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Abstract

Multi-scale summer (Jun—Aug) rainfall variability over China and its long-term link to global sea surface
temperature (SST) variability are studied for the period of 1955-1997. First, the dominant spatial and
temporal patterns of the observed rainfall anomaly are studied by empirical orthogonal function (EOF)
analysis. By a wavelet transform, interannual and decadal-interdecadal variabilities as well as a trend
are found, with different dominance, in the first two EOF modes. EOF1 shows a sudden shift in rainfall
anomaly over China in the late 1970s, representing overall wetter conditions in central China and drier
conditions in northern and southern China in the 1980s than the conditions in the 1960s. This sudden shift
is associated with a quasi-in-phase reinforcement between bidecadal and quadridecadal variabilities. EQOF2
represents an increasing trend in the rainfall anomaly in broad central and southern China, especially in
the Yangtze River valley, without an apparent shift in the late 1970s. The lack of such a shift is associated
with an out-of-phase partial cancellation between a bidecadal cycle and the trend around that time.

Second, to understand the long-term rainfall variability that is linked to global SST variability, the
singular value decomposition (SVD) analysis for the two fields is carried out. SVD1 links drought conditions
in northern China and flood conditions in central China to an El Nifio-like SST anomaly distribution. This
mode shows both an apparent trend and a regime shift in the late 1970s, which do not coexist in the
rainfall EOF modes. SVD2 links the rainfall anomaly in the area between the Yangtze River and the
Yellow River and the opposite anomaly in southern China to a wave-like SST anomaly distribution in the
eastern Pacific from tropics to extratropics. SVD3 links the rainfall anomaly in the Yangtze River valley
to the SST anomaly in the western Pacific centered near 20°N 140°E. The rainfall variability in different
areas of China that can be attributed to SST effects results from the interplay of the SVD modes. The
most significant links found from SVD analysis are verified by cross-correlation functions. A scenario for a
long-term link on the trend scale between the rainfall over China and global SST variabilities, through the
associated large-scale circulation, is presented.
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(©1999, Meteorological Society of Japan

NII-Electronic Library Service



846 Journal of the Meteorological Society of Japan

1. Introduction

The long-term variability of the Earth’s ocean-
atmosphere system has been the subject of many
previous studies (Trenberth, 1990; Kawamura, 1994;
Kleeman et al., 1996; Zhang et al., 1997; Lau and
Weng, 1999, hereafter referred to as LW). In ad-
dition to a warming trend during the past four
decades, one of the key features noted in these
studies is a sudden regime shift in the late 1970s
in the global climate state characterized by warm-
ing in the tropical oceans. This shift has been
linked to decadal and interdecadal climate variabil-
ity over North Pacific and parts of North Amer-

ica (Trenberth and Hurrell, 1994; Graham, 1994;

Minobe, 1997). A similar variation has also been
observed in regional summer rainfall over East Asia.
There is also a trend during the past four decades
with a regime shift in the late 1970s in the rainfall
anomaly over some areas of China. A shift from a
dry condition to a wet condition in central eastern
China, and an opposite shift in northern China were
found (Liang et al., 1992; Chen et al., 1994; Yatagai
and Yasunari, 1995; Simmonds et al., 1996; Nitta
and Hu, 1996; Hu, 1997). Given the close timing be-
tween the global climate change and the East Asian
monsoon variation, it is possible that the rainfall
regime shift over the Asian monsoon region, in par-
ticular over China, may be linked to the global SST
change. Despite these earlier findings, the relation-
ship between the rainfall variability over China and
the global SST variability has not been adequately
explored, and is a focus of this work.

To explore this relationship, we first study the
spatial and temporal variabilities of the summer
rainfall anomaly over China. Then, we further
study the part of the rainfall variabilities that are
possibly linked to the global SST variability. Sec-
tion 2 presents the data sets and the methods used.
Section 3 shows the spatial and temporal rainfall
patterns in China by empirical orthogonal function
(EOF) analysis, and their temporal multi-scale na-
ture by a wavelet transform. Section 4 presents
the relationship between the rainfall and global SST
anomalies based on singular value decomposition
(SVD) analysis and cross-correlation functions. Sec-
tion 5 provides a scenario for the long-term link be-
tween the variabilities of the rainfall over China and
the global SST through the associated large-scale
circulation. The final section briefly summarizes the
results.

2. Data and methods

Analysis of the summer rainfall (the total amount
for June, July and August) over China is based on a
160-station monthly data set for the period of 1955—
1997 provided by Beijing University, China. Analy-
sis of the summer SST for the same period is based
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on the monthly 10° x 10° SST data provided by the
National Oceanic and Atmospheric Administration
(NOAA). The monthly 1° x 1° COADS (Compre-
hensive Ocean-Atmosphere Data Set) surface hori-
zontal wind data for the period of 1955-1993 are also
used to establish a possible link between the long-
term summer rainfall in China and the global SST
variation. The domain for analyzing SST is limited
within the latitudes of 40°S—60°N, while that for the
surface wind is 40°S-40°N.

