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ABSTRACT

Composite analysis from NCEP-NCAR reanalysis datasets over the period 1948-2007 indicates that
stronger East Asian winter monsoons (EAWM) and stronger Australian summer monsoons (ASM) generally
coexist in boreal winters preceding the onset of El Nino, although the EAWM tend to be weak after 1990,
probably because of the decadal shift of EAWM and the change in El Nino events from cold-tongue type to
warm-pool type. The anomalous EAWM and ASM enhance surface westerlies over the western tropical
Pacific Ocean (WTP). It is proposed that the enhanced surface westerlies over the WTP prior to El Nino onset
are generally associated with the concurrent anomalous EAWM and ASM. A simple analytical atmospheric
model is constructed to test the hypothesis that the emergence of enhanced surface westerlies over the WTP
can be linked to concurrent EAWM and ASM anomalies. Model results indicate that, when anomalous
northerlies from the EAWM converge with anomalous southerlies from the ASM, westerly anomalies over
the WTP are enhanced. This result provides a possible explanation of the co-impact of the EAWM and the

ASM on the onset of El Nino through enhancing the surface westerly over the WTP.

1. Introduction

Episodes of strong westerly winds over the western
tropical Pacific Ocean (WTP) occur mostly before El
Nino events. Westerly wind bursts (WWBs) are such
westerly winds of high frequency (<90 days). WWBs
typically last 6-20 days, have maximum wind speeds of
8-20ms~' (Harrison and Vecchi 1997), and occur 0-8
times per year (Verbickas 1998). WWBs play an im-
portant role in the generation of surface westerly
anomalies preceding El Nino events. Researchers have
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proposed various mechanisms as explanations for the
generation of WWBs. Early studies (Lim and Chang
1981; Love 1985a,b; Chu 1988; Li 1990; Compo et al.
1999) suggest that a cold surge from the extratropics as-
sociated with an anomalous East Asian winter monsoon
(EAWM) is one important mechanism for the gener-
ation of WWBs. The generation of WWBs also may
be associated with twin or individual tropical cyclones
(Keen 1982, 1988), the passage of the convective events
on the MJO (30-70 days; Lau et al. 1989; Gutzler 1991;
Sui and Lau 1992; Hendon and Liebmann 1994; Hendon
et al. 1998), sub-MJO time scales (6-30 days; Kiladis
and Loon 1988; Kiladis et al. 1994), or a combination of
these phenomena (Yu and Rienecher 1998). In the lit-
erature, these high-frequency fluctuations are believed
to be closely associated with the onset of an El Nino
event. However, many studies also suggest that the
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variation of surface winds over the WTP on the in-
terannual time scale plays an important role in the
occurrence of El Nino events (e.g., Rasmusson and
Carpenter 1982; Zhang and Huang 1998; Huang et al.
1998; Rong et al. 2011). The westerly anomalies over
the WTP can generate downwelling Kelvin waves that
propagate eastward and cause warming in the eastern
equatorial Pacific Ocean (Huang et al. 1998). In this
study, we focus on the genesis of low-frequency (more
than 90 days but less than 6 months) westerly anomalies
preceding the onset of El Nino.

The genesis of westerly anomalies over the WTP is
postulated to be involved in various monsoon systems.
In an observational study, Xu and Chan (2001) sug-
gested that the enhancement of westerly anomalies as-
sociated with El Nino events over the WTP is influenced
not only by the East Asian monsoon but also by the
Australian monsoon, emphasizing the role of the south-
erly anomalies associated with the transition of the
Australian monsoon. Zhang et al. (2001) also showed
that anomalous southerly winds appear prior to the
SST increase in the eastern equatorial Pacific Ocean.
However, neither the physical process of southerly wind
formation nor the process by which the East Asian and
Australian monsoons affect westerly anomalies over
the WTP has been clear. This work provides a potential
explanation: the anomalous EAWM associated with
anomalous cooling over East Asia and the Australian
summer monsoon (ASM) associated with anomalous
warming over Australia can lead to the generation of
enhanced surface westerlies over the WTP. Therefore,
westerly anomalies over the WTP are relevant to the
anomalous ASM and EAWM system. Indeed, enhance-
ment of westerly anomalies over the WTP associated
with such anomalous thermal forcing appears in a sim-
ple, linear, Gill-type analytic atmospheric model. The
major purpose of this short work is to examine the
genesis of westerly anomalies over the WTP and its
potential dynamical link to anomalous EAWM and
ASM features for the enhancement of surface westerlies.

2. Data

The present study uses datasets from two sources.
Monthly-mean global sea surface temperature (SST)
data on a 2° latitude by 2° longitude global grid for the
period January 1948-December 2007 are taken from
the National Oceanic and Atmospheric Administration
extended reconstructed version 3 (NOAA ER V3) SST
(Xue et al. 2003; Smith et al. 2008). These data, which
include the most recently available International Com-
prehensive Ocean—Atmosphere Data Set (ICOADS)
release 2.4, were optimally generated by improved
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statistical methods that allow a stable reconstruction
using sparse data. Monthly-mean global zonal and me-
ridional surface wind components, surface air tempera-
tures, and surface air pressure on a 2.5° latitude by 2.5°
longitude grid for the period January 1948-December
2007 are taken from the National Centers for Envi-
ronmental Prediction—National Center for Atmospheric
Research (NCEP-NCAR) Reanalysis 1 product (Kalnay
et al. 1996).

3. Association of surface westerlies over WTP
with EAWM and ASM

In this section, observational features of WTP surface
westerlies as well as the features of East Asian and
Australian monsoons in boreal winters preceding an
El Nino onset are examined and compared with these
features in boreal winters of the other years. The asso-
ciation of WTP westerlies with East Asian—Australian
monsoons in boreal winters prior to an El Nino onset is
first investigated using a composite analysis. A com-
posite approach is used with the underlying assumption
that the dominant features of the samples behave in
a similar manner and are governed by the same mech-
anism. Of course, it is very unlikely that all samples/
events behave in the same/similar manner and that they
occur because of the same mechanism, but the com-
posite approach is adopted as a first means of identifying
the dominant features that potentially behave in a simi-
lar manner and are governed by the same mechanism.
The underlying assumption regarding a composite will
be examined using a conditional probability analysis.
In this study, an El Nino episode is said to occur if
a 3-month running mean of sea surface temperature
anomalies (SSTAs) in the Nino-3.4 region (5°S-5°N,
170°-120°W) (i.e., Nino-3.4 index) exceeds a +0.5°C
threshold for at least five consecutive months. Following
this definition and using data from NOAA ER V3 SST,
we identify 16 individual El Nino events during the pe-
riod January 1948-December 2007. These 16 El Nino
events, the starting and ending month for each, and the
duration in months of each event are listed in Table 1.

