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ABSTRACT: This study identifies intraseasonal oscillations in summer precipitation over northern Eurasia using multi-
channel singular spectrum analysis (MSSA) and a gridded daily precipitation data set for northern Eurasia. The analysis
period is June—August of 1979-2002. Empirical orthogonal function analysis was first performed on 8-day low-pass-
filtered precipitation anomalies at 2.5° grid resolution for northern Eurasia; MSSA was then carried out on the ten leading
principal components (PCs). Three quasi-periodic oscillations with timescales of 45, 15, and 9 days were identified. The
spatiotemporal structures of precipitation oscillations were defined by composite analysis based on the reconstructed time
series of the spatiotemporal PCs obtained from the MSSA. The composite life cycle of each mode was classified into eight
phase categories. The 45-day oscillation is characterised by a slow eastward progression of a broad east/west contrastive
pattern which is associated with a replacement of elongated dry and wet zones across northern Eurasia. The 15-day
oscillation shows a regular eastward phase propagation of precipitation anomalies with a tripole structure across the domain.
The eastward displacement of dry and wet zones occurs in association with this oscillation. Spatiotemporal behaviours of
the precipitation anomalies associated with the 9-day oscillation are similar to those of the 15-day oscillation, but the spatial
scale of this oscillation is somewhat smaller. To explore the connections between the oscillations of precipitation and large-
scale atmospheric circulation patterns, a similar composite method was applied to 300-hPa geopotential height anomalies
over the Northern Hemisphere. The circulation patterns responsible for the 45-day oscillation are characterised by a wave
train extending across the northeastern Atlantic/northern Eurasian sector. The wave train, with zonal wavenumbers of 3-4,
indicates slow eastward moving and quasi-stationary features. The circulation patterns linked to the 15-day oscillation
exhibit an eastward propagating wave train extending from northeastern Europe into the North Pacific/North American
sector. In spatial scale, this wave train has zonal wavenumbers of 5—6. The wave trains associated with the 9- and 15-day
oscillations have similar behaviour patterns over northern Eurasian. However, the 9-day wave train has a comparatively
smaller spatial scale with zonal wavenumbers of 6—7. Therefore, the intraseasonal oscillations of precipitation are connected
to the well-organised wave trains that extend from the Euro-Atlantic region to northern Eurasia, suggesting that the
oscillation on each intraseasonal time scale must be produced by propagation of the corresponding wave train. Copyright
© 2011 Royal Meteorological Society
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1. Introduction annual total precipitation and the resulting river discharge
into the Arctic Ocean (Semiletov et al., 2000; Fuku-

Hydrological processes in northern FEurasia play . ; i .
tomi et al., 2003). Our previous studies revealed impor-

important roles in controlling changes in Arctic climate

and hydrological cycles (Peng and Mysak, 1993; Wang
and Cho, 1997; Peterson et al., 2002; Serreze et al.,
2003; McClelland et al., 2004; Pavelsky and Smith, 2006;
Rawlins et al., 2006; MacDonald et al., 2007; Adam and
Lettenmaier, 2008). In particular, summer precipitation
accounts for 30—40% of the annual total precipitation in
the three major Siberian river basins (Fukutomi et al.,
2003). The interannual variability of northern Eurasian
summer precipitation also significantly affects that of the
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tant characteristics in the interannual variability of sum-
mer precipitation over northern Eurasia (Fukutomi et al.,
2003, 2004, 2007). Precipitation variability was detected
on time scales of about 6—8 years in eastern and western
Siberia, and the spatial precipitation anomalies associ-
ated with this variability exhibited an east-west dipole
pattern across northern Eurasia. Over recent decades,
good progress has been made in understanding the long-
term changes and variations of precipitation in north-
ern Eurasia. The spatiotemporal characteristics of inter-
annual variability of precipitation are understood well,
along with the associated hydroclimates. However, fewer
attempts have been made to investigate the intraseasonal
variability of precipitation in this region.
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Intraseasonal atmospheric circulation and precipitation
can be important factors in determining the seasonal char-
acteristics of precipitation in northern Eurasia. Several
recent studies have investigated the role of intraseasonal
systems on summer precipitation in the lower latitudes
of northern Eurasia. For instance, Iwasaki and Nii (2006)
examined the Mongolian rainy season and found a break
period that generally persisted for 10—20 days in July.
They concluded that mid-latitude Rossby wave propa-
gation on intraseasonal time scales caused this break
period. Iwao and Takahashi (2008) discussed the roles
of intraseasonal waves across northern Eurasia in pro-
ducing extreme phases in a north—south seesaw pattern
of summer precipitation over Northeast Asia. However,
limited efforts have been made to identify the spatiotem-
poral structures of intraseasonal variability in the broad
northern Eurasian region, including all of Siberia. As
shown by Serreze and Etringer (2003), daily precipita-
tion variability is highest during summer in the major
Siberian basins. Summer is also well-known to be the
most active season for the hydrological cycle in Siberia.
Therefore, it is reasonable to focus on intraseasonal vari-
ability of precipitation and associated circulation in the
broad northern Eurasian region during summer. One of
the next steps towards understanding northern Eurasian
hydroclimate is thus to explore the spatiotemporal char-
acteristics of intraseasonal variability of precipitation.

