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ABSTRACT

The spatio-temporal variability of Northern Hemisphere Sea Level Pressure (SLP) and precipitation
over the mid-to-low reaches of the Yangtze River (PMLY) is analyzed jointly using the multi-taper /singular
value decomposition method (MTM-SVD). Statistically significant narrow frequency bands are obtained
from the local fractional variance (LFV) spectrum. Significant interdecadal (i.e., 16-to-18-year periods) and
interannual (i.e., 3-to-6-year periods) signals are identified. Moreover, a significant quasi-biennial signal is
identified but only for PMLY data. The spatial joint evolution of patterns obtained for peaks in the LFV
spectrum sheds light on relationships between SLP and PMLY: the Arctic Oscillation (AO) modulates the
variability of the PMLY while the interannual variability of PMLY is in phase with the Northern Atlantic
Oscillation (NAO) and the Northern Pacific Oscillation (NPO).
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1. Introduction

Numerous studies have identified the importance of
anomalous precipitation over the mid-to-low reaches
of the Yangtze River (PMLY). Anomalous PMLY is
closely related to climate anomalies over the Yangtze-
Huaihe region in China. The interdecadal variability
of PMLY may be attributed to the climate external
forcings (Trenberth and Hurrell, 1994; Li, 1998; Kawa-
mura et al., 1995), and be associated with atmospheric
interdecadal oscillations (Schlesinger and Ramankuty,
1994). Many factors contribute to the PMLY vari-
ability since global atmosphere-ocean interactions oc-
cur on multi-timescale variability (Tourre and White,
2006). In order to provide insights on possible mech-
anisms, relationships between anomalous PMLY and
global climate variability, especially the ENSO and the

Pacific Decadal Oscillation (PDO) in the northern Pa-
cific, have been investigated (Xu and He, 2001; Xian
and Li, 2003; Wei and Song, 2005). Results show that
significant interannual and interdecadal ocean signals
are associated with anomalous PMLY and climate sig-
nals which are associated with the Sea Level Pressure
(SLP) cycles are the most direct and important fac-
tors causing anomalous PMLY. For example, the po-
sition, intensity and patterns of the west Pacific sub-
tropical high pressure have a close relationship with
anomalous PMLY (Gong et al., 2000). In recent years,
more attention has been paid to the Antarctic Oscil-
lation (AAO) and Arctic Oscillation (AO), which are
both linked to the major annular modes in Southern
Hemisphere and Northern Hemisphere. Earlier results
indicate that there is a significant positive correla-
tion between the winter AAO and PMLY in summer-
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time (Nan and Li, 2003; Yu and Chen, 2005; Gao et
al., 2005); there is also a significant negative correla-
tion between the winter AO and time lagged PMLY
(Gong et al., 2000); finally the interdecadal variability
of the PMLY is consistent with that of AO (Wei et al.,
2006). However, correlations between key atmospheric
parameters and PMLY datasets have been obtained
using methods such as canonical correlation analysis
(CCA) and singular value decomposition (SVD). The
main weakness of these diagnostic methods is that they
emphasize relationships between standing modes, but
they can not be used to shed light on the dynamics of
evolving signals.

The purpose of this paper is to investigate cou-
pled spatio-temporal evolution of the PMLY and the
Northern Hemispheric SLP using the multi-taper-
method/singular value decomposition (MTM-SVD)
technique which can reveal coherent spatial evolu-
tion of joint parameters. The MTM-SVD approach is
based upon multivariate frequency-domain decompo-
sition developed by Mann and Park (Mann and Park,
1999). The MTM-SVD can be used not only to detect
dominant frequencies, but also to investigate possible
dynamic correlation between two fields by reconstruct-
ing spatiotemporal patterns at given frequencies. The
MTM-SVD method has been successfully used for sig-
nal detection and reconstruction of global temperature
data over the past century, and decadal-to-century
scale climate variability (Mann and Park, 1994; Mann
et al., 1995). It has also been successfully applied
in the investigation of joint spatio-temporal evolution
of patterns involving two or more climate parameters
(Mann and Park, 1996; Ribera and Mann, 2003; Zhang
and Mann, 2005). Analyses of relationships between
SLP and PMLY anomalous patterns using the above
technique may provide physical insight into the under-
lying dynamical and physical mechanisms at interan-
nual and interdecadal timescales.