For the rainfall and SST anomaly fields, the cli-
matological seasonal cycles, defined by the averaged
annual cycle for the data period, have been removed
before EOF and SVD analyses are applied. In the
temporal domain, each principal component (PC)
from EOF and SVD analyses is scaled by its stan-
dard deviation (o). The corresponding spatial pat-
tern is then multiplied by its PC’s standard devia-
tion. Thus, the EOF or SVD spatial coefficients rep-
resent approximately the 1-¢ loading of that com-
ponent. A Morlet wavelet analysis is used to iden-
tify various timescales; defined as one full period, in
the PCs of the first two EOF modes. The standard
procedures of these methods will not be presented.
The interested readers are referred to North (1984)
for EOF, to Brentherton et al. (1992) and Wallace
et al. (1992) for SVD, and Weng and Lau (1994)
and Lau and Weng (1995) for the Morlet wavelet
transform used here.

3. Spatial and temporal rainfall patterns

3.1 Dominant EOF patterns

The spatial patterns and their corresponding PCs
of the first two EOF modes are shown in Fig. 1.
EOF1 explains 15.1 % of the total summer rain-
fall variance in China. Its spatial pattern shows
that the variation of the summer rainfall in central-
eastern China (29°-35°N, 105°-120°E), including
the Yangtze River valley (YRV, 29°-32°N, 105°-
120°E) and Huaihe River valley, is opposite to the
variabilities in the areas to its south and north. The
rainfall anomaly in the northern part of northeast-
ern China varies with a similar tendency as that
in central-eastern China. A prominent character of
PC1 is the sudden regime shift in the late 1970s,
from overall negative anomalies between the late
1950s and the late 1970s to overall positive anoma-
lies between the late 1970s and the beginning of the
1990s. However, there is no apparent trend for the
data period in PC1.

EOF2 explains 11.0 % of the total summer rain-
fall variance in China. Its spatial pattern shows that
when the broad central and southern China, espe-
cially the YRV, is wetter, the area to the north is
slightly drier. There seems to be a trend for the
data period, emphasized by persistent, large, neg-
ative anomalies in the earlier period (between the
mid-1950s and the late 1960s), and persistent, large,
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Fig. 1. Spatial patterns of EOF1 (15.1 %) and EOF2 (11.0 %) and their corresponding PCs of China
summer rainfall anomaly. The contour interval in spatial patterns is 40 mm. The positive (negative)
values are dark (light) shaded. The results have been scaled by each PC’s standard deviation.

positive anomalies in the later period (since the be-
ginning of the 1990s). There is no apparent regime
shift in the late 1970s in PC2.

The difference between the temporal characteris-
tics of the two PCs is apparent. PC1 exhibits a
rather sudden regime shift in the late 1970s without
much of the trend signal for the data record, while
PC2 exhibits a trend without an apparent shift in
the late 1970s. In the areas where the spatial coef-
ficients in the two EOF patterns are both positive
(e.g., the YRV), the combination of the two EOF
modes may imply an increasing rainfall trend (due
to EOF2), with a sudden regime shift in the late
1970s (due to EOF1). In the areas with both neg-
ative spatial coefficients (e.g., northern China), a
decreasing trend in rainfall with an opposite shift
may be found.

Different temporal behaviors of PC1 and PC2
may be manifestation of different phase and inten-
sity combinations of multi-scale temporal rainfall
variabilities. The two PCs seem to vary on inter-
annual and decadal-interdecadal timescales as well
as a trend scale with different dominance. These
timescales will be analyzed in detail by the Morlet
wavelet transform in the following subsection.

The EOF patterns presented here are somewhat
different from those presented by Nitta and Hu
(1996), who used a rainfall data set from the same
160 stations. The difference is mainly due to differ-
ent data periods and methods used. The data set
used by Nitta and Hu (1996) covered the severe flood
in YRV in 1954, but not the severe flood in southern

China during the intense 1997 El Nifio event. The
data set used here includes 1997, but not 1954. The
inclusion or exclusion of a severe flood year in a data
set that is not very long will have some impact on
the dominant EOF patterns. Furthermore, the rain-
fall data they analyzed are normalized. It actually
amplifies the contribution of the rainfall variability
in arid and semi-arid areas to the overall patterns
of the leading EOF modes. The rainfall data ana-
lyzed here are not normalized. The results presented
here emphasize the rainfall variabilities in the areas
where rainfall is abundant, and severe flood effects
are most devastating.

3.2 Multiple timescales in rainfall variability

Figure 2 shows the real part of the Morlet wavelet
coeflicients of the first two PCs for the timescales be-
tween 2 and 128 years during the 43 years.! The sig-
nals with large variability are mainly on the shorter,
interannual timescales. Since longer-term variabili-
ties may be seen as a background of shorter-term
ones, we proceed with the discussion of the rainfall
variabilities from longer to shorter timescales.

