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ABSTRACT

The authors investigate persistence characteristics of sea surface temperature (SST) in the South China
Sea (SCS) in association with El Niño–Southern Oscillation (ENSO). It is found that a persistence barrier
exists around October and November. This fall persistence barrier (FPB) is well recognized in the devel-
oping phase of strong ENSO cases, but becomes vague in weak ENSO and normal (non-ENSO) cases.
During a strong El Niño developing year, salient features of the SCS SST anomaly (SSTA) associated with
the FPB include a sign reversal between summer and winter and a rapid warming during fall. One possible
cause of these SST changes, as well as the occurrence of the FPB, is the development and evolution of a
low-level anomalous anticyclone (LAAC). The analyses show that the LAAC emerges in the northern
Indian Ocean in early northern fall, moves eastward into the SCS during fall, and eventually anchors in the
Philippine Sea in northern winter. This provides a new scenario for the generation of the anomalous
Philippine Sea anticyclone previously studied. Its eastward movement appears to result from an east–west
asymmetry, relative to the anticyclonic circulation center, of divergent flow and associated atmospheric
vertical motion/moisture fields. The eastward passage of the LAAC across the SCS warms the underlying
SST first via increased absorption of solar heating in October as it suppresses convective activities in situ,
and next via decreased evaporative cooling in November and December as the total wind speed is weakened
by the outer flows of the eastward-displacing LAAC. As such, the SCS SST changes quickly from a cold to
a warm anomaly during fall, resulting in an abrupt change in anomaly patterns and the occurrence of the
FPB. Analyses also suggest that the LAAC development during fall is relatively independent from the
preceding Indian summer monsoon and the longitudinal propagation features of the ENSO-related Pacific
SSTA. The aforementioned ocean–atmosphere anomalies contain an opposite polarity in a strong La Niña
event. The low-level circulation anomaly weakens in intensity during weak ENSO cases and simply disap-
pears during normal cases. As a result, the SCS FPB becomes indiscernible in these cases.

1. Introduction

One prominent feature of the ocean–atmosphere
over the Pacific is the substantial decrease in forecast

skills for El Niño–Southern Oscillation (ENSO) during
spring (March–May) (e.g., Wright 1984; Cane et al.
1986; Latif and Graham 1992), reflecting the existence
of a spring persistence barrier (SPB) in ENSO anoma-
lies (e.g., Webster and Yang 1992). This feature has
been found in observations and various types of
coupled ocean–atmosphere model simulations (e.g.,
Zebiak and Cane 1987; Goswami and Shukla 1991;
Webster and Yang 1992; Lau and Yang 1996), impli-
cating the important role of ocean–atmosphere interac-
tion processes in inducing this barrier. In spring, the
seasonal cycle of the ocean–atmosphere over the Pa-
cific is least robust, as revealed by the minimum east–
west gradients in sea level pressure (SLP) and sea sur-
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face temperature (SST) across the equatorial Pacific
(Lau and Yang 1996). As such, the ocean–atmosphere
becomes more sensitive to error growth induced by ex-
ternal noise associated with the highly variable Asian
monsoon system (Webster and Yang 1992). The occur-
rence of the SPB is accompanied by rapid changes in
monsoon-related anomalies and is regarded as resulting
from phase locking of interannual anomalies to the an-
nual variation of the tropical ocean–atmosphere (Lau
and Yang 1996).

Ocean–atmosphere interaction processes in the Pa-
cific are not only responsible for the occurrence of the
SPB, but also for conveying the remote impacts of
ENSO to SST variability in other tropical ocean basins
(e.g., Meehl and Arblaster 2002; Li et al. 2005; Li and
Wang 2005). Klein et al. (1999) showed that El Niño
tended to induce a positive SST anomaly (SSTA) in the
South China Sea (SCS) during its winter peak phase
and the later seasons. The El Niño–related Pacific
SSTA forced the east–west circulation to vary with a
branch of anomalous subsidence over the SCS. This
resulted in a decrease in cloud cover and an increase in
solar radiation absorbed by the ocean, leading to
anomalous warming in the SCS SST. From a different
perspective, Wang et al. (2000) and Wang and Zhang
(2002) found that El Niño was able to affect winter
climate over the SCS and East Asia via an anomalous
Pacific–East Asian teleconnection, featuring a low-
level anomalous anticyclone centering in the Philippine
Sea. This anticyclone induced anomalous southwesterly
flows to weaken the prevailing winter northeasterly
winds over the SCS and East Asia, leading to decreased
latent heat flux and anomalous warming in these re-
gions (e.g., Wang et al. 2000). These results illustrate a
close linkage between ENSO and the SCS SSTA.

Variability of the ocean–atmosphere in the SCS re-
gion can exert noticeable impacts on the East Asian
climate. After the onset of the SCS monsoon, water
vapor originating from the SCS–tropical western Pacific
regions is advected by monsoon southwesterlies toward
East Asia to maintain the mei-yu and bai-u during June
and July (Murakami 1959). On an interannual time
scale, the ENSO-related Pacific SST in winter induces
the longitudinal displacement of global wind anomalies
to modulate the SCS SST (e.g., Ose et al. 1997; Klein et
al. 1999). The resulting SSTA tends to persist from win-
ter to the ensuing spring or summer (e.g., Lanzante
1996; Wang et al. 2000). The winter-to-summer SCS
SST shows a close relationship with the ensuing sum-
mer monsoon rainfall in China (Shen and Lau (1995).
Tomita and Yasunari (1996) and Ose et al. (1997) ar-
gued that the ENSO information in winter is likely
passed to the following Asian summer monsoon via the

persistent SCS SSTA. In fact, Chinese researchers have
included the winter information of ENSO to predict
floods over China during the summer monsoon. The
mechanism by which the SCS SSTA affects the East
Asian summer monsoon is via a meridional wave train
over East Asia and the western North Pacific excited by
SST-associated convective anomalies over the SCS–
Philippine Sea regions (e.g., Huang and Sun 1992;
Wang and Fan 1999; Wang et al. 2001). Oceanic and
atmospheric anomalies in the SCS region are important
to variability, as well as prediction, of the East Asian
climate.