The annual mean and annual cycle of monthly-mean
data are computed first on the basis of the January 1948—
December 2007 monthly-mean data described in sec-
tion 2. The annual mean and annual cycle are then
removed to obtain the anomalies; thus, the impacts of
background and seasonality on analysis are ruled out,
assuming that the background and the seasonality do
not shift over time. Figure 1 shows the anomalous ob-
served surface atmospheric features averaged over bo-
real winters (November—April) prior to the onset of the
16 El Nino events. Figure la presents the surface air
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TABLE 1. El Nino episodes over the period 1948-2007 as defined
by a 3-month running mean of SST anomalies in the Nino-3.4 re-
gion (5°S-5°N, 170°-120°W) and exceeding a +0.5°C threshold for
at least five consecutive months. The anomalies are derived from
the 1948-2007 SST climatology.

Begin End Duration (months)
Jun 1951 Dec 1951 7
Apr 1957 Jul 1958 16
May 1963 Dec 1963 8
May 1965 Mar 1966 11
Jun 1968 Jan 1970 20
Apr 1972 Feb 1973 11
Aug 1976 Jan 1977 6
May 1977 Jan 1978 9
Apr 1982 Jul 1983 16
Jul 1986 Jan 1988 19
Apr 1991 Jul 1992 16
Apr 1994 Feb 1995 11
Apr 1997 May 1998 14
Apr 2002 Feb 2003 11
May 2004 Jan 2005 9
May 2006 Jan 2007 9

temperature anomalies during these boreal winters. A
dominant anomalous surface cooling over the Eurasian
continent and an anomalous surface warming over
Australia reflect an intensification of the land-sea ther-
mal contrast. Since the fundamental mechanism of the
monsoons is land-sea thermal contrast (Webster 1987),
an anomalous surface cooling over the Eurasian con-
tinent favors an anomalous EAWM and an anomalous
warming relative to its surrounding seas favors an anom-
alous ASM. Meanwhile, there is an anomalous surface
high pressure with horizontal divergence of surface
winds over the East Asia region (15°—40°N, 100°-130°E)
and a weak anomalous low pressure with horizontal
convergence of surface winds over Australia (Fig. 1b).
Figure 1c illustrates the composite evolution of the
Nino-3.4 index, the surface westerly anomaly (WA),
the EAWM, and the ASM anomalies prior to the onset
of these 16 El Nino events. Here a westerly anomaly is
defined as the anomalous surface zonal winds averaged
over 10°S-10°N, 110°-160°E since westerly anomalies
generally occur in this region. The EAWM is defined as
the meridional surface winds averaged over 20°—40°N,
110°-130°E and the ASM is defined as the meridional
surface winds averaged over 30°-10°S, 100°~120°E. Note
that the sign of the EAWM is reversed so that the
northerly anomaly is positive. El Ninio (—1) and El Nino
(0) represent the years preceding and the years of
El Nino episodes, respectively. It is evident that westerly
anomalies start around October of El Nino (—1) and
evolve through August of El Nino (0), accompanied by
anomalous northerlies and southerlies from the EAWM
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FI1G. 1. Boreal winter (November—April) composites of (a) sur-
face temperature anomalies (black contours, °C); (b) surface air
pressure (black contours, hPa) and surface wind vector anomalies
(red vectors, ms ™ 1); and (c) evolution of composite Nifio-3.4 index
(red line, °C) and westerly (black), EAWM (green), and ASM
(blue) anomalies (ms ') preceding 16 El Nifio episodes during the
period 1948-2007. The sign of EAWM is reversed so that the
northerly anomaly is positive. The major warm (cold) region is
denoted by a red W (green C) in (a).

and the ASM, respectively. Here the results from
composite analysis indicate that the EAWM and the
ASM appear almost concurrently prior to the onset of
El Nino, accompanied by westerly anomalies over the
western tropical Pacific Ocean, indicating that both
northerly anomalies in the East Asian monsoon zone
and southerly anomalies in the Australian monsoon
zone may play a role in the westerly anomalies over
the WTP.
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FIG. 2. (a) Westerly anomalies, (b) EAWM anomalies, and (c) ASM anomalies (ms™!) averaged over boreal
winter (November—April) during the period 1948-2007. The sign of EAWM is reversed so that the northerly anomaly
is positive. In (a)—(c), westerly, EAWM, and ASM anomalies preceding the 16 El Nino episodes are denoted by red
bars; the number of winter years are included at the top or bottom of the bars. WA, EAWM, and ASM anomalies in
the 44 non-El Nino (—1) winters are denoted by green bars. Also shown are composites of westerly (black), EAWM
(blue), and ASM (cyan) anomalies based on (d) the 16 E1 Nino (—1) winters and (e) the 44 non-El Nino (—1) winters

during the period 1948-2007.

To see whether the WTP westerly anomalies are
closely tied to the anomalous EAWM and ASM, the
zero-lag correlation coefficients between the WTP west-
erly anomalies and both the EAWM and the ASM
anomalies averaged over the boreal winters (November—
April) are calculated. Zero-lag correlation coefficients
between the WTP westerly anomalies and the EAWM
(i.e., 0.55) and between the WTP westerly anomalies
and the ASM (i.e., 0.36) are calculated. Both are larger
than the critical correlation coefficient (i.e., 0.25) and
thus are significant at a 95% confidence level. There-
fore, the boreal winter WTP westerly anomalies are
closely associated with the anomalies of both the

EAWM and the ASM. However, features of the EAWM
and/or the ASM may be critically different between the
El Nino (—1) winters and the non-EI Nino (—1) winters
[i.e., other than El Nino (—1) winters], consequently
exerting a different influence on the westerly anom-
alies. Figures 2a—c show the boreal winter-averaged
(November—April) westerly anomalies and EAWM and
ASM anomalies for the years 1948-2007. A positive
westerly anomaly is present in 12 of 16 El Nino (—1)
winters. The positive westerly anomalies also appear in
17 of the 44 non-El Nino (—1) winters. Therefore,
when an El Nino event occurs, there is a 75% proba-
bility (12/16) that a positive westerly anomaly is present



