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ABSTRACT

This study examines the characteristics and mechanisms associated with the dominant intraseasonal
oscillation (ISO) that controlled eastern Tibetan Plateau summer rainfall (ETPSR) over the period 1979-2011.
The results of both power and wavelet spectrum analysis reveal that ETPSR follows a significant 7-20-day
oscillation during most summers. The vertical structure of the ETPSR ISO in the dry phase is characterized
by a vertical dipole pattern of geopotential height with a positive center on the eastern Tibetan Plateau (TP)
and a negative center on the western TP. The wet phase shows the opposite characteristics to the dry phase.
The transitions between the dry and wet phases during an ETPSR ISO cycle are related to a Rossby wave train
that presents as large anomalous anticyclonic and cyclonic centers that alternate along the pathway from the
eastern Atlantic to southern China via the TP. It corresponds to the evolution of the phase-independent wave-
activity W, which implies an eastward/southeastward energy propagation of the ISO. The dominant modes of the
daily 200-hPa geopotential height as identified by the rotated empirical orthogonal function (REOF) demon-
strate that the different phases of the Rossby wave train influence the upper-level circulation over the eastern TP,
which then impacts precipitation in the region. Furthermore, fluctuations in the eastern Atlantic may be the key
factor for the propagation of the Rossby wave train that influences the upper-level circulation and rainfall
variability over the eastern TP. Results from numerical experiments using an atmospheric general circulation
model support the conclusion that the fluctuations over the eastern Atlantic contribute to the ISO of ETPSR.
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1. Introduction

Since a 40-50-day eastward-propagating oscillation in
the tropics during the boreal winter was discovered by
Madden and Julian (1971, 1972), the study of intra-
seasonal oscillations (ISOs) has been extended to the
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boreal summer and extratropics. The related charac-
teristics and mechanisms have been well documented in
many studies (e.g., Goswami 2005; Waliser 2005, 2006).

During the boreal summer, the monsoon ISO displays
more complicated characteristics than the Madden-Julian
oscillation (MJO), with both eastward and northward
propagation (e.g., Yasunari 1979, 1980, 1981; Annamalai
and Slingo 2001; Lawrence and Webster 2002; Jiang et al.
2004; Hu et al. 2015). Furthermore, ISOs are responsible
for the rainfall variability that occurs in monsoon regions
within the annual cycle, which has a significant impact on
the local weather and climate (e.g., Mao and Chan 2005;
Yang et al. 2008, 2010, 2014). Mao and Chan (2005) ex-
plored the intraseasonal variability of the South China
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Sea (SCS) summer monsoon in terms of its structure and
propagation, and suggested that the 10-20-day oscilla-
tion manifests as an anticyclone—cyclone system over the
western tropical Pacific before moving northwestward
into the SCS. Two dominant intraseasonal variations
over the lower reaches of the Yangtze River basin dur-
ing the boreal summer were identified by Yang et al.
(2010), with spectral peaks at around 15 and 24 days.

In addition, the characteristics of extratropical ISOs
over or around the Tibetan Plateau (TP) differ from the
tropical oscillations in terms of periodicity and propa-
gation. Murakami (1981) analyzed those ISOs with a
period of 12-20 days on the Asian subtropical jet over
and around the TP during the northern winter, and
found that the topography of the TP profoundly in-
fluences the formation, propagation, and dissipation of
this oscillation. Fujinami and Yasunari (2001) reported
fluctuations in the diurnal amplitude of summertime
convection with periods of about 14 and 30 days over the
TP. Using data for three years (1986, 1993, and 1998),
Fujinami and Yasunari (2004) examined convective
variability over submonthly time scales (7-20 days) on
the TP and the associated large-scale atmospheric cir-
culation. They suggested that the 7-20-day convective
variability over the TP is associated with a wave train
propagating from North Africa to Japan along the Asian
subtropical jet. Furthermore, Fujinami and Yasunari
(2009) pointed out that two contrasting patterns of
Rossby wave trains along the Asian jet greatly influence
the convective variability over submonthly time scales
(7-25 days) in the Yangtze and Huaihe River basins
during the mei-yu season. At the synoptic time scale, the
propagation or break of upper-tropospheric Rossby
waves has a major impact on moisture transport and
precipitation over summertime East Asia and the north-
western Pacific (Horinouchi 2014). Park et al. (2015) also
found that the extratropical wave train over the Eurasian
continent has a significant influence on the southerly wind
and rainfall variability over eastern China.

Although these studies demonstrated that the intra-
seasonal variability of climate systems over or around the
TP is related to the Rossby wave train along the Asian
subtropical jet, their results did not reveal the coupling
mechanisms over intraseasonal scales between the
Rossby wave train and rainfall variability on the TP, and
this was because of limitations in the datasets used.
However, further consideration of long-term daily rain
gauge observations will allow us to address several of the
major questions that remain from these previous studies,
as follows. 1) What are the dominant intraseasonal modes
that controlled eastern TP summer rainfall (ETPSR)
activity in the 33 summers from 1979 to 2011? 2) How
does the intraseasonal Rossby wave train influence the
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rainfall variability over the eastern TP (ETP)? 3) What
influences the propagation of the wave train that is re-
lated to the ETPSR ISO? We aim to answer these
questions through both observational analysis and sensi-
tivity experiments using an atmospheric general circula-
tion model (AGCM).