It is apparent that a better understanding of the vari-
ability features of the ocean–atmosphere in the SCS
region should benefit climate prediction tasks for East
Asia. Based upon the dynamic relationships that exist
among the SCS SSTA, ENSO, and the Pacific SPB re-
viewed above, some questions regarding the variability
features of the SCS SST are raised as follows:

• Do the ENSO-related ocean–atmosphere interaction
processes, which are largely responsible for the oc-
currence of the Pacific SPB, also cause a persistence
barrier in the SCS SST?

• If yes, what are the major characteristics of this bar-
rier? What is the relationship between this barrier
and ENSO? Most importantly, what is the mecha-
nism responsible for its occurrence?

The main purpose of this study is to investigate these
questions. Its findings should enable us to better under-
stand climate dynamics over East Asia, and better uti-
lize the SCS SSTA in climate prediction systems for
Asia.

2. Data

Two monthly-mean datasets for the period 1950–
2000 are analyzed in this study. One dataset is the glob-
al SST data reconstructed with the empirical orthogo-
nal functions method (Reynolds and Smith 1995; Smith
et al. 1996) in a 2° � 2° grid. The other dataset is the
National Centers for Environmental Prediction–
National Center for Atmospheric Research (NCEP–
NCAR) reanalysis data (Kalnay et al. 1996). It includes
wind, vertical motion, moisture, precipitation, and sur-
face heating fields. The wind and vertical motion fields
are in a 2.5° � 2.5° grid, while the other fields are in
1.875° grid in longitude and 92 Gaussian grids in lati-
tude.

3. Persistence characteristics of the SCS SST

Lau and Yang (1996) investigated ENSO’s persis-
tence characteristics in terms of autocorrelations of the
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Niño-3 SST index. For the SCS, an area-mean SST in-
dex averaging from the domain 10°–20°N, 110°–120°E
was employed by Chen et al. (2003) to study the basin-
scale ocean–atmosphere interaction processes associ-
ated with annual variation of the SCS SST. Autocorre-
lations of this SST index for the period 1950–2000 are
used to diagnose the persistence characteristics of the
SCS SST (Table 1). Autocorrelation values significant
at the 95% level (�0.28) are highlighted. The length of
the highlighted column for a particular month can be
regarded as a measure of SST memory starting from
that month (Lau and Yang 1996). The SCS SST starting
from January to August contains a persistent memory
until September or October and seems to encounter a
major barrier in fall (October or November). SST
memory starting from September exhibits an oscillatory
feature, while that starting from October to December
persists for 10–12 months before it is interrupted by a
barrier in November of the next year. These results
clearly manifest that the SCS SST in winter, spring, and
summer is statistically independent from the SST in the
ensuing fall and the later seasons. The SCS SST tends to
have a persistence barrier in fall. Another way to justify
the existence of a persistence barrier is to use Webster
and Yang’s (1992) criterion, that is, if the autocorrela-
tion halves from one month to another. An examina-

tion of Table 1 reveals that, regardless of the starting
month, autocorrelation in November is about half or
less in value of that in October. This result supports the
argument that there is a fall persistence barrier (FPB)
in the SCS SST.

To examine the relationship between the SCS FPB
and ENSO, the ENSO cases are stratified into three
categories according to the intensity of the winter [De-
cember–February (DJF)] Niño-3 SST index: the year
assigned to each winter is the one including January
and February. The assigned year and its previous one
year are referred to as year (0) and year (�1), respec-
tively. A year in which the winter Niño-3 SST index
contains intensity larger than 1.0 standard deviation
(SD) of its 1951–2000 time series is categorized as a
strong ENSO case, between 0.5 and 1.0 SD as a weak
ENSO case, and smaller than 0.5 SD as a normal (non
ENSO) case (Table 2). Autocorrelations of the SCS
SST index for these three cases all have the starting
months in year (�1), that is, prior to the winter mature
ENSO phase. For strong ENSO cases (Table 3), SST
memory starting from January to September shows a
major break around October and November, while that
starting from October to December has a continuous
memory throughout the following winter and spring.
Clearly, there is a well-defined FPB in the SCS SST