1932

prior to its onset. In the non—El Nino (—1) winters, there
is a 39% probability (17/44) that a positive westerly
anomaly is present. As a result, if an El Nino event
has been triggered, the positive westerly anomaly is
usually found in the preceding winter. Figures 2d,e
indicate the composite relationship between the winter-
averaged westerly anomalies and the EAWM and ASM
anomalies in the 16 El Nino (—1) winters and in the
44 non-El Nino (—1) winters, respectively. Overall, the
presence of a positive westerly anomaly in an El Nino
(—1) winter is generally accompanied by the coexist-
ence of a positive EAWM anomaly and a positive ASM
anomaly. In the 44 non-El Nino (—1) winters, the
presence of an easterly anomaly is generally accom-
panied by a weak negative EAWM anomaly and a weak
negative ASM anomaly. It should be pointed out that
among these 44 non-El Nino (—1) winters, such as 1948,
1949, 1951, 1952, and 1953, the positive westerly anoma-
lies are also present and are accompanied by a positive
EAWM anomaly and a positive ASM anomaly. Such
cases are not dominant in non-El Nino (—1) boreal
winters during 1948-2007, however.

It is reasonable to ask whether the features of the
EAWM and the ASM in El Nino (—1) winters are sig-
nificantly different from those in non-El Nino (—1)
winters during which a positive westerly anomaly simi-
larly appears. Therefore, the features of the EAWM
and the ASM during El Nino (—1) winters are examined
and compared to those features during non-El Nino
(—1) winters during which a positive westerly anomaly
occurs. The EAWM and the ASM anomalies and the
westerly anomalies in the two types of winters during
the period of 1953-2007 are shown in Fig. 3. During the
period of 1953-2007, a positive westerly anomaly appears
during 11 El Nino (—1) winters and 13 non-FEl Nino (—1)
winters. On one hand, positive EAWM anomalies are
predominantly present in both El Nino (—1) winters
(64% probability or 7/11) and in non-El Nino (—1)
winters (about 69% probability or 9/13) during which
a positive westerly anomaly is simultaneously present
(Fig. 3b). On the other hand, strong positive ASM
anomalies are predominantly present in El Nino (—1)
winters (about 73% probability or 8/11) and are not
often present in non—El Nino (—1) winters (about 31%
probability or 4/13) during which a positive westerly
anomaly is simultaneously present. The conditional
probability analysis clearly illustrates that, when a west-
erly anomaly occurs in boreal winter prior to an El Nino
onset, it is most often accompanied by a positive ASM
anomaly (i.e., anomalous southerly) and a positive
EAWM anomaly (i.e., anomalous northerly). The strong
EAWM anomalies (i.e., anomalous northerlies) alone
may not necessarily indicate the onset of an El Nino event
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in the following year. This can also be seen in the com-
posite analysis shown in Fig. 3d. Note that westerly
anomalies are generally strengthened in El Nino (—1)
winters relative to non—El Nino (—1) winters (Figs. 3a,d).
Note that the data of 1948-52 are not included for
composite analysis owing to the extremely large values
of positive westerly anomalies in the boreal winters
of 1948 and 1952 relative to other non-El Nino (—1)
winters (Fig. 2a) when positive westerly anomalies were
present. Inclusion of the two extremely large values for
1948 and 1952 in the composite analysis would un-
dermine the contribution to amplitude in the westerly
anomalies from other non-El Nino (—1) winters. To
better demonstrate that the surface westerly anomalies
in most non-EIl Nino (—1) winters during which a pos-
itive westerly anomaly was present are generally much
weaker than those in El Nino (—1) winters during
1948-2007, we exclude the data of the first five years for
composite analysis.

Table 2 demonstrates the El Nino (—1) years and the
probability of occurrence of different anomalous EAWM
and ASM features during which a positive westerly
anomaly occurred in El Nino (—1) winters for the pe-
riod 1948-2007. The probability that a strong EAWM
and a strong ASM coexist, mostly prior to 1990, is 50%,
which equals the total of the other three classifications.
As seen in Table 2, a strong EAWM and a strong ASM
sometimes do not coexist in El Nino (—1) winters;
aweak EAWM (i.e., a southerly anomaly) coexists with
a positive westerly anomaly after 1990. To understand
why a weak EAWM can coexist with a positive westerly
anomaly, we further examine the atmospheric features
on the basis of the composite analysis for 1990, 1996,
2001, and 2003 (Fig. 4). Figure 4 clearly indicates that
the WTP westerly anomaly is not directly attributed to
the EAWM, but that it is primarily associated with at-
mospheric circulation over the tropical western—central
Pacific Ocean (Fig. 4b), where an anomalous surface
warming dominates (Fig. 4a). The appearance of a nega-
tive EAWM anomaly after 1990 may arise from the
decadal shift of the EAWM in the late 1980s (Wang
et al. 2009), which is associated with anomalous surface
warming in winters over the Eurasian continent (Fig. 4a).

It has been reported (Larkin and Harrison 2005a,b;
Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009) that
the warm-pool (WP) El Nino events with major SSTA
centered in the central Pacific Ocean near the edge of
the warm pool mostly occurred in the early 1990s and
2000s; the cold-tongue (CT) El Nino events with major
SSTA positioned over the eastern Pacific Ocean mostly
occurred before 1990. The WP El Nino events occurred
after 1990 when the tropical Pacific decadal variability
(PDV) was in warm phases. We speculate that the phase



1 MARCH 2014 ZHENG ET AL. 1933

11 Winters Prior to El Nino Years 13 Winters Prior to non El Nino Years

= 2.00
n — —
\Ef 1.60 —
© | L
g 1.20
o
o
®  0.80
>
B
% 0.40
(5]
z
©  0.00
—~ 1.20
‘ | L B
£ 0.80 o 53 54 55 —
% 0.40
©
£  0.00
[e]
g
= —0.40
%
= —0.80
= | L B
-1.20 \ \ \ \ \ \ I \ T T T T T T T T
1.20 \ \ \ \ \ \ | \ N N N N TN N N R
T — = — —
“  0.80 - -
£ . 90 -
| 1 L
rén 0.40 67 ., 76 8 85 o 03
= N 75 B
£ 0.00
g | 56 o1 B
S —0.40 -
= _ u
wn
< —0.80 L i
o | L B
-1.20 I I I T
o 0.60 . - 0.80
| ] -
E 0.40 - L 0.40
7 B WA +
= 0.20 JEAWM 0.20
g
S 0.00 0.00
= | L
= —-0.20 - ASM L —0.20

