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Abstract The interannual variability of seasonal precipita-
tion in eastern China from fall to following spring is exam-
ined for the period of 1951-2004 based on observations at
106 stations. The temporal variability of seasonal mean val-
ues is decomposed into intraseasonal (fast) and slow (poten-
tially predictable) components. EOF analysis is then applied
to both the fast and predictable components. We find that
(1) the most predictable signal migrates in a north—south
direction along with the annual cycle of the monsoon in east
China, while spatial patterns of the leading fast modes does
not change much; (2) the predictable signal of precipitation
in eastern China is associated with anomalous atmospheric
circulation patterns having more zonally symmetric struc-
tures while the fast time-varying precipitation components
are accompanied by wavy anomalous atmospheric circula-
tion patterns; (3) the most predictable signal has an apparent
1-season lagged correlation with the interannual variation
of sea surface temperature associated with El Nifio/South-
ern Oscillation; (4) The fast rainfall component is largely
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attributed to the intraseasonal variabilities of the Siberian
High over the Eurasian continent and the subtropical high
associated with the Western-Pacific-Oscillation-like vari-
abilities over the North Pacific; and (5) The ENSO signal in
the fall seasonal precipitation persisted throughout the entire
54-year period while the signal in winter intensified signifi-
cantly after the mid-1970s. This is attributed to the weaker/
stronger intensification of ENSO anomalies in the tropical
Pacific during the fall/winter.

Keywords Rainfall - ENSO - Interdecadal change -
Seasonal predictable - Intraseasonal - Siberian High -
Subtropical high

1 Introduction

Climate variability related to seasonal precipitation in
east China is an attractive research subject because of its
importance to the agriculture and other societal needs in
the most populated area in China (e.g. Ding 1994; Chang
2004; Wang 2006). Many previous studies have focused on
the variability of the precipitation during the summer sea-
son (e.g. Ding and Chan 2005; Zhou et al. 2011; Hsu et al.
2014) and found that the behavior of summer precipitation
in east China is determined by impacts of multiple forcing
factors from the tropical Pacific at interannual (e.g. Huang
and Sun 1994; Hu 1997; Chang et al. 2000; Wang and Li
2004; Wang et al. 2008a, 2009; Zhou et al. 2009a; Li and
Zhou 2011; He et al. 2013) and interdecadal time-scales
(e.g. Wang et al. 2008b; Zhou et al. 2008; Li et al. 2010a,
b; Zhou et al. 2013; Qian and Zhou 2014), the tropical
Indian Ocean (e.g. Yang et al. 2007; Wu et al. 2009; Zhou
et al. 2009b; Li et al. 2010a, b), the western Pacific (e.g.
Wu et al. 2010; Song and Zhou 2014), the North Atlantic
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(e.g. Linderholm et al. 2011; Zuo et al. 2013), and snow
conditions over the Tibetan Plateau and the Eurasia conti-
nent (e.g. Wu and Qian 2003; Zhang et al. 2004; Wu and
Kirtman 2007; Zhao et al. 2007, 2009b). It has also been
found that intraseasonal variability is another important
factor contributing to the behavior of seasonal precipitation
in the region of East Asia Monsoon (e.g. Mao and Chan
2005).

As part of the East Asian Monsoon (EAM) system, it is
also important to understand the variability of the seasonal
precipitation in non-summer seasons. Some previous stud-
ies examined the variability of EAM for non-summer sea-
sons in the context of understanding the connection between
EAM and El Nino-Southern Oscillation (ENSO). Zhang
et al. (1999) found that the spatial structure of ENSO impact
in non-summer seasons has a different spatial structure than
its counterpart in summer. Wu et al. (2003) indicated that
during the developing phase of an ENSO event the impact
of ENSO appears with two active centers—a positive one in
south China being effective from fall through to the follow-
ing spring; and a negative one in North China being effec-
tive from summer to fall. Wang et al. (2000) revealed that
the interannual variability of precipitation in EAM is con-
nected to ENSO via an anomalous lower-tropospheric anti-
cyclone/cyclone over the western North Pacific that starts
in late fall of the maturing year of ENSO and persists until
the following spring. More recent studies further suggested
that the interannual variability of EAM during the non-sum-
mer seasons have two major modes: one is associated with
the decaying phase of ENSO and has prominent biennial
tendency; the other evolves with the developing phase of
ENSO (Wang et al. 2008a). While circulation and precipita-
tion anomalies in the two modes behave differently, impacts
of ENSO are important in both modes during the seasons
of fall to the following spring (Wang et al. 2008b; Wu et al.
2009; Zhou et al. 2009a). The study by Wu et al. (2009) also
suggested an involvement of air-sea interactions over the
tropical Indian Ocean in the evolution of the second mode.
In this study, the variability of precipitation in the eastern
China for the seasons from fall to the following spring and
its connections to remote SST forcing and tropical/extrat-
ropical atmospheric circulation anomalies are further exam-
ined to understand ENSO and non-ENSO related behaviors
of the interannual variability in the autumn to spring rainfall
in eastern China. Using the method of Zheng and Frederik-
sen (2004) that effectively partitions seasonally predict-
able (slow) component and intraseasonal (fast) component
from covariance of seasonal mean time series (see Sect. 2
for explanation), we show that the identified slow compo-
nent of the rainfall variability can be mostly explained by
the ENSO related SST variability in the tropical Pacific,
consistent with the results found by the previous authors.
We also show that the intraseasonal components during this
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time of year mainly consists of two modes: one is also sen-
sitive to the conditions of atmospheric circulation anomalies
having ENSO alike spatial pattern in the tropics; another is
more linked to anomalous conditions of the Siberian High
that does not have apparent connections to tropical forcing.