TABLE 1. Autocorrelation of the SCS SST index (area-mean averaging from the domain 10°–20°N, 110°–120°E) for the period
1950–2000 as functions of the 12 calendar months with lag time of 1–12 months. Autocorrelation values significant at the 95% level
(�0.28) are in bold font.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Jan
Feb 0.73
Mar 0.65 0.79
Apr 0.64 0.71 0.79
May 0.6 0.54 0.52 0.59
Jun 0.62 0.47 0.49 0.54 0.66
Jul 0.6 0.41 0.5 0.56 0.63 0.78
Aug 0.56 0.45 0.46 0.49 0.57 0.69 0.75
Sep 0.47 0.44 0.44 0.43 0.46 0.56 0.63 0.77
Oct 0.27 0.23 0.27 0.34 0.33 0.44 0.43 0.48 0.57
Nov 0.05 0.1 0.16 0.12 0.15 0.23 0.25 0.27 0.3 0.69
Dec 0.01 0.05 0.11 0.06 0.11 0.3 0.17 0.2 0.14 0.48 0.77
Jan �0.06 0.05 0.06 0.04 0.1 0.26 0.22 0.18 0.23 0.44 0.63 0.79
Feb 0.05 0.08 0.12 0.1 0.19 0.27 0.2 0.28 0.44 0.48 0.56
Mar 0.16 0.25 0.24 0.3 0.37 0.22 0.3 0.41 0.5 0.5
Apr 0.14 0.12 0.23 0.26 0.25 0.34 0.43 0.52 0.55
May �0.1 0.13 0.09 �0.02 0.07 0.38 0.35 0.49
Jun 0.19 0.12 0.06 0.16 0.34 0.3 0.49
Jul 0.14 0.23 0.17 0.34 0.32 0.46
Aug 0.15 0.12 0.38 0.41 0.52
Sep 0.3 0.46 0.38 0.53
Oct 0.45 0.39 0.42
Nov 0.06 0.1
Dec 95% significance level � 0.28 0.04
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during the strong ENSO developing year. For weak
ENSO (Table 4) and normal cases (Table 5), the SCS
SST, regardless of the starting month, has a short
memory less than 3 months and the memory can be
disrupted in any month. The FPB of the SCS SST be-
comes vague in these two cases.

Is the FPB robust in the SCS region? Autocorrela-
tions of a larger-area SCS SST index (4°–22°N, 110°–
120°E, almost the entire SCS between the Indochina
and the Philippines) are computed for all cases and
strong ENSO cases. Their temporal features (not
shown) are relatively consistent with those obtained
with the original SST index. This insensitivity to the
analysis domain implicates the robustness of the FPB in

the SCS region. Our analyses also show that the SCS
FPB tends to be significant in accordance with the in-
creased ENSO strength. Clarke and Van Gorder (1999)
and Yu (2005) found the ENSO–Pacific SPB relation-
ship to be such that the SPB is consistently strong
(weak) when biennial ENSO variability is large (small).
The physical processes determining the ENSO–SCS
FPB relationship need to be clarified.

4. Annual variation of the SCS ocean–atmosphere

The Pacific SPB results from interactions between
annual and interannual anomalies of the tropical
ocean–atmosphere (Lau and Yang 1996). Both the an-

TABLE 3. Autocorrelations of the SCS SST index for strong ENSO cases. The starting month is in year (�1). Autocorrelation
values significant at the 95% level (�0.49) are in bold font.

Year (�1)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Yr (�1) Jan
Feb 0.9
Mar 0.79 0.88
Apr 0.89 0.88 0.86
May 0.72 0.76 0.74 0.79
Jun 0.76 0.62 0.66 0.73 0.8
Jul 0.73 0.64 0.69 0.72 0.79 0.9
Aug 0.63 0.64 0.67 0.65 0.73 0.8 0.87
Sep 0.54 0.69 0.75 0.68 0.68 0.63 0.76 0.83
Oct 0.43 0.48 0.47 0.55 0.48 0.52 0.51 0.4 0.66
Nov 0.07 0.19 0.14 0.19 0.28 0.2 0.14 0.12 0.26 0.77
Dec �0.02 �0.03 0.01 0.15 0.19 0.34 0.18 0.1 0.13 0.66 0.81

Yr (0) Jan 0.01 0.06 0.06 0.2 0.14 0.27 0.25 0.23 0.36 0.71 0.71 0.85
Feb 0.06 0.03 0.13 0.07 0.22 0.23 0.27 0.32 0.66 0.69 0.81
Mar �0.04 0.11 �0.03 0.07 0.16 0.23 0.27 0.6 0.65 0.67
Apr 0.16 �0.04 �0.02 0.08 0.14 0.29 0.55 0.59 0.63
May �0.22 0.01 0.05 �0.07 0.07 0.49 0.47 0.6
Jun 0.1 0.1 �0.01 0.2 0.58 0.43 0.63
Jul 0.03 0.01 0.18 0.47 0.41 0.58
Aug �0.08 �0.01 0.42 0.43 0.63
Sep 0.14 0.49 0.38 0.59
Oct 0.58 0.51 0.65
Nov 0.46 0.53
Dec 95% significance level � 0.49 0.59

TABLE 2. Member years of strong ENSO, weak ENSO, and normal cases.

Strong ENSO El Niño 1958, 1966, 1969, 1973, 1983, 1987, 1992, 1995, 1998
La Niña 1955, 1956, 1971, 1974, 1976, 1989, 1999, 2000

Weak ENSO El Niño 1959, 1964, 1970, 1977, 1978, 1980, 1988, 1991, 1993
La Niña 1951, 1963, 1965, 1968, 1972, 1975, 1985, 1996

Normal Positive 1952, 1953, 1954, 1982, 1990, 1994
Negative 1957, 1960, 1961, 1962, 1967, 1979, 1981, 1984, 1986, 1997
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TABLE 4. As in Table 3 except for weak ENSO cases. Autocorrelation values significant at the 95% level (�0.49) are in bold font.