FIG. 3. (a) Westerly anomalies, (b) EAWM anomalies, and (c) ASM anomalies (in ms ') in (left) 11 El Nifio (—1)
boreal winters (red bars) and (right) 13 non-EIl Nino (—1) boreal winters (green bars) in which a positive winter-
averaged (November—April) westerly anomaly was present during 1953-2007. The years of winter are denoted at the
top or bottom of the bars in (a)—(c). (d) Composites of westerly (black), EAWM (blue), and ASM (cyan) anomalies
based on the 11 El Nino (—1) boreal winters and based on the 13 non-EI Nino (—1) boreal winters as described

in (a)—(c).

shift of the PDV may be partly responsible for the weak a stronger EAWM to a westerly anomaly is robust,
EAWM after 1990. Thus, when the EAWM is weak, which is revealed by the statistical observational analy-
it may not contribute to the westerly anomalies over ses. Our major conclusion is that the coexistence of
the WTP after 1990. Nevertheless, the relationship of stronger EAWM and ASM during El Nino (—1) winters
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TABLE 2. El Nino (—1) winters of anomalous EAWM and ASM features during which a positive WA occurs for the period 1948-2007
and probability of occurrence in four cases. The + (—) sign in parentheses denotes a positive (negative) anomaly of the EAWM and

the ASM.

EAWM (+) and EAWM (+) and EAWM (—) and EAWM (—) and

ASM (+) ASM (—) ASM (+) ASM (—)
El Nino (—1) winters 1950, 1967, 1971, 1956, 1975 1990, 1996, 2003 2001
1976, 1981, 1985
Probability 50% 16.7% 25% 8.3%
is closely related to the advent of stronger westerly 1 1)
anomalies over the WTP. Our conclusion is not con- su—5yv +5: 0, (1a)
tradicted by the lack of the coexistence between EAWM
and ASM after 1990 since our conclusion is based on 1 yu+ 9 _ 0, (1b)
a composite analysis of a 60-yr record (Figs. 1c, 2d, and 2 dy
3d), not on individual events.
The above observational analysis clearly shows that and

the area-averaged time-mean westerly anomalies over ou ov
the WTP associated with ASM are significantly different (5 + 5) +ep=0, (1c)

in El Nino (—1) winters and in non—FEl Nino (—1) win-
ters. The prominent coexistence of strong EAWM and
ASM anomalies favors an enhanced westerly anomaly
in association with an El Nino onset in the following
year. A strong EAWM anomaly alone can produce
a positive westerly anomaly over the WTP, but it may
not trigger an El Nino event in the following year.

We hypothesize that the distribution of surface tem-
perature anomalies shown in Fig. 1a may be responsible
for the coexistent northerly anomalies in the EAWM
zone and the southerly anomalies in the ASM zone.
When both EAWM and ASM are strong, the westerly
anomalies are enhanced over the WTP; a strong EAWM
alone may produce only weak westerly anomalies. This
hypothesis is tested in a Gill-type analytical atmospheric
model, which is discussed in the following section.

4. Dynamical role of EAWM and ASM in surface
westerlies over the WTP

A typical thermal feature of strong anomalous
EAWM and ASM is an anomalous cooling over the
Eurasian continent and an anomalous warming over
Australia relative to the surrounding seas (i.e., strong
land-sea thermal contrast) as shown in Fig. la. The
Gill-type model provides an atmospheric response for
a given steady-state, idealized diabatic forcing: an anom-
alous cooling over the Eurasian continent and an anom-
alous warming over Australia similar to that shown in
Fig. 1a. For clarity and completeness, the analytical
solutions of the models are derived.

a. Model and solutions

The basic model is described by the following
equations:

where u and v are the perturbations of low-level zonal
and meridional winds, respectively. Other variables
and parameters are defined as follows: ¢ is the geo-
potential height perturbation; ¢ is both the Rayleigh
friction coefficient and the Newtonian cooling co-
efficient; and Q is the forcing (i.e., diabatic heating/
cooling rate) whereas a negative Q implies heating.
The basic model described by (la)-(1c) was first in-
troduced by Matsuno (1966) and has been known as the
Gill model since Gill (1980) first used it to examine the
atmospheric response to the prescribed diabatic heat-
ing generally located near the equator. The forcing
location in this study is different from Gill’s (1980)
because we impose the forcing in the midlatitude re-
gion. In fact, the Gill model has been used by previous
studies in investigating the dynamic response of the
tropical atmosphere to midlatitude forcing (e.g., Lim
and Chang 1981; Lau and Lim 1982). It has also been
widely used in ENSO studies (e.g., Cane and Zebiak
1985; Cane et al. 1986; Battisti 1988; Battisti and Hirst
1989).

To solve the system, we use the Gill (1980) method.
We first introduce two new nondimensional variables
that are defined by

V=¢+u (2a)

and

X=¢—u. (2b)

Through some simple substitutions, the system (1a)—(1c)
is changed into
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FIG. 4. As in Fig. 1, but based on 4 El Nino (—1) winters after
1990 (1990, 1996, 2001, and 2003) during which strong EAWM and
ASM do not coexist. The warm centers are denoted by a red W
over the Asian and Australian continents in (a).

o ov 1
w4+ = 3
€ ax  dy 2yv Q. (3a)
X ov 1
X+ 4+ %4 oy = 3b
& ax  ay 2yv Q, (3b)
and
or 1 X 1
oy r+ 222 yx=0. 3
oy 2V T (3¢)

Since the free solution of the system (3a)—(3c) has
the form of a parabolic cylinder function D,,(y), where
D, (y) = (—1)" exp(y*/4)(@"/dy") exp(—y*/2), the solutions
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for the specified forcing can be found by expanding the
variables ¥, X, v, and Q in terms of these functions,

(P, X,v,Q)(x,y) = E:ZO (¥, X,,v,,Q,)¥)D, (y). (4)

By substituting (4) into (3a)—(3c), we obtain

v
a—xo+ eV, =0,, (5a)
X,_=m+1)¥, ., (n=123,...), (5b)
_ 1 a\Pn+1 + e — nQn+1 + Qn—l
2n+1 x n+l 2n+1 ’
(n=1,2,3, ), (5¢)
v, =0, (5d)
vy =—0,, (5e)
and
v = 2(” + 1) a‘I,nJrl _ (n + 1)Qn+1 B anl
no2n+1  ox 2n+1 ’
(n=1,2,3,...). (5%)

Equation (5a) represents eastward propagation of a
Kelvin wave with unit phase speed, and (5¢) represents
the westward propagation of Rossby waves with a phase
speed of —¢, (¢, =12n +1).

