respectively.
The negative correlation area to the north of equator and the positive correlation area to the
south of equator enlarge continuously. And the correlation coefficients are also intensified.
The areas with statistical significance in the tropical eastern Pacific become larger and the
anomalous convergence becomes much stronger. There exists fairly strong converging area
about the equator, In the meantime, the positive correlation area of statistical significance to
the northeast of Australia appears between about 20°8—0° and extends to the central Pacific,
which, together with the northerly wind stress in the north of equator, forms another
abnormally convergent area in the central and western equatorial Pacific. The simultaneous
correlation between NINO3 SSTA and the meridional wind stress is shown in Fig. 2. The
converging areas are mote significant. At this time, the anomalous convergence of the
meridional wind stress almost appears in the whole equatorial Pacific,

From the above correlation analyses, it can be seen that in the central and eastern equa-
torial Pacific there is significant correlation between NINO3 SSTA and leading meridional
wind stress anomalies converging near the equator. In seven months before El Nifio events,
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Fig. L. The time evolution of the monthly NINO3 SSTA (1961-1989).
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meridional wind stress anomalies appear in the eastern equatorial Pacific, And with the reduc-
tion of the leading time, the anomalous convergence of the meridional wind stress intensifies
significantly and expands westward. It is indicated that there may be an inherent relation be-
tween the El Nifio occurring and the anomalies convergence of meridional wind siress which
precedingly appears in the eastern equatorial Pacific. In the next section, in order to study fur-
ther the relationship between meridional wind stress anomalies and SSTA in the tropical Paci-
fic, we analyze the coupling patterns of them by SVD method,

4. Coupling patterns of SSTA and meridional wind stress anomalies

In the above section we have seen that the leading meridional wind stress in the equatori-
al eastern Pacific is significantly correlated with the NINO3 SSTA, Similar to the above sec-
tion, by using SVD method, in this section we analyze the coupling patierns of the tropical
Pacific SSTA with the preceding meridional wind stress anomalies by SVD method.

Figure 3 shows the coupling patterns of SSTA and the meridional wind stress anomalies
prior to SSTA by six months for the first mode with the largest singular value in SVD. The
evolutions of the time coefficients of the first mode are also shown in Fig, 3. Since the first
mode has the largest covariance contribution and corresponds to the interannual variation as-
sociated with El Nifio events, in the following we discuss only this mode.
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Fig. 2. Correlation coefficients between the NINO3 SSTA and the meridional wind siress prior 1o
NINO3 SSTA by seven months (a), five months (b), three months (¢} and one month (d) as well as
at the same time (e), respectively. Shadings are the areas with statistical significance at 5% level,

The coupling pattern of meridional wind stress anomalies is given in Fig, 3a, It can be
found that Fig. 3a is similar to the correlation pattern in the previous section, There are also
anomalous converging of the meridional wind stress near the equator in the eastern equatorial
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Fig. 3. Coupling patterns ot SSTA {c) and the meridional wind stress anomalies prior to SSTA by
six months {a) for the first mode with the largest singular value, and evolutions of the time
coefficients of coupling paticrns of SSTA {d) and meridional wind sitess anomalies (b).

Pacific, Moreovet, there appears another converging area in the central and western equator-
ial Pacific, The strongest wind siress anomalies appear in the eastern equatorial Pacific be-
tween 120°E and 80°E. The maximum center of northerly wind stress anomalies appears in
the north of equator and southerly wind stress anomalies in the south of equator. It is indi-
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cated that the strongest anomalous convergence of the meridional wind stress anomalies is in
the eastern equatorial Pacific.

The coupling pattern of SSTA is shown in Fig. 3¢, Corresponding 1o the anomalous
convergence of the meridional wind stress as shown in Fig, 3a, the positive SSTA appears in
the central and eastern tropical Pacific. In addition, il can be seen that although the positive
SSTA exists near the equator, centers of the largest SSTA are not at the equator, They are lo-
cated in the eastern Pacific at about 10°N and 13°S, respectively. It is suggested that the posi-
tive SSTA not only near the equator, but also at these places are related to the pattern of the
meridional wind stress anomalies as shown in Fig, 3a, The evolutions of time coefficients of
coupling patterns of the meridional wind stress anomalies and SSTA for the first mode are
shown in Fig. 3b and Fig. 3d, respectively. We can see that they have very similar variations
and are of high correlation, Compared with the evolution of the NINO3 SSTA in Fig, 1, their
positive peaks correspond well to El Nifio events, [t is demonstrated that the first mode of the
coupling patterns reflects the relations and the features of the interannual variations of the
meridional wind stress anomalies and SSTA associated with El Nifio events.