2. Data and methods

2.1 Data

Monthly precipitation datasets for the period from
January 1951 to December 2000 at 52 stations cover-
ing the mid-to-low reaches of the Yangtze River are
used (Fig. 1). These datasets are taken from the
National Meteorological Information Center and they
passed quality control by the homogenization method.
A Cressman objective analysis is performed on the sta-
tion data to arrive at a gridded result that represents
the station data. National Centers for Environmental
Prediction (NCEP) reanalysis of SLP on a 5◦×5◦ grid-
point system over the entire Northern Hemisphere are
downloaded from the website (http://www.cdc.noaa.
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   Fig. 1. The 52 rainfall stations over the mid-to-low
reaches of the Yangtze River (PMLY).

gov/cgi-bin/db search/DBSea-rch.pl?Dataset=Search.
pl?Dataset = CDC+Derived+NCEP+Reanalysis+Pro-
ducts + Surface + Level&Variable = Sea+level + pres-
sure & Statistic = Mean &group=0&submit=Search),
and for the same 50-year period are also analyzed.

2.2 Methods

The MTM-SVD method is described with details
elsewhere (see for example Mann and Park, 1994,
1996, 1999). Basically to identify coherent structure
across multivariate datasets, time-series are standard-
ized first. The time-series are then transformed into
the spectral domain (Thomson, 1982). The eigenspec-
tra are thus:

Yh(f) =
N∑

t=1

ah(t)F (t)e2πift∆t , h = 1, · · · ,H . (1)

Then values of H eigenspectra Y m,h(f) are re-
organized, m = 1, · · · ,M , for the M time-series and
for each frequency f into a matrix Y (f) of dimension
M ×H, through Fourier transform. A complex SVD
is performed on the above matrix Y (f0) and matrix
Y (f0) may be reconstructed as:

Ym,h(f0) =
K∑

k=1

Um,k(f0)γk(f0)Vk,h(f0) . (2)

The K singular values γk(f) scale the amplitude of
each mode in this local decomposition. The first mode
Local Fractional Variance (LFV) is defined as:

LFV =
γ2
1(f)

K∑
k=1

γ2
k(f)

. (3)

Thus, within the LFV spectrum prominent peaks indi-
cates the presence of a statistically significant signals.
This provides a powerful tool for signals’ detection in
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Fig. 2. The LFV spectrum of the PMLY. Horizontal dashed lines rep-
resent the 99%, 95%, 90% confidence levels. Vertical dashed lines
represent the frequency-bands for the interdecadal, ENSO, and quasi-
biennial signals, respectively. 
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Fig. 3. The LFV spectrum of the Northern Hemisphere SLP. Dashed
lines represent the 99%, 95%, 90% confidence levels. Vertical dashed
lines represent the frequency bands for the interdecadal, ENSO, and
quasi-biennial signals.

the frequency domain. We thus use LFV spectrum for
the first modes with appropriate significance levels for
signal detection. Significant confidence levels are esti-
mated through a boot-strapping procedure (following
Efron, 1990). Then the spatial and temporal patterns
of the signal associated with the lead signals for a fre-
quency are reconstructed, following:

Fm,1(t) = δ(f0)<{σmUm,1(f0)α1(t)e−2πif0t} . (4)

The complex vector Um,1(f0) of length M is the spa-
tial first mode of the decomposition at f0. It repre-
sents the spatial pattern of the signal at frequency f0

and contains information about the relative phase and
amplitude of the signal at all locations i of the multi-
variate datasets. A1(t) = <{α(t)e−2πif0t} represents
the temporal pattern of the signal at frequency f0. It
can be seen as a signal having a dominant oscillation at
frequency f0, where the variable amplitude α(t) rep-

resents the slowly varying envelope of the oscillatory
signal.

3. The LFV spectral characteristics of the
PMLY and the Northern Hemisphere SLP

The MTM-SVD approach (with three tapers) is ap-
plied separately on the PMLY and the SLP datasets
to identify the timescales of statistically significant os-
cillatory signals from the LFVs spectra. LFV val-
ues were smoothed using the roughness boundary con-
straint method (see Mann, 2004).