In PC1 (Fig. 2a), the trend signal on the longest
timescale is very weak. A quadridecadal cycle
(around 45 years here) is found, which changes

1 Since wavelet transform is capable to find local signals, a
signal with a timescale longer than the data record could
also be found as a projection of the time series onto a
wavelet base function with such a timescale. An ascend-
ing or descending part of an oscillating variability cycle
with its half-cycle longer than the data record may be
considered as a trend signal for the data record.
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Fig. 2. Wavelet coefficients are for (a) PC1 and (b) PC2 of the EOF modes. Shaded areas are for positive
values. Contour interval is.0.2 with the extra contour line at 0.1 for both signs. 0-line is omitted for

clarity.

phase from negative to positive around the mid-
1970s. Also found is a pronounced bidecadal signal,
which seems to have three main components with
timescales of 27, 22 and 19 years. The 27yr com-
ponent is stronger among the three in the 1950s. It
gradually gives way to the components with shorter
timescales, until the 19yr component becomes dom-
inant in the 1990s. The bidecadal signal switches
phase in the mid-1960s, the late 1970s, and the be-
ginning of the 1990s. The time when the stronger
bidecadal signal changes phase in the late 1970s is
close to the time when the weaker quadridecadal
signal changes phase in the mid-1970s. The quasi-
in-phase reinforcement of these two timescales, with
the much less contribution from the very weak trend,
is associated with the sudden regime shift in over-
all rainfall anomalies in the late 1970s for PC1 (see
Fig. 1b).

The situation in PC2 (Fig. 2b) is quite differ-
ent. There is a clear trend signal in PC2. The
trend changes phase from negative to positive in the
mid-1970s. There is no obvious quadridecadal sig-
nal in PC2. However, the bidecadal signal in PC2
is stronger than, and out-of phase to, its counter-
part in PC1. Similar to PCI1, the timescale of the
bidecadal signal decreases from about 27 years in

the 1950s to 22 years in the 1970s and 1980s, and
continues decreasing in the 1990s. The decrease in
timescale of the bidecadal signal may also be under-
stood by the tendencies that the 27yr component
is weakening while the 19yr component is strength-
ening from the 1950s to the 1990s. The bidecadal
signal changes phase in the mid-1960s, the late 1970s
and the beginning of the 1990s, and is out of phase
with the trend in the late 1970s. The partial can-
cellation between the two scales in PC2 blurs the
shift in the late 1970s, which is so apparent in PC1.
However, the bidecadal signal is in phase with the
trend signal in the period between the mid-1950s
and the mid-1960s, and the period since the begin-
ning of the 1990s. The quasi-in-phase reinforcement
between the two timescales during these two peri-
ods results in persistent, large, negative anomalies
in southern China, especially in the YRV in the ear-
lier period while persistent, large, positive anomalies
in the later period.

Thus, the bidecadal signals in both PCs are im-
portant components affecting the regime shift in the
late 1970s in PC1 and the trend in PC2. It is ex-
pected that the combination of the two leading EOF
modes would represent different dominance of longer
timescales in rainfall anomaly in different regions of
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China. In the areas where both spatial coefficients
in the two EOF modes are either positive or neg-
ative simultaneously, the bidecadal signal is weak-
ened due to partial cancellation between the two
modes. But, the trend signal and the shift in the
late 1970s may coexist due to the quasi-in-phase of
the quadridecadal signal in PC1 and the trend signal
in PC2. In the areas where the spatial coefficients
in the two EOF modes are opposite, the bidecadal
signal and, therefore, the shifts in the mid-1960s and
the beginning of the 1990s are enhanced. The trend
signal may be weakened due to partial cancellation
between the quadridecadal signal in PC1 and the
trend signal in PC2. The shift in the late 1970s for
a given area may be either enhanced or weakened
depending on the relative magnitudes of the spatial
and temporal coefficients in the two modes. The
timing of the shift may actually vary in a few years
from the mid-1970s to the late 1970s, depending on
the relative intensity of these longer timescales in
different locations. For simplicity, we specify such a
shift in the “late” 1970s in our discussion.

It is expected that some features of the rainfall
variability on shorter timescales (decadal and inter-
annual timescales) may also be different before and
after regime shift in the late 1970s. For convenience,
we denote the time periods of 1955-1977 and 1978—
1997 as Period I and Period II, respectively, in the
following discussions.

The decadal signal in PC1 is quite nonstation-
ary. Its timescale varies basically between 10 and 14
years. The 14yr component is mainly seen in Period
I, when the 27yr component is relatively strong. The
10yr component undergoes a frequency modulation
by longer timescales, crossing the boundary between
the decadal and interannual timescale bands in the
early 1960s and the late 1980s. Because of its rela-
tively short cycle length, the decadal variability in
PC1 may not play an important role in the regime
shift from Period I to Period II. Its quasi-in-phase
relationship with the bidecadal and quadridecadal
variability does enhance the suddenness of such a
regime shift in the late 1970s.

In PC2, the 14yr component is relatively station-
ary during Period I. The two PCs are basically in-
phase on the 14yr timescale during Period I. There
is little signal in the 10yr component in PC2.

The dominant interannual timescales in the two
PCs are found near the subharmonics of the annual
cycle. The wavelet coefficients of PC1 are mainly
clustered in two timescale bands: the longer one is
between 4 and 8 years, and the shorter one between
2 and 4 years. Both vary in intensity and length
with time. As mentioned earlier, the longer interan-

nual variability shows some interplay with decadal

variability. When the 10yr component reduces its
length to a component having a timescale shorter
than 8 years, a 4.8yr component reduces its length to
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4 years or less. The variability in the shorter inter-
annual band is the strongest among all timescales.
The dominant timescale is between 2.2-2.6 years
in Period I, representing a quasi-biennial oscillation
(QBO) signal. In Period II, beside the QBO signal,
there is a secondary dominant timescale between 3
and 4 years, which is quite nonstationary.

