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ABSTRACT

This study investigated the most recurrent coupled pattern of intraseasonal variability between midlati-
tude circulation and the Indian summer monsoon (ISM). The leading singular vector decomposition (SVD)
pattern reveals a significant, coupled intraseasonal variation between a Rossby wave train across the
Eurasian continent and the summer monsoon convection in northwestern India and Pakistan (hereafter
referred to as NISM). The wave train associated with an active phase of NISM rainfall displays two high
pressure anomalies, one located over central Asia and the other over northeastern Asia. They are accom-
panied by increased rainfall over the western Siberia plain and northern China and decreased rainfall over
the eastern Mediterranean Sea and southern Japan. The circulation of the wave train shows a barotropic
structure everywhere except the anomalous central Asian high, located to the northwest of India, where a
heat-induced baroclinic circulation structure dominates. The time-lagged SVD analysis shows that the
midlatitude wave train originates from the northeastern Atlantic and traverses Europe to central Asia. The
wave train enhances the upper-level high pressure and reinforces the convection over the NISM region;
meanwhile, it propagates farther toward East Asia along the waveguide provided by the westerly jet. After
an outbreak of NISM convection, the anomalous central Asian high retreats westward. Composite analysis
suggests a coupling between the central Asian high and the convective fluctuation in the NISM. The
significance of the midlatitude-ISM interaction is also revealed by the close resemblance between the
individual empirical orthogonal functions and the coupled (SVD) modes of the midlatitude circulation and
the ISM.

It is hypothesized that the eastward and southward propagation of the wave train originating from the
northeastern Atlantic contributes to the intraseasonal variability in the NISM by changing the intensity of
the monsoonal easterly vertical shear and its associated moist dynamic instability. On the other hand, the
rainfall variations over the NISM reinforce the variations of the central Asian high through the “monsoon—
desert” mechanism, thus reenergizing the downstream propagation of the wave train. The coupling between
the Eurasian wave train and NISM may be instrumental for understanding their interaction and can provide
a way to predict the intraseasonal variations of the Indian summer monsoon and East Asian summer
monsoon.

1. Introduction

3751

Intraseasonal Teleconnection between the Summer Eurasian Wave Train and the

Department of Meteorology, School of Ocean and Earth Science and Technology, University of Hawaii at Manoa, Honolulu, Hawaii

* School of Ocean and Earth Science and Technology Contri-
bution Number 7033 and International Pacific Research Center
Contribution Number 427.

*+ Additional affiliation: International Pacific Research Center,
School of Ocean and Earth Science and Technology, University of
Hawaii at Manoa, Honolulu, Hawaii, and Marine Environmental
College, Ocean University of China, Qingdao, China.

Corresponding author address: Mr. Qinghua Ding, Department
of Meteorology, School of Ocean and Earth Science and Tech-
nology, University of Hawaii at Manoa, 2525 Correa Rd., Hono-
lulu, HI 96822.

E-mail: ginghua@hawaii.edu

DOI: 10.1175/JCLI14221.1

© 2007 American Meteorological Society

The “active” and “break” cycles of the Indian sum-
mer monsoon (ISM) rainfall manifest the boreal sum-
mer monsoon intraseasonal variability (Webster et al.
1998). The periodicity of intraseasonal oscillations
(ISOs) over India shows a wide time-scale range, from
10 to 60 days, with significant double spectral peaks at
30-60 days and at 10-20 days (Krishnamurti and
Bhalme 1976; Murakami et al. 1984; Annamalai and
Slingo 2001). Both the northward-propagating 30-60-
day ISO events and the westward-propagating 10-20-
day ISO events are the main rainfall-producing mecha-
nisms for the ISM. The majority of 30-60-day oscilla-
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tion events that influence the ISM originate from the
equatorial Indian Ocean (Yasunari 1979, 1980; Sikka
and Gadgil 1980; Krishnamurti and Subrahmanyam
1982; Hartmann and Michelson 1989; Wang and Rui
1990). The physical mechanisms that give rise to the
northward propagation of the 30-60-day oscillation
have been attributed to convection-radiation—surface
heat flux feedback (Webster 1983; Goswami and
Shukla 1984), the effects of easterly vertical shear on
moist Rossby waves (Wang and Xie 1997; Jiang et al.
2004; Wang 2005), and the air-sea interaction
(Kemball-Cook and Wang 2001; Fu et al. 2003).