In this study, we examine the steady-state atmo-
spheric response to the given idealized forcing located
near the midlatitudes. Therefore, we assume that the
forcing has the form of

O(x,y) = Aexp[-A*(y —y,)* — a*(x —x,)’]

= X 0,0,0). ®)

where A is the amplitude of the forcing and the cooling
(heating) rate if A is positive (negative); (x,, y.) is the
center of cooling/heating source; and A ™! is the length
scale of Gaussian function in the y direction. The term
0, (x) is defined by

0, (x) = g, exp[—a?(x —x_)*], @)

where 1/a represents the length scale of heat function
(i.e., forcing) in the longitudinal direction.

The solution for (5a) and (5c¢) under the forcing of (7)
can be easily obtained by
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eon(z)
mexp(—
T, =q, exp[—e(x — xc)] TZ&
X Erfc [% —a(x— xc)} 8)
and
\I,n+1 = (nQn-H + qn—l)exp[_‘g(x_—_cxcq
2
G e .
. Erfcla(x—x,) — 20{(_6”)} )
(n=1,2,3,...),
©)

where Erfc(z) is the complementary error function,
which is defined by

Erfe(z) = 2 r exp(—1%) dt. (10)

vl

Since we have solutions (8) and (9), we can obtain X,
and v, with (5b), (5e), and (5f) and then obtain «, v, and
¢ by using (2a) and (2b). We can also solve the hori-
zontal divergence field with (1c): that is,

Ju  Jdv
—+—=0 —¢d.
ox dy 0 ¢

(11)

The g, in (7) can be found by

00

0= | AexnlA2 -~y )0, 0)dy. (12

Since, for —6 <y. < 6,A = 1/2, the values of g, (n =7,
8, ...) are much smaller than the minimum among the
first seven g, (n = 0,1,2,...,6), the response involving
qn up to order six is a good approximation. Finally we
have the solutions of the atmospheric response to such
a forcing, as shown below:

4 6
u= % { ;0 [\PnDn(y) - XnDn(y)] + Z“S ‘PnDn(y)} ’

(13a)

ST

4 6
¢ { 3 [¥,D,()+X,D,0)] + gswnDn<y>},

n=0
(13b)
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v=Y v,D,0), (13c)
n=0
and
u oJv
—+—=0—¢¢. 13d
oty =058 (13d)

Note that X,, (n = 5 and 6) and v, (n = 6) are involved
with g, (n = 7, 8, ...) on the basis of the relationships
described in (5b) and (5f); therefore, they are ignored
in (13a)-(13c).

b. Model results

The model and forcing parameters are prescribed as
£=0.1and @ = A =0.5. The value of A is selected on the
basis of the observations. A relatively weak anomalous
heating source associated with the ASM is located over
Australia centered around 25°S, 135°E and a strong
anomalous cooling source associated with the EAWM
is located over the Asian continent centered around
40°N, 115°E as seen in Fig. 1a. For such an idealized
model, it is appropriate to choose the cooling center
(—0.5, 4.0) and the heating center (1.5, —2.5) if the real
location 0°, 120°E is taken to represent (0, 0) in the
model. Three experiments are described and performed
below.

1) STEADY ATMOSPHERIC RESPONSE TO AN
ANOMALOUS COOLING OVER EAST ASIA

The forcing for the first experiment (EXP1) is Q(x,y) =
2.5exp[—A%(y — ye)? — a?(x — x.)*], where x. = —05
and y. = 4.0: that is, the center of the Gaussian function
O(x, y) is at (—=0.5, 4.0), corresponding to about 40°N.
Figure 5a shows this forcing.

Figure 5b shows the distribution of the anomalous
horizontal divergence of low-level winds due to such an
anomalous cooling. It is clear that the strong horizontal
divergence is primarily located at the forcing region (i.e.,
the midlatitudes). The center of divergence (conver-
gence) appears in the eastern (western) portion of the
forcing as shown in Fig. 5b. Such a phenomenon can be
simply explained by the off-equator vorticity equation,
Bv+fV-V=0. In the eastern (western) portion of
anticyclonic circulation in the Northern Hemisphere
(f>0), Bv<0 (Bv>0),s0 V- V>0 (V- V<0); there-
fore, the horizontal divergence (convergence) occurs in
the east (west) portion of the forcing. This distribution
of the low-level divergence/convergence field is con-
ducive to the formation of low pressure to the west of
the forcing (cooling source). Figure 5b shows an anoma-
lous low pressure located to the west of an anomalous
high pressure.
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FIG. 5. (a) An ideal steady cooling source indicated by C with
Gaussian distribution over the northeast Asian region. The signal
of Q(x,y) is reversed in this figure to be consistent with Fig. 1la.
Contour interval is 0.5. (b) Distribution of anomalous, non-
dimensional, low-level horizontal divergence field. Contour interval
is 0.2. The maximum horizontal divergence value is 1.4, indicated by
D, and the maximum horizontal convergence value is —0.6, indicated
by C. (c) Distribution of anomalous, nondimensional, low-level
winds and geopotential height fields. Contour interval is 2.0. The
maximum value is 16, indicated by H.
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Figure 5c shows the distribution of the anomalous
low-level winds and geopotential height. A strong anti-
cyclonic circulation in the midlatitudes is formed. This
anticyclonic circulation has a slight northeast—southwest
tilt caused by the different roles that Rossby waves play
in the midlatitudes and regions near the equator. In the
midlatitudes, high-order Rossby waves have an impor-
tant role; however, they primarily affect the adjacent
regions of the forcing because of their small phase speed
and rapid dissipation. In regions near the equator, low-
order Rossby waves play a dominant role. Since low-
order Rossby waves have relatively large amplitudes,
fast phase speeds, and slow dissipation, their impact can
extend to remote regions. There are strong northerly
anomalies in the eastern portion of the anticyclonic
circulation, similar to the observed anomalous northerly
winds shown in Fig. 1b. Most importantly, weak westerly
anomalies emerge near the WTP. This is because of the
impact of Kelvin waves associated with the southwest-
ward extension of the midlatitude cold high pressure
system due to the northeast-southwest phase tilt. An
eastward-propagating Kelvin wave develops when the
midlatitude cold high pressure system extends south-
westward to a region close to the equator, thus generating
westerly anomalies. These weak westerly anomalies are
mostly confined to a region 0°-10°N, 90°~140°E that dif-
fers from that in observations (Fig. 1b). Comparable
easterly anomalies are mostly confined to 10°S-0°, 90°—
140°E. This implies that the observed low-frequency
westerly anomalies in boreal winters preceding the
El Nino onset are probably not produced by the anom-
alous EAWM alone.