The LFV spectrum of the PMLY is displayed in
Fig. 2, with many robust peaks which indicate the
multi-timescales variability of the PMLY. The peak
near 17.3-year within the interdecadal frequency band
(16.4–18-year period) reaches the 99% confidence level.
This result is consistent with the previous study (Wei
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Table 1. Key information from LFV individual spectra of the PMLY and the Northern Hemisphere SLP.

Frequency (yr−1) Periods (yr) LFV Confidence Level

PMLY Trend 0 − 0.761 50%
Interdecadal 5.86 17.06 0.8426 99%
9–12 Year 10.57 9.46 0.7845 90%

ENSO 16.80 6.0 0.8608 99%
ENSO 30.69 3.25 0.8239 95%

Quasi-Biennial 41.67 2.4 0.8463 99%
SLP Trend 0 − 0.9309 99%

Interdecadal 6.15 16.26 0.7055 90%
9–12 Year 8.13 12.3 0.9832 99%

ENSO 16.80 6.0 0.9225 99%
ENSO 33.35 3.0 0.7138 95%

Quasi-Biennial 42.85 2.3 0.6456 50%

and Zhang, 2004), indicating a statistically significant
interdecadal band (16–18-year periods). The ENSO
band (3–7-year periods) has two peaks at the 99% con-
fidence level near 6-year and 3.5-year. Numerous in-
vestigations have identified that the 3.5- and 6-year os-
cillations, are associated with the interannual variabil-
ity of the global climate system, particularly the ENSO
signal (Allan et al., 1996; Reason and Mulenga, 1999;
Tourre and White, 2006). The quasi-biennial (QB)
band contributes significantly to the LFV spectrum,
with a peak near 2.4-year reaching the 99% confidence
level. The statistically significant quasi-biennial sig-
nal for the PMLY could be associated with that of the
QBO (Kuaff, 1992) and could contribute to the quasi-
biennial oscillatory mode of precipitation over China
(Yang, 2006).

Maximum entropy spectrum (MES) and wavelet
methods are also used for the analysis of the aver-
age precipitation time-series at the 52 stations (not
shown). Analysis shows that only the 3-year period
can be detected in the MES. The 17–18-year and 3–
6-year band-periods appear in the wavelet analysis.
In order to prove the reliability of the interdecadal
oscillation of the PMLY for the 16–18-year periods,
a power spectrum method is applied to the 101-year
(1905–2005) precipitation datasets at Shanghai, Nan-
jing, Chengsi, Hangzhou, Wuhu, Wenzhou, Wuhan,
Jiujiang, Jinzhou and Yichang stations over the mid-
to-low reaches of the Yangtze River (not shown). Anal-
ysis indicates that the interdecadal signal is indeed sta-
tistically significant as in the MTM-SVD analyses of
the PMLY datasets.

In Fig. 3 the individual LFV spectrum of Northern
Hemisphere SLP is displayed. The interdecadal band
has a peak near 16-year, significant at the 90% confi-
dence level, and the peak near 12-year is significant at
the 99% confidence level. Within the ENSO band, the
peaks near 6-year, 3.9-year periods are significant at
the 99% confidence level, and the peak near the 3-year

period is significant at the 95% confidence level. How-
ever, the peaks near 2.3-year period within the QB
band are significant at only the 50% confidence level.

The summary of the above two LFV spectra is
listed in Table 1. Noted the QB signal for SLP
is much weaker than that of PMLY. This may sug-
gest that the QB signal for PMLY is related to
other quasi-biennial oscillations from the atmosphere
or the quasi-biennial oscillation in the atmosphere-
ocean system over the Asia-Anzac monsoon (Mooley
and Parthasarathy, 1984).

4. Coupled characteristics of the PMLY and
the Northern Hemisphere SLP

As in previous joint MTM-SVD analyses (Mann
and Park, 1996; Delworth and Mann, 2000; Ribera
and Mann, 2002), the standardized grid point data
were also weighted so that different fields contribute
equally to the overall variance. Then the MTM-SVD
method can identify coupled and coherent spatially-
evolving signals, by using both phase and amplitude
information.

4.1 The interdecadal coupled characteristics
of the PMLY and the Northern Hemi-
sphere SLP

Evolving spatio-temporal patterns of the joint
PMLY-SLP associated with the statistically significant
interdecadal timescale centered near the 18-year pe-
riod identified in LFV spectrum are analyzed first.