However, to what extent the ISM interacts with the
midlatitude circulation on intraseasonal time scales has
not been firmly established, although a few studies have
noted the influence of midlatitude synoptic disturbance
on the ISM (Keshavamurty and Rao 1992) and the link-
age of an ISM break with weakening midlatitude zonal
flow and the southward-penetrating midtropospheric
westerly trough (Ramaswamy 1962). Based on case
studies, Raman and Rao (1981) noted the existence of
two upper-tropospheric blocking ridges situated over
the north Caspian Sea and eastern Siberia during se-
vere drought years of the ISM; the evolution of these
blocking ridges and the corresponding wave activity
were closely related to monsoon breaks. However, Kri-
palani et al. (1997) considered the ridge to the north-
west of India as a sign of the active monsoon over
northern and central India. Using 3 yr of data (1986,
1993, and 1998), Fujinami and Yasunari (2004) found
that the 7-20-day convective variability over the Ti-
betan Plateau is associated with a wave train propagat-
ing from North Africa to Japan, which appears to in-
fluence convective variations over the plateau and sur-
rounding regions. A conventional notion is that the
continent—ocean thermal contrast is a dominant factor
driving the ISM; thus, any midlatitude system that is
able to effectively modulate the thermal contrast can
influence the monsoon intensity (Tao and Chen 1987,
Kripalani et al. 1997; Ding and Sikka 2005). On the
other hand, a burst of deep convection over India could
in turn affect the midlatitude flow farther downstream
through the excitation of Rossby wave trains (Yasunari
1986; Annamalai and Slingo 2001; Wang et al. 2001;
Ding and Wang 2005).

The previous findings led us to speculate that there
exists a possible mutual interplay between the midlati-
tude systems and the Indian monsoon. The present ob-
servational analysis is devoted to a comprehensive ex-
amination of the boreal summer tropical-extratropical
interaction on the intraseasonal time scale. Major ques-
tions addressed in this paper include the following: 1) is
there any significant, recurrent coupled pattern be-
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tween the midlatitude circulation and ISM on the in-
traseasonal time scale? and 2) if the answer is yes, then
how does this coupled mode evolve with time and in-
fluence the rainfall variation over India and other ar-
eas? By putting together all pieces of observed evi-
dence, we aimed to formulate a new hypothesis for the
intraseasonal interaction between the boreal summer
midlatitude circulation and the Indian monsoon.

2. Data and analysis procedures

a. Data

The major dataset used in this work was the daily
mean National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis data on a 2.5° by 2.5° grid and at the
standard pressure levels. Because of the high elevation
of the Tibetan Plateau, the geopotential height in 200
hPa was used to represent midlatitude flow over Eur-
asia. Daily averages of outgoing longwave radiation
(OLR) data on a 2.5° square grid, obtained through the
National Oceanic and Atmospheric Administration sat-
ellite, were used as a proxy for large-scale convective
activity over the tropical and subtropical regions (Lieb-
mann and Smith 1996). To verify the ability of OLR to
measure rainfall variability over the Indian subconti-
nent, the gridded (2.5° X 2.5°) precipitation pentad
data from the Global Precipitation Climatology Project
(GPCP) were compared with the OLR field. The GPCP
data were interpolated from pentad means to daily val-
ues. The correlation between 25 summer (1979-2003)
daily OLR and GPCP data shows a high correlation
coefficient (0.8) over the ocean and a reduced correla-
tion coefficient (0.6) over the Indian subcontinent (fig-
ures not shown). This suggests that OLR can be used as
an indicator of the large-scale convection and precipi-
tation over the ISM region with a daily resolution.

b. Time filter scheme

Unlike previous studies, which focus mostly on indi-
vidual years or case studies, we used a dataset covering
25 consecutive boreal summers from 1979 to 2003 to
determine possible links between the northern summer
midlatitude flows and the ISM rainfall. The summer
season was defined as a 122-day period from 1 June to
30 September. To examine the fluctuations in a broad
range of frequencies on the intraseasonal time scale, a
three-step temporal filtering scheme was applied to
daily data to remove long-term variability and trends
while preserving intraseasonal variability as much as
possible. First, a 25-summer averaged, least squares fit-
ting parabola was removed from the unfiltered data to
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remove the climatological seasonal cycle. Then, the
mean of each season was removed in order to eliminate
interannual variability. Finally, a five-day running mean
time filter was applied to the daily data to eliminate
synoptic variability. All data used in the remainder of
this study were filtered by these three-step processes.

c. Significance test

With the filtered data, all meteorological variables
involve high autocorrelations between consecutive
daily values. Thus, the degree of freedom should be
much less than with the original sample size (2950 daily
values). Using Chen’s (1982) method, the degrees of
freedom for each variable at each grid within the Eur-
asian domain (0°-90°N, 40°W-180°) were calculated.
The smallest degree of freedom was found to be about
450. For simplicity, we have assumed that the degrees
of freedom for each variable are 450 at every grid point
for the purpose of a statistical significance test. With
this degree of freedom, a correlation coefficient with a
magnitude greater than 0.1 is statistically significant at
the 95% confidence level.

