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Abstract Intraseasonal variability (ISV) is a primary source
for the sub-seasonal prediction that affects the livelihood of
billions of people. Interannual variation of ISV intensity is
important for seasonal prediction of ISV impacts on severe
weathers. Existing measures of overall tropical ISV intensity,
however, do not show any significant simultaneous relation-
ship with external sea surface temperature anomalies (SSTAs).
In this study, it is proposed that the ISV intensity, represented
by the seasonal standard deviation of the 30-90-day filtered
outgoing longwave radiation (OLR), has a good relation with
the external SSTAs. With this measure, two major compo-
nents of the interannual variability of global ISV intensity
are detected for both boreal summer and winter: EOF1 calls
its variability over the central Pacific and EOF2 is associated
with the variability over the Indo-Pacific Warm Pool region.
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More importantly, each of these two components is signifi-
cantly related to SSTAs over a specific tropical region. The
central Pacific ISV intensity is strong during central Pacific
warming, while the ISV intensity is strong over the Indo-
Pacific Warm Pool region during eastern Pacific cooling.
The eastern and central Pacific warming has very different
impacts on the ISV intensity: The eastern Pacific warming
largely reduces the winter ISV intensity over the Indian
Ocean, while the central Pacific warming only induces neutral
winter ISV intensity anomalies over the Indian Ocean. In the
summer, the ISV intensity variability is confined near the
equator associated with the central Pacific warming; the east-
ern Pacific warming, however, induces large ISV intensity
variability over the western North pacific because of strong
northeastward propagation of the boreal summer ISV under
the easterly vertical shear.

1 Introduction

Intraseasonal variability (ISV) with time scales of 30-90 days
is an important mode in the tropical atmosphere, which ex-
hibits strong multi-scale interaction (Wang and Liu 2011; Liu
et al. 2012; Liu and Wang 2012a, 2013a) and prominent sea-
sonal variation (Madden 1986; Wang and Rui 1990; Salby and
Hendon 1994; Zhang and Dong 2004; Kikuchi et al. 2012). In
the boreal winter, the dominant mode of ISV is the Madden-
Julian Oscillation (MJO; Madden and Julian 1971, 1972)
characterized by a planetary scale of wavenumbers 1-3, low
frequency of 30-90 days, and a slow eastward propagation. In
the boreal summer, the dominant boreal summer intraseasonal
oscillation exhibits significant northward/northeastward prop-
agation over the Indian Ocean (Yasunari 1979; Krishnamurti
and Subrahmanyam 1982; Lau and Chan 1986; Annamalai
and Sperber 2005; Wang et al. 2005) and northward/
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northwestward propagation over the western North Pacific
(Murakami 1984; Kemball-Cook and Wang 2001).

Although prevailing over the tropics at the intraseasonal
time scale, the ISV has large impacts on a wide variety of
climate phenomena across different spatial and temporal
scales, such as the onsets and breaks of various monsoon
systems (Yasunari 1979; Wang and Xie 1997; Martin and
Schumacher 2011; Liu and Wang 2012b; Zhou and
Murtugudde 2014), formation of tropical cyclones
(Liebmann et al. 1994; Maloney and Hartmann 2000a, b;
Serra et al. 2010), and other related climate anomalies
(Zhang 2013). Further, the ISV also affects the onset of some
El Nifio events (Zhang 2005).

Due to the widespread impacts of the ISV on various
weather and climate events, it is important to find out what
controls the year-to-year variability of the ISV intensity. The
ISV was found to exhibit a considerable interannual variation
(Salby and Hendon 1994; Hendon et al. 1999; Slingo et al.
1999). There have been a few studies on the interannual var-
iation of the ISV and its relationship with sea surface temper-
ature anomalies (SSTAs), but the results remained controver-
sial. Most studies demonstrated that the overall ISV intensity
was uncorrelated with the SSTAs (Salby and Hendon 1994;
Hendon et al. 1999; Slingo et al. 1999; Lawrence and Webster
2001). When using zonal mean 200-hPa zonal wind to mea-
sure the MJO intensity, a very weak linkage between the MJO
intensity and SSTAs was found (Slingo et al. 1999). A weak
relation between the MJO intensity and SSTAs was also re-
ported by Hendon et al. (1999). The ISV intensity can be
monitored by Wheeler-Hendon (WH) index (Wheeler and
Hendon 2004; Hendon et al. 2007). When using the amplitude
of the real-time multivariate MJO series 1 (RMM1) and 2
(RMM2), i.e., by summing the squares of RMMI1 and
RMM?2 over the whole season, to represent the seasonal mean
ISV strength, this WH intensity has no significant correlation
with the SSTA over the Pacific (Fig. 1).