The simple model does not consider the dynamical
effects of the Tibetan Plateau. For a realistic simulation,
the dynamical effects because of the topography of the
Tibetan Plateau would certainly be important in con-
necting the extratropics to the tropics and should not be
ignored. For example, a large influx of surface cold surge
from the very cold region of Siberia into central and
southeast China can cause a rapid cooling of the lower
troposphere and a rapid rise in surface pressure because
of the Tibetan Plateau. Ultimately this cooling might
produce a westerly anomaly over the WTP that would
be different from a westerly anomaly produced without
the effects of the Tibetan Plateau.

2) STEADY ATMOSPHERIC RESPONSE TO
AN ANOMALOUS HEATING OVER AUSTRALIA

A second experiment (EXP2) is performed in which
the atmosphere is forced only by a weak heating in Aus-
tralia, expressed as Q(x,y)= —1.5exp[—(y — y/C)Z/\2 -
(x— x’c)zaz]. The term on the right-hand side represents
a heating source. Values of y.=-2.5 and x.=1.5
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represent a heating center located at about 25°S and
a distance between the cooling and the heating sources
of about 20° in longitude. Figure 6a shows the spatial
distribution of the forcing and Fig. 6b reveals the
anomalous low-level horizontal divergence field driven
by such forcing. There is a strong convergence over
Australia, along with a weak divergence just west of
Australia (30°-20°S, 100°E). Figure 6¢ shows the dis-
tribution of anomalous low-level winds and geopotential
height. A cyclonic circulation is found in the Southern
Hemisphere in response to the heating over Australia.
The weak tilt of this cyclonic circulation can be explained
by Rossby wave arguments similar to those used to
explain the tilt of anticyclones in the Northern Hemi-
sphere. Southerly anomalies appear in the western
portion of the cyclonic circulation.

Our model result reveals a weak low-level divergence
to the west of the cyclone over Australia (Fig. 6b), which
is conducive to the formation of such a high pressure.
More importantly, the modeled westerly anomalies gen-
erated in the north of Australia (20°S-0°) are associated
with the southerly anomalies in the western portion of
the cyclonic circulation, which is consistent with the
observation (Fig. 1b) that westerly anomalies found in
the north of Australia (20°S-0°) are guided by the south-
erly anomalies in the west of Australia owing to the
anomalous warming over Australia.

Certainly, there are discrepancies in the Southern
Hemisphere in Figs. 1b and 6c¢. For example, there are
westerly anomalies in the south of Australia in Fig. 1b
that are replaced by easterly anomalies in Fig. 6¢. Such
discrepancies are expected because the forcing for the
model is very simple and idealized, and in this study
the model does not consider the cooling to the southwest
of Australia in the Southern Hemisphere. It should be
noted that, in addition to a contribution from the
EAWM, as discussed in the previous subsection, the
ASM can cause the strong westerly anomalies in a band
region 10°S-5°N extending to 140°E (Fig. 6¢), which is
another important contribution to the enhanced westerly
anomalies, as will be discussed in the next subsection.

3) STEADY ATMOSPHERIC RESPONSE TO
AN ANOMALOUS COOLING AND HEATING

To consider the impact of both the anomalous
cooling over the East Asian continent and the anom-
alous heating over Australia, we perform a third
experiment (EXP3) with a combined forcing spec-
ified as Q(x,y) =2.5exp[—(y — yo)*A? — (x — x.)*a?] —
1.5exp[—(y—y.)*A? — (x — x)’a?]. Figure 7a depicts
the form of this forcing, whose spatial pattern is similar
to the basic structure of observed surface air temper-
ature in East Asia and Australia in Fig. 1a.
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FIG. 6. As in Fig. 5, except for the forced heating over Australia.
(a) An ideal steady warming source indicated by W with Gaussian
distribution over Australia. Contour interval is 0.5. (b) Distribution
of anomalous, nondimensional, low-level horizontal divergence
field. Contour interval is 0.2. The maximum horizontal divergence
value is 0.2, indicated by D, and the maximum horizontal conver-
gence value is —1.0, indicated by C. (c¢) Distribution of anomalous,
nondimensional, low-level winds and geopotential height fields.
Contour interval is 2.0. The maximum value is —8.0, indicated by L.
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FI1G. 7. As in Figs. 5 and 6, except for the simultaneous cool-
ing over the northeast Asian region and heating over Australia.
(a) Distribution of forcing. Contour interval is 0.5. (b) Distribution of
anomalous, nondimensional, low-level horizontal divergence field.
Contour interval is 0.2. In the Northern Hemisphere, the maximum
horizontal divergence value is 1.4, indicated by D, and the minimum
horizontal convergence value is —0.6, indicated by C. In the South-
ern Hemisphere, the maximum horizontal divergence value is 0.4
and the maximum horizontal convergence value is —1.0. (c) Distri-
bution of anomalous, nondimensional, low-level winds and geo-
potential height fields. Contour interval is 2.0. The maximum value is
16.0, indicated by H, and the minimum value is —8.0, indicated by L.
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TABLE 3. Strength of WA averaged over three regions in response
to thermal forcing in three experiments.