In the remainder of the paper, section 2 describes the
data, methods, and model used in this study; the dominant
periodicity, temporal evolution, and vertical structure of
the ETPSR ISO are analyzed in section 3; the telecon-
nection between the summer Eurasian wave train and the
ETPSR ISO is investigated in section 4; and the impact of
fluctuations over the eastern Atlantic on ETPSR is ex-
amined in section 5. Finally, a summary and discussion are
presented in section 6.

2. Data, methods, and model
a. Data

Daily rain gauge observations at 69 stations on the ETP
(25°—-40°N, 85°-105°E), with temporal continuity and no
missing values for the summer period of June-August
(JJA) between 1979 and 2011, were selected from the 756
stations in China. These data were provided by the Na-
tional Meteorological Information Center of the China
Meteorological Administration (CMA). Quality control
procedures were applied to the station data to eliminate
erroneous data and ensure homogeneity. The locations of
the 69 stations on the ETP are shown in Fig. 1. Note that
because of the lack of data over the western TP (only
three stations west of 85°E) we focus here on the char-
acteristics of intraseasonal variability of ETPSR, rather
than across the whole TP.

Daily mean wind, vertical velocity, temperature, and
geopotential height from both the National Centers for
Environmental Prediction (NCEP)-U.S. Department of
Energy (DOE) Reanalysis 2 (Kanamitsu et al. 2002) and
the European Centre for Medium-Range Weather Fore-
casts (ECMWEF) interim reanalysis (ERA-Interim; Dee
et al. 2011) datasets were used to examine the atmospheric
horizontal circulation and vertical structure. As the two
datasets generate similar results, for ease of presentation
here we provide only the results from the NCEP-DOE
Reanalysis 2 dataset, with a horizontal resolution of 2.5° X
2.5°. The period of analysis covered the 33 summers be-
tween 1979 and 2011.

b. Methods

A two-step temporal filtering scheme that aims to
preserve intraseasonal variability was applied to the
daily data to remove long-term variability as follows.
First, the climatological daily mean for the period JJA is
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FIG. 1. Spatial pattern of climatological summer (JJA) daily
precipitation (shading; mm day ') and its standard deviation
(contours) over the ETP for the period 1979-2011. Red dots
represent the locations of the 69 stations used in the study. The
TP with terrain above 3000 m is outlined by the solid thin
black curve.

removed from the raw data to eliminate the climatolo-
gical seasonal cycle. A 5-day running mean is then cal-
culated to remove synoptic fluctuations. Except for first
examining the climatological pattern of JJA precipitation
and its standard deviation over the ETP (Fig. 1), all var-
iables used in this study were processed according to this
two-step procedure prior to subsequent analysis.

To represent the evolution of ETPSR, the average of
the selected 69 stations was chosen as a reference time
series, and will be referred to as the ETPSR index
(ETPSRI) for simplicity. Power spectrum analysis
(Gilman et al. 1963) was applied to the ETPSRI during
each summer to identify the dominant periodicity. Mean
power spectrum and wavelet spectrum were calculated
by taking the average of the individual power/wavelet
spectra for the 33 summer seasons from 1979 to 2011 to
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obtain the common periodicity. The ISO signals were
extracted from the daily data using a Lanczos bandpass
filter (Duchon 1979), which has the significant advan-
tage of reducing the Gibbs oscillation. The phase
composite techniques (e.g., Mao and Chan 2005; Pan
et al. 2013) were also used to analyze the ISO life cycle.
In the present study, a Student’s ¢ test was used to
examine the significance of the results. The effective
degree of freedom v for the significance test was esti-
mated as follows:

B 1—r1xr1y
v=n—-"--
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1)
where 7 is the sample size, and 7, and 7, are the au-
tocorrelations of the time series.

We investigated the dynamical process related to the
ETPSR ISO through the wave activity flux. Takaya and
Nakamura (2001) formulated a phase-independent
wave activity flux W for stationary and migratory
quasigeostrophic eddies on a zonally varying basic
flow. This is a useful diagnostic tool for obtaining a
“snapshot” of a propagating packet of stationary or
migratory quasigeostrophic wave disturbances and
thereby inferring where the packet is emitted and
absorbed (Takaya and Nakamura 2001). Compared
with the approach of Plumb (1985), it can depict in-
stantaneous three-dimensional wave packet propaga-
tion, derived without any averaging, which is its
greatest advantage.

In spherical coordinates, W may be expressed as
follows:
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where U and V are the zonal and meridional components
of the basic flow, respectively; A and ¢ are longitude and
latitude, respectively; a is Earth’s radius; f; is the Coriolis
parameter; N” is the buoyancy frequency; and p is the
pressure scaled by 1000 hPa. Considering small-amplitude
perturbation on a steady zonal inhomogeneous basic flow
¢ = V(x,y, z) + ¢, the three-dimensional perturbation
streamfunction is denoted by '

The wave-activity (angular) pseudomomentum M is
defined as

2
V4 q €
M== + coso, 3
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where ¢’ and Q are the potential vorticity of the wave
and basic flow, respectively; e is wave energy; Vg is a
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horizontal Hamiltonian operator; C, is the phase speed
of migratory perturbation in the direction of the basic
flow U; and C, represents the phase propagation vector
in the direction of U(U, V). The detailed method used to
calculate W can be found in Takaya and Nakamura
(2001) and Pan et al. (2013).