This study examines the fundamental structures of
intraseasonal oscillations of precipitation at different spa-
tial and temporal scales in summer in northern Eurasia.
A number of previous studies have attempted to detect
intraseasonal oscillations of precipitation in various con-
tinental regions. By using multi-singular spectrum anal-
ysis (MSSA: Plaut and Vautard, 1994), several studies
(Wang et al., 1996b; Ye and Cho, 2001; Krishnamurthy
and Shukla, 2007) successfully identified and categorised
spatiotemporal structures of the intraseasonal oscillations
of precipitation in China, North America, and India.
However, these structures were not detailed for north-
ern Eurasia. Consequently, the purpose of this study is to
identify spatiotemporal structures of intraseasonal oscil-
lations of precipitation and the associated atmospheric
circulation patterns over northern Eurasia during summer.
To do so, we analyse a new precipitation data set of grid-
ded daily precipitation. We first detect oscillatory modes
by MSSA of daily precipitation anomalies over northern
Eurasia. Then we explore the spatiotemporal structures of
the isolated oscillatory modes by performing composite
analysis on the precipitation fields based on the MSSA
results. To reveal the evolution of large-scale atmospheric
circulation patterns linked to each oscillatory mode, we
also examine composites of geopotential height anoma-
lies over the Northern Hemisphere. This article is organ-
ised as follows: Section 2 briefly describes the data and
data-processing methods used. Section 3 presents the cli-
matological features of the summer precipitation. Section
4 explains the MSSA procedure employed and presents
characteristics of the oscillatory modes identified by
MSSA. Section 5 describes the spatiotemporal structures
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of the oscillations. Section 6 examines the large-scale
circulation patterns associated with the oscillations.
Finally, Section 7 presents a summary and discussion.

2. Data sources and processing

To determine primary modes of intraseasonal precipi-
tation variability over northern Eurasia, we used grid-
ded daily precipitation data obtained from the Research
Institute for Humanity and Nature (RIHN) in Japan
(http://www.chikyu.ac.jp/precip/index.html). This precip-
itation data set was developed as part of the Asian Pre-
cipitation—Highly Resolved Observational Data Integra-
tion Towards the Evaluation (APHRODITE) of the water
resources project (Yatagai et al., 2008, 2009; Takashima
et al., 2009). The precipitation data set covers a broad
portion of continental Eurasia including East Asia, South-
east Asia, South Asia, North Asia, the Middle East, and
northern Eurasia. We used the northern Eurasian subset
which is available for the period 1979-2002. The original
subset contains daily gridded precipitation with a horizon-
tal resolution of 0.5°. We re-gridded the original precipi-
tation fields into 2.5° by a simple area averaging method.

We also used an atmospheric reanalysis data set to
explore large-scale atmospheric circulation patterns asso-
ciated with precipitation oscillatory modes. The reanaly-
sis data set, the Japanese 25-year reanalysis (JRA25), was
recently produced by the Japan Meteorological Agency
(JMA) Numerical Assimilation and Forecast System and
provides many assimilated and forecasted variables avail-
able at a 6-h temporal resolution and various grid types
(Onogi et al., 2005, 2007). We used the 300-hPa geopo-
tential height and zonal and meridional winds on hor-
izontal 2.5° grids from the “anl_p25” subset of JRA25
(Onogi et al., 2007). The data were daily-averaged before
analysis.

The data analysis was carried out for a 24-year period
from 1979 to 2002 when both the northern Eurasian pre-
cipitation analysis and JRA25 were commonly available.
The anomaly time series of all variables were computed
by subtracting the first three harmonics from the orig-
inal 365-day time series to remove the seasonal cycle.
The precipitation anomaly time series were then filtered
to extract intraseasonal components by using the low-
pass filter of Kaylor (1977), which removes periods of
<8 days corresponding to synoptic time scale fluctua-
tions.

3. Climatological features

3.1.

We first present summer precipitation climatology in
northern Eurasia. The mean precipitation for June—
August (JJA) 1979-2002 is shown in Figure 1. The
features in this climatology are basically similar to
those demonstrated by Fukutomi et al. (2003, 2004). The
summer Siberian precipitation zone is evidently seen.

Summer mean precipitation
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Figure 1. Twenty-four-year (1979-2002) climatology of the June—August (JJA) mean precipitation over northern Eurasia. Contour interval is

0.5 mm day~!. Regions with values >1.5 mm day~!

are shaded. The eastern and western Siberian domains for the spectral analysis are indicated

by black boxes.

A prominent band of precipitation exceeding 2 mm day~!
extends from the east of Lake Baikal to the Far East
Asian coast along 50°N to 60°N. In particular, local pre-
cipitation maxima >3 mm day~! are concentrated in this
band. These enhanced precipitation signals might reflect
effects of the mountain orography in the southern part of
central-eastern Siberia. Another band of enhanced precip-
itation extends from European Russia to western Siberia
along 55°N to 65°N. The Siberian precipitation zone cor-
responds closely to the area of maximum extratropical
cyclone and frontal activity over northern Eurasia (Ser-
reze et al., 2001; Serreze and Etringer, 2003; Yoon and
Chen, 2006; Fukutomi et al., 2007). These previous stud-
ies discussed the maintenance of the Siberian precipita-
tion zone.

3.2.  Spectral properties

Prior to performing MSSA, we computed power spec-
tra for precipitation for JJA 1979-2002 to briefly detect
dominant intraseasonal time scales in northern Eurasia.
A fast Fourier transform (FFT) technique was employed
for calculating these spectra based on the procedure of
Fukutomi and Yasunari (2005). The power spectra for
each JJA period were averaged over 24 years to obtain
ensemble averaged spectra. Precipitation indices for the
spectral computation were defined as precipitation time
series averaged over the two domains where the mean
precipitation was comparatively larger in the Siberian
region (Figure 1). One was the eastern Siberian domain
bounded by 50°N to 55°N, 120°E to 130°E, and another
was the western Siberian domain enclosed by 60°N to
65°N, 75°E to 85°E. The resulting power spectra are
given in Figure 2. The spectrum for the eastern Siberian
precipitation index (Figure 2(a)) shows two peaks sig-
nificant at the 95% confidence level within the typical
submonthly (6—30 days) range. A maximum peak and a
secondary maximum peak are observed at 11 and 9 days,
respectively. However, pronounced spectra are found in
both the lower-frequency intraseasonal (>30 days) and
submonthly range for the western Siberian precipitation
index (Figure 2(b)). The spectra at 43 and 16 days are
actually significant at the 95% confidence level. These
spectra suggest that the submonthly variability is promi-
nent in broad Siberia and the low-frequency intraseasonal
variability is dominant in western Siberia. These features
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Figure 2. (a) Twenty-four-summer (JJA 1979-2002) ensemble power

spectrum of precipitation averaged over the eastern Siberian domain

(50°N to 55°N, 120°E to 130°E). The thin solid curve is the 95%

confidence level. Dashed curve is the red noise spectrum. (b) Same as

(a) except for the western Siberian domain (60°N to 65°N, 75°E to
85°E).

are confirmed by the MSSA results presented in later
sections.