In addition, the significance of correlation coeffi-
cients was retested through the 1000 times Monte Carlo
simulation procedure (Wilks 1995; Livezey and Chen
1983). In all cases studied here, we found that the con-
fidence level determined by this Monte Carlo technique
was much less than the correlation coefficient value of
0.1 obtained from the first method. Thus, in the follow-
ing sections, the correlations with absolute values of
coefficients exceeding 0.1 are shown, and they are re-
garded as significantly different from zero.

d. Statistical tools: Singular vector decomposition

The main statistical tools utilized in this study include
singular vector decomposition (SVD) analysis, empiri-
cal orthogonal function (EOF) analysis, and composite
analysis. The SVD analysis was used to capture the
most dominant coupling mode between the midlatitude
circulation and the ISM. To reveal the evolution of this
coupled tropical-extratropical mode, a time-lagged
SVD analysis was further used. This method is the same
as SVD analysis except that a time lag between the two
fields was introduced. The advantage of this method is
that it captures the optimum lead-lag relationship be-
tween the two fields examined. A complementary com-
posite method was used to facilitate the discussion of
several mechanisms. To clarify whether the coupled
SVD mode is significant in its respective field, an EOF
analysis was used to extract the leading EOF modes of
individual fields, which provided for a direct compari-
son with the coupled SVD patterns.
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A detailed description of the SVD method and its
application can be found in Bretherton et al. (1992) and
Wallace et al. (1992). Briefly, the SVD of the temporal
covariance matrix between two geophysical fields is an
extension of rectangular matrices in the diagonalization
procedure of a square symmetric matrix. Based on the
time series of the two different fields, a covariance ma-
trix can be formed and expanded to pairs of singular
vectors (right and left), describing the spatial patterns
of the two fields. The associated singular value repre-
sents the squared covariance fraction (SCF) and indi-
cates the percentage of the total squared covariance
explained by the corresponding singular vectors. Thus,
the SCF also measures the relative importance of that
pair of vectors in the relationship to the two fields. In
addition, the expansion coefficient obtained by project-
ing the singular vector onto its original data field de-
picts the temporal variation of the singular vector. The
correlation of the expansion coefficients between the
two vectors evaluates the closeness of the two singular
vectors (Wallace et al. 1992). These features make SVD
a powerful and appropriate tool for the statistical inter-
comparison of two distinct fields.

3. Coupled intraseasonal variability between the
ISM and the midlatitude circulation

Our analysis began with an examination of the stan-
dard deviations of intraseasonal variations at the 200-
hPa geopotential height. The largest standard deviation
is found in the exit region of the Atlantic jet stream
over the northeastern Atlantic (Fig. la). This region
also has the largest interannual variations (Ding and
Wang 2005). The large variability of OLR (standard
deviation >30 W m~?) over the ISM domain is ob-
served in the Bay of Bengal and offshore of the west
coast of the Indian peninsula (Fig. 1b). In general, re-
gions of large variability in convection coincide with
regions of large long-term average values. Over the In-
dian peninsula, and particularly over northwestern In-
dia to the south of the Tibetan Plateau, the summer
mean precipitation is high, and thus the intensity of ISO
activity is comparable to that observed over the Indian
Ocean with a value exceeding 25 W m 2.

a. SVD mode between the midlatitude 200-hPa
height and the ISM

To objectively search for the optimum midlatitude—
ISM coupled pattern, we confined our SVD analysis to
the ISM region (0°-30°N, 50°~100°E) for OLR (shown
by the box in Fig. 1b) and to the Eurasian continent
region (25°-72.5°N, 15°W-145°E) for 200-hPa geopo-
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~ (a) Geopotential height (200hPa)
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Fi1G. 1. Std dev of 25 summer daily (a) geopotential heights at 200 hPa (color contours every 10 m) and
(b) OLR fields (color contours every 5 W m~2). Climatological seasonal mean (June-September) zonal
flow at 200 hPa (black contour above 20 ms™!) is shown in (a). The domains for SVD analysis are
denoted by dashed lines.

tential height (shown by the box in Fig. 1a). A square
root of the latitudinal cosine weighting factor was used
to compute the covariance matrix. The SVD analyses
used both the normalized and unnormalized data, and
no significant difference was found. We also compared
the singular vectors to the heterogeneous regression
maps and found that the two patterns are very similar
to each other. Hereafter, we display the singular vectors
of the temporal cross-covariance matrix between the
normalized 25-summer daily heights and the OLR for
the period from 1979 to 2003.