It has been widely noticed that some apparent climate
changes had happened in EAM around the mid-1970s (see
the review by Zhou et al. 2009b and references there). One
remarkable aspect of the changes is the connection between
the interannual variability of EAM and ENSO. Changes has
been found in the correlation between the anomalous SST
conditions in the tropical eastern Pacific and the seasonal
precipitation anomalies in east China, and other EAM activ-
ities for summer (Chang et al. 2000; Wu and Wang 2002),
winter (Wang and He 2012), winter and spring (Chen et al.
2013). Whether the connection between EAM and ENSO
had been strengthened or weakened is a topic of debating in
some recent papers. For example the sdudy by Wang et al.
(2008b) suggested that the overall coupling between the
monsoon activities in Asian-Australian regions and ENSO
has been strengthened since the late 1970s while the papers
by Wang and He (2012), Chen et al. (2013) argued that the
EAM-ENSO relation has been weakened. In the study of
Ying et al. (2013) we found that for the seasons from late-
fall to early-winter relationship between precipitation in
the Yangtze River Valley and ENSO had been persistent
throughout the 54-year period of 1951-2004 with no sig-
nificant interdecadal changes, which may have been due to
the limited area considered in that study. In this paper we
attempt to better understand this earlier result by extending
that analysis to the broader region of east China.

Data and method are described in Sect. 2; analyses of
the interannual and intraseasonal variability of the late
fall to winter seasonal precipitation in east China are pre-
sented in Sects. 3.1 and 3.3; circulation patterns associated
with the predictable precipitation modes are discussed in
Sect. 3.2; interdecadal changes in the correlation between
the seasonal precipitation in east China and the tropical
eastern Pacific SST are examined in Sect. 3.4; conclusions
and discussions are presented in Sect. 4.

2 Data and method
2.1 Datasets

The monthly precipitation dataset used in this study is from
a network of 106 stations in eastern China (Fig. 1) for the
period from January 1951 to December 2004, provided
by the China Meteorological Administration. For the pur-
poses of this study, eastern China refers to the region of
20°-45°N and 110°-130°E, which is the region most influ-
enced by the East Asian Monsoon (Wang and Linho 2002)
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Fig. 1 The 106 stations of which monthly precipitation data are
adopted in this study

and therefore readily lends itself to a physical explanation
of the derived predictable modes. For global analyses,
monthly precipitation data from the National Centers for
Environmental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996)
with a horizontal resolution of approximately 1.9° x 1.9°
were used. Monthly mean wind field and geopotential
height at 500 hPa are derived from the NCEP-NCAR rea-
nalysis for the period 1951-2004, which have a horizontal
resolution of 2.5° x 2.5°. Monthly outgoing longwave radi-
ation (OLR) data on a 2.5° x 2.5° latitude/longitude grid,
obtained from National Oceanic and Atmospheric Admin-
istration (NOAA, Liebmann and Smith 1996), are used
for the period 1974-2004. The monthly mean sea surface
temperatures (SST) on a 1.0° x 1.0° grid is obtained from
the UK Met Office Hadley Centre Sea Surface Temperature
dataset (HADISST1.1; Rayner et al. 2003) for the same
54 year period.

2.2 Decomposition of covariability

Zheng and Frederiksen (2004) proposed a methodology
for extracting, from monthly mean data, spatial patterns
of interannual (supra-annual) variability in seasonal mean
fields that can be related to variability of slow and intrasea-
sonal components. Frederiksen and Zheng (2007) provide
a review of the underlying ideas and applications of the

general methodology. Readers are referred to the papers for
a detailed description of the methodology. Here, we present
only a brief summary of the method.

Firstly, the annual cycle is removed from the data. The
monthly time series of each climate anomaly is then con-
ceptually decomposed into two components consisting of a
seasonal “population” mean and a residual departure from
this mean. Thus, if x,,, represents sample monthly values,
within a season, in month m (m = 1, 2, 3) in year y (y =
1, ..., Y, where Y is the total number of years), we use the
following decomposition (for example, ZF2004),

Xym = Ky + Eym. (D

Here, 1, is the seasonal population mean in year y,
and ¢, is a residual monthly departure of x,,, from pu,
and arises from intraseasonal variability. The vector {8y1,
€y, &3} Is assumed to comprise a stationary and inde-
pendent annual random vector with respect to year. Equa-
tion (1) implies that month-to-month fluctuations, or intra-
seasonal variability, arise entirely from {,syl, €25 8y3} (e.g.
(X1 — Xyp =&y — €p).)

We represent an average taken over an independent vari-
able (i.e. m or y) by replacing that variable subscript with
“0”. For example, x,, indicates the seasonal average of x,,,
in year y and x,,, the average of x,,, taken over all months
and years. With this notation, a seasonal mean can be
expressed as

Xyo = [y t €yos 2)

where ¢, is associated with intraseasonal variability and
Ky with the interannual variability of external forcing and
slowly varying (interannual/supra-annual) internal dynamics.
ZF2004 refer to these as the intraseasonal and “slow”or pre-
dictable component, respectively, of the seasonal meanx,,,
which is also referred to as the “total” component. Since
dynamic prediction has a skillful range of about 10 days, the
interannual variability arising from intraseasonal variability
is not predictable at seasonal time scales. Therefore, we shall
also refer to the intraseasonal component as the unpredict-
able component. In addition, we shall also refer to the slow
component as the potentially predictable component.