4. Application of MSSA to the precipitation
anomalies

4.1.

We applied multi-channel singular spectrum analysis
(MSSA) to the precipitation data to identify modes of
intraseasonal variability of precipitation over northern
Eurasia. Many studies have reported MSSA to be an
effective tool for isolating quasi-periodical oscillating
modes of atmospheric and oceanic variability on

Overview
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intraseasonal to interannual time scales (Plaut and
Vautard, 1994; Dettinger et al., 1995; Jiang et al., 1995;
Wang et al., 1996a, 1996b; Moron, 1997; Wang and Cho,
1997; Zhang et al., 1997, 1998; Moron et al., 1998; Qian
et al., 2000; Simonnet and Plaut, 2001; Ye and Cho,
2001; Krishnamurthy and Shukla, 2007, 2008). A detailed
description of MSSA procedure was first provided by
Plaut and Vautard (1994). They performed MSSA on 700-
hPa geopotential heights to identify recurrent intrasea-
sonal circulation patterns in the wintertime Northern
Hemisphere extratropics. Subsequently, several studies
successfully detected regional oscillations of precipitation
using MSSA (Wang et al., 1996b; Wang and Cho, 1997;
Qian et al., 2000; Ye and Cho, 2001; Krishnamurthy and
Shukla, 2007). Other studies have applied MSSA to sea
level pressure, surface air temperature, and sea surface
temperature (Dettinger et al., 1995; Jiang et al., 1995;
Moron, 1997; Moron et al., 1998; Zhang et al., 1998;
Simonnet and Plaut, 2001). Thus, MSSA has been widely
used to capture space—time patterns of climatic oscilla-
tions in various fields. As explained by the above papers,
MSSA is an extension of empirical orthogonal function
(EOF) analysis and equivalent to an extended EOF anal-
ysis. Basically, MSSA consists of two steps. The first is a
conventional EOF analysis of a particular data field (time
series at grid points) to obtain its principal components
(PCs). The second is to solve an eigenvalue problem
of a lag cross-covariance matrix constructed from the
leading PCs which are viewed as multi-channel series.
Generally, eigenvectors and PCs resulting from the sec-
ond step are referred to as space—time EOFs (ST-EOFs)
and space—time PCs (ST-PCs), respectively (Plaut and
Vautard, 1994). These elements consolidate information
on both the spatial and temporal variability of eigenmodes
derived from MSSA.

In this study, MSSA was applied to daily precipitation
anomalies in northern Eurasia basically following the
procedure of Wang ef al. (1996a) and Krishnamurthy
and Shukla (2007, 2008). In particular, we referred to
Krishnamurthy and Shukla (2007, 2008) for carrying
out MSSA using a multi-year set of daily data for a
particular season. To investigate space—time structures
of intraseasonal oscillations of precipitation, we analysed
the 92-day period from 1 June to 31 August (JJA)
of each year from 1979 to 2002. We prepared a 24-
year set of precipitation data from mid-April to mid-
October to incorporate a lag window length for MSSA.
In the following sections, we briefly describe the MSSA
procedure and initial results. We do not present the
mathematical formulation of MSSA because that has been
given in previous works (Plaut and Vautard, 1994; Jiang
et al., 1995; Wang et al., 1996a; Wang and Cho, 1997,
Qian et al., 2000), which can also be referred to for
general technical details of MSSA.

4.2. Spatial EOF analysis

An EOF analysis was performed on the 8-day low-
pass-filtered precipitation anomalies from 17 April to

Copyright © 2011 Royal Meteorological Society

15 October (182 days) from 1979 to 2002 (24 years)
in northern Eurasia (50°N to 70°N, 40°E to 140°E).
The total data length (182 days) for each year was the
targeted analysis period and a length associated with a lag
window for MSSA. The targeted analysis period was the
92 days from 1 June to 31 August (JJA). The remaining
90 (182 —92) days was the period associated with the
lag window length (M) defined by the subsequent MSSA.
Since we used a lag window length of 91 days (M = 91),
we had to add a 90-day-long (M — 1 = 90) time series
to the time series of the targeted analysis period. This
90-day period was divided into two 45-day periods, pre-
and post-JJA: 17 April to 31 May and 1 September to
15 October, respectively. Note that the total length of
the time series to be analysed by the EOF analysis was
182 x 24 = 4368 days.

As a result of the EOF analysis, we obtained spatial
principal component (S-PC) time series and correspond-
ing spatial EOF (S-EOF) patterns. We used the leading
ten S-PCs, which account for about 53% of the total
variance, as ten channels for the subsequent MSSA. The
leading ten S-EOF patterns are shown in Figure 3. Most
of the S-EOFs exhibit east-west or wave-like patterns
and several other modes show zonally elongated band
structures spanning most of the area studied. S-EOF
1 indicates the highest fluctuations in the southeastern
part of the study area; S-EOFs 2 and 3 represent north-
west—southeast oriented wave-like patterns; S-EOFs 4, 5,
and 7 show zonally elongated band structures and S-EOF
6 is characterised by the largest anomalies in the southern
part of central Siberia. S-EOFs 8, 9, and 10 show com-
paratively smaller-scale wave-like patterns. Therefore, it
would appear that the S-EOFs of the precipitation anoma-
lies in the northern Eurasian domain have well-organised
structures.

4.3.