In the WH index, the RMM1 and RMM2 are associated
with the convection anomalies of the ISV over the Maritime
Continent and over the Pacific Ocean, respectively (Wheeler
and Hendon 2004). The WH intensities representing by the
seasonal mean standard deviation of RMM1 and RMM?2 show
the region-dependent ISV intensity. Similar results, as in
Fig. 1, have been obtained (figure not shown). In the winter,
both the WH intensity over the Maritime Continent
(representing by RMM1) and over the Pacific Ocean
(representing by RMM?2) do not have significant correlation
with the SSTA. In the summer, the WH intensity over the
Maritime Continent is significantly correlated to the local
SSTA over the Maritime Continent and the SSTA over the
equatorial Atlantic; no significant correlation, however, has
been found over the Pacific. The summer WH intensity over
the Pacific also has no significant correlation with the global
SSTA. These results show that the overall WH intensity and
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the region-dependent WH intensity all have no significant
correlation with the equatorial Pacific SSTA associated with
the El Nifio-Southern Oscillation (ENSO).

Since the ENSO is the most energetic and predictable mode
on the interannual time scale, the relation between the ISV
intensity and ENSO has been extensively studied (Lau and
Chan 1988; Lau and Shen 1988; Weickmann 1991;
Takayabu et al. 1999; Kessler and Kleeman 2000; Bergman
et al. 2001; Zhang and Gottschalck 2002; Teng and Wang
2003; Hendon et al. 2007; Yun et al. 2008); large discrepan-
cies, however, exists for this relation. Some studies suggested
that the overall amplitude of the ISV intensity has no relation
with the ENSO (Hendon et al. 1999; Slingo et al. 1999), and
the model calculations show very little interannual predictabil-
ity of the ISV intensity (Waliser et al. 2001). In theory, how-
ever, the warm SST should enhance the deep convection of the
MJO (Salby et al. 1994). Thus, during La Nifia conditions, the
MIJO is mostly confined west of the date line, with largest
activity located over the Indian Ocean and the western
Pacific. In warm El Nifo conditions, the convective anomalies
associated with the oscillation appear to penetrate farther into
the central pacific (Gualdi et al. 1999; Moon et al. 2011). The
MJO strength in the western Pacific was correlated to the
eastward extension of the Warm Pool’s eastern edge
(Anyamba and Weare 1995; Hendon et al. 1999; Kessler
2001), the increased ISV activity over the central Pacific dur-
ing El Nifio event was found (Liess et al. 2004), and the MJO
activity over the equatorial Pacific from 160° E to the coast of
South America is highly correlated to the collocated SSTAs
(Fink and Speth 1997). Teng and Wang (2003) found that the
relation between ISV and ENSO is seasonally and regionally
dependent; the wintertime MJO is uncorrelated with the
ENSO, but the boreal summer ISV in May—July is intensified
during El Nifio developing years. In the models, the leading
empirical orthogonal function (EOF) modes of boreal summer
ISV intensity are closely linked to the models” ENSO, which
resembles the observed boreal summer ISV and ENSO rela-
tionship (Kim et al. 2008).

The unresolved issue is why the current measures of overall
ISV intensity, such as the WH intensity and Slingo et al. index,
show weak linkage between ISV intensity and SSTAs. A more
general question is whether SSTAs affect the ISV. If they do,
to what extent is the ISV determined by SSTAs and how?
These questions call for a re-examination of the relationship
between the ISV and the SSTAs.