‘The behavior of the interannual variability of PC2
is also different from that of PC1. In the longer in-
terannual band, there are two dominant timescales,
around 5 and 7 years at the beginning of Period
1. These components gradually change their lengths
and finally merge to a single component with a
timescale of 5.6-yr at the end of Period I. This 5.6yr
component then increases its length to 6.7 years,
and becomes quite stationary throughout Period II.
In the short interannual band, QBO is overall dom-
inant in the whole data period, but not as intensive
as that in PC1. A 3.3yr component is only dominant
in the early Period II.

The averaged interannual timescale in both PCs
is about 4 years, with the dominance of QBO.
This timescale is similar with the averaged El
Nifio timescale of 4 years documented by Trenberth
(1997). The individual positive peaks in PC1 or PC2
(Figs. 1b and 1d) do not correspond well one-to-one
with El Niflo events observed in the SST anomaly in
the eastern tropical Pacific. Thus, the first two EQF
modes may not separately link the summer rainfall
variability over China to SST variability on interan-
nual and longer timescales. The links between the
rainfall and SST variabilities, on all timescales, may
be found by a method that is able to detect domi-
nant spatial and temporal patterns from the coupled
variabilities between the two fields. SVD analysis is
a proper tool for such a purpose, and is applied in
the next section.

4. Correlation analyses

The relationship between the (spatial and tempo-
ral) variabilities of the summer rainfall over China
and the global SST is first carried out by SVD anal-
ysis. Then, the cross-correlation functions between
several area-averaged rainfall and SST anomaly time
series are calculated and compared to verify some of
the links found by SVD.

4.1 Coupled rainfall-SST modes

The first three SVD modes will be examined here
(Fig. 3). In the following discussion, we use the suf-
fix r and s to denote the rainfall and SST anomaly
fields, respectively. The description for a spatial pat-
tern is for the time when the corresponding PC is
positive, if not specified otherwise.

SVD1 explains 35.1 % of the total squared covari-
ance between the rainfall and SST anomaly fields.
The SVD1s spatial pattern (Fig. 3al) shows an El
Nino-like structure with positive anomalies in the
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Fig. 3. The SVD modes for (a) SST spatial pattern, (b) summer China rainfall spatial pattern and (c)
the corresponding PCs. SVD1 (35.1 %) (upper panels), SVD2 (11.9 %) (middle panels), and SVD3
(11.4 %) (lower panels). The contour interval in (a) is 0. 1°C, and that in (b) is 40 mm. The results

have been scaled by the standard deviation of each PC.

eastern tropical Pacific and the Indian Ocean, and
an extensive pool of abnormally cold water in the ex-
tratropical northern Pacific. Coupled with this SST
pattern, a main feature of SVD1r (Fig. 3bl) is that
central-eastern China, extending to the southeast-
ern coastal area, and the upper northeastern China
are wetter, while northern China, and a small por-
tion of southern China are drier, than respective

normal conditions. The SVDl1s spatial pattern is
similar to that of the EOF1 mode of the annual SST
anomaly shown by LW, which represents an interan-
nual mode modified by interdecadal variations and
a global warming trend. The SVDI1r spatial pat-
tern seems to capture the main features of the first
two rainfall EOF modes, as expected in the previous
section.
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There is an apparent trend with a regime shift of
overall anomalies in the late 1970s in both PCls and
PC1lr (Fig. 3cl). The extreme positive anomalies of
both PCls and PClr in Period II apparently cor-
respond to El Nifo events. The magnitudes of the
positive anomalies are reduced in Period I, because
the El Nifio signals during that time period are shad-
owed by the negative contributions from the trend
and other long-term signals. The YRV and north-
ern China seem to be key areas where the rainfall
variabilities are related to the global climate change
through SST variation. These two areas exhibit op-
posite rainfall trends for the data period.

SVD2 explains 11.9 % of the total squared covari-
ance between the rainfall and SST anomaly fields.
The SVD2s spatial pattern (Fig. 3a2) shows a wave
train structure in the eastern North Pacific. The
wave train consists of relatively colder water in the
tropics and extratropics, and warmer water in sub-
tropics off the southwest coast of North America.
The SVD2s spatial pattern is similar to the EOF3
spatial pattern of the annual SST anomaly in LW.
This wave train may indicate oceanic heat exchange
by ocean circulation in the eastern part of North Pa-
cific between tropics and extratropics. The SVD2r
spatial pattern (Fig. 3b2) shows that when the wa-
ter in the eastern tropical and extratropical Pacific is
colder, and the water in between is warmer, the area
between the Yangtze River and the Yellow River
may be drier, while the Inner Mongolia and southern
China are wetter. There is no apparent shift in the
late 1970s, nor apparent positive anomalies corre-
sponding to El Nifio events in both PC2s and PC2r
(Fig. 3c2). There are persistent positive anomalies
in the 1990s, which is similar to the persistency of
EOF2 during that time.