The first ten S-PCs directly formed a multi-channel series
with ten channels (L = 10; L is the number of channels)
for MSSA. We computed a cross-covariance of the multi-
channel series at 91 lags (M = 91) and then produced a
lag cross-covariance matrix for the entire period (17 April
to 15 October of 1979-2002) with (L x M) x (L x M)
dimensions. The main process of the MSSA was to solve
an eigenvalue problem for this matrix. By doing this,
we finally derived space—time eigenvectors and corre-
sponding space—time PCs (ST-PCs). The ST-PC is a time
series of 92-day length for each year which represents
the temporal evolution of space—time eigenmodes. The
space—time eigenvector is referred to as ST-EOF and is
91 days in length. The ST-EOF represents a pattern of
the space—time eigenmodes in the time dimension.

As a result of the MSSA, we obtained L x M =
910 space—time eigenmodes composed of ST-PC k and
ST-EOF k (k=1,2,...,910, where k is the order
of the modes) and the corresponding eigenvalues. A
quasi-periodic oscillatory mode is basically defined by a
pair of successive eigenmodes in the order k£ and k + 1,

Oscillatory modes identified by MSSA
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Figure 3. Spatial patterns of the first 10 S-EOFs of precipitation anomalies over northern Eurasia. Contour interval is 0.1 (unit of correlation
coefficient). Positive (negative) anomalies are drawn with solid (dashed) contours. Zero contours are omitted. Positive (negative) anomalies are
lightly (darkly) shaded.

which have nearly equal eigenvalues (Plaut and Vautard,
1994; Wang et al., 1996a). That is, ST-PCs k and k + 1
reflect an oscillation on the same time scale and are in
quadrature with each other. Here they are represented as
an oscillatory pair k—k 4 1. To identify a dominant time
scale of each oscillatory mode, power spectrum analysis
by the maximum entropy method (MEM) was carried
out on the ST-PCs following Wang et al. (1996a). In
this analysis, ST-PCs 1 and 2, 5 and 6, and 14 and
15 had peaks in their maximum entropy (ME) power
spectra at 15, 45, and 9 days, respectively (not shown).
Therefore, these ST-PCs form three oscillating pairs:
1-2, 5-6, and 14-15 (hereafter denoted as ST-PCs 1-
2, ST-PCs 5-6, and ST-PCs 14-15). The ME power
spectra of these three pairs are shown in Figure 4, plotted
in the form of a variance fraction of the sum of the
spectra of the paired modes. The variance fraction was
estimated as a percentage of the total variance defined
by the sum of the spectra of all ST-PCs (Plaut and
Vautard, 1994; Wang et al., 1996a). It was confirmed
that the spectra of ST-PCs 1-2, ST-PCs 5-6, and ST-PCs
14-15 had peaks at 15, 45, and 9 days, respectively.

Copyright © 2011 Royal Meteorological Society
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Figure 4. ME power spectra of three ST-PC pairs (ST-PCs 1-2, ST-PCs
5-6, and ST-PCs 14-15) derived by MSSA in the form of variance
fraction (%).

Overall, ST-PCs 1-2 corresponded to a 15-day oscillation
fluctuating within a range of 10-20 days. ST-PCs 5-6
exhibited a 45-day oscillation which included fluctuations
on time scales longer than about 30 days. ST-PCs 14-15
gave a 9-day oscillation, substantially a quasi-10-day
oscillation. Characteristics of the three oscillating pairs
are summarised in Table I. Here, one can notice that

Int. J. Climatol. (2011)
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Table I. Characteristics of the oscillatory pairs (k, k+ 1)
identified by the MSSA.

Pair Period Variance Peak variance
(days) (%) (%)

1-2 15 3.8 16.4

5-6 45 34 159

14-15 9 2.6 29.5

The first column gives the order number of the pair. The second
column contains the period of oscillation at the peak value of the
ME spectra of each pair (Figure 4). The third column shows the total
percentage variance explained by each pair which is estimated from
the eigenvalues of the MSSA results. The fourth column gives the
percentage variance at the peak frequency of the ME spectra of each
pair (Figure 4).

these time scales identified by MSSA are similar to
those detected by the FFT-based spectrum analysis in
the previous section. It should also be noted that these
three oscillations were reproducible by MSSA with other
lag window sizes. We also examined M = 61 and M =
51 cases, and the resulting spectral characteristics were
similar to those for the present (M = 91) case. This
implies certain robustness in these oscillations.

A space—time reconstructed component (RC) of each
MSSA eigenmode was computed for the 182-day period
of each year following the mathematical formula of Plaut
and Vautard (1994). In their formula, the RC for each
channel is constructed from the corresponding ST-PC
and ST-EOF. The resulting RC is a time series which
represents the time evolution of each channel series on
the time scale of the corresponding MSSA eigenmode. In
other words, the RC is equivalent to a filtered component
of the original S-PC.

The time series of paired RCs of an oscillation is the
sum of the RCs of the oscillatory pair (k, k + 1) (Plaut
and Vautard, 1994; Wang et al., 1996a; Krishnamurthy
and Shukla, 2007, 2008). The time series of the paired
RCs of the 15-, 45-, and 9-day oscillations are denoted as
RCs 1-2, RCs 5-6, and RCs 14-15, respectively. Example
time series of the paired RCs are displayed in Figure 5.
In each panel, the quasi-periodical oscillating nature of
each mode is obvious. Channel 1 was chosen to plot
RCs 1-2 and RCs 14-15 (the 15- and 9-day oscillations)
and channel 3 was chosen for RCs 5-6 (the 45-day
oscillation). The RC for the chosen channel has maximal
variance among all the RCs for ten channels of each
MSSA eigenmode. Also, the time series of the paired
RCs for the chosen channel was used as an index for
composite analysis, described in the next section.

5. Space-time structures of the oscillations
of precipitation

5.1.