c. Model

The model used in this study was the LASG/IAP
Spectral Atmospheric Model (known as SAMIL; Wu
et al. 1996; Bao et al. 2013), which has a horizontal spectral
resolution of R42 (2.81° longitude X 1.66° latitude) and 26
vertical layers in sigma—pressure hybrid coordinates ex-
tending from the surface to 2.19hPa. The mass flux cu-
mulus parameterization of Tiedtke (1989) was used to
calculate convective precipitation. The cloud scheme
was a diagnostic method parameterized by low-layer
static stability and relative humidity (Slingo 1980, 1989).
A stratocumulus scheme based on a statistical cloud
scheme (Dai et al. 2004) and a nonlocal scheme are used
to calculate the eddy-diffusivity profile and turbulent ve-
locity scale; the model also incorporates nonlocal trans-
port effects for heat and moisture (Holtslag and Boville
1993). This model contains the Edwards—Slingo radiation
scheme (Edwards and Slingo 1996), incorporating some of
the improvements proposed by Sun (2011). SAMIL was
coupled with the NCAR CLM3 land model (Oleson et al.
2004) in this study. Monthly SST and sea ice were pre-
scribed according to the 20-yr climatology used by phase
two of the Atmospheric Model Intercomparison Project
(AMIP II; see http://www-pcmdi.llnl.gov/projects/amip/
AMIP2EXPDSN/BCS_OBS/amip2_bcs.htm for de-
tails). These monthly mean conditions were linearly
interpolated to each integration step.

3. Characteristics of the ETPSR ISO
a. Dominant periodicity

Our analysis begins with an examination of the cli-
matological pattern of summer (JJA) precipitation and
its standard deviation over the eastern TP for the period
1979-2011 (Fig. 1). Both the climatological and standard
deviation fields increase from north to south. Note that
the maximum rainfall (exceeding 7mmday ') occurs
over the southeast corner of the TP, and this may be
closely related to orographic effects.

As ETPSRI reflects the daily time-varying amplitude
over each summer, it was selected as the reference time
series from which we identified the dominant ISO sig-
nals on the TP. Figures 2a—d show the normalized un-
filtered daily ETPSRI (black lines) for 1986, 1989, 1993,
and 2002. It is evident that there are intraseasonal
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fluctuations with different amplitudes each summer. As
shown by the power spectrum analysis (Figs. 2e-h),
there are always two or three peaks in the power spectra
from the selected year, and the periodicities also vary
with the year. For a case study, each peak periodicity
should be analyzed separately in a specific year; how-
ever, the purpose of the present study is to investigate
the main characteristics of the ETPSR ISO over a
common period. The 7-20-day band is the common os-
cillation period for the selected years (significant at the
95% confidence level). The corresponding 7-20-day-
filtered ETPSRI (red lines in Figs. 2a-d) accurately
depicts the temporal characteristics of the intraseasonal
fluctuations. In particular, the 7-20-day oscillation ac-
counts for 51.8% (1986), 75.5% (1989), 49.3% (1993),
and 46.6% (2002) of the variance in the ISO signals of
ETPSR (Figs. 2a—d). These results suggest that there is a
year-to-year variability with the 7-20-day ISO features
in the ETPSRI for 1986, 1989, 1993, and 2002. To con-
firm the 7-20-day ISO features of the ETPSRI in most
years, we calculated the 33-summer averaged power
spectrum and wavelet power spectrum from 1979 to
2011. As shown in Fig. 3, the 7-20-day band is statisti-
cally significant at the 95% confidence level, and the
peak amplitude of the averaged power spectrum ap-
pears between 12 and 15 days. Therefore, the ETPSRI
shows a significant 7-20-day oscillation in most summers
over the study period.

In a future study, we will focus on the 7-20-day ISO of
ETPSR, revealing its characteristics and associated
driving processes.

b. Structure and evolution of the 7-20-day ETPSR
1SO

To investigate the characteristics of the 7-20-day
ETPSR ISO, the Lanczos filter was used to extract the
7-20-day ISO components from the ETPSRI and re-
lated three-dimensional meteorological variables of
geopotential height, winds, vertical velocity, air tem-
perature, and phase-independent wave-activity flux.
Further, the phase composite analysis of the various
fields was performed based on the definition of the dif-
ferent phases for ETPSRI to demonstrate the structure
and evolution of the 7-20-day ETPSR oscillation.

Following Mao and Chan (2005) and Pan et al. (2013),
strong ISO cycles are identified when the cycle includes
both a wet and a dry period, with the peak magnitude of
the wet or dry period exceeding a threshold of one
standard deviation of daily filtered rainfall. According to
this definition, there were 96 strong ISO cycles during
the 33 summers between 1979 and 2011. As presented in
Fig. 2a, each cycle is divided into eight phases. Phase 1
represents the dry period with the minimum value of
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FIG. 2. Time series of normalized unfiltered (black line) and the 7-20-day-filtered (red line) ETPSRI for typical
years (a) 1986, (b) 1989, (c) 1993, and (d) 2002. (e)—(h) The corresponding power spectra of the unfiltered area-
averaged daily precipitation (black solid line), together with the Markov red noise spectrum (red dotted line) and
a95% confidence level (blue dashed line) for the selected years. The numbers 1, 3,5, and 7 in (a) indicate the phases
of one 7-20-day oscillation. The percentage variance of the 7-20-day oscillation in each selected year is marked on

the top right of (a)—(d).