SVD3 explains 11.4 % of the total squared covari-
ance between the rainfall and SST anomaly fields.
The SVD3s spatial pattern (Fig. 3a3) is similar
to the EOF2 spatial pattern of the annual SST
anomaly in LW. This pattern may represent the cold
tongue activity connected with the subduction of
cold water from the extratropical Pacific (Gu and
Philander, 1997). Associated with the eastern Pa-
cific cold region is a SST dipole in the western Pa-
cific, having a warm center in the south and a cold
center in the north. This is similar to the Pacific-
Japan pattern found by Nitta (1987) for intrasea-
sonal variability. The warm center is around 20°N
140°E where the year-round SST anomaly in the
Kuroshio Current has a positive correlation with
“Mei-yu” rainfall in the middle and lower reaches of
the Yangtze River (Lau and Li, 1984). The SVD3r
spatial pattern (Fig. 3b3) shows a maximum posi-
tive rainfall anomaly along the Yangtze River, while
a negative anomaly exists in the lower reaches of
the Huaihe River and the southeastern and southern
China. These spatial patterns of SVD3 are consis-
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tent with Lau and Li (1984). Both PC3s and PC3r
(Fig. 3c3) show overall negative anomalies in the
period between the late 1950s and the late 1960s,
and overall positive anomalies in the 1980s, with no
apparent persistency in the 1970s and 1990s.

SVD4 explains only 6.4 %-of the total squared
covariance and is well separated from SVD3. Since
the first three modes explain almost 60 % of the
total squared covariance, and shown the main fea-
tures of the relationship between the rainfall and
SST anomaly fields, higher modes will not be dis-
cussed here.

The rainfall over China that is linked to the global
SST warming on the trend scale is reinforced by the
three modes in the areas where the spatial coeffi-
cients have the same sign. The rainfall in north-
ern China between the Huaihe River and the Yel-
low River, including Shandong Peninsula (36-37°N,
118-123°E), shows a decreasing trend during the
past four decades. Meanwhile, the areas to the south
of the Yangtze River and the upper northeastern
China show increasing trends. Such trends with ap-
parent regime shifts in the late 1970s are consistent
with the combination of the first two EOF modes in
the areas where spatial coefficients in the two EOF
modes are either both positive (e.g., the YRV) or
both negative (e.g., northern China). For the ar-
eas where the spatial coefficients have different signs
among the three SVD modes, the net response of the
rainfall to SST variability on the trend scale depends
on the relative magnitudes of the temporal and spa-
tial coefficients in Fig. 3. Thus, the resultant rela-
tionship between the regional rainfall anomaly over
China and the global SST warming trend contains a
large degree of reinforcement or cancellation among
the first three SVD modes.

Similar interplay between the three SVD modes
may also be seen on shorter timescales. For exam-
ple, during El Nino summers, PCls is always pos-
itive and PClr is mostly positive, while the prin-
cipal components in the second and third modes
may not. Thus, the summer rainfall distribution
in China during El Nifio summers will be different
from year to year, depending on the combinations
of these rainfall SVD modes, or on different links
to the SST anomaly field. This analysis may pro-
vide an explanation for the somewhat weak and var-
ied El Nifo signals in observed rainfall anomaly in
many areas of China. The link between the sum-
mer rainfall anomaly over China and the global SST
anomaly on interannual timescale, especially for the
link between the 1997 El Nifio event and the sum-
mer drought and flood in China, will be specially
discussed in a separate paper.

The above discussed links between the variabili-
ties of the rainfall over China and the global SST,
presented by the SVD modes, are different from
those obtained by Nitta and Hu (1996) and Hu
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Table 1. Cross-correlation coefficients between area SST anomaly and China summer rainfall anomaly for the period
of 1955-1997. The geographical specification of these areas is given in the text. The 90 %, 95 % and 99 %
confidence levels are 0.25, 0.30 and 0.39, respectively. The coefficients above the 99 % level are in bold face.

Rain SSTA
E. Pacific W. Pacific N. Pacific Indian Ocean
YRV 0.21 0.42 -0.13 0.27
S. China —0.10 0.10 0.01 0.04
N. China —0.59 0.00 0.29 -0.18

(1997). Nitta and Hu (1996) and Hu (1997) per-
formed SVD analysis between China’s rainfall and
temperature first, then calculated the correlation be-
tween the principal component of a rainfall SVD
mode and the SST anomaly field. Thus, what they
showed was a somewhat tangled relationship among
all the three variables (rainfall and temperature over
China and SST). That is different from the rainfall-
SST relationship discussed here.

We will complement the SVD analysis by cross
correlation functions between the rainfall anomalies
in different areas of China and the SST anomalies in
different oceanic areas in the following subsection.

4.2 Area-averaged correlation

The major loading centers shown in the rainfall
and SST spatial patterns of the SVD modes are
chosen for cross-correlation study. For the rain-
fall, three areas are chosen, i.e., the YRV, southern
China (22-25°N, 105-115°E), and northern China
(36-41°N, 105-120°E). For SST, four oceanic areas
are chosen, i.e., the eastern tropical Pacific (Equa-
tor, 80°-110°W), the western subtropical Pacific
(20°N, 130-150°E), the extratropical northern Pa-
cific (40°N, 160°E-160°W), and the northern Indian
Ocean (0-10°N, 80-100°E).