Figure 2 shows the leading SVD mode for geopoten-
tial heights and OLR. The square covariance fraction is
43.8%. Since the SCFs of the succeeding singular vec-
tors are small (all below 15%), we focused our analysis
on the first SVD modes. The height pattern (Fig. 2a)
shows a wavelike pattern with positive anomalies over
central Europe, central Asia, and northeastern Asia.
Negative anomalies are found in the northeastern At-
lantic and the western Siberia plain. Concurring with
this height pattern, the OLR showed negative values in
the whole ISM domain (Fig. 2b), suggesting that con-
vection and precipitation over the entire ISM region

are enhanced, especially over northern India, Pakistan,
and the Arabian Sea. For simplicity, this region is
termed the Northern Indian Summer Monsoon (NISM)
region. A relatively high correlation coefficient (0.53)
between the expansion coefficients of the two vectors
indicates a close relationship between the two patterns,
and in particular the association of the 200-hPa ridge
over central Asia with the positive rainfall anomaly to
its south.

Because of the strong seasonality of the midlatitude
basic flow and the ISM, the SVD analysis was also per-
formed for each month (June-September). The results
are very similar (figures not shown) to the coupled
modes for the entire summer season (Fig. 2). The mid-
latitude-ISM covarying pattern is thus robust through-
out the Northern Hemisphere’s summer.

b. The vertical structure of the wave train and
associated precipitation anomalies

To understand the dynamics, we are concerned with
the vertical structure of the midlatitude wave train and
its possible role in linking the India rainfall oscillation
with rainfall variability in remote areas. We calculated
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(a) SVD1 (GH 200hPa) SCF=43.8% Corr=0.53
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FI1G. 2. Singular vectors of the first SVD mode for (a) geopotential heights at 200 hPa (contour interval
of 0.1) and (b) OLR (contour interval of 0.1). SCF, expressed as a percentage and the temporal
correlation coefficient between two expansion coefficients (Corr) are listed in (a). The SVD vectors are
nondimensional.

the correlation coefficients of the expansion coefficient anomalies resemble the pattern in the 200 hPa (Fig. 2a):
of SVD1 height with 700-hPa daily height and GPCP an anomalous high over central Europe, a low over the
daily rainfall, respectively. The results are presented in ~ western Siberia plain, and a major high anomaly over
Fig. 3. The correlated 700-hPa geopotential height northeastern Asia. Thus, the wave train has an equiva-

Geopotential heights at 700 hPa and GPCP rainfall
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F1G. 3. Correlation coefficient between the expansion coefficient of the first SVD height mode (shown
in Fig. 2a) and 25 summer daily 700-hPa heights (contour interval of 0.1) and GPCP rainfall (shading
interval of 0.05) anomalies.
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Correlation of OLR(box) with GPCP over Eurasia
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FIG. 4. Correlation coefficient between the time series of domain-averaged OLR over the NISM
(shown as box) and 25 summer daily GPCP anomalies at each grid point over Eurasia (shading interval

of 0.05).

lent barotropic structure in the midlatitudes. An excep-
tion is that the 200-hPa anomalous high over central
Asia displays a tilted baroclinic structure, with a 700-
hPa anomalous low occurring over the Arabian Penin-
sula and the Arabian Sea.

The comparison of the precipitation pattern and the
height pattern shown in Fig. 3 indicates that the mid-
latitude wave train extending from central Europe to
East Asia plays a role in connecting the rainfall anoma-
lies along its path. The ISM has an in-phase telecon-
nection with the rainfall anomalies over northwestern
Europe, the western Siberia plain, and north China, but
an out-of-phase teleconnection with the rainfall anoma-
lies over the eastern Mediterranean and Japan. The
linkage between the northeastern Asian anomalous
high and the dipole rainfall anomaly over East Asia can
be explained by the moisture transport and conver-
gence. The anomalous southeast wind to the west of the
high increases atmospheric water vapor transport in-
land, and meanwhile, the anomalous northerly to the
east of the high decreases water vapor transport. Thus,
north China (middle reach of the Yellow River) re-
ceives above-normal precipitation, whereas Japan ex-
periences drought conditions (Fig. 3). Note that the cor-
relation between the area-averaged OLR over the
NISM (20°-30°N, 60°-80°E) and GPCP rainfall over
Eurasia are to some extent similar to the correlation of

GPCP rainfall associated with the SVD1 height expan-
sion coefficient, especially over north China (Fig. 4),
suggesting that the in-phase teleconnection between
the ISM and north China is robust. The lead-lag cor-
relations between north China (35°-45°N, 110°-125°E)
rainfall and NISM OLR (20°-30°N, 60°-80°E) were
also calculated with a lead and lag up to 20 days.
The most significant relationship was seen to occur at
zero lag.