ETPSRI, whereas phase 5 corresponds to the wet period
with a maximum value. Phases 3 and 7 are the transition
periods. Phases 2 and 8 are defined as times when the
oscillation reaches half of the minimum filtered ETPSRI,
and phases 4 and 6 are times when the oscillation reaches
half of the maximum filtered ETPSRI.

Figure 4 shows the composite evolution of the 7-20-day-
filtered 200-hPa streamlines, divergence, and the hori-
zontal components of the wave-activity flux W in phases

1-8 of the 96 strong ISO cycles. In phase 1 (Fig. 4a), the
upper-level circulations are characterized by a Rossby
wave train with a series of enclosed anomalous anticy-
clonic (A1), cyclonic (C1), anticyclonic (A2), and cy-
clonic (C2) centers located over eastern Europe, central
Asia, the central TP, and most of China, respectively,
with strong divergence or convergence in between. The
upper-level circulation in phase 2 (Fig. 4b) shows a
splitting of the eastern European anticyclone (A1) into
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FIG. 3. The 33-summer averaged (a) power spectrum and
(b) wavelet power spectrum of the unfiltered ETPSRI from 1979
to 2011. The red dotted and blue dashed lines in (a) represent the
Markov red noise spectrum and a 95% confidence level, re-
spectively. Dashed lines in (b) indicate the cone of influence
outside of which edge effects become important (Torrence and
Compo 1998).

two centers, with the southern one located over north-
ern Africa, related to the intervention of the cyclonic
branch (C4) from circumpolar latitudes. Meanwhile, the
intensity of cyclones (C1 and C2) over central Asia and
southern China decreases, in contrast to the elongated
anticyclone A2 that strengthens and extends over the
whole ETP and northern China. Note that there is a new
anomalous cyclonic circulation (C3) located over the
eastern Atlantic in phase 2. In phase 3 (Fig. 4c), corre-
sponding to the southward movement of C4, the two
centers of Al weaken. The original weak cyclone (C1)
intensifies, while the cyclone C2 over southern China
has collapsed. As such, a wave train with alternate cy-
clonic and anticyclonic centers is generated, extending
from the eastern Atlantic to the ETP. From phase 4 to 5
(Figs. 4d,e), the pair C3-A1l weakens and finally dissi-
pates, while the intensities of C4, Al, C1, and A2 are
increasing. Afterward, the divergence—anticyclone sys-
tem weakens and moves to southern China, and then
disappears in phase 6 (Fig. 4f). The divergence and cir-
culation patterns of phase 7 (Fig. 4g) are the reverse of
those of phase 3. The wave train continuously propa-
gates eastward and southeastward (Fig. 4h), and then
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another ISO cycle begins. Furthermore, the mainly
eastward and southeastward propagations of the wave
train during the ISO cycle can be supported by the wave-
activity flux (W) field. For instance, as indicated in Fig. 4,
southeastward movement of W from the Turan Plain to
southern China occurs in all phases of the ISO cycle. Naoe
et al. (1997) and Naoe and Matsuda (1998) examined the
evolution of the propagating quasi-stationary Rossby
wave using linear and nonlinear atmospheric models for
idealized and realistic westerly waveguides. Their results
showed that the Asian jet stream acts like a waveguide,
and the propagation of the Rossby wave slows down near
the jet exit, where the wave amplifies. This may explain
why the amplitude of the wave-activity flux over East
Asiaislarger than thatin other areas, and this is related to
the barotropic conversion of kinetic energy (Naoe and
Matsuda 1998).

The above analysis reveals that the evolution of the
7-20-day ISO of ETPSR is associated with the mainly
eastward and southeastwards propagation of a wave
train characterizing as large anomalous anticyclonic and
cyclonic centers alternating along the pathway from
eastern Atlantic to southern China via the TP in the
upper-level troposphere. Specifically, in phase 1 (Fig. 4a),
the wave train in the upper troposphere is associated with
negative divergence anomalies over the ETP, western
Asia, and western Europe, while positive divergence
anomalies are found in southern China, the western TP,
and eastern Europe. From phase 2 to phase 8 (Figs. 4b-h),
the wave train displays a divergence pattern propagating
eastward to the west of the TP and then moves south-
eastward from the western TP to southern China. During
the wet phase (Fig. 4e), a strong divergence center is lo-
cated over the ETP, corresponding to the maximum
precipitation there. The composite evolution of moisture
flux divergence vertically integrated from the surface to
100 hPa shows that there is also a moisture convergence
center over the ETP during the wet phase (figures not
shown). During the transitions between the dry and wet
phases in an ETPSR ISO cycle, the moisture divergence
pattern characterizes as a similar wave train propagating
southeastward from eastern Europe to the ETP.