Three distinct oscillations of precipitation were identified
by the MSSA. We conducted composite analysis to exam-
ine the space—time evolution of these oscillations, using

Composite analysis
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Figure 5. Time series of RCs corresponding to ST-PCs. (a) RCs 1-2

(15-day oscillation) in channel 1 for JJA 1989. (b) RCs 5-6 (45-day

oscillation) in channel 3 for JJA 2000. (c) RCs 14-15 (9-day oscillation)
in channel 1 for JJA 1992.

the time series of paired RCs as an index to construct
composites. The phase compositing technique based on
the RC has been described in detail in several papers
(Plaut and Vautard, 1994; Wang et al., 1996a; Krishna-
murthy and Shukla, 2007, 2008). We basically followed
the technique and determined instantaneous phases of the
oscillation. A cycle of oscillation was divided into eight
phase categories and the space—time composited fields
were keyed to these eight phases, denoted as phase 1 to
phase 8. The time intervals between consecutive phases
were supposed to be almost equal. A positive (negative)
peak of the oscillation was assigned as phase 3 (phase
7). The point at which an increasing (decreasing) index
curve crossed zero was assigned as phase 1 (phase 5). The
remaining phases 2, 4, 6, and 8 were intermediate phases.
The composite structures of phases 1-4 were considered
out of phase with those of phases 5—8. Cycles of oscil-
lation for the composite analysis were chosen using the
RC-based index of each mode. We employed 1.5 stan-
dard deviation of the index for the entire period as a
criterion to identify the peak phases of the oscillation
(phases 1 and 8). We eventually chose cycles of oscil-
lation which included the peak phases that satisfied this
criterion. Thus, space—time structures of the three distinct
oscillatory modes were obtained by composite analysis of
precipitation anomalies during JJA based on the index of
the three oscillatory modes. Space—time fields of precip-
itation anomalies used for the composite analysis were
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Figure 6. Spatial—temporal structures of the 15-day oscillation of precipitation over northern Eurasia, represented by composites of reconstructed
precipitation anomalies (mm day~') keyed to phase categories 1—-8. Contour interval is 0.1. Positive (negative) anomalies are drawn with solid
(dashed) contours. Zero contours are omitted. Positive (negative) anomalies are lightly (darkly) shaded.

reconstructed by projecting the RCs for all channels of
the oscillatory mode onto their respective S-EOFs. The
space—time fields were reproduced separately for each
oscillatory mode.

5.2. The 15-day oscillation

The 15-day mode is the strongest intraseasonal oscillation
of precipitation over northern Eurasia indicated by the

Copyright © 2011 Royal Meteorological Society

MSSA eigenmode pairs (ST-PCs) 1 and 2. Figure 6
displays composite space—time structures of the 15-day
oscillation. A total of 57 cycles of the oscillation were
used to construct the composites. Precipitation anomalies
exhibit regular eastward phase propagation of a zonally
oriented tripole pattern with positive (anomalous wet
zone) and negative anomalies (anomalous dry zone). In
phase 1, the precipitation anomalies are characterised by
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an east-west dipole pattern between western and eastern
Siberia. Comparatively weaker positive anomalies cover
western Siberia, whereas stronger negative anomalies
cover eastern Siberia. An anomalous wet zone moves
eastward to central Siberia by phase 3 and then arrives
at eastern Siberia by phase 5. In phase 5, an anomalous
dry zone over eastern Siberia in phase 1 is completely
replaced with a strong wet zone from the west. Another
dry zone prevailing over European Russia in phase 1
moves towards western Siberia by phase 5. The whole
pattern in phase 5 becomes almost out of phase with that
in phase 1. After phase 5, the wet anomalies strengthen
in the southern part of eastern Siberia. This wet zone
continues travelling eastward and disappears towards the
North Pacific by phase 8. Meanwhile, a new dry zone
arrives over eastern Siberia. We notice that another wet
zone is established in European Russia from phase 3
through phase 5. This wet zone moves to western Siberia
by the next phase 1. Thus, the composite sequence of
this mode shows a clear recurrent cycle. Overall, the 15-
day mode produces an apparent eastward displacement
of the anomalous dry and wet zones across northern
Eurasia associated with the eastward phase propagation.
Both the positive and negative precipitation anomalies
become stronger as they move eastward in the Siberian
region. In particular, the southern part of eastern Siberia
corresponding to the upper Lena River basin is covered
with the strongest anomalies.

5.3.

The 45-day mode is characterised by a broad east-west
contrastive pattern in the entire area of northern Eurasia.
This mode is represented by ST-PCs 5 and 6. Figure 7
presents a composite evolution of the 45-day oscillation.
A total of 17 cycles of the oscillation were selected for the
compositing. A zonally elongated anomalous wet zone
appears over European Russia in phase 2 and a zonally
elongated anomalous dry zone appears over western-
central Siberia at the same time. Another distinct dry
zone develops on the southeastern edge of the study
area. The distinct dry zone eventually combines with
the zonally elongated dry zone from the west. The wet
zone progresses slowly eastward into central Siberia by
phase 5. At the same time, wet (positive) anomalies are
dominant in western Siberia and dry (negative) anomalies
dominated in eastern Siberia. After phase 6, as the
western Siberian wet zone continues to extend towards
eastern Siberia, a new dry zone extends eastward from
European Russia into western-central Siberia. The wet
zone is then replaced by the dry zone in this region
between phases 6 and 8. In addition, the distinct dry
zone is replaced with a new distinct wet zone by phase
6, which is then merged with the wet zone moving
from the west. Compared with the 15-day mode, the
45-day mode indicates zonally elongated band structures
of the dry and wet zones throughout its life cycle.
The zonal extent of individual dry and wet zones is
larger than that of the 15-day mode. In addition, the

The 45-day oscillation

Copyright © 2011 Royal Meteorological Society

45-day mode indicates stronger fluctuations in European
Russia through western and central Siberia. There are
characteristic east-west dipole patterns between European
Russia and western and central-eastern Siberia around
phases 3 and 7 in particular. The eastward progression of
the dry and wet zones may reflect a replacement of an
above (below) normal precipitation episode by a below
(above) one in European Russia and western Siberia
(central-eastern Siberia) and vice versa. Each regional
precipitation episode might last for about 2 weeks. For
example, the dry episode persists for at least three phases
from phases 1 to 3, while the wet episode persists from
phases 5 to 7 over central Siberia.