4. Origin and propagation of the intraseasonal
Eurasian wave train

a. Time-lagged SVD analysis

Besides the simultaneous connections between the
midlatitude wave train and the ISM, we are particularly
concerned with the temporal phase relationship be-
tween the ISM and the midlatitude wave train. An at-
tempt was made to determine the extent to which one
system may lead another. For this purpose, we used the
time-lagged SVD analysis (Czaja and Frankignoul
2002) to derive the lead-lag coupled patterns between
the 25 summer daily geopotential height at 200 hPa
(within Eurasia domain) and OLR within the ISM do-
main at a given lag ranging from —20 to +20 days. A
total of 41 time lags were calculated and symbolized as
SVD(-20), ..., SVD(0), ..., SVD(+20). For ex-
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Fi1G. 5. Singular vectors of geopotential heights (contour interval of 0.2) for the first SVD mode between Eurasian 200-hPa heights
and OLR anomalies over the ISM domain. The results are shown from day —15 to day +10. Lag days are indicated in the upper
right-hand corner of each panel. The SVD vectors are nondimensional.

ample, SVD(—20) denotes a SVD analysis between the
ISM OLR field and the midlatitude 200-hPa geopoten-
tial heights that lead OLR by 20 days. SVD(+20) is the
same as SVD(—20) except that the OLR field leads the
height field by 20 days. This objective method can cap-
ture the most favorable lead-lag relationship between
the midlatitude circulation and the ISM convection. For
each lag condition (from —20 to +20 days), the leading
mode of time-lagged SVD analysis occupies a signifi-
cant portion of the total squared covariance (above
35%), and the correlation coefficients between the ex-
pansion coefficients remain above 0.4. It is well justi-
fied, then, to focus on the first mode of the time-lagged
SVD as representative of the dominant patterns of
tropical-extratropical coupling.

It is noted that the OLR patterns at each time lag
(from —20 to +20 days) have strikingly similar spatial
and temporal characteristics to the OLR pattern at zero
lag, which is already shown in Fig. 2b. The strong con-
vection is in the entire ISM domain with a maximum
convection located in the northwest part of the domain.
Since this OLR pattern is strongly coupled with a mid-
latitude wave train across Eurasia (shown in Fig. 2a),
the variations of the SVD geopotential height pattern

from negative to positive lags (Fig. 5) describe the time
evolution of the midlatitude wave train from a stage
prior to the outbreak of the NISM convection to a stage
after the outbreak.

At day —15 (the height precedes the OLR by 15
days), a wave train with alternating high and low pres-
sure extends from the northeastern Atlantic to the area
south of Japan. The strongest anomaly is seen in the
Ural Mountain low. At day —10, the wave train moves
slightly eastward and becomes more compact. The larg-
est anomaly occurs in the central Asian high. At the
same time, a high anomaly emerges in northeastern
Asia. By day —5, the wave train is similar to that of day
—10, but the strongest anomaly shifts farther down-
stream to both the central Asian high and the northeast
Asian high. This pattern continues to the zero lag day,
but the anomalies upstream of the central Asian high
start to weaken. The entire sequence indicates an east-
ward and southward propagation of the energy along
the Eurasian wave train. From day 0 to day +10, the
central Asian high disperses southwestward, forming a
ridge extending from northern India to North Africa.
Meanwhile, the northeastern Asian high remains.

In addition, the time-lagged SVD analysis between



3758

JOURNAL OF CLIMATE

VOLUME 20

20N T T T T T T T r T T T T
60W  30W 0 30E 60E 90E 120E 150E 60W  30W 0 30E 60E 90E 120E 150E 180
—-95% 95%

Fi1G. 6. Time sequence of the composite 200-hPa geopotential height anomalies (contour interval of 10 m) from
day —8 to day +4 with respect to the maximum central Asian high, which occurs on day 0. The shading represents
the anomalies that are significantly different from zero above the 95% level based on a simple ¢ test. The
rectangular box denotes the reference domain for the central Asian high.

OLR over the ISM domain and 500-hPa geopotential
height over Eurasia reveals a similar evolution. These
results show evidence that the large-scale midlatitude
wave train leads the strong convection anomalies over
the NISM region. The wave train emanating from the
northeastern Atlantic to East Asia emerges 10-15 days
prior to the outbreak of the convection over the NISM
region. The general picture is that a quasi-stationary
wave train propagates eastward and equatorward from
the northeastern Atlantic into central Asia to establish
an anomalous high from day —10 to day —5. Then, the
wave train travels quickly eastward along the jet stream
to amplify another anomalous high over northeastern
Asia from day —5 to the zero lag day. The whole wave
train pattern across Eurasia is well established before
the outbreak of ISM convection, suggesting the pos-
sible role of the anomalous high over central Asia in
triggering the strong convection over the NISM. Be-
cause the two anomalous highs of the midlatitude wave
train are almost simultaneously established over central
Asia and northeastern Asia, respectively, rainfall varia-

tions over the NISM occur nearly concurrently with the
anomalous rainfall over north China (see section 3b).