To further investigate the vertical structure of this
wave train associated with the ETPSR ISO, we present
pressure—longitude cross sections (Fig. 5) of composite
7-20-day-filtered airflow, geopotential height, and air
temperature averaged over 35°-40°N during an ISO
cycle. During the dry phase (Fig. 5a), there is a signifi-
cant cool anomaly band extending from the lower tro-
posphere over the western TP to the upper troposphere
over the ETP. On the western edge of the TP, there is
strong ascending motion between the negative and
positive geopotential height centers. The convergence in
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FIG. 4. Composite evolution of the 7-20-day-filtered 200-hPa streamline (where at least one wind component is
statistically significant at the 90% confidence level), divergence (shading; 10~®s™!; only shown if statistically sig-
nificant at the 90% confidence level), and horizontal components of the wave-activity flux W (vectors; m*s~2)
during an ISO cycle, for (a)—(h) phases 1-8, respectively. The TP with terrain above 3000 m is outlined by the solid
black curve. The notations with A and C indicate anticyclone and cyclone, respectively.

the upper-level troposphere over the ETP (Fig. 4a) in-
duces descending motion there by continuity. The pair
of geopotential height centers slowly propagates east-
ward from phase 2 to 4 (Figs. 5b—d) until the negative
center is located on the ETP (Fig. Se). At the same
time, a new positive geopotential center is generated
west of the TP (Fig. 5d), and moves together with the
original negative center, forming a new pair of geo-
potential centers on the TP in phase 5 (Fig. 5e). The
ascending motion leads to a large amount of rainfall
over the ETP, corresponding to the wet phase. Then,
this new pair of centers continues to move eastward.
When the positive center occupies the ETP, which is
unfavorable for ETPSR, the cycle is finished. This is
consistent with the vertical structure of the extratropical
wave train shown in Fig. 6 of Park et al. (2015). They also
suggested that the upper-level wave propagation can
affect the mid- and lower-tropospheric circulations by

changing static stability. The strengthening of ascending
motion over the ETP during the wet phase may be induced
by the reduced static stability as an initiating factor.
Another important feature related to the evolution of
the 7-20-day ETPSR ISO is the fluctuation over the
eastern Atlantic. When precipitation over the ETP is
at a minimum, there is a weak negative geopotential
height center with ascending motion below 300 hPa in
the eastern Atlantic (Fig. 5a). In phase 2, the center over
the eastern Atlantic extends to the upper-level tropo-
sphere and strengthens, while a positive geopotential
height anomaly center appears at 150hPa to its east
(Fig. 5b). The intensity of these negative—positive-negative
geopotential height centers between 30°W and 50°E
increases in phase 3 (Fig. 5c). A new positive ge-
opotential height center, which will have a great impact
on ETPSR later, then forms at 60°E in phase 4 (Fig. 5d).
The situation from the wet phase to phase 8 (Figs. Se-h)
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FIG. 5. The average 35°-40°N pressure—longitude cross sections of composite 7-20-day-filtered airflow [vectors,
u (ms ') and vertical velocity (—200 X w; Pas™')], air temperature (shading; K), and geopotential height (contours
every 5 gpm) during an ISO cycle for (a)-(h) phases 1-8, respectively. Only the values of winds (at least one
component), geopotential height, and air temperature that are statistically significant at the 90% confidence level

are plotted. The topography is shaded black.

is completely opposite to the previous half cycle. A
positive geopotential height center with weak descend-
ing motion develops during the wet phase over the
eastern Atlantic (Fig. 5e), which leads to the generation

of a series of negative—positive—negative geopotential
height centers over Europe and central Asia (Figs. Sf-h).
A similar vertical pattern has been shown by Iwao and
Takahashi (2008), who found that quasi-stationary
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Rossby waves propagating on waveguides along the
Asian jet and over northern Eurasia are responsible
for a dominant seesaw pattern in summertime pre-
cipitation between northeast Asia and Siberia.

In summary, the structure and evolution of the 7-20-day
ETPSR ISO during the dry phase characterizes as a
vertical dipole pattern of geopotential height with a
positive center over the eastern TP and a negative center
over the western TP located in the upper troposphere,
which is accompanied by a negative temperature anom-
aly (Fig. 5a). The wet phase presents the opposite char-
acteristics of the dry phase (cf. Figs. 5e and 5a). The
transitions between dry and wet phases (Figs. 4b—d,f-h)
during an ETPSR ISO are related to the eastward-
propagating wave train extending from the eastern At-
lantic to the western TP.

4. Teleconnection between the summer Eurasian
wave train and the ETPSR ISO

The above phase composite analysis suggests that the
evolution of the ETPSR ISO is related to the intraseasonal
variability of a wave train over the eastern Atlantic and
Eurasia. Previous studies showed that a teleconnection
pattern in the upper troposphere emerges from North
Africa to East Asia along the westerly jet in the middle
latitudes (Lu et al. 2002); i.e., “the Silk Road pattern”
(Enomoto et al. 2003). This teleconnection pattern is also a
possible linkage of the East Asia summer monsoon to the
Indian monsoon (Ding and Wang 2007), and even to sub-
tropical heating anomalies over the Atlantic. Terao (1998,
1999) showed that quasi-stationary Rossby waves occur on
the Asian subtropical jet during the boreal summer, with
spectral peaks at 14 and 30-45 days. This raises the
question of whether the Rossby wave train suggested
by previous studies has significant intraseasonal fluc-
tuations with a similar period to the ETPSR ISO. If so,
what is the teleconnection process between them? We
will explore this possible teleconnection below.

Horel (1981) inferred several properties of the ro-
tated empirical orthogonal functions (REOF) and
pointed out that it will exactly reproduce the vari-
ability explained by the principal components, but is
less dependent on the domain of the analysis. As a
result, REOF analysis via an anomaly covariance
matrix was used to identify the dominant patterns in
daily geopotential height at 200 hPa for the 33 summers
(1979-2011) within the domain 20°-70°N, 30°W-150°E.
To lessen the influence of high-latitude grid points, the
anomalies were area-weighted prior to the REOF
analysis by multiplying by a matrix containing the
square root of the cosine of the specific latitudes. We
also checked the results generated by EOF analysis,
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which were similar to those obtained from the REOF
analysis.