2 Data

The outgoing longwave radiation (OLR) has also been widely
used as a primary variable in the development of indices for
the MJO (Waliser et al. 1999; Lo and Hendon 2000; Wheeler
and Hendon 2004) and for the boreal summer ISV (Lee et al.
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Fig. 1 Simultaneous correlation
between WH intensity and
seasonal mean SSTA for the a
boreal winter and b boreal
summer. Positive (negative)
correlation is denoted by red
(blue). The contour interval is
0.05, and 0 contour is omitted. No
simultaneous correlations are
significant (#=0.36) above the

a) Correlation coefficients between WH intensity and SSTA (NDJFM)
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2013). We use the seasonal standard deviation of 30-90-day
filtered OLR to represent the ISV intensity in this study.

The data sets used include the 30-year (1981-2010) daily
advanced very high-resolution radiometer (AVHRR) OLR
with 2.5° horizontal resolution based on the National
Oceanic and Atmospheric Administration (NOAA) polar
orbiting satellites (Liebmann and Smith 1996), the monthly
mean winds and specific humility at 850 hPa from the
NCEP/Department of Energy (DOE) Reanalysis II
(Kanamitsu et al. 2002) with 2.5° horizontal resolution, and
the monthly mean SST from the Improved Extended
Reconstructed SST (ERSST.v3b) data set developed by the
NOAA (Smith et al. 2008) with 2° horizontal resolution.
The period of June—October is selected to represent the boreal
summer (Kikuchi et al. 2012; Lee et al. 2013). The period of
November—March is selected to represent the boreal winter
and the extended Australian summer season (Hendon et al.
1999).

3 Interannual variability of ISV intensity and their
SST control

In order to find out what controls the interannual variability of
ISV intensity, a clear picture of the year-to-year variation of
ISV intensity has to be obtained and we prefer using the EOF
analysis. The climatological ISV intensity at each grid is ob-
tained for the boreal summer and winter separately with the
30-year average (from 1981 to 2010) and is then removed
from the total ISV intensity. In this work, only the ISV inten-
sity within the tropical (20° S-20° N) channel is analyzed. The
spatial structures of the two leading EOFs of ISV intensity are
presented in Fig. 2. The percentage variance accounted for by
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each EOF mode is 18.1 and 13.7 % for boreal winter and is
14.9 and 9.7 % for boreal summer. Thus, the first two leading
EOF modes can account for 31.8 % (24.6 %) of total variance
in the boreal winter (summer) tropics. They are well separated
from the EOF3 (explains only 6.3 %) for winter, but not well
separated for summer (explains only 6.4 %) based on the
criteria of North et al. (North et al. 1982). Hence, we mainly
focus on the first two EOFs.

In the winter, the variability of EOF1 is mainly located over
the central Pacific region (Fig. 2a). The EOF2, however, is
dominated by a strong variability in the Indo-Pacific Warm
Pool region (Fig. 2b), although an out-of-phase variability is
located over the eastern South Pacific. This means that the
interannual variability of the boreal winter ISV intensity can
be separated into two different components, which capture the
ISV intensity over the central Pacific and Indo-Pacific Warm
Pool regions, respectively. In the summer, the boreal summer
ISV intensity can also be separated into two different compo-
nents: The variability of EOF1 is mainly located over the
central Pacific (Fig. 2c), and the EOF2 is dominated by a
strong variability in the western North Pacific (Fig. 2d).

The simultaneous correlation maps between the SSTAs and
each PC of the ISV intensity components are also
superimposed in Fig. 2. Note that both components are signif-
icantly correlated to the seasonal mean SSTA for both sea-
sons: EOF1 is related to the central Pacific SSTA (Fig. 2a,
c), while EOF2 is related to the eastern Pacific SSTA
(Fig. 2b, d). The highest correlation coefficients exceed 0.65
(above the 99 % confidence level) for both EOFs and both
seasons, which means that these two EOFs are related to the
central or eastern Pacific SSTA associated with the develop-
ing, developed, or decaying phase of the ENSO or associated
with different types of the ENSO, i.e., the eastern Pacific
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Fig. 2 Two major components of ISV intensity variability and their
relationship with seasonal mean SSTA. Shadings denote spatial patterns
of'the first two EOFs of a, b boreal winter (November—March) ISV and ¢,
d boreal summer (June—October) ISV intensity. The ISV intensity is
represented by the seasonal standard deviation of 30-90-day band-pass

ENSO and the central Pacific ENSO. Strikingly, the relation-
ship between these two components and the SSTA are out of
phase in the tropical Pacific: EOF1 has a positive correlation
with the central Pacific SSTA, while EOF2 has a negative
correlation with the eastern Pacific SSTA. This out-of-phase
relationship may explain why the overall tropical ISV intensi-
ty, the WH intensity that represents the global ISV intensity,
has no significant correlation with seasonal mean SSTAs.