Table 1 shows the cross-correlation coefficients
(ccf) between the area-averaged observed rainfall
and SST anomalies. There are two coefficients
above the 99 % significance level. A significant
negative correlation (ccf = —0.59) is found be-
tween the rainfall anomaly in northern China and
the SST anomaly in the eastern tropical Pacific.
This highly negative correlation may be understood
from the previously discussed interplay of the three
leading SVD modes. The positive coefficient be-
tween the rainfall anomaly in northern China and
the SST anomaly in the extratropical North Pa-
cific (ccf = 0.29) almost reaches the 95 % confi-
dence level. Apparently, the first SVD mode makes
the most contribution to this correlation among the
three modes.

A significant positive correlation (ccf = 0.42) is
found between the rainfall anomaly in the YRV and
the SST anomaly in the western subtropical Pacific,
which is mainly linked by SVD3 and secondly by

SVD1. It may reflect a stronger direct influence by
the neighboring western subtropical Pacific on the
rainfall anomaly in the YRV (Wu and Liu, 1995; Wu
et al., 1995). The rainfall anomaly in the YRV and
the SST anomaly in the eastern tropical Pacific have
a less significant positive correlation (ccf = 0.21).
This is because the influences of the SST variabilities
in the eastern tropical Pacific, represented by SVD1
and SVD3, on the rainfall anomaly in the YRV are
opposite. It also shows the complexity in the timing
of the occurrences of the floods in the YRV and El
Nifio events. The positive coefficient between the
rainfall anomaly in the YRV and the SST anomaly
in the Indian Ocean (ccf = 0.27) is above the 90 %
confidence level. It is mainly due to the in-phase
influence of the Indian Ocean SST on the rainfall in
the YRV represented by SVD1 and SVD3.

The rainfall in southern China does not seem to
have a close relationship with the SST variability
in any of the oceanic areas shown in Table 1. It is
possible that the summer rainfall in southern China
may be influenced by local monsoon variability that
is not closely related to the global SST variability,
and/or there is a large cancellation in the influences
by dominant large-scale SST anomalies in these re-
gions; as revealed in previous subsections.

Note that the choice of the area for the eastern
tropical Pacific studied in this section is based on
the SST loading center in the eastern tropical Pa-
cific in SVD1s, where mainly covers the eastern part
of the Nifio3 area. This is not exactly the same area
used for the conventionally, or newly defined El Nino
index (Trenberth, 1997). For comparison, Table 2
shows the cross-correlation coefficients between the
SST anomalies in the Nino4, Nifio3.4, Nino3, and
Ninol-2 areas and the rainfall in the same areas
in China as those shown in Table 1. The negative
coefficients between the SST anomalies in these ar-
eas and rainfall in northern China are —0.27, —0.47,
—0.57, and —0.54, respectively. These magnitudes
are all less than their counterpart in Table 1. The
summer rainfall anomaly in northern China seems
to have a better simultaneous negative correlation
to the SST anomaly in the far-eastern tropical Pa-
cific, than the SST anomalies in the areas for the
four El Nifio indices during the past four decades.
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Table 2. Cross-correlation coefficients between area SST
anomaly in Nifio4, Nino3.4, Nifio3, as well as Nifio1-2
and China summer rainfall anomaly in the same pe-
riod and areas of China as in Table 1. The 90 %,
95 % and 99 % confidence levels are 0.25, 0.30 and
0.39, respectively. The coefficients above the 99 %
level are in bold face.

SSTA
Nino4 Nino3.4 Nino3 Niniol-2
YRV 0.09 0.09 0.17 0.19
S. China 0.17 0.11 0.00 -0.11
N. China -0.27 —-0.47 -0.57 —~0.54

Rain

5. Long-term link

To study the long-term rainfall-SST link on the
trend timescale with a regime shift in the late 1970s,
we take the half difference of the time-averaged SST
anomaly (Fig. 4a), the rainfall anomaly (Fig. 4b),
and the surface wind anomaly (Fig. 4c) between Pe-
riod II and Period I, respectively.? These patterns
basically represent the averaged anomaly situations
in Period II. In Fig. 4a, the warmest area is found
in the eastern tropical Pacific. The warm tongue
extends toward the west, merging with a basin-wide
positive anomaly in the tropical Pacific and the In-
dian Ocean. It is similar to the ENSO-like inter-
decadal pattern found by Zhang et al. (1997), espe-
cially to the trend pattern of annual SST anomaly in
LW. The SST anomaly pattern in the eastern tropi-
cal Pacific during the warm phase of the trend shows
a less-warm region in the Nifio3 area, slightly to the
west of the “cold core” in the eastern tropical Pacific
found in SVD3s (Fig. 3a3).