5.4. The 9-day oscillation

The 9-day mode corresponds to ST-PCs 14 and 15, which
has a comparatively smaller spatial scale than the other
two modes. Strong precipitation fluctuations associated
with the 9-day oscillation are confined to the southeast-
ern part of northern Eurasia. Figure 8 gives space—time
structures of the 9-day oscillation. A total of 54 cycles
of the oscillation were chosen to create the composite
fields. Eastward and southeastward propagation of precip-
itation anomalies is evident across the domain, similar to
the 15-day oscillation. This mode contributes less to pre-
cipitation fluctuations over European Russia and western
Siberia. As the anomalies increase eastward, their ampli-
tude becomes larger and reaches maxima in the southern
part of central-eastern Siberia. In particular, both positive
and negative anomalies develop over the upper Yenisey
River basin/Lake Baikal area and the southern upper Lena
River basin. From phase 2 to phase 3, an east-west dipole
pattern with eastern positive and western negative anoma-
lies is evident. An almost opposite pattern appears during
phases 6 and 7. A localised displacement of drier and
wetter zones occurs in these regions throughout the life
cycle of this oscillation.

6. Large-scale circulation patterns associated with
the oscillations of Precipitation

The previous section identified the space—time structures
of the three oscillatory modes of intraseasonal precip-
itation over northern Eurasia. Our next concern is the
structure and evolution of a large-scale atmospheric cir-
culation pattern that produces each precipitation oscil-
latory mode. The space—time alternation of anomalous
dry and wet zones over northern Eurasia presumably
results from specific atmospheric circulation systems. To
establish the relationships between the precipitation oscil-
latory modes and atmospheric circulation patterns, we
applied a similar composite method to 300-hPa geopo-
tential height anomaly fields in the Northern Hemisphere.
The wave activity flux vector derived by Takaya and
Nakamura (1997, 2001) was used to diagnose the propa-
gating Rossby wave nature of the composited circulation
pattern. We employed the two-dimensional formulation
of the stationary wave activity flux used by Jiang and Lau
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Figure 7. Same as Figure 6 except for the 45-day oscillation.

(2008). Perturbation geostrophic wind and geostrophic
stream function were estimated from the composited
geopotential height anomalies at 300 hPa to compute the
wave activity flux. The summer (JJA) averaged zonal and
meridional winds at 300 hPa were also used.

Figure 9 shows a composite evolution of 300-hPa
geopotential height anomalies together with horizon-
tal wave activity flux vectors over the mid- and

Copyright © 2011 Royal Meteorological Society

high-latitude Northern Hemisphere associated with the
15-day oscillation of precipitation. The geopotential
height anomalies were 8- to 25-day band-pass filtered
before compositing to gain a clearer picture of the
atmospheric circulation pattern, which is responsible for
the submonthly scale oscillation. A circulation pattern
exhibits an eastward-travelling wave train originating
in northeastern Europe and extending into the North
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Figure 8. Same as Figure 6 except for the 9-day oscillation.

Pacific/North American sector throughout the life cycle.
The wave train consists of meridionally elongated anoma-
lous troughs and ridges with a spatial scale of zonal
wavenumbers 5—6. The waves propagate eastward from
northeastern Europe into central Siberia and then south-
eastward from central Siberia into Far East Asia and the
northwestern Pacific. As the waves propagate eastward,

Copyright © 2011 Royal Meteorological Society

the anomalous troughs and ridges are strengthened in the
eastern part of northern Eurasia. Comparing the precipita-
tion composite (Figure 6), we notice that locations of the
eastward moving troughs (ridges) almost corresponded
to those of the anomalous wet (dry) zones at each phase,
suggesting that this wave train dominates the 15-day pre-
cipitation oscillatory mode. The eastward—southeastward
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Figure 9. Composites of 300-hPa geopotential height anomalies (8- to 25-day band-pass filtered) over the Northern Hemisphere keyed to phase

categories 1-8 of the 15-day oscillation and corresponding wave activity flux vectors (m? s~2). Contour interval is 10 m. Positive (negative)

anomalies are drawn with solid (dashed) contours. Zero contours are omitted. Positive (negative) anomalies with statistically significant at 95%
level are lightly (darkly) shaded.

phase propagation and downstream amplification features
of the northern Eurasian wave packet are consistent with
those of the precipitation anomalies of the 15-day mode
(Figure 6). The downstream amplification of the waves
could have been due to Rossby wave energy propagation,
as represented by the wave activity flux vectors in the

Copyright © 2011 Royal Meteorological Society

latitudes between 45°N and 70°N over northern Eurasia.
These emanate from the initial development region of the
wave train over northeastern Europe close to Scandinavia
and European Russia. The most prominent signature in
the wave activity flux vector field is that it has stronger
eastward and southeastward flux across northern Eurasia,
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especially during phase 3 to phase 4 and phase 7 to phase
8. These are quite consistent with the downstream wave
development over the eastern part of northern Eurasia.
Another interesting feature is that waves develop
farther downstream into the North Pacific and North
America. In phase 3, an isolated northern Eurasian
wave packet ends off the east coast of Far East Asia.
In the following phases, new anomalous troughs and
ridges grow downstream and accompany eastward wave
activity flux vectors along 40°N to 65°N over the North
Pacific. The wave packet subsequently traverses the
North Pacific and reaches North America in phase 4.
A consecutive wave train, extending from northeastern
Europe to the east coast of North America, is then
created by phase 5. In phase 6, the wave train divides
into two parts: the northern Eurasian part disperses
into the northwest Pacific and the North American part
progresses towards the northwestern Atlantic. In phase
7, the North American wave packet entirely dissipates,
while the northern Eurasian wave packet remains and
continues to propagate eastward. New anomalous troughs
and ridges are continuously formed downstream over the
North Pacific and North America from phase 8 to the
next phase 1. Consequently, a consecutive wave train
with an opposite sign to that in phase 5 is created
in phase 1. However, the extent of the wave train
associated with the 15-day oscillation is not completely
circumglobal; rather, the wave train traverses about
three-quarters of the mid- and high-latitude circle. The
structure and propagation characteristics of this wave
train are comparable to those observed by Kanaya (1986)
and Jiang and Lau (2008), who reported summertime
intraseasonal wave propagation in the mid- and high-
latitudes. The nearly circumglobal wave propagation
detected by Kanaya (1986) is similar to the wave train
structure in phases 1 and 5 (Figure 9). The trans-Pacific
wave train on the submonthly time scale defined by
Jiang and Lau (2008) is also similar to the wave train
extending from the North Pacific to North America
that appears in phases 1, 4, 5, and 8 (Figure 9). It
should also be noted that there is no organised wave
propagation over the North Atlantic. The North American
wave packet ends off the northwestern Atlantic and does
not propagate farther downstream towards northwestern
Europe. Successive wave propagation does not occur over
the North Atlantic. Thus, the northern Eurasian wave train
does not seem to be excited in the North Atlantic region.
Figure 10 displays large-scale circulation patterns gov-
erning the 45-day oscillation of precipitation. A geopo-
tential height anomaly and the wave activity flux com-
posites were constructed in a similar manner as in
Figure 9, except that 25-day low-pass-filtered anoma-
lies were used to capture lower-frequency intraseasonal
waves relevant to the 45-day oscillation. The resulting
circulation pattern is mainly characterised by a wave
train that apparently emanates from the northeastern
Atlantic and extends across northern Eurasia. The wave
train has zonal wavenumbers of 3-4 over the north-
eastern Atlantic/northern Eurasian sector. Throughout the