The first mode accounts for ∼42% of the variance
from the joint PMLY-SLP dataset. Figure 4 shows
the evolution of the signal over one-half cycle (with
increment of 2.2 year between snap shots). The joint
mode analysis exhibits distinct spatial evolution at
phase 0◦, 45◦, 90◦, 135◦, 180◦. Beginning at phase 0◦

(Fig. 4a1), positive SLP anomalies are seen over high
latitudes of Asia-Europe, North America and North
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Fig. 4. Spatial reconstruction of joint PMLY-SLP evolution at interdecadal timescales. The left
column is for SLP evolution (from a1 to d1) and the right column is for PMLY evolution (from a2
to d2), corresponding to spatial patterns at phases: 0◦, 45◦, 90◦, and 135◦, respectively (blue lines
are for positive anomalies of both fields while red lines are for negative anomalies of both fields).
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Pacific, while negative SLP anomalies are found at
middle latitudes. The SLP patterns at phase 0◦ are
similar to those of the negative AO phase. At phase
45◦ (Fig. 4b1), the areas with positive SLP anoma-
lies are reduced in high latitudes, while negative SLP
anomalies expand towards high latitudes. At phase
135◦ (Fig. 4d1), negative SLP anomalies are found at
high latitudes, while positive SLP anomalies have de-
veloped in mid-latitudes. At phase 180◦ (9 year later)
(not shown), the region of negative SLP anomalies en-
compasses the entire high latitudes; with the positive
SLP anomalies are found only at mid-latitudes. The
most prominent feature in the associated PMLY pat-
tern is a large region of negative PMLY anomalies over
the mid-lower reaches of the Yangtze River at phase 0◦

(Fig. 4a2), indicative of a drought signal. The overall
phase changes of the PMLY are in phase with the AO.
Through the evolution of the half cycle (not shown),
positive precipitation anomalies dominate most parts
of the mid-to-low reaches of the Yangtze River. The
interdecadal (ID) SLP annular patterns or AO, seem
to play a very important role on the interdecadal (ID)
PMLY variability.

The temporal patterns of joint PMLY-SLP at ID
timescale centered near the 18-year period are recon-
structed for a grid point at 65◦N, 30◦E and compared
to the Wuhan precipitation record. They are displayed
in Figs. 5a and 5b. It can be seen that there is an obvi-
ous distinction between their interdecadal variability.
The phase of PMLY lags that of SLP approximately
3–4 years. We calculate the lag cross correlation of
PMLY and SLP. The reconstructed interdecadal SLP

   
-0.4-0.200.20.40.61950 1960 1970 1980 1990 2000YearAmplitude  
-10-50510151950 1960 1970 1980 1990 2000YearAmplitude  

(a) 
(b) 

Fig. 5. Temporal reconstruction of the joint PMLY-SLP
at interdecadal timescale. (a) temporal pattern of recon-
structed SLP at the grid point 30◦E, 65◦N; (b) temporal
pattern of reconstructed PMLY from Wuhan station.

weights at high latitudes are negatively correlated with
PMLY at zero lag, with a very weak correlation coef-
ficient of −0.14. Since the number of samples is 600,
the correlation coefficient reaches the 0.001 confidence
level. Results indicate that when low SLP is found at
high latitudes, there is a tendency for the PMLY to
enter into a rainy period, and vice versa. Neverthe-
less negative correlation lagged at 2, 3, 4, and 5 years
are much more significant, with correlations of: −0.8,
−0.9, −0.8, and −0.6, respectively. This shows that
there might be a relationship with the strong 2-to-
3 year and 4-year oscillations of the annular pressure
anomalies at high latitudes (Yu and Chen, 2005).

4.2 The interannual coupled characteristics of
the PMLY and the Northern Hemisphere
SLP

The spatial patterns of the joint fields associate
with the 3 year period in the LFV spectrum are re-
constructed for a half-cycle with increment of 4 months
between snap shots.