The physical processes behind SSTA controlling of these
two ISV intensity components are discussed with the help of
Fig. 3, which shows the regressed boreal winter anomalies of
some fields with respect to each PC of the two ISV intensity
EOFs. To compare with PC1 (Fig. 3a, ¢) more easily, the
regressed maps with respect to —PC2 are given (Fig. 3b, d),
so the regressed SSTAs over the central to eastern Pacific are
both positive.

Before discussing how SSTA controls the ISV intensity,
existing mechanisms should be mentioned first. Generally
speaking, the rich moisture supply usually favors the growth
of the ISV (Li and Wang 1994; Zhang 2005). The positive
zonal moisture gradient also favors the growth of the ISV
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120w Bow

filtered OLR. Contours denote simultaneous correlation coefficients
between the seasonal mean SSTA and each PC of first two EOFs.
Purple (green) contours denote positive (negative) correlation, and they
are all significant (»=0.36) above the 95 % confidence level. For clarity of
presentation, only ISV intensity with amplitude above 3 W m  is shaded

(Maloney et al. 2010). The air—sea interaction is positive over
low-level westerly wind for the ISV, and the evaporation feed-
back is negative for the ISV under the seasonal mean easterly
wind (Emanuel 1987; Wang 1988; Wang and Xie 1998; Liu
and Wang 2013b). The enhanced preceding ISV over the west-
ern Pacific will enhance the downstream out-of-phase ISV
over the Indian Ocean through moisture and temperature ad-
vection (Zhao et al. 2013). In the boreal summer, the strong
easterly vertical shear favors the northward propagation of the
ISV (Jiang et al. 2004), and the ISV is enhanced over the
western North Pacific (Liu and Wang 2014). In the year when
these feedbacks are positive, the ISV is much active; thus, on
the interannual time scale, the ISV intensity is strong com-
pared to neutral years.

We first discuss the boreal winter ISV. During the years
when the ISV intensity over the central Pacific is strong
(Fig. 3a), there is a warming in the central Pacific, with pos-
itive seasonal mean moisture anomalies and strong low-level
westerly wind anomalies located over the central Pacific. In
the Indo-Pacific Warm Pool region, the moisture anomalies
are negative, and they are accompanied by low-level easterly
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Regressed SSTA, Moisture and Winds (Boreal Winter)

120E 180

Fig. 3 Anomalies of seasonal mean state associated with the first two
EOFs. Shown are regressed seasonal mean SSTA (contours; in °C), 850-
hPa specific humility anomalies (shadings; g kg™"), and 850-hPa wind

wind anomalies. Over the central Pacific, the rich moisture
supply favors the growth of the ISV (Zhang 2005). Under
the seasonal mean low-level easterly wind, the air—sea inter-
action is a negative feedback for the ISV because the ISV
easterly wind anomalies will cool down the SST in front of
the ISV through increasing the evaporation and oceanic en-
trainment, and the cold SST will suppress the ISV (Wang and
Xie 1998; Liu and Wang 2013b). Thus, the low-level westerly
wind anomalies will reduce the climatological easterly wind in
the central Pacific and suppress this negative feedback. As a
result, the ISV is enhanced over the central Pacific. Over the
Indo-Pacific Warm Pool, although the seasonal mean moisture
anomalies are negative, anomalies of seasonal mean zonal
moisture gradient are positive, and the zonal moisture advec-
tion favors the growth of the ISV (Maloney et al. 2010); thus,
the ISV still can grow there (Fig. 2a).