Copyright © 2011 Royal Meteorological Society

life cycle, the waves appear to have mixed standing
and propagating characteristics. In phase 2, the wave
train forms a clear tripole pattern with a ridge over the
northeastern Atlantic, a trough over northeastern Europe,
and a ridge over western-central Siberia. As part of
this wave train, a trough—ridge couplet which consists
of the northeastern European trough and the Siberian
ridge prevails over the western part of northern Eura-
sia. Eastward—southeastward pointing wave activity flux
vectors are aligned along the trough—ridge couplet. The
trough—ridge couplet persists while moving slowly east-
ward and southeastward into Siberia from phase 2 to
phase 3, although the northeastern Atlantic ridge rapidly
decays. Similar quasi-stationary features are observed in
a trough-ridge pattern with an opposite sign over the
northeastern Europe—Siberian sector, between phases 6
and 8. The trough initially located over northeastern
Europe travels eastward and southeastward into central
Siberia from phase 2 to phase 8. The ridge also trav-
els across almost the same path from phase 6 to phase
4 in the next cycle. The trough (ridge) weakens once
in the downstream movement around phase 5 (phase 1),
but remains and develops again from phase 6 (phase 2).
This redevelopment may be due to Rossby wave energy
propagation from upstream, as evidenced by the wave
activity flux aligned along the wave train. Obviously,
troughs and ridges, as parts of the wave train, correspond
to the anomalous wet and dry zones, respectively, as seen
in Figure 7. Throughout all these phases, the centre of the
zonally elongated anomalous wet (dry) zone (Figure 7) is
located to the east ahead of the trough (ridge). The east-
ward and southeastward phase propagation of the wet
(dry) zone from European Russia into eastern Siberia
(Figure 7) is accompanied by the movement of the trough
(ridge) from Scandinavia into central-eastern Siberia from
phase 2 to phase 8 (phase 6 to phase 4 in the next
cycle). Thus, the wave train which spans the northeast-
ern Atlantic—northern Eurasian sector produces the slow
alternation of the wet and dry zones over northern Eura-
sia.

Overall, the well-organised wave activity associated
with the 45-day oscillation is mostly over the north-
eastern Atlantic—northern Eurasian sector. There is lit-
tle organised wave signal over the North Pacific, North
America, and northwestern Atlantic. The waves do not
exhibit successive downstream development towards the
North Pacific—North American sector. The waves do not
propagate deep into the North Pacific—North American
sector. Amplification and decay of the waves occurs more
locally in the northeastern Atlantic—northern Eurasian
sector. These features are the largest differences from the
wave train connected with the 15-day oscillation. The
wave structure somewhat resembles that found by Iwao
and Takahashi (2008). They detected the zonally oriented
wave train across northern Eurasia associated with sum-
mertime Mongolian precipitation on intraseasonal time
scales. However, the wave propagation path in our results
appears to be rather northwest—southeast oriented com-
pared to their results.
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Figure 10. As in Figure 9 except for the 300-hPa geopotential height anomalies (25-day low-pass filtered) keyed to phase categories 1-8 of the
45-day oscillation. Contour interval is 20 m.

Finally, composite large-scale circulation patterns and
corresponding wave activity flux vectors associated
with the 9-day oscillation precipitation are presented
in Figure 11. To represent the circulation patterns rel-
evant to another submonthly scale mode, 6- to 12-
day filtered 300-hPa geopotential height anomalies were
used for compositing. The composite circulation pat-
tern in each phase shows a wave train extending

Copyright © 2011 Royal Meteorological Society

across northern Eurasia, consisting of a sequence of
meridionally elongated anomalous troughs and ridges and
dominated by zonal wavenumbers 6—7. Throughout the
life cycle, the waves propagate eastward from Europe
into Northeast Asia and the northwest Pacific. As the
troughs and ridges travel eastward into Northeast Asia,
they are amplified with their northeast to southwest elon-
gation. The travelling troughs and ridges accompany the
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Figure 11. As in Figure 9 except for the 300-hPa geopotential height anomalies (6- to 12-day band-pass filtered) keyed to phase categories 1-8
of the 9-day oscillation.

eastward displacement of the anomalous wet and dry
zones (Figure 8). The amplification of the troughs and
ridges over Northeast Asia corresponds to the stronger
precipitation fluctuations in the southern part of central-
eastern Siberia (Figure 8). Interestingly, the amplified
trough (ridge) over Northeast Asia, especially in phases
3 and 4 (phases 7-8), emanates enhanced wave activity
fluxes towards the downstream (ridge) trough over the

Copyright © 2011 Royal Meteorological Society

northwest Pacific. This suggests that the trough (ridge)
over Northeast Asia is an important local wave energy
source.