Figures 4 and 5 show the coupling patterns of SSTA and the meridional wind stress
anomalies prior to SSTA by three months and one month, respectively. Their first modes
have the largest singular values in SVD. Similar to the coupling patterns of the meridional
wind stress anomalies prior to SSTA by six months (Fig. 3), these first modes of the coupling
patterns have the highest correlation coefficients and covariance contributions, and corre-
spond to the interannual variations associated with El Nifio events,

From Fig. 4 and Fig. 5, we can see that the distributions of the coupling patterns of
SSTA and the meridional wind stress anomalies are quite similar to those for the meridional
wind stress anomalies prior to SSTA by six months as shown in Fig. 3. There is no essential
difference among the patterns of meridional wind stress anomalies except the changes of their
values. As the leading time decreases, both the anomalous northerlies to the north of equator
and anomalous southerlies to the south of equator strengthen. The convergence of the
meridional wind stress anomalies about the equator becomes stronger. For the coupling pat-
terns of the SSTA, in the central and eastern equatorial Pacific the SSTA becomes higher as
the leading time decreases. The positive centers of the SSTA appearing in both sides of equa-
tor at about 10°N and 13°8 (Fig. 3c) move to 7°N and 10°S at leading time three months (Fig.
4¢), and 5°N and 7°S at leading time one month (Fig. 5c). It is suggested the strengthening of
the meridional wind convergence about equator is favorable for the SST increasing near equa-
tor., In fact, when the wind stress is one month prior to SSTA (Fig, 5), the positive center of
SSTA appears in the central and eastern equatorial Pacific, which is similar to the SSTA dis-
tribution of an El Nifio event,

In the previous section, we have seen that the NINO3 SSTA is significantly correlated
with the leading meridional wind stress anomalies in a converging form about the equator
and the correlation coefficients get greater as the leading time decreases. Here we can see
changes of the coupling patterns of the strengthening of the converging wind stress anomalies
about the equator and increasing of SSTA in the equatorial eastern Pacific as the leading time
becomes smaller. The evolutions of the time coefficients of the coupling patterns of
meridional wind stress anomalies at the leading times of three months and one month are
shown in Fig. 4b and Fig. 5b, respectively, Figure 4d and 5d show the time coefficients of the
corresponding SSTA, respectively, Compared with Fig. 1, it can be seen that for each El Nifio
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Fig. 4. Same as Fig. 3 but for the meridional wind siress anomalies prior 10 $STA by three months.

event there exists & maximum of the time coefficients. Therefore, same as the coupling pat-
terns of wind stress prior to SSTA by six months {see Fig. 3), the coupling patterns given in
Figs. 4 and § represent the coupling features of leading meridional wind stress anomalies and
SSTA in their interannual variations associated with El Nifio events.
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Fig. 5. Same 25 Fig. 3 but for the meridional wind stress anomalies prior ic SSTA by one month,
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Table | shows the covariance contributions. correlation coefficients and the variance
contributions of meridional wind stress anomalies and SSTA for the first mode of the coup-
ling patterns in SVD for the meridional wind stress anomalies prior to SSTA by six months,
three months and one month, respectively, From Table 1 it can be seen that with the de-
creasing of the leading time, the correlations between SSTA and the preceding meridional
wind stress anomalies become stronger, and the covariance contributions become larger. The
variance contributions of the meridional wind stress aromalies and SSTA are also getting
larger as the leading time decreases. The increasing of the covariance contributions and the
variance contributions for each field indicates that the first modes of the coupling patterns
contribute and explain more and more the real fields as the leading time decreases. And also
the smaller the leading time, the more effect of the leading meridional wind stress anomalies
in the formation of converging about the equator on the increasing of the positive SSTA in
the eastern equatorial Pacific.

Fable 1. Parameters of the first mode of the coupling patterns in 3VD>

Leading Covariance Correlation Variance contri— Variance contribution of
months contribution CoefTicient bution of SSTA wind stress anomalies