Following Madden (1976), we define the potential pre-
dictability as the ratio between the variance of the predict-
able component (V(j4,))and the variance of the total com-
ponent (V(xyo)) (Zheng and Frederiksen 1999), which can
be expressed as

p= V(uy) 3
V() 3)

It represents the fraction remaining after the removal of
the intraseasonal component from the total. The larger the
potential predictability, the more likely the seasonal mean
precipitation anomalies can be predicted.
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«Fig. 2 Spatial distribution of total variance (left; unit: 100 mm?),
leading slow mode and the covariance between the associated time
series for the slow rainfall mode and the slow component of 500 hPa
wind field (center), and the 1-season lag correlation between PC time
series of the leading slow modes and SST (right) for the five consecu-
tive 3 month periods from late-fall (OND) to early spring (FMA)

Suppose now that we have two climate variables x,,, and
x;,m that satisfy Egs. (1) and (2). Then, ZF2004 derived the
following estimate of the interannual covariance V(e
of the intraseasonal components,

/
yor €y0

V(0. €},) ~ 673 +49) /9, )
where,
A2 a

T 20-¢) )
. < a+2b )
= \2a+b ) ©

a=

N =

{ ¥ 22 b =l =] + 5 O [ =] ez = 5] }

y=1 y=1

(N

Y Y
171 1
b= 5 { % Z [xyl - X)’Z][X;z - x_(g] + % Z [xy2 - xy3][x;] - ‘x_;yz]}'
y=1 y=1
)]

In order to reduce the estimation error, the estimated ¢
has to be constrained. If both of x,,, and xj,, are pressure
variables, ¢ is constrained to lie within the interval [0, 0.1]
(ZF2004). Otherwise (i.e. at least one of x,,, and x;m is a
rainfall variable), ¢ is empirically constrained to lie within
the interval [—0.1, 0.1] (Zheng and Frederiksen 2006).

Since the covariance between two seasonal means can
be estimated as

Y
1
V(xy,,,x;0> ~ 71 Z (xy(, — x,,(,) (x;n — xgo), )
1

the covariance between two seasonal means can be decom-
posed, using Eq. (4), as

V(xyo,x;w) = [V (xyo,x;o) — V(eya,e;o)} + V(syo,e;,()),

(10)
where the first term on the right-hand side can be rewritten as
Vo) =V {r650) =V (o) 4V (1)

+ V(120 ) (11)

and will be referred to as the “residual” covariance after
removing the variability of the intraseasonal component. It
is worth emphasizing that this covariance, in general, con-
sists of not only the covariance between f, and u; (that
is, the slow components of the climate variables), but also
their interaction terms with e, and &}, In the case where
the intraseasonal and slow components are independent, the
residual covariance reduces to the covariance of the slow
component. When this is not the case, V(x,,, x;,) — V(g,,,
s;o) may still be better related to the covariance between
the two slow components than is V(xyo, x;o).

The covariance matrices for the components of the sea-
sonal mean are adjusted to ensure that they are positive
semi-definite using the method described by Grainger et al.
(2008).

2.3 Identifying predictable signals

Once the intraseasonal and residual covariance matrices
of the seasonal rainfall have been estimated by applying
the methodology documented in Sect. 2.2, an empirical
orthogonal function (EOF) analysis is conducted to identify
the leading modes of each covariance matrix. For conveni-
ence, we shall refer to the EOFs of the covariance matrices
defined by Eqgs. (9), (4) and (11) as the total, intraseasonal
or fast and predictable or slow modes of interannual vari-
ability in the seasonal mean rainfall. The corresponding
principal component (PC) time series of each predictable
mode is obtained by projecting the field of 3-month mean
(seasonal) precipitation anomalies onto the corresponding
EOF mode for each season and year in the time series. The
interested reader is referred to ZF2004 for more details.

3 Results

In this section, the leading EOF modes for the predict-
able component of seasonal precipitation in eastern China
for the five consecutive 3-month periods from October—
November-December (OND) to February—March—April
(FMA). The seasonal variation of these modes will be
examined, and the associated possible SST predictors for
the most predictable modes will be identified. The atmos-
pheric circulations associated with the potentially predict-
able modes will be discussed in order to aid the physical
interpretation of the predictable rainfall signal. Moreover,
interdecadal variations in the relationship between the
predictable eastern China rainfall and the SSTs (also the
atmospheric circulations) are examined. In addition, lead-
ing modes for the intraseasonal component of eastern
China rainfall and their associated circulation patterns are
shown.
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3.1 Interannual variability associated with predictable
modes

Before looking into the seasonal variation of the lead-
ing predictable rainfall modes, we show in the left col-
umn of Fig. 2 the total variance of the rainfall from OND
to FMA. Although compared to summer rainfall there is
much less rainfall in cold seasons (Li and Ma 2012), the
rainfall amplitude displays large interannual variability and
its standard deviation can reach 30-50 mm in southeastern
China during OND-FMA (Fig. 2a—e), about half of eastern
China winter total rainfall. And as can be seen here, from
OND to FMA, the total variance of rainfall in the northern
part of eastern China is much lower compared to the south-
ern part of eastern China and consists a large south-north
spatial gradient, especially in JFM and FMA. The study by
Wu et al. (2009) suggested that about 44 % of the variance
at these seasons of the year may be explained by two major
“seasonal reliant” modes: a post-ENSO mode of which
the mono-pole spatial structure is similar to the pattern of
the total variance in Fig. 2; and a mode associated with
the developing phase of ENSO of which the north—south
migration is consistent with the leading predictable mode
found in this study as described below.