b. Result of composite analyses

In this coupled mode, the anomalous high over cen-
tral Asia associated with the midlatitude wave train
precedes the strong convection over the NISM. It is
conceivable that the central Asian high may trigger ac-
tive convection over the NISM region. To identify sig-
nals associated with the extreme values of the anoma-
lous high over central Asia, we performed a composite
analysis based on the 200-hPa geopotential heights av-
eraged in the following reference region: 35°-45°N,
55°-75°E (shown by the rectangular box in Fig. 6). A
total of 28 extreme events were selected for the sum-
mers during the 1979-2003 period. Day 0 denotes the
day on which the maximum anomalous high occurred
over the reference region. The time sequence of the
composite geopotential height from day —8 to day +4
(with a 4-day interval) is illustrated in Fig. 6. From day
—8 to day —4, there is clear evidence of a wave train
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FIG. 7. Composite of OLR anomalies (color contour interval of 4 W m~2) with respect to the same day 0 reference used in Fig. 6.
The color shading represents the confidence level based on a simple ¢ test. The black contours denote the zonal wind shear anomalies
between 200 and 700 hPa (U200 — U700; contour interval of 2 ms™1).

approaching central Asia from the northeastern Atlan-
tic. As the significant upper-level anomalous high is
established over the northeastern Atlantic, the wave
train emanates eastward and splits into two branches.
One turns equatorward, forming cyclonic and anticy-
clonic anomalies over the western Siberia plain and
central Asia, respectively. Meanwhile, a secondary ray
path is seen downstream along 60°N across northern
Russia and reaching the Sea of Okhotsk. On day 0, the
height anomaly over central Asia reaches its maximum
intensity; the wave train continues migrating farther
eastward to strengthen the anomalous ridge over north-
eastern Asia. After the anomalous high approaches its
peak in central Asia, it quickly retreats westward (day
+4).

The composite OLR anomalies that correspond to
the same zero reference day of all 28 events are shown
in Fig. 7. From day +3 to day +9, and even to day +15
(figure not shown), strong anomalous convection with
anomalous OLR exceeding 10 W m~? is seen over the
NISM. The composite GPCP precipitation data yield a
similar picture with the rainfall anomalies over north-

ern India reaching 2-3 mm day ' (figure not shown).
Thus, over northern India, the duration of the active
phase of the monsoon, induced by the upper-level high
to the north, can last 10-15 days and produce about 30
mm of anomalous rainfall over the NISM area. Simple
composite methods in terms of the anomalous high
over central Asia appear to capture the essence of the
whole coupled mode between the Eurasian wave train
and NISM convection, indicating the vital role of the
central Asian high in this tropical-extratropical inter-
active system.

5. Recurrent intraseasonal mode in the midlatitude
circulation and the ISM

a. EOFs of the midlatitude circulation

While the spatial-temporal linkage between the mid-
latitude wave train and the ISM is well described by the
lagged SVD and composite analysis, it is not clear
whether the identified coupled patterns are statistically
significant intraseasonal fluctuations in the respective
fields. To answer this question, we applied EOF analy-
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F1G. 8. (top to bottom) (left) First 3 EOF modes for 25 summer daily geopotential heights at 200 hPa (contour

interval of 10 m) and (right) averaged normalized power spectrum of the corresponding PC as a function of the
frequency in day'(thick line). The three EOF modes have been scaled by 1 std dev of the corresponding time
series to give a unit of m; they occupy (a) 11.9%, (b) 10.4%, and (c) 9.7% of the total variance. Thin lines in the
right panels represent the upper confidence bounds of red noise at the 90%, 95%, and 99% levels, respectively.

sis separately to the midlatitude atmospheric circula-
tion and the ISM OLR anomalies.

First, an EOF analysis was performed on the 25 sum-
mer (1979-2003) 200-hPa daily geopotential height
anomalies within the same domain as that used in the
SVD analysis. The data were weighted by a square root
of the latitudinal cosine factor. Figure 8 shows the first
3 leading EOFs of the geopotential height field, which
explain 11.9%, 10.4%, and 9.7% of the total variance,
respectively. The first EOF displays a high-latitude
wave train extending from the region of the anomalous
high over western Europe centered at the Bay of Bis-
cay, passing through northern Russia and down to East
Asia and the western North Pacific. The second EOF
depicts an eastward and equatorward wave train, start-
ing from an intense center of action over the northeast-
ern Atlantic, centered at the northern tip of Scotland,
and propagating from this action center to East Asia via
the western Siberia plain and central Asia. It has fea-
tures in common with those of the SVD1 height mode
in day —15 [SVD(—15) in Fig. 5]. The most conspicuous

feature of the third mode is a wave train consisting of
three anomalous highs over central Europe, central
Asia, and northeastern Asia and two anomalous lows
over the northeastern Atlantic and the western Siberia
plain. This wave train pattern is very similar to the
SVDI1 height pattern revealed in day —5 [SVD(-5) in
Fig. 5], except for a northeastward shift of the anoma-
lous northeastern Asian high.