The warm SST anomaly center in the western sub-
tropical Pacific could be an important factor in de-
termining the intensity and the location of the sub-
tropical high in the northwestern Pacific. The latter
may play an important role in the change in summer
rainfall regime over China (Lau and Li, 1984; and
Li and Liao, 1998). The rainfall pattern (Fig. 4b)
shows a zonally oriented distribution, consisting of
a major wet area along the Yangtze River and the
drier areas to both of its northern and southern
sides, as well as a slightly wetter area in the up-
per northeastern China. In the surface wind pat-
tern (Fig. 4c), there is a convergence region near the
warm center of the central equatorial Pacific around
160°W. To its west, there is anticyclonic wind origi-
nating from the southern Pacific off the eastern coast
of Australia. The anticyclonic southeast wind turns

to southwest wind after passing the divergent area .

2  The half-difference between the two periods is compara-
ble with corresponding 1-0 anomaly in magnitude. Pe-
riod II is truncated to 1993 due to lack of updated
COADS wind data.
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over Indonesia near the Equator due to the earth’s
rotation effect. To the north of this divergent area,
there is a cyclonic northeast wind toward East Asia.
The thick dashed line in Fig. 4c indicates a “shear
zone” where these anomaly winds might meet.

The combination of Figs. 4a—4c may suggest a
possible long-term link between the anomalies of the
summer rainfall over China, SST, and the large-scale
wind circulation, encapsulated by the following sce-
nario. In Period II, the increase in convergence in
the central tropical Pacific over the area with posi-
tive SST anomaly (Figs. 4a and 4c) leads to an in-
crease in ascending air over the region. By mass
continuity, it results in a main descending motion
over Indonesia, and a secondary descending motion
over the Nifio3 area, where there are less warm ar-
eas compared with their neighboring areas in the
Tropics. The increased descending air enforces low-
level divergence over these areas. The stronger di-
vergence. over Indonesia is associated with an anti-
cyclonic southwest surface wind anomaly over the
western Pacific, and the South China Sea. Over
the western subtropical Pacific, the cyclonic center
around 20°N 140°E is near the warm SST anomaly
center in SVD1s (see Fig. 3al). The cyclonic north-
east wind anomaly over the East China Sea meets
the moist southwest wind anomaly from the South
China Sea, forming the shear zone near 30°N in the
lower and middle reaches of the Yangtze River, as
shown in Fig. 4c.

The convergence of the moist airflow in central
China results in rainfall over the shear zone in
the YRV. This mainly zonally oriented convergence
forces secondary meridional circulation in eastern
China. The airflow off the shear zone descends in
the northern and southern regions to this conver-
gence band, tending to dry the areas on both sides.
The descending air in northern China will further in-
duce ascending air over northeastern China, where
rainfall is possible when moist air is supplied. Thus,
the dynamic flow motion over China tends to result
in a rainfall pattern with alternation of wet and dry
bands from southern to northeastern China.

Meanwhile, there is an increase in the southwest
summer monsoon over the Bay of Bengal. Such an
increase in wind should correspond to an increased
land-ocean temperature contrast between the land
in southwestern China and the Indo-China Penin-
sula and the adjacent Indian Ocean. In Period II,
the averaged temperature over the adjacent Indian
Ocean is about 0.1°C higher, while the tempera-
ture over the land area is even higher, about 0.2°C,
than their respective means over the 43 years (not
shown).®> Thus, the increased southwest summer
monsoon is maintained by the increased land-ocean

3 The result is based on the global 5° x 5° grid surface
temperature data, provided by Dr. P. Jones at the web
site http://www.cru.uea.ac.uk .
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Fig. 4. The half-differences between Period II and Period I for (a) SST anomaly (contour interval: 0.1°C),
(b) China rainfall anomaly (contour interval: 40 mm), and (c) the surface wind anomaly (unit: m/s).
The patterns reflect the prevailing conditions during Period II. The thick lines with arrow indicate
the prevailing surface airflow anomaly that may influence rainfall anomaly over China (small-scale
local circulation is ignored here). The thick dashed line indicates where the airflow meets, which is

near the shear zone discussed in the text.

temperature contrast during Period II. Moreover,
the increase in the SST in the adjacent Indian Ocean
itself may provide increased moisture contained in
the airflow over there. Thus, during Period II, the
southwest wind over the Bay of Bengal, which enters
the southwestern China and the upper and middle
reaches of the Yangtze River via Burma, is not only
intensified but also brings more abundant moisture
into central China. As seen in Fig. 4a, the SST
anomaly in the Indian Ocean is in phase with the
SST anomaly in the eastern tropical Pacific on the
trend timescale. Thus, the southwest summer mon-
soon is intensified when the eastern tropical Pacific
is warmer on the trend timescale. This relationship
is different from that on the interannual timescale.
In the latter case, the southwest summer monsoon
is weak during El Nifio years (Webster and Yang,

1992).

As shown in Table 1, there is no significant cor-
relation between the rainfall anomaly in southern
China and the SST anomaly in the oceanic areas
chosen here. However, on the trend scale, while
southern China is affected by increased anticyclonic
moist flow over the South China Sea, the moist air
may not lead to precipitation due to lack of conver-
gence over there in Period II. Moreover, this area
is under the influence of the meridionally descend-
ing air forced by the low-level convergence in YRV.
The net effect of these factors may result in drier
southern China in Period II, as shown in Fig. 4b.