When looking into the leading predictable rainfall
modes from OND to FMA (middle column of Fig. 2), the
loadings are localized in a more limited region than that in
the total variance maps (left column of Fig. 2), indicating
a limited potential predictability in eastern China. This is
consistent with Table 1, from which we can see that in most
seasons, the intraseasonal component has by far the larg-
est variance compared with the slow component. That is
to say, the intraseasonal component is largely responsible
for the interannual variance of rainfall in this region, so it
is important to do variance decomposition when focusing
on the issue of the seasonal predictability. The evolution of
the seasonal predictable rainfall modes can also be seen in
the middle column of Fig. 2. And at the phase shown here,
it is positive loadings that correspond to wet conditions in
eastern China. The leading predictable rainfall modes from

Table 1 Variability of total, intraseasonal and slow component of the
seasonal rainfall pattern (left three columns; unit: mm?), the potential
predictability of seasonal precipitation (the fourth column), and the

Fig. 3 Slow covariance maps of 500 hPa height field associated with»
predictable rainfall modes for five consecutive 3-month periods from
late-fall (OND) to early spring (FMA). The covariance is calculated
for the periods of 1951-2004 (left), 1951-1977 (center), and 1978—
2004 (right), respectively

OND to FMA has a clear north to south seasonal migration
(middle column of Fig. 2), and account for more than 60 %
of the variance in the slow component (Table 1). In particu-
lar, during OND-NDJ, when El Nino develops, the center
of maximum amplitude is located in central eastern China
close to the region of the Yangtze-Huaihe (YH) river valley.
The north to south migration of maximum variation center
is consistent with the temporal evolution of the seasonal-
reliant EOF mode associated with the developing phase of
ENSO at this time of the year as found in Wu et al. (2009).
Associated with the north—south maximum rainfall migra-
tion, the anomalous wind over south China and the South
China Sea changes from south-easterlies in the autumn to
early winter to south-westerlies later in the winter. Dur-
ing the boreal winter DJF, as ENSO matures, there are two
local maxima in predictable rainfall—one in the YH river
valley and another in southeastern China, and then later
only one in southeastern China from JFM to FMA. To
identify the reason for the two local maxima in predictable
DIJF rainfall in during entire 1951-2004, the leading DJF
predictable mode is estimated for the periods 1951-1977
and 1978-2004 respectively (not shown here). It appears
that the one in the YH river valley is only in the mode for
1951-1977, while the one in southeastern China is only in
the mode for 1978-2004. Therefore, the two local maxima
are related to decadal variability that will be discussed in
Sect. 3.4.

In order to have a better understanding of the causes of
the predictability, we calculated the correlations between
leading predictable rainfall PCs and 1-season lead SSTs
(e.g. the SST of JAS and the rainfall PC of OND). As
shown in the right column of Fig. 2, the lag-lead correla-
tions between slow rainfall PCs and SSTs show similar
characteristics from OND to FMA. A noticeable feature

variance of respective components explained by the seasonal precipi-
tation’s slow- and intrseasonal- PCs (right four columns).

Season Total var. Intra var. Slow var. S/T % Explained var.
S-PC1 (%) S-PC2 (%) I-PC1 (%) I-PC2 (%)
OND 54,790 46,383 8,407 0.15 68 9 31 12
NDJ 34,634 28,779 5,855 0.17 77 10 42 12
DIJF 32,423 28,789 3,635 0.11 63 17 49 18
JFM 55,906 40,205 15,701 0.28 83 6 46 11
FMA 83,205 69,525 13,680 0.16 69 9 34 16
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that appears in the SST correlation patterns is the maxi-
mum values in the eastern tropical Pacific Ocean, which
indicates that the predictable rainfall patterns are associ-
ated with the El Nino/Southern Oscillation (ENSO). Nega-
tive correlations in the tropical western Pacific during the
late-fall become much weaker in winter. Previous stud-
ies provided by Zhang et al. (1999), Wu et al. (2003) and
Zhou et al. (2010) showed that seasonal rainfall anomalies
in eastern China have correlations with concurrent and
lead-lag Nino-3 SST anomalies during the fall of an ENSO
developing year through the following spring. Our analysis
indicates that these anomaly patterns are also the dominant
seasonally predictable patterns, consistent with the results
of studies by Wu et al. (2009) and Zhou et al. (2009a). Fur-
thermore, the correlations between our predictable precipi-
tation patterns and ENSO are much stronger during autumn
seasons (OND-NDJ) than that in winter seasons (DJF—
FMA). The possible reasons for this seasonal variation of
correlations will be discussed in the following sections.