The temporal and pattern correlation coefficients be-
tween the EOF2/EOF3 mode and the SVDI1 height
modes at each lag were calculated. For EOF2, both
spatial and temporal correlations approach maxima at
the lag of —14 days; the temporal correlation coeffi-
cient is 0.69, and the spatial correlation coefficient is
0.59. For EOF3, both the spatial and temporal correla-
tions have maxima at the lag of —6 days; the temporal
correlation coefficient is 0.80, and the spatial correla-
tion coefficient is 0.75. It is indicated that the EOF2 and
EOF3 of the 200-hPa geopotential height capture the
different evolutionary phases of the midlatitude wave
train prior to the outbreak of strong convection over
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Fi1G. 9. (a) EOFs’ structure for intraseasonal 200-hPa geopoten-
tial height anomalies in terms of the percent total variance ex-
plained by each EOF for their respective intraseasonal time series
(first 3 EOFs shown in Fig. 8). Error bars were determined by the
formula of North et al. (1982). (b) Lagged cross correlation be-
tween PCs of EOF2 and EOF3. A lag correlation with a negative
lag day indicates that PC2 leads PC3. A lag correlation with a
positive lag day indicates that PC3 leads PC2.

the NISM. The establishment of the anomalous wave
train emanating from the northeastern Atlantic to East
Asia can be used as an intraseasonal predictor for an
active monsoon over the NISM.

The rule of North et al. (1982) was adopted to check
whether the difference between a given eigenvalue and
a neighboring eigenvalue is larger than the sampling
error of the given eigenvalue. The calculation of the
sampling error uses the degrees of freedom (450) that
have removed the effect of autocorrelation. The results
indicate that the first EOF was separated from the
other EOF modes (Fig. 9a). However, the second and
third EOFs are not separable, but both are well distin-
guished from the rest of the EOFs. Figure 9b shows the
lag correlation coefficients between the principal com-
ponents (PCs) of EOF2 and EOF3. The maximum lag-
ging correlation occurs when the PC2 leads PC3 by 6
days, and PC3 leads the negative of PC2 by 5 days,
indicating a period of around 20 days of oscillation.
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Thus, EOF2 and EOF3 can be considered “twin
modes” of the midlatitude intraseasonal variability. To-
gether, EOF2 and EOF3 account for about 20% of the
intraseasonal variance within the domain and reflect a
midlatitude ISO including an eastward and equator-
ward propagation of a Rossby wave train from the
northeastern Atlantic to East Asia. Given the moderate
magnitude of the maximum lag correlation between
two PCs, the oscillating behavior of the twin modes
(EOF2 and EOF3) is not very stable and may be dis-
rupted by the strong disturbance over the midlatitude.

The period of the wave train oscillation is determined
by the spectral analysis of the first three PCs using
NCAR Command Language software. Normalized
spectra derived for each summer were averaged over
the 25 yr to form averaged spectra, which are presented
in the right-hand side of Fig. 8. PC1 shows a spectrum
with a statistically significant peak centered at 30 days
at the 95% confidence level against a red noise process,
while PC2 is dominated by a relative shorter period of
20 days at the 99% confidence level. The period of PC3
is modulated by 2 spectrum peaks at 20 days and 13
days at nearly the 95% confidence level. One has to be
cautious about the significance of the averaged power
spectra peak, however, because of the large interannual
variation of power spectrum. Indeed, during the 25 yr
from 1979 to 2003, the 20-day period of PC2 is signifi-
cant (above the 95% confidence level) in 18 yr, and the
20-day period of PC3 is significant (above the 90% con-
fidence level) in 17 yr. Thus, the dominant period of mid-
latitude ISO revealed in twin modes does not prevail in
each summer. It may vary in its time band in some years.

b. EOFs of the ISM OLR

Additionally, the first two leading EOF modes of
OLR in the ISM domain and the corresponding aver-
aged power spectra are presented in Fig. 10. Note that
the two leading EOFs together describe a well-
organized northward propagation of convection
anomalies, from the equatorial Indian Ocean toward
the Indian subcontinent, that agree well with the pre-
vious results (e.g., Lau and Chan 1986; Lawrence and
Webster 2001; Jiang and Li 2005). The maximum cor-
relation between 2 PCs is 0.36 at a 7-8-day lag, con-
firming the dominant spectra peak of 2 modes at 3040
days (right-hand side of Fig. 10). The EOF2 of OLR,
which explains about 14.7% of the intraseasonal vari-
ance within the domain, bears close resemblance to the
typical active/break phase of the ISM (Krishnan et al.
2000; Goswami 2005). Both the spatial correlation co-
efficient (0.63) and the temporal correlation coefficient
(0.54) show robust coherence between this EOF2 mode
and the OLR pattern in SVD analysis (Fig. 2b). Thus,
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F16G. 10. (top to bottom) (left) First 2 EOF modes for 25 summer daily OLR at the ISM domain (contour interval
of 5 W m~?) and (right) averaged normalized power spectrum of the corresponding PC as a function of the
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represent the upper confidence bounds of red noise at the 90%, 95%, and 99% levels, respectively.

the midlatitude wave train tends to precede the active/
break phase of the NISM.