Year (�1)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Yr (�1) Jan
Feb 0.7
Mar 0.51 0.77
Apr 0.48 0.62 0.79
May 0.45 0.23 0.39 0.51
Jun 0.56 0.29 0.52 0.61 0.73
Jul 0.57 0.39 0.53 0.66 0.8 0.75
Aug 0.4 0.26 0.4 0.46 0.56 0.71 0.69
Sep 0.42 0.28 0.34 0.28 0.24 0.59 0.43 0.55
Oct 0.12 �0.14 0.14 0.18 0.39 0.44 0.52 0.54 0.2
Nov �0.06 �0.17 0.08 0.04 0.26 0.3 0.49 0.42 0.26 0.7
Dec �0.12 �0.13 0.14 0.06 0.34 0.43 0.39 0.67 0.38 0.64 0.78

Yr (0) Jan �0.26 �0.05 0.16 0.05 0.28 0.33 0.24 0.47 0.33 0.38 0.62 0.86
Feb 0.08 0.25 0.24 0.08 0.02 0.29 0.32 0.38 0.33 0.43 0.48
Mar 0.46 0.46 0.45 0.34 0.59 0.38 0.38 0.34 0.6 0.56
Apr 0.23 0.27 0.15 0.3 0.21 0.34 0.18 0.49 0.44
May 0.27 0.2 0.05 0.1 0.22 0.42 0.25 0.41
Jun 0.44 0.32 0.41 0.31 0.09 0.18 0.4
Jul 0.37 0.6 0.2 0.24 0.31 0.53
Aug 0.62 0.37 0.43 0.47 0.54
Sep 0.66 0.56 0.61 0.63
Oct �0.11 0.12 �0.07
Nov �0.42 �0.38
Dec 95% significance level �0.49 �0.6

TABLE 5. As in Table 3 except for normal cases. Autocorrelation values significant at the 95% level (�0.51) are in bold font.

Year (�1)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Year (�1) Jan
Feb 0.3
Mar 0.52 0.59
Apr 0.26 0.36 0.59
May 0.42 0.36 0.32 0.4
Jun 0.28 0.09 �0.09 �0.02 0.27
Jul 0.24 �0.31 �0.19 0.02 0.16 0.54
Aug 0.49 0.07 0.1 0.28 0.21 0.48 0.6
Sep 0.31 �0.04 �0.08 0.14 0.16 0.39 0.55 0.8
Oct �0.07 0.01 0.03 0.2 �0.1 0.29 0.19 0.55 0.72
Nov �0.03 �0.05 0.09 �0.1 �0.33 0.04 0.07 0.4 0.37 0.57
Dec �0.01 0.02 0.09 �0.24 �0.39 0.02 �0.13 �0.03 �0.16 0.02 0.68

Year (0) Jan �0.19 �0.1 �0.1 �0.36 �0.32 0.14 0.15 �0.23 �0.19 �0.05 0.5 0.64
Feb �0.31 �0.12 �0.09 0.04 0.3 0.32 �0.1 0.01 0.17 0.13 0.14
Mar �0.1 0.03 0.31 0.48 0.4 �0.07 0.19 0.17 �0.11 0
Apr �0.24 0.08 0.59 0.46 0.37 0.33 0.4 0.21 0.22
May �0.28 0.49 0.24 0.12 �0.09 0.2 0.23 0.48
Jun 0.12 0.01 �0.18 �0.12 0.11 0.25 0.31
Jul 0.19 0.25 0.12 0.14 0.05 �0.03
Aug 0.15 �0.05 0.17 0.35 0.14
Sep 0.25 0.16 0.03 0.19
Oct 0.58 0.38 0.14
Nov �0.21 �0.38
Dec 95% significance level � 0.51 �0.27
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nual and interannual features associated with the SCS
FPB are examined. Annual features over the SCS re-
gion are depicted by climatological (1950–2000) annual
cycles of SLP averaging from the 10° to 20°N latitudinal
zone and of SST averaging from the 110° to 120°E lon-
gitudinal zone. The SLP annual cycle (Fig. 1a) shows a
pressure rise over the SCS from summer to winter, cor-
responding to a circulation change from a monsoon
trough in summer to a pressure surge associated with
the westward expansion of the Pacific subtropical high
and the development of the Siberia–Mongolia high in
winter (e.g., Ding 2004; Chan and Li 2004). A transition
occurs in fall, characterizing a minimum east–west pres-
sure gradient across the SCS–western Pacific regions in
October. The SCS SST (Fig. 1b) is relatively warm with
an annual cycle ranging from 23° to 29°C. Its meridi-
onal gradient is enhanced significantly in winter due to
the intrusion of cold northeasterly monsoon flows, but
becomes weak in summer under the influence of warm
southwesterly monsoon flows. In the transitional fall
season, no dominating monsoon flow exists in the SCS,

yielding a minimum gradient around October. These
features indicate that the ocean–atmosphere over the
SCS is least robust in fall as being in a transitional phase
from the summer monsoon system to the winter mon-
soon system. The SCS FPB resembles the Pacific SPB
in such a way as to occur in the minimum phase of the
annual cycle of the background ocean–atmosphere.

5. Interannual anomalies associated with the FPB

The FPB of the SCS SST is readily recognizable dur-
ing strong ENSO cases. We thus examine interannual
anomalies of strong ENSO cases, tending to identify
the possible mechanism inducing the SCS FPB. Com-
posite difference patterns of SST anomalies (El Niño
minus La Niña) during ENSO’s developing and mature
phases [September of year (�1) to February of year
(0)] are shown in Fig. 2. Their 90% significant patterns
(shaded regions) reflect the primary features of El Niño
evolution. Strong and elongated warming persists in the
tropical eastern Pacific, while minor cooling in the
tropical western Pacific and minor warming in the In-
dian Ocean occurs. SST anomalies in these regions vary
in strength over time, but remain unchanged in sign.
The SCS SSTA, however, evolves in a different way. Its
significant features include an anomalous cooling in the
northern SCS during September. An anomalous warm-
ing emerges in the southern SCS in October and be-
comes significant in November. It extends northward to
cover the entire SCS in December and stretches farther
northeastward into the western North Pacific with a
maximum center located to the east of Taiwan from
January to February of the next year. These evolution-
ary features reveal that the occurrence of the SCS FPB
during strong ENSO cases is connected with a rapid
change in the SCS SSTA during fall, changing from one
regime in summer to a sign-reversed regime in winter.
Lau and Yang (1996) showed that the Pacific SPB con-
curred with a sign reversal in the tropical eastern Pacific
SSTA during spring (in their Fig. 2a). Such a sign re-
versal implies a quick decrease in the anomaly’s persis-
tence, setting a favorable condition for the occurrence
of a persistence barrier. Consequently, the SCS SST
tends to have a persistence barrier in fall.