Area-averaged EXP1 EXP2 EXP3
WA region (cooling) (heating) (heating + cooling)
10°S-10°N, 110°-160°E ~ 0.104 0.347 0.451
10°S-10°N, 110°-140°E  0.021 0.876 0.897
10°S-10°N, 140°-160°E ~ 0.228 —0.448 —0.220

Figure 7b illustrates the spatial pattern of the hori-
zontal divergence of the low-level winds in response to
the simple forcing. Figure 7c depicts the anomalous low-
level atmospheric circulation. The enhanced westerly
anomalies near the WTP in response to the concurrent
forcing over East Asia and Australia, the most relevant
result, are reasonably consistent with the observations
(Fig. 1b). For example, pronounced westerly anomalies
are present between 10°S-10°N and 90°-140°E. The
enhanced westerly anomalies over the WTP is due to
the convergence of westerly anomalies in the northern
portion of the cyclonic circulation associated with ASM
in the Southern Hemisphere with the westerly anoma-
lies generated by Kelvin waves associated with the cold
high pressure system over the Siberia-Mongolia region
closely tied to a strong EAWM. The area-averaged
westerly anomalies are computed over three regions,
10°S-10°N, 110°-160°E; 10°S-10°N, 110°-140°E; and
10°S-10°N, 140°-160°E, for these three experiments, and
the results are listed in Table 3. Table 3 clearly shows
that the westerly anomalies over regions 10°S-10°N,
110°-160°E and 10°S-10°N, 110°-140°E are significantly
enhanced if anomalous heating over Australia associ-
ated with the ASM is added to the total thermal forcing.
The reason for westerly (easterly) anomalies in 10°S—
10°N, 140°-160°E appearing to the east of the cooling
(heating) region has been explained by Gill (1980). The
westerly anomalies in 10°S-10°N, 140°-160°E resulting
from cooling in East Asia (Fig. 5c¢) are completely offset
by the stronger easterly anomalies resulting from heat-
ing in Australia (Fig. 6¢) because the heating region is
much closer to the equator than the cooling region is.
As a consequence, the model simultaneously produces
the weak easterly anomalies in 10°S-10°N, 140°-160°E
in response to the cooling in East Asia and heating
in Australia (Fig. 7c). This explains why the confluent
westerly anomalies are concentrated in the Indonesian
Maritime Continent region (i.e., west of 140°E) in the
model. It is worth noting that the area-averaged westerly
anomaly due to the EAWM alone in 10°S-10°N, 110°-
140°E (EXP1; Table 3) is much smaller than the
anomaly in 10°S-10°N, 140°-160°E because the westerly
anomalies in 0°-10°N, 110°-140°E are strongly offset
by the comparable easterly anomalies in 10°S-0°,



1940

110°-140°E (Fig. 5c). Nevertheless, the observational
result that the anomalous EAWM and ASM concur-
rently enhance westerly anomalies over the WTP is
probably associated with the atmospheric response to
a combined anomalous thermal forcing over Siberia—
Mongolia and Australia, which is evident in our sim-
ple model. The nondimensional values in Table 3 are
comparable to the observations if a reasonable dimen-
sion scale is given; thus, the westerly anomalies over
the WTP forced with the EAWM and the ASM in the
model are not trivial. For example, for a tropical atmo-
sphere with an equivalent depth of 400 m, the length scale
(i.e., Rossby deformation radius) is about 1000 km, and if
the anomalous 6-month-averaged heating rates (d7/dt)
associated with the EAWM and the ASM are assumed
to be —0.5Kday ' (~—15Wm?) and 0.3Kday !
(~9Wm™?), respectively, then an area-averaged, non-
dimensional westerly anomaly of 0.451 (Table 3) is
equivalent to a dimensional value of about 0.3ms !,
which is comparable to the observed 0.33ms ™! (Fig. 3d)
computed from the NCEP-NCAR Reanalysis 1 product.

5. Effect of mean zonal wind on westerly anomalies
over the WTP

In section 4, the analytical solutions are based on the
rest atmosphere. If the mean state is taken into account,
how does the atmosphere respond to the diabatic heat-
ing? If a basic state with constant zonal wind U is in-
cluded in the shallow-water equations of (1a)-(1c), the
analytical solutions (8) and (9) are then given by

e 2
ﬁeXp[za(UJr 1)}
2a(U + 1)

X Erfc{60 [ﬁ —alx - xc)} }

¥, =q,exp[—e(x —x,)/(U+1)]§,

(14)
and

cle )]y

q,n+1 = (nqn+l + qnfl)exp|:_ U—-c
n

e 2
ﬁeXpLa(U - cn)}
2a2n+1)(U —¢,)

X Erfc{én[a(x —x)- ﬁ} } . (15)

respectively, where 8g = 1 (—1) if the sign of U + 1 is
positive (negative); §,, = 1 (—1) if the sign of U — ¢, is
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positive (negative). If U + 1 = 0 or U = ¢, (i.e., at the
stationary resonant condition), the solutions of (14) and
(15) become indeterminate. In this case, using the as-
ymptotic expansion

Erfe(t) ~ (Vat) " exp(—£2), (16)
the solutions are estimated by
Wy = gy expl—e(x — x,)?] (a7
and
- %%exp[—az(x —x ). (18)

The three experiments discussed in section 4 are
conducted again to illustrate the atmospheric steady
response but with a basic zonal wind, U = —0.1 and U =
0.1 representing the easterly and westerly regimes, re-
spectively. Figure 8 shows the effect of the mean zonal
wind on the anomalous low-level winds and geopotential
height fields, in contrast to a rest atmosphere. The
longitudinal Doppler-shifted atmospheric circulation is
evident because of a mean zonal wind: that is, the entire
atmospheric circulation shifts westward (eastward) in
the westerly (easterly) regime. In addition, the zonal
asymmetry in the easterly regime is more apparent than
that in the westerly regime. For example, the Rossby
waves to the west of forcing in the easterly regime
propagate farther downstream with an elongated cir-
culation (Fig. 8a) than those in the westerly regime
(Fig. 8c). Interestingly, the major atmospheric circu-
lation extends farther in the zonal direction in the
easterly regime because the atmosphere extends far-
ther toward the equator in the easterly regime in both
the Northern and Southern Hemispheres. These changes
to the atmospheric circulation owing to the mean zonal
wind modulate the westerly anomalies over the WTP
(110°-160°E), which are summarized in Table 4. Al-
though the westerly anomalies over the WTP due to the
EAWM are not sensitive to changes of mean zonal
wind, they are sensitive to changes of mean zonal wind
through the ASM. Overall, the westerly regime favors
stronger westerly anomalies over the WTP, primarily
from a contribution of strong confluent flow in the
north of Australia within the ASM system, which causes
a larger westerly anomaly than that reduced by the
EAWM. Here we emphasize that the enhancement of
the westerly anomalies over the WTP is still caused by
the co-impact of the EAWM and the ASM, regardless
of the effect of a mean zonal wind.
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FIG. 8. Distributions of anomalous low-level winds (vectors) and geopotential height fields (contours) from three experiments, (left)
EXP1, (center) EXP2, and (right) EXP3,in (a) U = —0.1, (b) U = 0, and (c) U = +0.1. Contour interval is 2.0. The locations of maximum
and minimum values are indicated by H and L, respectively. The thermal forcing is the same as in (a) of Figs. 5-7.