3.2 Circulation patterns associated with the predictable
modes

In order to aid the physical interpretation of our slow rain-
fall modes and understand the atmospheric teleconnec-
tions between precipitation anomalies and ENSO, we will
examine the atmospheric circulations associated with the
predictable rainfall modes. We do this by estimating the
covariance between the PC time-series of the slow rain-
fall EOFs and the slow component of the circulation field,
using Eq. (11). These slow covariance patterns are associ-
ated with very slowly varying (interannual to supra-annual)
external forcing and internal dynamics (Frederiksen and
Zheng, 2004), which could help in identifying possible cir-
culation predictors for forecasting rainfall.

The left column of Fig. 3 shows the slow covariance of
500-hPa geopotential height associated with the predict-
able rainfall modes from OND to FMA at the phase shown
in Fig. 2. In each season, the covariance patterns display
a largely zonally symmetric structure. There are positive
values all over the broad tropical region, negative height
anomalies occur in mid- to high-latitudes, and weak posi-
tive height anomalies are seen over the region of the North
Pole. The positive center in the tropics is mainly situated
from the east side of the Philippines to the east coastline of
Africa with the latitude between 10 and 20°N. This is the
area most affected by the descending branch of the Hadley
cell (Quan et al. 2004a, Fig. 3) and the western Pacific sub-
tropical high (WPSH), indicating that these may be impor-
tant factors affecting east China rainfall. In particular, as the
Hadley cell circulation intensifies and the WPSH becomes
stronger and extends anomalously more westward, more
moisture is brought in from the south into eastern China

@ Springer

and cause wetter than normal conditions as seen in Fig. 4
(left column) which shows covariance between the tem-
poral variation of the leading predictable mode and the
850 hPa wind. A similar depiction of the circulation pat-
tern of low level wind and vertical velocity over the west-
ern Pacific and east Asia monsoon region during with the
developing phase of ENSO is also found in Wu et al. (2009,
Fig. 7). The relationship between the predictable rainfall
modes and the WPSH was further examined using com-
posite maps of 500 hPa geopotential height associated with
predictable rainfall modes during the cool seasons (Figures
not shown here), and the results are consistent. It is also
consistent with the findings of Zhang et al. (1999).

Other noticeable features in the atmospheric circula-
tion, associated with the most predictable rainfall mode, are
the teleconnection patterns in the extra tropics. During the
seasons of OND, NDJ and DJF (Fig. 3a—c), this pattern is
similar to the Slow-REOF3 seen in Fig. 4 of Frederiksen
and Zheng (2004) identified as the Western Pacific Oscilla-
tion (WPO), which is significantly related to tropical SST
variability associated with ENSO. The relatively weaker
magnitude of the covariance in the earlier autumn (OND)
is attributed to the seasonality of atmospheric response to
ENSO forcing (e.g. Quan et al. 2004b). From JFM to FMA
(Fig. 3d, e), the covariance pattern associated with slow-
EOF1 shows large amplitude over the North Pacific/North
American region with a structure similar to the Pacific
North American (PNA) teleconnection pattern of Frederik-
sen and Zheng (2004, Fig. 4, Slow-REOF2), which is also
related to ENSO. So teleconnections found between the
predictable rainfall modes and circulation varies with the
change in seasons. Generally, the WPO is associated with
the slow component of rainfall in eastern China in autumn
seasons (OND to DJF), and the PNA from JFM to FMA.
This indicates that beside the WPSH, the predictable rain-
fall variability is also driven by the larger scale hemispheric
circulation patterns.

3.3 Interannual variability associated with intraseasonal
variability

Our main aim in this study has been to identify and under-
stand the seasonal predictable signals of precipitation in
eastern China. However, from Table 1 it is clear that inter-
annual variability of east China rainfall is largely related
to the intraseasonal component. It is therefore of interest
to consider how intraseasonal variability influences, or can
generate, coherent patterns of interannual variability. The
two dominant intraseasonal modes from OND to FMA are
shown in Fig. 5. They explain more than 50 % of the vari-
ance in the intraseasonal component in each season. The
anomalous circulation associated with both fast modes
has a more wavy structure, in contrast to the leading slow
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Fig. 4 Slow covariance maps of 850 hPa wind field associated with the leading slow mode, of the rainfall in east China from late-fall (OND) to
early spring (FMA) during the years of 1951-2004 (left), 1951-1977 (center), and 1978-2004 (right), respectively
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«Fig. 5 Spatial patterns of the Ist and 2nd fast (intraseasonal) modes
and the covariance between the associated time series for the intra-
seasonal rainfall mode and the intraseasonal component of 500 hPa
wind field (rectangular panels) and intraseasonal covariance maps of
500 hPa height field associated with intraseasonal rainfall modes for
the seasons from late fall (OND) to early spring (FMA). The covari-
ance is calculated for the periods of 1951-2004

mode which is more zonally symmetric. Also, unlike the
associated slow circulation, the circulation pattern does not
change much between the seasons.

The leading fast EOFs in all seasons (Fig. 5a—e) show
similar structures with positive loading everywhere, and a
maximum centered in southeastern China. These are more
spatially broad than the predictable EOFs and more like the
total variance patterns shown in the first column of Fig. 2.
The covariance between the intraseasonal component of the
500-hPa geopotential height and the 1st intraseasonal rain-
fall modes is also examined in Fig. 5f—j. In all five seasons,
at the particular phase shown, the covariance patterns asso-
ciated with the most dominant mode of variability has large
positive loadings in Japan and northern Europe in the high
latitudes north of about 60°N, and negative loadings in the
broad Eurasian continent along with a weakened Siberian
High. There is also a PNA-like pattern over North America.
This spatial structure is quite similar to the Intraseasonal-
REOF2 pattern shown in Frederiksen and Zheng (2004,
Fig. 3), associated with the intraseasonal Madden-Julian
Oscillation. The circulation features suggest that positive
anomalies over south eastern China are associated with
more moisture coming from the Philippine Sea.