What causes the sign reversal of the SCS SSTA dur-
ing fall? The SSTA in the SCS–tropical western Pacific
regions is possibly modulated by several physical
mechanisms, including remote impacts of ENSO (e.g.,
Klein et al. 1999; Wang et al. 2000), local atmosphere–
ocean interactions (e.g., Wang et al. 2003), and oceanic
response to atmospheric forcing (e.g., Wang et al.
2004). These results suggest that atmospheric variabil-
ity may influence the SCS SSTA, and is a possible cause

FIG. 1. Climatological annual cycles of (a) SLP averaging from
the 10° to 20°N zone and of (b) SST averaging from the 110° to
120°E zone. In (a) contour intervals are 1.5 mb and SLP values
larger than 1011 mb are shaded; in (b) contour intervals are 1°C
and SST values larger than 28°C are shaded. The analyzed SCS
region is bounded by two thick vertical lines in (a) and by two
thick horizontal lines in (b).
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for rapid SST changes during fall. Figure 3 shows 850-
mb streamfunction (S850) difference anomalies corre-
sponding to SST difference anomalies in Fig. 2. Their
significant features appear as an eastward-displacing
circulation pattern characterizing the Matsuno–Gill-
type pattern (Matsuno 1966; Gill 1980). In September,
this circulation pattern consists of a north–south pair of
elongated cyclonic anomalies straddling the equator
from the Maritime Continent to the central Pacific, and
a complementary pair of anticyclonic anomalies over
the Arabian Sea–western Indian Ocean regions. The
pair of anticyclonic anomalies intensifies and moves
eastward rapidly in October and November. Its north-
ern component moves farther eastward to center on the
Philippines in December and eventually anchors in the
SCS–Philippine Sea regions in the ensuing January and
February. During this eastward-moving course, the SCS
is under the influence of a cyclonic anomaly in Septem-
ber, but of an anticyclonic anomaly from October on-

ward. Figures 2 and 3 clearly show that the SCS SSTA
and its overlying S850 anomaly both undergo a sign re-
versal between summer and winter. In fall, the rapid
SST warming is coincident with a rapid eastward dis-
placement of an anticyclonic anomaly into the SCS.
These relationships suggest that the FPB of the SCS
SST during strong ENSO cases should be closely con-
nected with the development and evolution of a low-
level circulation anomaly, which emerges in the north-
ern Indian Ocean in early northern fall, strengthens and
moves eastward along the 10°–30°N zone during fall,
and eventually anchors in the Philippine Sea during
northern winter.

6. Evolution of the low-level anomalous
anticyclone

The low-level anticyclonic anomaly anchoring in the
Philippine Sea during the winter El Niño phase is re-

FIG. 2. Composite SST difference anomalies for strong ENSO cases (El Niño minus La Niña) during the developing and mature phases
[September of year (�1) to February of year (0)]. Contour intervals are 0.3°C; anomalies significant at the 90% level are shaded.
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ferred to as the anomalous Philippine Sea anticyclone
(PSAC) by Wang et al. (2000) and Wang and Zhang
(2002). They noted that the anomalous PSAC forms
abruptly in fall in the SCS due to two possible mecha-
nisms: 1) remote El Niño forcing from the east and 2)
extratropical–tropical interactions evoked by the mid-
latitude forcing from the north. Our analyses suggest a
new scenario for the origin of the anomalous PSAC
from the west. It is a result of the eastward displace-
ment of a low-level anomalous anticyclone (LAAC)
developing in the Indian Ocean (see Fig. 3). This dis-
placement was suggested to be driven by a horizontal
asymmetry of moisture and temperature anomalies
(Chou 2004). Because the anomalous anticyclone is
cold and dry in nature, its anomalous anticyclonic flows
advect mean cold and dry air to its east, but warm and
wet air to its west, setting an eastward-moving tendency
for the anomalous anticyclone. Nevertheless, how

ENSO remotely affects this displacement remains un-
clear. To study this issue, composite difference anoma-
lies of 850-mb velocity potential (X850) for strong
ENSO cases are shown in Fig. 4. During a strong El
Niño–developing year, X850 anomalies contain a persis-
tent divergent center over the Maritime Continent from
September to November in response to anomalous sub-
sidence remotely forced by the warm SSTA in the
tropical central-eastern Pacific. The anomalous diver-
gent center exhibits an axis extending from the Mari-
time Continent northwestward toward India in Septem-
ber, northward toward the East China Sea in October,
and northeastward toward the western North Pacific in
November, showing an eastward movement of anoma-
lous divergence along the 10°–30°N zone. This eastward
movement is concurrent with, to its west side, the in-
tensification and eastward expansion of warm SST
anomalies in the Indian Ocean (see Figs. 2a–c). This

FIG. 3. As in Fig. 2 except for the 850-mb streamfunction (S850) difference anomalies. Contour intervals are 8 � 105 m2 s�1;
anomalies significant at the 90% level are shaded.
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suggests that the developing El Niño may influence the
eastward movement of the anomalous divergence via
corresponding SST variability in the Indian Ocean.