The first interannual mode accounts for 61% of
the whole variance. The spatial evolutions are dis-
played in the Fig. 6, with the left column for SLP,
and right column for PMLY, respectively. Starting
at phase 0◦ (Fig. 6a1), the mode is associated with
positive SLP anomalies in the Greenland, Iceland and
the high latitudes from Siberian to North Canada, and
the whole Arctic pole exhibits positive SLP anomalies,
centered around the Greenland Sea. The negative SLP
anomalies are found in middle and low latitudes, cen-
tered in the North Atlantic, subtropical and tropical
Pacific. The SLP exhibits opposite phases between
high and middle-low latitudes in the Northern Hemi-
sphere. From phase 45◦ to phase 90◦ (Figs. 6b1 to
6c1), the observed SLP pattern weakens. The posi-
tive SLP anomalies decrease at the Arctic, and then
high latitudes of North Atlantic and North Pacific be-
come centers of negative SLP anomalies. At phase
135◦ (Fig. 6d1) the negative SLP anomalies expand
towards the high latitudes over the entire Arctic, while
positive SLP anomalies are in most part of middle-to-
low latitudes. At phase 180◦ (not shown), negative
SLP anomalies are found at high latitudes and pos-
itive SLP anomalies at middle-to-low latitudes (i.e.,
opposite phase pattern than at phase 0◦). Negative
SLP anomalies appeared over Iceland, Greenland, and
high latitudes from East Siberia to northern Canada
and positive SLP anomalies in the North Atlantic, sub-
tropical, and tropical Pacific. This implies low layer
atmospheric SLP reflecting that of both the North At-
lantic Oscillation (NAO) and North Pacific Oscillation
(NPO). In right column of Fig. 6 shows that negative
PMLY anomalies are found almost everywhere at



464 SPATIO-TEMPORAL VARIABILITY OF SLP AND PRECIPITATION OVER PMLY VOL. 25

 
 
 
 

(a1) (a2) 
(b1) 
(c1) (c2) 
(d1) (d2) 

(b2) 

Fig. 6. Spatial reconstruction of joint PMLY-SLP evolution at interannual timescales. The left
column is for SLP evolution (from a1 to d1) and the right column is for PMLY evolution (from a2
to d2), corresponding to spatial patterns at phases: 0◦, 45◦, 90◦, and 135◦, respectively (blue lines
are for positive anomalies of both fields while red lines are for negative anomalies of both fields).
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Fig. 7. Temporal reconstruction of the joint PMLY-SLP
in interannual timescale. (a) temporal pattern of recon-
structed SLP at the grid point 65◦N, 30◦E; (b) temporal
pattern of reconstructed PMLY from Wuhan station.

phase 0◦ (Fig. 6a2) while decreasing at phase 45◦

onward (Fig. 6b2). From phase 90◦ onward (Fig.
6c2), positive anomalies are found in the northern
and southern areas of the mid-to-low reaches of the
Yangtze River. Rainy anomalies over the PMLY are
thus associated with positive phases of both AO and
NPO.

The reconstructions of temporal patterns at inter-
annual timescales centered near the 3-year period are
shown in Figs. 7a and 7b. Comparing the two time-
series, it can be seen that there is a significant negative
correlation of −0.92 between the interannual variabil-
ity of SLP in high latitudes of Northern Hemisphere
and the PMLY. It means that negative SLP anomaly
in high latitudes are associated with positive PMLY
anomaly, and vice-versa.

5. Conclusions

Analyses of Northern Hemisphere SLP and precipi-
tation over mid-to-low reaches of Yangtze River, based
on the MTM-SVD method, yield evidence of coher-
ent oscillatory patterns of variability in the two fields.
Both fields have statistically significant oscillatory sig-
nals at both interdecadal timescale from 16-to-18-year
period and interannual timescale from 3-to-6 year pe-
riod. In addition, a significant QB signal is found for
PMLY only. However, the secular trend of SLP is more
significant than that of the PMLY. This indicates that
the anomalous variability of the PMLY may be asso-
ciated with other atmosphere-ocean coupled signals.

The coupled spatiotemporal patterns of the above

signals show a close relationship between SLP and
PMLY. For the interdecadal timescale, the PMLY
anomalies evolve from a drought to a rainy period
is in phase with that of the AO from negative phase
to positive phase, corresponding results from (Wei et
al., 2006). For interannual timescale, the NAO and
NPO anomalies are found of being linked with PMLY
anomalies.
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