The second intraseasonal EOFs of the rainfall in eastern
China have a similar south-north dipole structure in all the
seasons examined in Fig. 5k—o. At the phase shown, the
southeast China has wetter-than-normal conditions in the
south and drier conditions in the north. The 500 hPa height
pattern associated with the second intraseasonal EOFs in
these seasons (Fig. 5p-t) have some WPO-like patterns
associated with trough (block) in the western North Pacific
and intensified (weakened) Siberian High (see I-REOF3 in
Fig. 3 of Frederiksen and Zheng 2004). The 500 hPa height
pattern shown in Fig. 5 is accompanied by anomalous
northerlies over the east China and anomalous westerlies
or southwesterlies over the southern coastline of China and
the South China Sea, resulting in drier-than-normal condi-
tions over the north of the southeast region of China and
wetter conditions in the south.

Our further analysis indicates that the two fast rainfall
EOF modes are not sensitive to the intraseasonal variations
in SST conditions (figure not show). Instead the two fast
modes are manifestation of the intraseasonal variabilities of
the Siberian High over the Eurasian continent and the west-
ern Pacific subtropical high associated with the WPO-like
intraseasonal variability over the North Pacific. Figure 6

examines the covariance between the two fast rainfall
modes and the fast components of the temporal variabili-
ties of OLR and 500 hPa wind field. Neither of the two fast
rainfall modes have apparent connection to ENSO. Again,
the first fast mode is more related to the anomalous condi-
tion of Siberian High, while the second fast mode appears
to be associated with stronger WPO-like anomalies over
the western Pacific.

3.4 Interdecadal change in the precipitation: ENSO
correlation

To investigate if there are interdecadal shifts in the relation-
ship between the predictable precipitation in the eastern
China and the SSTs in winter and autumn (OND-FMA)
around late 1970s, we compare the lead-lag SST correla-
tion associated with the predictable rainfall PCs between
1951 and 1977 (negative PDO epoch, according to the evo-
lution of PDO index by Mantua et al. 1997; shown in the
left column of Fig. 7) and 1978-2004 (positive PDO epoch;
shown in the right column of Fig. 7).

Figure 7 shows that there is an apparent seasonality in
the behavior of the correlation between the east China’s
slow varying precipitation and ENSO at the interdecadal
time-scale. Strong precipitation-ENSO correlations are
seen in both the sub-periods for the seasons of OND to NDJ
(Fig. 7, top two rows). In contrast, interdecadal changes in
the precipitation-ENSO correlation are apparent for DJF to
FMA in that the correlation is much stronger in the later
period 1978-2004 (Fig. 7, bottom three rows).

What is the cause of this seasonality in the interdec-
adal change of the relationship between ENSO and the
seasonal precipitation in east China? It has been widely
noticed that a distinct interdecadal change had occurred in
the connection between the summer precipitation in east
China and ENSO (e.g. Chang et al. 2000; Wu and Wang
2002; Xie et al. 2010; Yun et al. 2010; Wu et al. 2011). The
change has been attributed primarily to two mechanisms:
(1) change in the life-cycle of an ENSO event (Chang et al.
2000); and (2) change in the prevailing ocean surface con-
dition and associated atmospheric circulation pattern (Wu
and Wang 2002). The study by Wang et al. (2008a, b) sug-
gested that the relationship between ENSO and the west-
ern North Pacific, East Asian, and Indochinese monsoons
had become enhanced attributing to increased magnitude
and periodicity and strengthened monsoon-ocean interac-
tion. Following the considerations of these previous stud-
ies, we checked the interdecadal changes of the subtropical
high and the seasonality of the intensity of ENSO signals
between the two multi-decadal periods of 1951-1977 and
1978-2004. We found that the subtropical high was intensi-
fied and extended more westward in the period of 1978-
2004 in all periods from OND to FMA (figure not shown)
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probably due to SST warming in the tropical Indian and
western Pacific oceans by the mechanism as suggested in
the study of Zhou et al. (2009c). The fact that the subtropi-
cal high has intensified in both the fall and winter but the
rainfall-ENSO relation is strengthened only in winter indi-
cates that some other factor is more dominant to make the
interdacedal change of the rainfall-ENSO relation particu-
larly large in winter.

Results of our analysis suggest that the seasonality seen
in Fig. 7 is well explained by the change of the intensi-
ties of the ENSO signals in different seasons. The results
are illustrated in the following three figures. Seasonal-
ity in the interdecadal changes of the intensity of ENSO
signal in SST is illustrated in Fig. 8. This shows the dif-
ferences between the composites of SST anomalies in El
Niflo years and those in La Nifia years. The SST signal is
apparently larger in NDJ than in JFM during 1951-1977
(Fig. 8, top row). The differences in these two periods
become much less apparent during 1978-2004 (Fig. 8, bot-
tom row) because the ENSO SST signal is stronger. For
example, the Nino3.4 (55-5 N, 170-120 W) SST anoma-
lies increased from 2.1 to 2.8 C in NDJ and from 1.7 to
2.3 C in JFM. More importantly, the atmospheric response
to the change in ENSO SST is nonlinear as we may see in
the corresponding change of tropical precipitation shown
in Fig. 9. Consistent with the weaker SST signal in JFM
in the early period, the ENSO signal in precipitation was
also much weaker in JFM than in NDJ during 1951-1977.
In contrast, the ENSO precipitation signals are of similar
intensity during 1978-2004. In the region of Nino3.4, the
precipitation signal increased about 46 % from 2.6 mm/
day (1951-1977) to 3.8 mm/day (1978-2004) in NDJ. A
much larger increase of 140 % from 1.5 to 3.6 mm/day had
occurred in JFM.