6 59.50% 0,64 25.52% 575%

3 72.15% 0.77 28.16% 6.58%

1 72.57% 0.84 28.43% 717%

5. Comparison of the role of zonal and meridional wind stresses in El Nifio occurring

As mentioned in the introduction, many researches have pointed out the importance of
westerly anomalies over the tropical western Pacific to the occurrence of the El Nifio events.
In our present analysis, it also shows that the meridional wind stress anomalies may have a
significant effect on the warming in the eastern equatorial Pacific. Prior to the warming of the
NINO3 SSTA, northerly anomalies to the north of equator and southerly anomalies to the
south of equator appear in the eastern equatorial Pacific, In order to compare the role of such
convergence in the El Nifio occurrence with that of the zonal wind stress, we make the differ-
ence between meridional wind stress anomalies averaged over the area 120°-86°W, 3°-9°N
and those over the area 120°-86°W, 5°S—1°N. The difference is called ¥ ;. , which is taken to
be an index of the anomalous convergence of meridional wind stress anomalies in the equator-
ial eastern Pacific. We also make the zonal wind stress anomalies averaged over the area
124°-160°E, 10°5—10°N, called U,,,, as the index of the zonal wind stress anomalies over
tropical western Pacific. The correlation coefficients of the NINQ3 SSTA with the leading
V and U, are shownin Fig. 6,

From Fig, 6 we can see that the leading zonal wind stress anomalies in the western tropi-
cal Pacific (U, ) are positively correlated with the NINO3 SSTA. It means that prior to the
increasing of the NINO3 SSTA, westerly anomalies appear in the tropical western Pacific.
The correlation is statistically significant from the leading time two to nine months, The larg-
est correlation appears at the leading time four months and the correlation coefficient is 0.33.
For the convergence of the leading meridional wind stress anomalies in the eastern equatorial
Pacific (V,, ), there appears negative correlation, It indicates the leading anomalous
convergence corresponds to the increasing of the NINO3 SSTA. The correlation increases as
the leading time decreases. From the leading time seven months, the correlation becomes
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Fig. 6. Correlation coefficients of NINO3 88TA with leading zonal wind stress anomalies aver-
aged over the area 124°—160°E, 10°8—10°N (outline bar) and with the difference between leading
meridional wind stress anomalies averaged over the area 120°—86°W, 3°—9°N and those averaged
over the area 120°-86°W, 5°5—1°N (filled bar).

statistically significant. Figure 6 also shows that from the leading time six months, the correla-
tion coefTicients for the convergence anomalies in the eastern equaterial Pacific are larger
than those for the zonal anomalies in the tropical western Pacific. Compared to the leading
zonal wind stress anomalies in the tropical western Pacific, it seems that the increasing of the
NINO3 SSTA is more related to the convergence of the leading meridional wind stress anom-
alies in the eastern equatorial Pacific,

6. Summary and concluding remarks

The analyses in the present paper show that NINO3 SSTA are significantly stically corre-
lated with the preceding meridional wind stress anomalies in a converging form about the
equator in the eastern equatorial Pacific, Prior to the rising of the 8ST in the NINO3 region
by more than half a year, there exists the correlation of NINO3 SSTA with the northerly wind
stress anomalies to the north of the equator and southerly anomalies to the south of equator
in the equatorial eastern Pacific. Such convergence of the meridional wind stress anomalies in-
tensifies and expands westward as the leading time reduces. Compared to the leading zonal
wind stress anomalies in the tropical western Pacific, it seems that the increasing of the
NINO3 SSTA is more related to the convergence of the leading meridional wind stress anom-
alies in the eastern equatorial Pacific,

The coupling patterns between SSTA and the leading meridional wind stress anomalies
for the first mode with the largest singular value in SVD have similar features to that of the
correlation analyses. The coupling pattern of SSTA shows that while the positive SSTA in the
central and eastern equatorial Pacific, the leading meridional wind stress anomalies are in the
form of northerly wind stress anomalies to the north of equator and southerly wind stress
anomalies to the south of equator, which converge about the equator, As the leading time re-
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duces, the preceding anomalous convergence becomes stronger and the SSTA in the central
and eastern equatorial Pacific become higher, and the SSTA distribution is getting similar to
that of an El Nifio event. The evolutions of time coefficients of the coupling patterns have the
maximum peaks during each El Nifio episode, It is indicated that the coupling patterns of
SSTA and the leading meridional wind stress anomalies for the first mode with the largest
singular value in SVD correspond to their inlerannual variations associated with El Nifio
events,

The analyses demonstrate that the leading meridicnal wind stress anomalies in the cen-
tral and eastern equatorial Pacific are significantly correlated with the occurrence of El Niiio
events, In order to understand the physical relation of the converging wind stress to the onset
of EI Nifio, in the next part of this study, based on the observational facts revealed here, an
ideal convergent meridional wind stress anomaly will be constructed. By using a simple tropi-
cal aceanic model, theoretical analyses will be given to investigate the response of the tropical
ocean to the convergent meridional wind stress and the dynamical role of the convergent wind
stress in the occurrence of the El Nifio event,
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