Figure 6 shows the first three leading REOF patterns
of the geopotential height field, which explain 10.4%,
9.5%, and 8.5% of the total variance, respectively. The
first REOF pattern (Fig. 6a) displays a southeastward-
propagating wave train, starting from a strong positive
center over the northern Atlantic and others over central
Asia, the TP, and southern China, with elongated negative
loading in between. The second REOF (Fig. 6b) shows an
obvious wave train at high latitudes, extending from the
anomalous center located in the northern Atlantic, passing
through Europe and northern Russia and down to East
Asia. Seo et al. (2012) found that this kind of Rossby wave
may have been the cause of the extraordinary East Asian
summer monsoon event in July 2011. The third REOF
(Fig. 6¢) presents similar features to the second, except
that the wave train starts from the positive loading in the
eastern Atlantic. It consists of three anomalous highs over
the eastern Atlantic, northern Europe, and the central-
eastern TP and Far East, and two anomalous lows over the
northern Atlantic and eastern Siberia. All three REOF
patterns affect the upper-level circulation over the ETP,
further influencing the rainfall variability there.

The dominant period of the wave train oscillation was
determined from the power spectral analysis of the three
leading REOF principal component time series (PC1-3;
right panels in Fig. 6). The spectrum of PC1 reaches its
variance peak at 19 days, whereas the peaks of PC2 and
PC3 are at 30 days. Although the peak period differs
from PC1 to PC2/PC3, a common period of 7-30 days for
the three PCs passes the 95% confidence level against a
red noise process. The lead-lag correlations between the
three PCs suggest that the three leading REOFs may be
considered as different propagating phases of the sum-
mer Eurasian wave train, which together account for
about 28.4% of the subseasonal variance (figure not
shown). According to the definition of the time scale of
teleconnection, patterns can be classified into two types:
intermediate and low frequency (Blackmon et al. 1984a,b;
Lu et al. 2002), and the wave train suggested by the three
leading REOF patterns belongs to the intermediate
time scale teleconnection. This kind of telecon-
nection can be interpreted in terms of two-dimensional
Rossby wave dispersion, with a predominance of south-
ward dispersion from middle latitudes into the tropics
(Blackmon et al. 1984b).

Observing that the evolution of the 7-20-day ISO of
ETPSR is associated with the mainly eastward and
southeastward propagation of a wave train (Fig. 4), to
further investigate the teleconnection between the
Rossby wave train and ETPSR on the 7-20-day time
scale we performed a lead-lag regression analysis of
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FIG. 6. (left) First three REOF modes for 33-summer daily geopotential height at 200 hPa and
(right) averaged power spectra of the corresponding PCs. The TP with terrain above 3000 m is
outlined by the solid black curve in the left panels. The red dotted and blue dashed lines in the
right panels represent the Markov red noise spectrum and a 95% confidence level, respectively.

ETPSRI with respect to the standardized first three
REOF PCs between June and August over the period
1979-2011 (Fig. 7). On the 7-20-day time scale, the
anomalies of ETPSRI simultaneously regressed upon
PC1/PC2 (PC3) are significantly positive (negative) at
day 0. Itis evident that the ETPSRI maximum leads PC2
(PC3) by 6 (5) days, and the ETPSRI minimum leads
PC1 by 6 days. The next maxima of rainfall anomaly lag
PC2 and PC3 by 2 and 4 days, respectively, and the
rainfall minimum lags PC1 by 5 days. This indicates that
there is an obvious lead-lag relationship between
ETPSR and different propagating phases of the summer
Eurasian wave train over the 7-20-day time scale. This
also supports our view that the wave train over the
eastern Atlantic and Eurasian continent has important
impacts on the intraseasonal variability of ETPSR.

5. Impact of fluctuations over the eastern Atlantic
on ETPSR

The results presented in sections 3 and 4 suggest that
the fluctuations over the eastern Atlantic in the 20°-50°N

latitude band are vital to our understanding of the prop-
agation of the intraseasonal midlatitude wave train re-
lated to the 7-20-day ETPSR ISO (Figs. 4-6). In this
section, we study further the impact of fluctuations over
the eastern Atlantic on ETPSR.

Figure 8a shows the 7-20-day-filtered pressure verti-
cal velocity at 500 hPa associated with the ETPSR ISO.
Note that negative (positive) values of pressure vertical
velocity represent ascending (descending) motion. A
strong center of ascending motion is located over the
ETP, which corresponds to wet phases of the ETPSR
ISO. There is a statistically significant wave train, which
consists of a series of alternating positive and negative
centers of vertical velocity, extending from the eastern
Atlantic (positive) to southern China (positive) via the
Alps (negative), Black Sea (positive), Caspian Sea
(negative), western TP (positive), and ETP (negative).
This is consistent with the upper-level circulation and
vertical structure of the wave train shown in section 3
(Fig. 8a vs Figs. 4 and 5). We assume that the 500-hPa
pressure vertical velocity represents the amplitude of
the fluctuation. Thus, the vertical velocity averaged over
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FIG. 7. Anomalies of the 7-20-day-filtered ETPSRI (mm day ')
obtained by lead-lag regression onto the standardized first three PCs
for the 33 summers between 1979 and 2011, respectively. Marked
points denote that the corresponding correlation coefficients are
significant at the 95% confidence level. The negative (positive)
numbers along the horizontal axis denote the days when PCs lag
(lead) rainfall over the ETP.