A similar pattern of the interdecadal change is also
observed in the precipitation in east China (Fig. 10). These
patterns are obtained from the CMA’s archive of station
observations, a data source that is completely independ-
ent from the NCEP/NCAR’s precipitation reanalysis used
in Fig. 9. The consistency between the seasonalities of
precipitation changes shown in Figs. 9 and 10 provides a
strong evidence supporting the argument that the seasonal-
ity in the interdecadal change of ENSO signal is real; and
the seasonality in the interdecadal change of the correlation
between ENSO and the seasonal precipitation in east China
is a manifestation of the seasonality in the interdecadal
change of the ENSO signal.

Atmospheric circulation associated with the interdec-
adal change in the rainfall-ENSO relation is examined in
the middle column and the right column of Fig. 3 which
presents the slow covariance of the 500-hPa geopotential
height corresponding to the predictable rainfall modes from
OND to FMA before and after the late 1970s, respectively.
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Fig. 6 Covariance between the time series of first (left column) and»
second (right column) fast rainfall EOF modes and the fast compo-
nent of the time series of OLR (colored shading), and 500 hPa wind
field (vectors)

During DJF-FMA, the slow covariance pattern shows
remarkable differences between the two periods over the
broad tropical region: in 1978-2004 (Fig. 3m-o), higher
covariance has been observed compared to 1951-1977
(Fig. 3h—j). In contrast, during OND-NDJ, the 500-hPa
height covariance had increased only moderately. The
seasonality in the change of rainfall-height covariance is
consistent with the seasonality in the change of ENSO sig-
nal seen in Figs. 7, 8, 9, 10. The generally zonally sym-
metric pattern in the increased height covariance in the
tropical area from DJF to FMA implies an intensified Had-
ley cell circulation. This is consistent with the studies by
Quan et al. (2004a) that the winter (DJF) Hadley cell has
increased in intensity since 1950s partly due to the vari-
ation of SST in the tropical oceans and the global warm-
ing. Corresponding changes in the slow covariance of the
850 hPa wind is further examined in the middle and the
right column of Fig. 4. As expected, changes in the covari-
ance of wind field is much more significant in the winter
than in the fall seasons, also consistent with the seasonality
in the change of ENSO signal. It is worth to note that the
intensified anticyclonic pattern over the subtropical west-
ern north Pacific seen in the winter of 1978-2004 is a fea-
ture of enhanced variability but not a change of the mean
state. And our analysis shown in this section suggests that
the winter strengthening of rainfall-ENSO relation is bet-
ter explained by the enhanced SST and atmospheric var-
ibilities associated with ENSO rather than the changes in
mean states of ENSO SST and the western North Pacific
subtropical high, although the later has been regarded as a
major factor in explaining the interdecadal change/varia-
tions of rainfall and temperature pattern in east China (e.g.
Zhou et al. 2008; Li et al. 2010a, b; Zhou et al. 2013; Qian
and Zhou 2014). We also noticed that some large changes
in the covariance of wind field also occurred over the east-
ern tropical Indian ocean in the seasons of late autumn to
winter. Whether the change over the tropical Indian ocean
during this time of the year can be explained by the mecha-
nism for summer as suggested by Xie et al. (2010) is an
interesting open question.

4 Summary and discussion

In this study, we have applied the variance decomposition
method of Zheng and Frederiksen (2004, ZF2004 in short)
to identify more predictable signals of seasonal mean pre-
cipitation in eastern China during cool seasons (from OND
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1—lag SST Cor (1978-2004)

180 120w

-5-4-3-2-1

Fig. 7 Spatial patterns of 1-season lag correlation between PC time series of the leading slow mode and SST for the five consecutive 3-month
periods from late-fall (OND) to early spring (FMA) during the years of 1951-1977 (left) and 1978-2004 (right)
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SST ANOM COMP (EI Nino—La Nina)
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Fig. 8 Composites of SST anomalies for the 3-month period of
NDJ (left) and JFM (right) during the years of 1951-1977 (top) and
1978-2004 (bottom). El Nifio (warm) and La Nifa (cold) events are

to FMA). Using the ZF2004 method, the covariance matrix
of eastern China seasonal mean rainfall fields has been
decomposed into covariance matrices associated with the
intraseasonal and slow components of the rainfall, with the
latter related to the potentially predictable signal. With this
approach, we have gained a more quantitative understand-
ing of the source of predictability and uncertainty in eastern
China rainfall variability.