To specifically portray how ENSO-induced large-
scale divergence anomalies affect the LAAC’s displace-
ment, the spatial phase relationships of S850, X850, 500-
mb vertical motion (�500), and precipitable water (W)
anomalies during the eastward-displacing course are
examined in Fig. 5. Their composite horizontal distri-
butions averaging from the 10°–20°N zone and over fall
are with respect to the maximum center of the LAAC
(zero position in Fig. 5), which is at 55°E in September,
85°E in October, and 90°E in November (see Fig. 3). It
is shown that the LAAC (positive S850 anomaly) is ac-
companied by an anomalous large-scale divergence
(negative X850 anomaly) to its east. This anomalous
divergence is accompanied with anomalous downward
motion (positive �500 anomaly) to suppress convective
activities, yielding negative W anomaly and anomalous

dry condition. The X850, �500, and W anomalies contain
the opposite sign in the regions west of the LAAC.
These spatial phase relationships reveal the existence of
anomalous dry and divergent conditions ahead of the
LAAC to facilitate its eastward movement. This result
suggests that a strong ENSO acts to force the LAAC’s
eastward displacement via its accompanying large-scale
divergence anomalies.

After the LAAC enters the Philippine Sea in winter,
it is sustained and trapped in this region until the en-
suing spring or early summer (e.g., Wang et al. 2000,
2004). This phenomenon was rationalized by a positive
thermodynamic ocean–atmosphere feedback proposed
by Wang et al. (2000). In winter, the LAAC is sand-
wiched by cold SST anomalies to its east over the tropi-
cal western Pacific and warm SST anomalies to its west
over the SCS and Indian Ocean (see Fig. 2). With the
presence of the prevailing northeasterly monsoon flows
or trade winds, its anomalous anticyclonic flows inten-
sify total wind speed to its east, maintaining the under-
lying cold SST anomalies through increased evapora-
tive cooling. The cold SST anomalies, in turn, excite
descending atmospheric Rossby waves that reinforce
the LAAC in their westward decaying journey. As the
seasonal cycle progresses, this feedback diminishes in
coherence with a weakening in winter flows, leading to
a gradual decay of the LAAC during the following
spring and summer.

FIG. 4. As in Fig. 2 except for composite difference anomalies of
850-mb velocity potential (X850) from September to November of
year (�1). Contour intervals are 0.5 � 106 m2 s�1; anomalies sig-
nificant at the 90% level are shaded.

FIG. 5. Horizontal distributions of composite difference
anomaly averaging from the 10°–20°N zone and over fall for (a)
850-mb streamfunction, (b) 850-mb velocity potential, (c) 500-mb
vertical motion, and (d) precipitable water during strong ENSO
cases. Their reference point (zero position) is the location of the
maximum center of the low-level anomalous anticyclone during
its eastward displacement in fall.
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7. Ocean–atmosphere processes responsible for the
change of the SCS SST

The eastward passage of the LAAC across the SCS
induces rapid changes in the underlying SSTs during
fall. What is the relative role of dynamic and thermo-
dynamic processes in causing the SST change? The
specific ocean–atmosphere processes over the SCS are
investigated in terms of a surface heat budget for an
area-averaged SST index (10°–20°N, 110°–120°E).
Composite difference anomalies of various area-mean
fields for strong ENSO cases are displayed in Fig. 6.
During year (�1) of strong El Niño cases, the SCS
SSTA (Fig. 6a) undergoes a rapid and continuous
warming from September to December. This warming
is accompanied by abrupt changes in the S850 anomaly
(Fig. 6b) from anomalous cyclone (negative value) in
September to anomalous anticyclone (positive value) in
October and the later months. From October, the
anomalous anticyclone effectively suppresses rainfall

activity, resulting in decreased precipitation (Fig. 6c)
and enhanced net downward shortwave (SW) radiation
at the surface (Fig. 6d) to warm the SCS SST. The
increase in SW is evident from September to October in
association with the first intrusion of the LAAC into
the SCS (see Fig. 3). Meanwhile, latent heat flux (LF)
from the ocean to atmosphere (Fig. 6e) hardly varies
from September to October, but decreases significantly
from October to December in accordance with a reduc-
tion in total wind speed at 10 m (Fig. 6f). An inspection
of anomalous S850 patterns in Fig. 3 discloses that the
prevailing winter northeasterly flows over the northern
SCS are weakened in November by anomalous westerly
flows from the eastern boundary of the LAAC center-
ing in the Bay of Bengal, but in December by anoma-
lous southwesterly flows from the western boundary of
the LAAC centering in the Philippines. Temporal fea-
tures of Figs. 6a, 6d, and 6e reveal that rapid SST warm-
ing from October to December is more consistent with
the rapid and significant LF decreases than the minor
SW increases. On the other hand, SST warming from
September to October is positively enhanced by SW
increases, but negatively by LF increases. The LF and
SW are two dominant terms determining the surface
heat budget over the tropical oceans (e.g., Hartmann
and Michelsen 1993; Kitoh et al. 1999; Chen et al. 2003).
The above analyses suggest two possible mechanisms
for rapid SST warming in the SCS during the strong El
Niño developing year. In October, anomalous warming
is primarily caused by increased absorption of solar
heating in accordance with the eastward intrusion of
the LAAC into the SCS. In November and December,
anomalous warming mainly results from a decrease in
evaporative cooling as the prevailing winter flows are
weakened by outer flows of the eastward-moving
LAAC.