In the years when the boreal winter ISV intensity over the
Indo-Pacific Warm Pool is weak (Fig. 3b), positive SSTA
occurs over the eastern Pacific, and positive seasonal mean
moisture anomalies are located over the eastern South
Pacific. Due to this eastern Pacific warming associated with
the El Niflo, the Walker circulation anomaly is reversed; thus,
negative seasonal mean moisture anomalies and low-level

1200

anomalies (vectors) of each of the first two PCs for a, b the boreal winter
ISV and ¢, d the boreal summer ISV

easterly wind anomalies appear in the Indo-Pacific Warm
Pool region. Although the seasonal mean moisture is en-
hanced over the eastern South Pacific, the climatological mean
moisture there is too low, and the ISV cannot be enhanced
much (Fig. 2b). In the Indo-Pacific Warm Pool region, the
negative mean moisture anomalies and low-level easterly
winds are not favorable to the ISV. Meanwhile, the anomalies
of seasonal mean zonal moisture gradient are also weak be-
cause the moisture anomalies in the eastern South Pacific are
too far away. The ISV thus is much suppressed in the Indo-
Pacific Warm Pool region. Conversely, the ISV is very strong
in the Indo-Pacific Warm Pool region due to the eastern
Pacific cooling.

In boreal summer, similar processes also exist (Fig. 3¢, d).
The EOF1 is more like the ENSO-related ISV mode in the
observation (Teng and Wang 2003) and in the models (Kim
et al. 2008), and the strong easterly vertical shear related to the
El Nino is favorable for the growth of the ISV. Because of
strong northward propagation of the ISV, the strong variations
are observed over the western North Pacific (Fig. 2d).

Although the anomalous moisture and low-level flow pat-
terns are generally similar over the Indian Ocean in the winter
(Fig. 3a, b), the ISV intensity is almost neutral over the Indian
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Ocean associated with the central Pacific warming (Fig. 2a),
while it is much reduced associated with the eastern pacific
warming (Fig. 2b). This difference is induced by different
mean states over the western Pacific. When the central
Pacific is warm, the ISV is much enhanced over the western
Pacific (Fig. 2a) because of the positive zonal moisture gradi-
ent and low tropospheric westerly (Maloney 2009; Liu and
Wang 2013b). The easterly wind anomalies of the down-
stream Rossby waves response to a preceding suppressed
phase ISV over the western Pacific usually increase the mois-
ture and temperature anomalies over the western Indian Ocean
and initiate the ISV there (Zhao et al. 2013), and the enhanced
preceding ISV over the western Pacific will also enhance the
downstream out-of-phase ISV over the Indian Ocean. This
positive feedback will compete against the negative feedback
of the Indian Ocean mean states and produce a neutral varia-
tion of the ISV intensity over the Indian Ocean. When the
eastern Pacific is warm, the positive seasonal mean moisture
and low-level westerly winds are far away from the western
Pacific (Fig. 3b). The ISV cannot be enhanced over the west-
e Pacific, and the positive feedback of the preceding ISV
disappears over the Indian Ocean; thus, the ISV over the
Indian Ocean will be largely reduced by the negative feedback
of the Indian Ocean mean states.

In the summer, although the easterly vertical wind shear
plays a critical role in regulating the northward propagation of
the boreal summer ISV, the ISV intensity of EOF1 is more near
the equator (Fig. 2¢), while the ISV intensity of EOF?2 is largely
off-equator (Fig. 2d). This is because the strong climatological
mean easterly vertical shear with a magnitude of 25 m/s exists
over the Indian Ocean and western North Pacific, while strong
climatological mean westerly vertical shear with a magnitude of
15 m/s exists over the central North Pacific (Teng and Wang
2003). When the eastern Pacific is cold, the easterly vertical
shear still exists over the Indian Ocean and western North

Fig. 4 Relationship between two

a) Boreal Winter: Corr between WH intens

Pacific, and the enhanced boreal summer ISV can propagate
northeastward to the western North Pacific. When the central
Pacific is warm, over the central North Pacific the westerly
vertical shear still prevails, and the northward propagation dis-
appears and the enhanced boreal summer ISV is confined near
the equator. Thus, these two EOFs show ISV intensity near and
off the equator respectively. Keep in mind that we are focusing
on the anomalous ISV. When the central Pacific is warm, the
northwestward propagation of ISV still exists over the western
North Pacific. This western North Pacific ISV, however, is not
stronger than that of neutral years because the enhanced ISV is
located over the central Pacific.