The analysis shows a robust influence of ENSO on the
seasonal predictable rainfall signal in eastern China dur-
ing boreal cool seasons. Predictable rainfall modes associ-
ated with ENSO show a seasonal evolution. In OND-NDJ
maximum loading is in the region of the Yangtze-Huaihe
River Valley; in DJF, there are two local maxima—one in
YH and the other in southern China; in JFM-FMA maxi-
mum loading is in southeastern China. The spatial structure
of the leading slow mode consists of center(s) of maximum
anomalies that migrates from the southern flank of the
Yangtze-River Valley in fall to the coastline of south China
in winter. In contrast, the spatial structures of the leading
fast modes are relatively stationary.

defined when a threshold of 0.5 °C for oceanic Nifio index (ONI;
from NOAA Climate Prediction Center) is met for a minimum of five
consecutive over-lapping seasons

Teleconnections have been examined between the pre-
dictable ENSO-related rainfall modes and the circulation.
It is found that the covariance of anomalous atmospheric
circulation associated with the leading slow mode appears
to be rather zonally symmetric especially in the tropics.
The implied variability in the Hadley Cell circulation and
the western Pacific subtropical high play an important role
on eastern China precipitation. In particular, as the Hadley
cell circulation intensified and the western Pacific subtropi-
cal high becomes stronger and extends anomalously more
westward, more moisture is brought in from the south into
eastern China and cause wetter than normal conditions.
Teleconnection patterns of the atmospheric circulation are
also highly related to the predictable modes of the seasonal
rainfall in eastern China, with the western Pacific subtropi-
cal high being a key part of larger scale hemispheric circu-
lation patterns.

The intraseasonal (fast) component of the interannual
variability in the rainfall in east China consists two major
modes, one has a monopole structure that varies uniformly
in the southeast China while the other has a north—south
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Fig. 9 Composites of tropical precip. anomalies (unit: mm/day) for the 3-month period of NDJ (leff) and JEM (right) during the years of 1951—

1977 (top) and 1978-2004 (bottom)

oriented dipole structure. Atmospheric circulation anoma-
lies associated with the two leading modes of the intra-
seasonal components of rainfall variability are of wavy
structure reflecting the well-known NH circulation features
associated with intraseasonal. Further analysis of the con-
variance between the fast rainfall modes and the fast tem-
poral variabilities of OLR and wind field indicate that the
first fast rainfall mode is more a reflection of the anomalous
condition of the Siberian High over the Eurasian continent
while the second fast rainfall mode is better connected to
the intraseasonal variability having WPQO_like pattern over
the North Pacific Ocean.

Interdecadal change of the rainfall.ENSO rela-
tionship were examined by comparing the correlation
between 1951-1977 and 1978-2004. A pronounced dif-
ference in correlation was found in the eastern tropical
Pacific Ocean during winter seasons (DJF to FMA). In
particular, significant positive correlations appear dur-
ing 1978-2004 while the lead-lag relationship is very
weak during 1951-1977. In contrast, the apparent posi-
tive correlation between ENSO and predictable rainfall

@ Springer

modes in eastern China holds in the two shorter periods
during autumn seasons (OND to NDJ). Further exami-
nation found the significant interdecadal change maybe
attributed to an increased intensity of ENSO, and more
vigorous atmospheric responses including an intensified
variabilities in the tropical Hadley Cell circulation and
the western Pacific subtropical high, larger ENSO signal
in the winter rainfall in east China and the strengthened
covariance between the atmospheric circulation and the
rainfall variabilities.

Some previous studies have suggested that the connec-
tion between the East Asia winter monsoon and ENSO
has weakened (e.g. Wang and He 2012; Chen et al. 2013).
The difference may come from the different definitions
of the East Asia monsoon used in the previous studies.
For example the study by Wang and He (2012) used the
regional mean of the 500 hPa over east Asia (25-45°N,
110-145°E) as an index of the East Asia winter mon-
soon which is better associated with cold surge activity
but not so to the variations of precipitation in this region.
The difference may also come from the region of SST in
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Precip ANOM COMP (EI Nino—La Nina)

NDJ

45N - ~

1951-1977/

JFM

45N A

35N A 35N 1

25N 1 25N 1

15N 2\ T T : 15N T T .
95E 105E 115E 125E 95E 105E 115E 125E

51,53,57,58,63,65,68,69,72,76,77 minus 54,55,56,64,70,71,73,74,75 53,54,58,59,64,66,69,73,77 minus 51,55,56,71,74,75,76
1978-2004

45N 45N A

35N A 35N 1

25N 1 25N 1

15N T T : 15N A T T .
95E 105E 115E 125E 95E 105E 115E 125E

82,86,87,91,94,97,02 minus 83,84,88,95,98,99,00 78,83,87,88,92,95,98,03 minus 85,89,96,99,00,01
N ~ .

-1.0-8-6-4-2 2 4 6 .8 1.0

Fig. 10 Composites of east China precip. anomalies (unit: mm/day) for the 3-month period of NDJ (left) and JFM (right) during the years of

1951-1977 (top) and 19782004 (bottom)

concern. For example, in the study by Chen et al. (2013),
the correlation between the winter-spring precipitation in
south China and the SST of Nino4 decreased while the
correlation with Nino3 and Nino3.4 increased (cf. Fig. 1
in Chen et al. 2013). However, our result is consistent
with the previous authors in that the ENSO impact in the
winter season is mostly seen in the south China. Because
the subtropical high over the North Pacific Ocean is in its
southern most location, no significant ENSO impact is

detected in the interannual variability of seasonal precipi-
tation in the Yangtze and Huaihe Rivers valley at this time
of the year (Ying et al. 2013).
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