8. Relative importance of the monsoon and ENSO
on the SCS FPB

The LAAC develops in the Indian Ocean in a period
right after the Indian summer monsoon (ISM) during
strong El Niño developing years. Previous studies
noted that the ISM may have an active role in affecting
the ensuing ENSO variability via anomalies in large-
scale convection over the ISM region and associated
east–west circulation over the tropical Pacific (e.g.,
Shukla and Paolino 1983; Barnett 1985; Yasunari 1990).
This leads us to question the relative importance of the
ISM and ENSO on the SCS FPB. The ISM index de-
fined by Wang et al. (2001) [difference of 850-mb sum-
mer westerlies between a southern region (5°–15°N,
40°–80°E) and a northern region (20°–30°N, 70°–90°E)]

FIG. 6. As in Fig. 2 except for the anomalous area-mean fields
(averaging from the domain 10°–20°N, 110°–120°E) involved in
the ocean–atmosphere interaction processes over the SCS region:
(a) SST, (b) S850, (c) precipitation rate (P), (d) net downward
shortwave radiation (SW) at the surface, (e) latent heat flux (LF)
from ocean to atmosphere, and (f) total wind speed at 10 m
(|V10m|).
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is used to select strong (index �1 SD) and weak (index
��1 SD) ISM cases. The strong cases include the sum-
mers of 1958, 1959, 1961, 1970, 1973, 1975, 1978, 1980,
and 1994 while the weak cases include the summers of
1950, 1962, 1965, 1966, 1972, 1974, 1987, and 1999.
Composite difference patterns of the S850 anomaly be-
tween the strong and weak (strong minus weak) ISM
cases are displayed in Fig. 7. It shows that the circula-
tion anomaly does not exhibit any noticeable eastward
propagation over the Indian Ocean during fall and is

not stationary in the SCS–Philippine Sea regions during
winter. The lack of these two salient features indicates
ISM variability as being an ineffectual factor in LAAC
development. Hence, in terms of the relative impor-
tance of ENSO and ISM on LAAC development and
its associated SCS FPB, it appears that ENSO is more
effectual.

9. Dependence of the FPB and the LAAC on
ENSO characteristics

Two issues regarding the influence of ENSO charac-
teristics on the FPB and the LAAC are discussed. The
first issue is why the FPB of the SCS SST is evident
during strong ENSO cases, but becomes indiscernible
during weak ENSO and normal cases. We compare the
evolutionary features of SST and S850 anomalies among
different ENSO cases in terms of their composite lon-
gitude–time patterns averaging from the 10° to 20°N
zone (Fig. 8). These patterns are obtained from the
differences between El Niño and La Niña cases (El
Niño minus La Niña) or between positive and negative
normal cases (positive minus negative). For the SST
evolution, the SCS SSTA (in the 110°–120°N zone)
changes from �0.4°C in August of year (�1) to 0.7°C in
January of year (0) during strong ENSO cases (Fig. 8a),
but from 0.1° to 0.6°C during weak ENSO cases (Fig.
8b). There is a phase reversal during fall in the former,
but not in the latter. The evolution of the S850 anomaly
(Fig. 8d) indicates the development of the LAAC as a
striking feature of strong El Niño cases. A similar de-
velopment seems to occur during weak El Niño cases
(Fig. 8e). However, its strength is only half of its coun-
terpart in strong El Niño cases. This result is in agree-
ment with the Wang and Zhang (2002) finding that
strength of the anomalous PSAC increases with El
Niño intensity. In fact, winter SST variability, averaging
over the SCS index region, is also stronger in strong
ENSO cases (0.14°C) than in weak ENSO cases
(0.09°C). These comparisons suggest two important fac-
tors inducing the evident SCS FPB during strong ENSO
cases: 1) strong anomalies in the ocean–atmosphere
and 2) a noticeable phase reversal in the SCS SSTA
during fall. For normal cases (Figs. 8c and 8f), the
LAAC is not developed. SST and S850 anomalies in the
SCS are too chaotic in evolution pattern and too weak
in strength, leading to an indiscernible FPB.

The second issue is regarding the effect of ENSO’s
longitudinal evolution on LAAC development. ENSO
cases generally characterize two types of longitudinal
evolution: one with major SST anomalies moving east-
ward from the tropical western Pacific toward the cen-

FIG. 7. Composite difference patterns of S850 anomalies be-
tween the strong and weak Indian summer monsoon cases (strong
minus weak). Contour intervals are 4 � 105 m2 s�1; anomalies
significant at the 90% level are shaded.
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tral-eastern Pacific and another with major SST anoma-
lies moving westward from the eastern Pacific to the
central Pacific. The former type includes the years of
1969, 1976, 1983, 1987, 1992, 1995, 1999, and 2000 while
the latter type includes the years of 1955, 1956, 1958,
1966, 1971, 1973, 1974, 1978, and 1989. Composite dif-
ference patterns (El Niño minus La Niña) of S850

anomaly for these two ENSO types are shown in Fig. 9.

Both types exhibit the initial development of the
LAAC in the Indian Ocean and its eastward movement
toward the SCS. These results indicate that, while
ENSO acts as a driving mechanism for LAAC devel-
opment, the LAAC’s eastward movement is caused
mainly by local processes, regardless of the longitudinal
evolutionary features of ENSO-related SSTA in the Pa-
cific.