In reality, the influence of the mean zonal wind on the
westerly anomalies over the WTP is expected to be
more complicated because of other factors such as
horizontal wind shear, which would alter the properties
of the equatorial modes (e.g., Boyd 1978). However, if
we concentrate on the WTP region where the local mean
state wind shear is tiny, the simple experiments may
provide a clue that the observed westerly anomalies

can be strengthened by a strong anomalous EAWM
and a strong ASM.

6. Discussion and conclusions

Our simple model experiments show that when anom-
alous northerlies from the boreal winter EAWM con-
verge with anomalous southerlies from the boreal
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TABLE 4. Strength of WA averaged over the region 10°S-10°N,
110°-160°E in response to thermal forcing in three experiments for
the easterly and westerly regimes, compared with a rest atmosphere.

Area-averaged EXP1 EXP2 EXP3
WA regime (cooling) (heating) (heating + cooling)

U = —0.1 (easterly) 0.105 0.222 0.327

U = 0 (rest atmosphere) 0.104 0.347 0.451

U = 0.1 (westerly) 0.090 0.519 0.609

summer ASM, westerly anomalies over the WTP are
enhanced as a result of the Kelvin wave response. We
conclude that the model captures the basic features
of atmospheric circulation (Figs. 7b,c) on the basis of
comparison to the observations shown in Fig. 1b. The
simulated westerly anomalies over the WTP forced
with the EAWM and the ASM in the model are not
trivial when compared to the observations. If a con-
stant mean zonal wind is considered in the model, it
primarily produces a longitudinal Doppler shift circu-
lation relative to a rest atmosphere (Fig. 8b), giving rise
to a change in the westerly anomalies over the WTP.
Westerly anomalies over the WTP can be enhanced by
the co-impact of a strong anomalous EAWM and a strong
ASM, regardless of a mean state of atmosphere.
However, the shortcomings of this simple model are
also obvious. For example, in our model the low-level
horizontal divergence (convergence) field in the North-
ern Hemisphere (Southern Hemisphere) is stronger
than the low-level convergence (divergence) field to its
west. This is not the case in the observations (Fig. 1b).
The discrepancies between the model and the obser-
vations are partly as a result of the simple forcing. The
model does well in reproducing westerly anomalies
over the WTP, except for the region (0°-10°S), where
the westerly anomalies in this model are mostly con-
strained to the west of 140°E (i.e., over Indonesia and
northern Australia), whereas the observed westerly
anomalies over the WTP can typically reach 160°E, as
shown in Fig. 1b. This difference probably happens
because the anomalous southerlies off the northeastern
coast of Australia (Xu and Chan 2001; Zhang et al.
2001), which are related to the anomalous cyclones
over the South Pacific convergence zone as discussed
by Xu and Chan (2001), are missing in this simple
model. Nonetheless, the simple model captures some
of the observed fundamental features. The difference in
the model’s atmospheric features should be expected
because of the shortcomings described above. In addi-
tion, the observed westerly anomalies over the WTP for
some individual years after 1990 (Figs. 2, 3) do not
exactly reflect the co-impact of the EAWM and the
ASM on the amplitude of the westerly anomalies as
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shown in the model (Figs. 5-7). Such discrepancy in the
generation of the westerly anomalies over the WTP
between the model and the observations implies that
nonlinearity as well as mechanisms other than the
monsoons may influence the generation of anomalous
westerlies over the WTP. The weaker EAWM (i.e.,
southerly anomalies) after 1990 may be attributed to
the decadal shift of the EAWM because the winters in
East Asia become much warmer after 1990 (Wang et al.
2009), also seen in this study (Fig. 4a). Previous studies
indicated that WP El Nino events with major SSTA
centered in the central Pacific Ocean near the edge of
the warm pool mostly occurred after 1990; CT El Nino
events with SSTA positioned in the eastern Pacific
Ocean mostly occurred before 1990. The advent of
a weak EAWM after 1990 may be associated with the
change of El Nino type from CT to WP.

This study uses only the prescribed localized steady
heat sources to drive the atmosphere; these extratropical
diabatic heating/cooling sources may last several months,
much longer than the 30-60-day MJO period. There-
fore, the temporal variability of westerly anomalies and
their connection to the MJO are excluded. A recent
study showed that low-frequency (more than 90 days
but less than 6 months) surface winds play a major role
in El Nino events, and high-frequency (<90 days) sur-
face winds may modulate their amplitudes (Rong et al.
2011). This study’s result suggests that low-frequency
WTP surface westerly anomalies relevant to El Nino
onset may be produced by the combination of anomalous
EAWM and ASM systems. It should be noted that the
forcing is simple and the ratio of cooling amplitude over
the Siberia-Mongolia region to heating amplitude over
Australia is roughly set according to the composite
analysis. Therefore, the model results may be suitable for
qualitative discussion but not for explaining an individual
case. Furthermore, the model does not consider the ef-
fects of the Tibetan Plateau, which would certainly be
important in realistic atmospheric simulations. The
model is also limited because of lack of nonlinearity;
however, the impact of nonlinearity is beyond the
scope of the present study.

This study is focused on the influence of the EAWM
and the ASM on low-frequency westerly anomalies over
the WTP. However, the EAWM and the ASM may be
modulated by the tropical convection associated with
westerly anomalies over the WTP. For example, the
EAWM can be affected by ENSO through a change of
convection over the tropical western Pacific Ocean (e.g.,
Zhang et al. 1996). Other previous studies (e.g., Sakai
and Kawamura 2009; Hendon and Liebmann 1990) in-
dicated that tropical convection associated with westerly
anomalies over the WTP may play a role in the onset
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and development of the EAWM and the ASM. The
feedback of tropical convective anomalies associated
with the WTP’s westerly anomalies, which is beyond
the scope of this study, deserves further discussion in
a future study.

Finally, the model and forcing in this study are not
constructed specifically for the study of El Nino epi-
sodes. The observational features of an anomalous, cold,
high pressure system over the Siberia—Mongolia region
and an anomalous, warm, low pressure system over
Australia in boreal winters are associated with the
EAWM and the ASM preceding the onset of El Nino.
Therefore, the reproduction of westerly anomalies in
this model is an attempt to explain the generation of
enhanced surface westerlies associated only with the
anomalous EAWM and ASM.
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