The overall wave train pattern displays similar struc-
tures in some respects to that associated with the 15-day
mode (Figure 9) over northern Eurasia. The propagation
properties of the 9-day wave are basically similar to those
of the 15-day wave. However, the 9-day mode wave
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train has a comparatively smaller spatial scale and its
propagation path is located in the lower latitudes between
approximately 35°N and 60°N. In addition, organised
wave propagation is confined to northern Eurasia. The
troughs and ridges which move into the northwest Pacific
eventually dissipate over the northwest Pacific off the east
coast of Northeast Asia and do not progress eastward
into the North Pacific. Similarly, successive downstream
development of the waves due to Rossby wave energy
propagation does not occur in the North Pacific—North
American sector.

7. Summary and discussion

This study analysed the intraseasonal variability of pre-
cipitation over northern Eurasia during the summers of
1979-2002. Dominant modes of intraseasonal oscilla-
tions of precipitation on different time scales were iden-
tified by applying MSSA to the gridded daily precipita-
tion data. Three distinct oscillations were found in the
MSSA spectral peaks centered at 15, 45, and 9 days.
The spatiotemporal structures of these oscillations were
revealed by constructing composite maps of the pre-
cipitation anomaly fields. The 15-day oscillation is the
strongest oscillation and falls within the range of the so-
called submonthly variability. The composite life cycle
of the 15-day oscillation shows regular eastward phase
propagation of precipitation anomalies, with a tripole
structure across northern Eurasia. The 45-day oscilla-
tion lies within the range of low-frequency intraseasonal
variability. The composite evolution of the 45-day oscil-
lation exhibits a slowly varying signature with zonally
elongated precipitation anomalies which are characterised
by a broad east-west contrastive pattern across north-
ern Eurasia. The 9-day oscillation falls within the higher
frequency range of submonthly variability. While the
spatiotemporal behaviours of the precipitation anomalies
associated with this oscillation are similar to those of the
15-day oscillation, the spatial scale of this oscillation is
somewhat smaller.

The composite evolution of 300-hPa geopotential
height anomalies was also examined to highlight the
large-scale circulation patterns connected to the life
cycle of each oscillation of precipitation. The circula-
tion anomalies linked to the 15-day oscillation exhibit an
eastward propagating wave train extending from north-
eastern Europe into the North Pacific—North American
sector. One of the interesting features of the wave-train
behaviour is the nearly circumglobal propagation. The
circulation patterns responsible for the 45-day oscilla-
tion are characterised by the wave train extending across
the northeastern Atlantic—northern Eurasian sector. The
wave train indicates the slowly eastward moving and
quasi-stationary features. The well-organised wave train
appears to be only over this sector and does not develop
downstream towards the North Pacific—North American
sector. The behaviour of the wave train pattern associated
with the 9-day oscillation resembles that of the 15-day
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oscillation in the northern Eurasian sector. However, the
wave train has a comparatively smaller spatial scale and
wave propagation is confined to northern Eurasia.

The intraseasonal oscillations of precipitation found
in this work are connected to the well-organised wave
trains that extend from the Euro-Atlantic region to north-
ern Eurasia. In general, the main precipitation produc-
ing system over northern Eurasia is an extratropical
cyclone which accompanies precipitating fronts (Serreze
et al., 2001; Serreze and Etringer, 2003; Fukutomi et al.,
2007). The wave trains identified here could affect the
strength of the cyclones and fronts and modulate sub-
seasonal cyclogenic and frontal activities. The troughs
(ridges) shown in the composite maps are coupled with
anomalous wet (dry) zones. These zones must corre-
spond to enhanced (reduced) precipitation associated with
strengthened (weakened) frontal activities forced by the
troughs (ridges) of the wave trains. Thus, the oscillation
of precipitation on each intraseasonal time scale must be
produced by the propagation of the corresponding wave
train.

One can notice that the spectral characteristics in
the MSSA-MEM results (Figure 4) and those in the
FFT results for the selected domains (Figure 2) are
not completely consistent with each other. The three
distinct modes detected by the MSSA are not necessarily
observed in the FFT results. For instance, peaks at nearly
15 and 45 days are not observed in the ensemble averaged
spectra for the eastern domain (Figure 2(a)) and any
significant peak at nearly 9 days is not found in those
for the western domain (Figure 2(b)). One of the reasons
for these inconsistencies could be due to a year-to-year
variability of the spectral characteristics. By checking
the spectra for individual years, we found out spectral
peaks at nearly 15 and 45 days in several cases for
the eastern domain (not shown). However, the ensemble
averaging for the all cases could smooth the resulting
spectra and diminish these peaks. The same reason might
be applicable to the disappearance of a peak at 9 days
in the western domain. The MSSA 9-day mode tends
to have stronger signals in the southeastern Siberian
domain and weaker signals in the western Siberian
domain (Figure 8). This could also be a cause of the
disappearance of a 9-day peak in the western domain.
The 11-day signal in the FFT spectra for the eastern
domain (Figure 2(a)) can be included in a category of
the MSSA 15-day mode. The 15-day mode (ST-PCs 1-
2) actually spans somewhat broader period range from
about 11 days to 15 days (Figure 4). The similarities and
differences between the MSSA and FFT results appear to
be still open to discussion. We have tried to give possible
explanations for those by considering the present results.

It is interesting to note the relationships between
the intraseasonal oscillations and interannual variabil-
ity of precipitation over northern Eurasia. Future study
should examine subseasonal precipitation events associ-
ated with intraseasonal oscillations and interannual pre-
cipitation extremes. To ascertain the roles of the intrasea-
sonal oscillations in producing interannual extremes,
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classification of precipitation regimes is needed along
with the associated circulation patterns on intraseasonal
time scales. Cluster analysis would be a useful tool for
this task. Investigation into the characteristics and occur-
rence frequency of intraseasonal precipitation regimes in
extreme years should also be undertaken.
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