the eastern Atlantic region (30°—45°N, 5°-20°W; red
rectangle in Fig. 8) at 500 hPa is defined as the eastern
Atlantic vertical velocity index (EAVVI) for simplicity.
The spatial pattern of the 7-20-day-filtered vertical ve-
locity regressed upon the EAVVI at 500 hPa (Fig. 8b)
also displays a similar significant wave train to that in
Fig. 8a, with the negative center over the ETP. This
suggests that the fluctuation over the eastern Atlantic
may link to the propagation of the wave train associated
with the ETPSR ISO. The fluctuation is also closely
associated with the North Atlantic Oscillation (NAO).
Note that the wave train structure remains clear over the
area west of the EAVVI region and the signals are very
obvious from high latitudes (Fig. 9b). This indicates that
the fluctuation over the eastern Atlantic may be related
to the variability of the Arctic sea ice, because concen-
trations of sea ice are correlated with the NAO (Deser
et al. 2000; Partington et al. 2003).

To further explore the upper-level circulation over the
TP region, we compared the regressed anomalies of the
7-20-day-filtered geopotential height and winds at
200 hPa with respect to the ETPSRI with the same fields
after the eastern Atlantic fluctuation effect was removed
(Fig. 9). It is evident that the patterns of geopotential
height and winds over the TP and its surrounding re-
gions with respect to the ETPSRI (Fig. 9a) are similar to
those of the composite anomalies during the wet phase
(Fig. 4e). However, when we removed the effect of the
eastern Atlantic fluctuation by subtracting the linear
component regressed upon EAVVI, the magnitudes of
the geopotential height centers and winds were reduced
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(Fig. 9b). These results again support the potential in-
fluence of the eastern Atlantic fluctuation on ETPSR.
As the zonal gradients of the basic flow are particularly
strong in the jet stream exit region, the fluctuation in the
eastern Atlantic, which is presumably excited by the
upstream extratropical forcing along the Atlantic jet
stream, might be considered to be the origin of the
midlatitude wave train (Simmons et al. 1983; Hoskins
et al. 1983; Ding and Wang 2007). This is consistent with
our results showing that the eastern Atlantic fluctuation
plays an important role in the propagation of the intra-
seasonal wave train that is closely related to the
ETPSR ISO.

To further confirm the role of the eastern Atlantic
fluctuation in the generation of the intraseasonal wave
train in the midlatitudes, we performed a control run
(CON) and a sensitivity experiment (SEN) using the
AGCM described in section 2. Both experiments were
integrated for 10 years. The settings for SEN were the
same as in CON, but with the addition of an idealized
three-dimensional heating over the eastern Atlantic
region from 1 June to 31 August in each integration year.
The vertical structure of the heating followed a latent
heating profile and the intensity of the heat was calcu-
lated from the model’s climate-mean latent heating in
monsoon regions (Fig. 10a). The horizontal distribution
of the heating was a circle with its center located at 35°N,
20°W, and with a 15° radius (Fig. 10b).

To better compare the model results with the ob-
served features, we conducted a composite analysis of
the circulation pattern in the observations (Fig. 11a) and
of the difference field (SEN minus CON; Fig. 11b). The
criterion used for the composite analysis was that the
geopotential height averaged over the ETP (25°-40°N,
85°~105°E) was greater than the threshold of 1.5 stan-
dard deviations. If the difference field (SEN minus
CON) shows an intraseasonal wave train comparable
with that observed, it indicates that the eastern Atlantic
fluctuation is able to excite a midlatitude wave train. A
wave train is observed in Fig. 11a with several obvious
centers of geopotential height alternately located over
the eastern Atlantic (negative), northeastern Atlantic
(positive), western Europe (negative), eastern Europe
(positive), western TP (negative), and ETP (positive),
accompanied by a corresponding anticyclonic/cyclonic
circulation. As shown in Fig. 11b, the simulated pattern of
the wave train in the upper-level troposphere is fairly
similar to that in the observations. As a result, the sen-
sitivity experiment with the additional idealized three-
dimensional heating over the eastern Atlantic region
further confirms that fluctuations in the eastern Atlantic
may be considered to be a key factor that influences
the propagation of the intraseasonal wave train in the
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FIG. 8. Regressed anomalies of 7-20-day-filtered pressure vertical velocity (Pas ') at
500 hPa with respect to (a) ETPSRI and (b) EAV VL. The area over which EAV VI is defined
is marked by the red rectangle. Only the values of pressure vertical velocity that are statis-
tically significant at the 95% confidence level are plotted. The TP with terrain above 3000 m is

outlined by the solid black curve.

midlatitudes, which in turn influences the upper-level cir-
culation over the ETP and southern China. The eastward/
southeastward propagation of this wave train partly
determines the intraseasonal cycle of the ETPSR ISO
and southern China’s summer rainfall ISO.