FIG. 8. Composite longitude–time patterns of SST � S850 difference anomalies averaging
from the 10°–20°N zone for (a), (d) strong ENSO (El Niño minus La Niña), (b), (e) weak
ENSO (El Niño minus La Niña), and (c), (f) normal (positive minus negative) cases. Contour
intervals are 0.2°C for SST anomalies and 8 � 105 m2 s�1 for S850 anomalies. Positive values
are shaded. The analyzed SCS region (110°–120°E) is bounded by two thick vertical lines.
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10. Concluding remarks

The purpose of this study is to investigate persistence
characteristics of the SST anomaly (SSTA) in the South
China Sea (SCS) in association with ENSO. Autocor-
relations of the SCS SST index (area mean of the do-
main 10°–20°N, 110°–120°E) for the period 1950–2000
show a rapid and significant decrease in October and
November, disclosing the existence of a fall persistence
barrier (FPB) in the SCS SST. This FPB is readily rec-
ognizable during the developing phase of strong ENSO
cases. In a strong El Niño event, the salient features of
the SCS SSTA associated with the FPB include a phase
reversal between summer and winter and a rapid warm-
ing during fall. One possible cause of these SST varia-

tions, as well as the occurrence of the FPB, is the de-
velopment and evolution of a low-level anomalous an-
ticyclone (LAAC). The LAAC emerges in the northern
Indian Ocean in early northern fall, moves eastward
into the SCS during fall, and eventually anchors in the
Philippine Sea during northern winter. This provides a
new generation scenario for the anomalous Philippine
Sea anticyclone such that it originates from the Indian
Ocean. The LAAC’s eastward movement is apparently
driven by a zonal asymmetry, relative to the anticy-
clonic circulation center, of divergent flow and associ-
ated atmospheric vertical motion and moisture fields.
In October when the LAAC moves into the SCS, it
suppresses rainfall activity, resulting in anomalous SST
warming due to increased absorption of solar heating.

FIG. 9. Composite S850 difference anomalies for two types of strong ENSO cases (El Niño minus La Niña) from October of the ENSO
developing year to the ensuing February: (a)–(c) ENSO’s major tropical SST anomalies move eastward from the western Pacific to the
central-eastern Pacific and (d)–(f) ENSO’s major tropical SST anomalies move westward from the eastern Pacific to the central Pacific.
Contour intervals are 8 � 105 m2 s�1; anomalies significant at the 90% level are shaded.
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In November and December, outer flows of this east-
ward-displacing LAAC weaken the prevailing north-
easterly flows over the northern SCS, leading to
anomalous SST warming due to decreased evaporative
cooling. The LAAC development during fall is found to
be relatively independent of the preceding Indian sum-
mer monsoon and the longitudinal evolution of the
ENSO-related Pacific SSTA. The above anomalies of
the ocean–atmosphere contain the opposite sign in a
strong La Niña event. During weak ENSO and normal
cases, the key low-level circulation anomaly is either
too weak in intensity or not developed, while the SCS
SSTA exhibits weak intensity and no phase reversal in
fall. The FPB of the SCS SST is imperceptible in these
cases.

In fall, the annual cycle of the ocean–atmosphere in
the SCS is at a minimum, while interannual anomalies
undergo fast and striking changes during strong ENSO
cases. The SCS FPB can be perceived as resulting from
phase locking of interannual anomalies to the annual
variation of the ocean–atmosphere, resembling the sa-
lient feature of the Pacific SPB (e.g., Lau and Yang
1996). Another marked feature in fall associated with
the FPB is the eastward movement of the LAAC. Is
this movement related to the eastward-moving Mad-
den–Julian oscillation (MJO)? The MJO has a time
scale of 30–60 days and propagates eastward through
the globe at an average speed of 8° day�1. The inter-
annual anomaly LAAC has its center move from 55°E
in September to 120°E in December (see Fig. 3). Its
average speed is about 0.7° day�1, only 1/10 of that for
the MJO. Moreover, the LAAC becomes stationary af-
ter it reaches the SCS, while the MJO continues to
propagate eastward through the whole globe. These
distinctive differences suggest that the LAAC’s east-
ward movement is irrelevant to the MJO.

The SCS SSTA undergoes a sign reversal between
the periods before and after the occurrence of the FPB.
This result implicates a possible connection between
the FPB and the quasi-biennial oscillation (QBO) of
the SCS SST (e.g., Shen and Lau 1995; Tomita and
Yasunari 1996; Ose et al. 1997) or, more general, the
tropical tropospheric biennial oscillation (e.g., Meehl
1997; Li et al. 2001a,b). Lau and Yang (1996) illustrated
a dynamic relationship among the Pacific SPB, tropical
QBO, and the summer monsoon on the quasi-biennial
time scale as follows: a well-defined (vague) Pacific
SPB is followed by a strong (weak) Asian summer mon-
soon during the cold (warm) phase of the QBO of the
tropical ocean–atmosphere. Their findings lead us to
speculate the possible existence of a systematic rela-
tionship between the FPB and QBO of the SCS SST
and the SCS summer monsoon (e.g., Chen and Chen

1995; Lau et al. 2000). Such a relationship, if it exists,
has good potential for improving summer climate pre-
diction for East Asia. For example, the winter ENSO
SST may be used to predict the ensuing summer SCS
SSTA (Ose et al. 1997) because this winter-to-summer
period does not encounter the SCS FPB. Then, we may
base upon the predicted summer SCS SSTA, its corre-
sponding QBO phase, and the degree of FPB in the
preceding fall to project the variability of the SCS sum-
mer monsoon. The monsoon-related convective
anomalies induce meridionally stratified circulation
patterns to regulate summer rainfall over East Asia
(e.g., Huang and Sun 1992; Wang et al. 2001; Chen et al.
2005). As such, the aforementioned relationships
should help us to better predict summer climate vari-
ability in East Asia. At any rate, future efforts are
needed to specifically study these dynamic relation-
ships.
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