During Period I, the above-discussed conditions
are reversed. Note that all the terminology used for
the description are in their relative sense with re-
spect to the mean conditions averaged over the data
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period. The oceanic locations discussed here are ap-
proximate because of the coarse resolution. How-
ever, this coarse-resolution SST data set does reveal
the main features which are similar to those from
other SST data sets with finer resolution (figures
are not shown). The subtropical and extratropical
North Pacific is the upstream of North America. It
is reasonable to expect that the regime shift in the
late 1970s in the rainfall anomaly may also link to
the climate regime shift in North Pacific and North
America (mentioned in Introduction) through SST
variability. Thus, the regime shift in the late 1970s
in the summer rainfall in China may be a manifes-
tation of the global climate change.

6. Summary

The spatial and temporal summer rainfall vari-
abilities over China for the period of 1955-97 are an-
alyzed by EOF and wavelet analyses. The links be-
tween the variabilities of the rainfall and the global
SST are studied by SVD, complemented by cross-
correlation functions. The key findings are as fol-
lows.

1) Each of the first two EOF modes of the summer
rainfall variability over China exhibits selec-
tive multiple timescales. The apparent regime
shift in the late 1970s in PC1 is associated
with the quasi-in-phase reinforcement between
the bidecadal and quadridecadal signals. The
decadal signal in PC1 enhances the suddenness
of the shift. The persistent negative anomalies
in the 1960s, and the persistent positive anoma-
lies in the 1990s in PC2, are associated with the
reinforcement between the bidecadal and trend
signals. There is no apparent shift in the late
1970s in PC2, associated with the partial can-
cellation between the two signals.

2) SVDI1 shows the apparent trends and the sud-
den regime shifts in the late 1970s in both
rainfall and SST fields, which do not coexist
in the rainfall EOF modes. The response of
the regional rainfall over China to the global
SST variability contains a large degree of rein-
forcement or cancellation among the first three
SVD modes. Northern China and the YRV are
found as two key regions having close links to
SST variability. The rainfall anomaly in north-
ern China is negatively correlated to the SST
anomaly in the eastern tropical Pacific, while
that in the YRV is positively correlated to the
SST anomaly in the western subtropical Pacific.

3) On the trend scale, the abundant rainfall in
the YRV is not only due to the moist air from
the western Pacific, but also to increased moist
southwest monsoon. When the eastern tropi-
cal Pacific is warmer, the southwest monsoon
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is stronger. This is different from the case on
the interannual timescale, where the southwest
monsoon is usually weaker than normal during
El Nino events.
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HENCBITSE (6-8 B) ORKEDIE A LREEMAY —VTOEE), BIUZOEMEE L 0—/\)L
ZiEEKIR (SST) ZB) & DBIRE | 1955-97 FOIMICOWVTIAN, 1. MKEEBICERT 28
ZEMINY — % EOF fTIC L VBHL T L7z, EOF D& 1- E 20 %72 —7 Ly MEW LR,
EALE) - 10 SE~BTEEEE - BN L U FORBEHOEE D SN/, EOF O 1 5 T,
1970 FAREICHENC BT 2 B R BKES A OZILATRO S, 1980 F£4LITIFZE PR TIRE., ¥k
CERETHMR L 2 AEMA, 1960 ERUCLRTHEL hotre TOEMBEILIZ, 208 L P40 EBED
BWVIRHE A7 =V TOEED ., 12TV L2 LIk TE U TWwWA, EOF O% 2 B4 T,
FRBLOEFOLVEET, BAEOEIN LY FAPRD LN, & B TIIRE T OEAIIEEE T
Hbho ZORETITIE, 1970 FROBFEDBWMLEIIRO ONLV, THIIEHNZ ML N E 204X
= VTOEBDNAH DT, TNOEDOEHPHBR LD o770, LEZLNL,

RIT, 70—V iEKIR (SST) ZE & BIRT 2 FEOBKBEOEREE 2 BMT 57012, 20
2 D& R RRRMEDEMENT (SVD) 12X o THNT L720 SVD D 1 4 Tld. EILE R - #EhokTHE
M, TV =—=a3 % SSTIRESHEBRL TnE I b hol, JORSIZIE, BEkED EOF 5K
STIXRIERICHEDLNS 2o/, BN L U FBIUT1970 A% L ICBIT 2 28525, &b
ICRBO LTz, SVD D 25Tk, HBHLEEFNOMOMBTOBKEDORE (BS) &, HIAFE
TOWRENRD SSTRESA . $hbb, B & PEEMBICBIT 28 (IE) REL., L7 2V HFEEHD
HHFIRTOIE (B) REFEBELTWAZEDREN, SVD DB 3IHSIZL S L, BFILAATORK
REZENZ, JLHE 20 B - B 140 A .U & TATERFEREICBIT A SST LR LTWA, PEZBORK
KEGAIL, SSTOHBILL>THEHDNLEALNLINSLD SVD KGD. MBELHmbOEREY LCH
bbb DEER LMD, SVDEITICE o TRWHEN D - L bEERBRIE. 7 0 AFEMAFIC L -
THHERINTZ, RBICERM LV U F 27 — 1T, KREBERBOEIICE Y., HEOBAKE L 71—
W7z SST HZALT 5 F )+ %R L7,
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