6. Summary and discussion

In the present study, the structure and propagation
characteristics of the dominant intraseasonal oscillation
(ISO) controlling summer rainfall over the eastern
Tibetan Plateau (ETP) were examined based on rain
gauge data and NCEP-DOE reanalysis products for the
period 1979-2011. In addition, we also investigated the
link between the dominant ISO and the summer Eurasian
wave train, as well as the impact of fluctuations over the
eastern Atlantic on ETP summer rainfall (ETPSR).

Both power spectrum and wavelet spectrum analysis
were applied to ETPSR index (ETPSRI) to determine
the dominant ISO periods. Our results showed that an
oscillation of ETPSR with a statistically significant period

of 7-20 days exists for most summers between 1979 and
2011, although the percentage variance of the 7-20-day
oscillation varies with the year. Composite results re-
vealed that the evolution of the 7-20-day ETPSR ISO is
closely related to the mainly eastward and southeast-
ward propagation of a wave train characterized by large
anomalous anticyclonic and cyclonic centers alternating
along the pathway from the eastern Atlantic to southern
China via the TP in the upper-level troposphere, with
strong divergence or convergence in between. This cor-
responds closely to the evolution of the phase-independent
wave-activity W, which implies an eastward/southeastward
energy propagation of the ISO.

The vertical structure of the ETPSR ISO during the dry
phase characterizes as a vertical dipole pattern of geo-
potential height with a positive center over the eastern TP
and a negative center over the western TP located in the
upper troposphere. The wet phase presents the opposite
characteristics to those of the dry phase. The transition
between dry and wet phases during an ETPSR ISO is
related to the eastward-propagating wave train extending
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80°E

from the eastern Atlantic to the western TP. At first, a
weak negative geopotential height center with ascending
motion develops below 300hPa in the eastern Atlantic
during the dry phase. Then, it strengthens and induces a
positive geopotential height center appearing at 150 hPa
to its east. The process of continuous strengthening and
slow eastward movement of the anomalous geopotential
height centers eventually influences the vertical structure
of the ISO around and on the TP.

The picture emerging from our REOF analysis, which
was applied to the daily 200-hPa geopotential height
field, demonstrates that the REOF patterns represent
the different phases of an obvious wave train extending
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FIG. 10. (a) Latent heating profile and (b) horizontal distribution of
the idealized heating (K day ') in the SEN experiment design.

from the eastern Atlantic to East Asia that impacts the
upper-level circulation over the ETP. All three corre-
sponding PCs have a 7-30-day common period that is
significant at the 95% level. The lead-lag regression
between the ETPSRI and the first three REOF PCs also
supports our view that the wave train over the eastern
Atlantic and Eurasian continent has important impacts
on the intraseasonal variability of ETPSR.

The patterns of vertical velocity in the middle-layer
troposphere regressed upon the ETPSRI also show a
statistically significant wave train extending from the
eastern Atlantic to southern China via the Alps, the
Black Sea, the Caspian Sea, and the TP. The regression
analysis of vertical velocity at 500 hPa with respect to
EAVVI suggests that the fluctuation over the eastern
Atlantic is closely related to the propagation of the
wave train associated with the ETPSR ISO. If we then
remove the effect of this eastern Atlantic fluctuation,
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FIG. 11. Composite anomalies of the 7-20-day-filtered geopotential height (shading; gpm)
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CON when the area-averaged geopotential height over the ETP is greater than the threshold
of 1.5 standard deviations. The green solid curve represents the 1.5 K day ! contour of the
idealized heating. The TP with terrain above 3000 m is outlined by the solid black curve.

the magnitudes of the geopotential height centers and
winds in the upper-level troposphere decrease, which
again supports the potential role of the eastern Atlantic
fluctuations in influencing ETPSR. We also conducted
a sensitivity experiment with an additional idealized
three-dimensional heating over the eastern Atlantic
region. Comparison with the control run confirmed that
the fluctuation in the eastern Atlantic may be consid-
ered to be the key factor for the propagation of the
midlatitude intraseasonal wave train that influences the
upper-level circulation and rainfall variability over
the ETP and southern China. The eastern Atlantic fluc-
tuations may result from upstream tropical or extra-
tropical forcing along the Atlantic jet stream. According
to the theory of Simmons et al. (1983), the disturbances in
the jet stream exit region could be excited by efficient
kinetic energy extraction from the basic state through
barotropic energy conversions; this was also proposed by
Ding and Wang (2007).

In addition to pointing out the relationship between
low-frequency transients and barotropic instability,
Simmons et al. (1983) demonstrated that the baroclinic

waves influence the time evolution of the low-frequency
transients in complicated ways and that the picture is
confused further by the interactions between the low-
frequency transients and the orographic forcing. It is
well known that the TP has highly elevated terrain and
is a very strong heat source in summer. This may in-
dicate that both thermal and mechanical forcing by
the TP will modulate the wave train evolution during
its propagation. Thus, the summer Eurasian wave
train is not the only factor that determines the evo-
lution of the ETPSR ISO. The effect of the TP itself on
the intraseasonal variability of ETPSR needs further
analysis.

As we have shown, the summer Eurasian wave train
has a significant impact on rainfall variability over the
TP, and also influences the Indian summer monsoon
(Ding and Wang 2007) and northern China (Lu et al.
2002). This wave train links the upper-level circulation
of the Indian summer monsoon to the East Asia summer
monsoon. What then are the physical processes of in-
teraction between the ISOs in the TP, South Asia, and
East Asia? We will examine them in a future study.
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