For both seasons, there is a phase lag between the Pacific
warming related to these two EOF modes (Fig. 3). We con-
clude that it is this phase lag that controls these different ISV
intensity—SSTA relationships. When the SST warming occurs
in the central Pacific, the associated rich moisture and low-
level westerly wind anomalies or easterly vertical shear favor
the growth of the ISV over the central Pacific. When the SSTA
occurs in the eastern Pacific, the ISV convection cannot be
enhanced there because of the low climatological SST there.
The Indo-Pacific Warm Pool region, however, is strongly im-
pacted by the eastern Pacific SSTA through the Walker circu-
lation, and the seasonal mean moisture anomalies affected by
the eastern Pacific SSTA will control the strength of ISV in the
Indo-Pacific Warm Pool region.

4 Concluding remarks

In this paper, we show that the two major components of ISV
intensity variability, namely EOF1 associated with the central
Pacific variability and EOF2 associated with the Indo-Pacific
Warm Pool variability, are highly controlled by the SSTA

components of ISV intensity 1
variability and WH intensity. PC1
(red dashed curve), PC2 (blue 05

dashed curve) associated with the
first two EOFs in Fig. 2, and WH
intensity (black curve) are drawn 05
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forcing for both the boreal winter and boreal summer ISV
intensity (Figs. 2 and 3).

Although local SST increase will enhance the ISV intensity by
increasing convection (Salby et al. 1994), the seasonal mean
zonal moisture gradient (Maloney 2009), zonal winds induced
evaporation (Emanuel 1987; Wang 1988), and the preceding ISV
induced ISV initiation at the western Indian Ocean (Zhao et al.
2013) all can affect the ISV intensity. Thus, the central and east-
ern Pacific warming induces very different ISV intensity patterns.
The eastern Pacific warming largely reduces the winter ISV
intensity over the Indian Ocean, while neutral winter ISV inten-
sity is induced over the Indian Ocean by the central Pacific
warming. In the summer, the ISV intensity variability is confined
near the equator associated with the central Pacific warming; the
eastern Pacific warming, however, induces large ISV intensity
variability over the western North pacific because of strong
northeastward propagation of the boreal summer ISV under the
easterly vertical shear over the Indo-Pacific Warm Pool region.

Since EOF1 and EOF?2 are the two major components of the
interannual variability of global ISV intensity and account for
about 30 % of the total variance, do they have any relationship
with the overall tropical ISV intensity, such as the WH intensity?
We checked the relationship between each of these two EOFs
and the WH intensity that is represented by the seasonal mean
amplitude of the WH index RMM1 and RMM?2 (Hendon et al.
2007). Figure 4 shows that each of these two components has a
significant (above 99 % confidence level) positive correlation
with the WH intensity for both seasons. Since these two compo-
nents have out-of-phase correlations with the SSTA over the
Pacific (Fig. 2), the sum of them only gives a weak correlation
with the SSTA in the Pacific (not shown). This explains why the
WH intensity has no significant correlation with the SSTA be-
cause it is more like the sum of these two separated components.

The OLR, representing the convective anomaly, prevails in
the eastern Hemisphere; the circulation anomaly, however, is
not confined to the eastern Hemisphere (Hendon and Salby
1994; Adames and Wallace 2014). In recent works (Kiladis
et al. 2014), the more local and convection based, the more
will the index of ISV be influenced by the SSTA. In this work,
we use the OLR to measure the ISV intensity, which may
overemphasize the local stationary oscillation. To better com-
pare with the Slingo’s index or WH index, the circulation
anomaly of the ISV propagating around the globe should be
further studied in the future works.

In this work, we studied the direct relationship between the
ISV intensity and SSTAs rather than the ISV intensity—ENSO
relationship. The complicated relationship between the ISV
intensity and different phases and different types of ENSO
should be discussed in the following works. Since each of
these two major components is well determined by the
SSTA forcing, the seasonal prediction of ISV intensity can
be made using an empirical model, which is also our ongoing
research.
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