The results of EOF analysis corroborate the finding
of the SVD analysis and reveal that the recurrent os-
cillation modes of midlatitude circulation and the typi-
cal active/break phase of the NISM convection are
coupled together to form a significant midlatitude ISM
connection. The analysis also indicates that the active/
break phase of the ISM is not only influenced by the
systems originating from the equatorial region (EOF1
of OLR) but is also affected to some extent by the
activity of the midlatitude ISO.

6. Discussion

a. Origin and propagation of the intraseasonal
wave train

The results presented in sections 4 and 5 suggest that
the intraseasonal variability over the northeastern At-

lantic is important for understanding the origin of the
midlatitude wave train. What gives rise to the intrasea-
sonal oscillation in the northeastern Atlantic jet stream
exit region? According to Simmons et al. (1983), the
disturbances in the jet stream exit region can be readily
excited by tropical forcing through barotropic energy
conversions associated with both the meridional and
zonal gradients of the basic flow. The zonal gradients of
the basic flow are particularly strong in the jet stream
exit region. It is possible that the strong intraseasonal
variance of upper-tropospheric circulation over the
northeastern Atlantic in the exit region of the Atlantic
jet stream (Fig. 1a) is associated with the barotropic
instability of the summer mean flow. The northeastern
Atlantic anomalous high, which can be considered the
origin of the midlatitude wave train, is presumably ex-
cited by efficient kinetic energy extraction from the ba-
sic state. The upstream tropical or extratopical forcing
along the jet stream can frequently excite this initial cell
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of the midlatitude wave train over the northeastern At-
lantic.

Barotropic modeling by Branstator (1983) shows that
zonal variations of the winter mean flow tend to en-
hance the equatorward propagation of Rossby waves in
a large-scale pressure ridge. Because the Tibetan Pla-
teau acts as a heat source in northern summer, a promi-
nent large-scale ridge over the Caspian Sea is an im-
portant feature of the climatological basic flow in the
upper troposphere. The upper-tropospheric zonal flow
over the Caspian Sea also contains marked longitudinal
variation (figures not shown). Accordingly, it is rational
to expect that the combination of the zonal variation of
zonal wind and the large-scale ridge over the Caspian
Sea could favor the equatorward propagation of a
Rossby wave train. Namely, the wave propagation
originating from the northeastern Atlantic tends to
yield an arch-shaped wave train that migrates from the
northeastern Atlantic to central Asia via the western
Siberia plain. Two factors, namely, the strong barotro-
pic instability at the exit region of the Atlantic jet
stream and the large-scale ridge over the Caspian Sea,
may be instrumental in understanding the initiation and
propagation of the midlatitude wave train.

b. Positive feedback between the midlatitude wave
train and the NISM

The above results have shown evidence of a robust
connection between the summer monsoon activity over
the NISM region and the upper-level anomalous high
over central Asia. However, the actual mechanism of
this linkage remains elusive. In particular, it is unknown
how the anomalous high over central Asia modifies
rainfall variability over the NISM. The answer to this
question is one of the keys to understanding the in-
traseasonal interaction between the ISM and midlati-
tude systems.

One possible explanation is the role of the easterly
vertical shear. To the south of the central Asian anoma-
lous high, the easterly anomalies in the upper tropo-
sphere reinforce an easterly vertical shear over north-
ern India. Previous theoretical work suggested that an
easterly vertical shear alone can destabilize equatorial
Rossby waves by feeding mean flow available potential
energy to the waves (Moorthi and Arakawa 1985;
Wang 1990). In the presence of the boundary layer, the
moist Rossby wave instability is remarkably enhanced
by easterly vertical shear and suppressed by westerly
vertical shear (Xie and Wang 1996). The reason is that
an easterly vertical shear over northern India may con-
fine the Rossby wave response to the lower levels
(Wang and Xie 1996). This will produce a strong inter-
action between the Rossby wave and the boundary
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layer Ekman-pumping-induced condensation heating.
This increased easterly vertical shear also generates an
enhanced meridional heat flux that favors the conver-
sion of mean flow available potential energy to eddy
available potential energy. Both effects would increase
equatorial Rossby wave instability in the atmosphere
by providing wave available potential energy, thereby
increasing monsoon precipitation. It is clear from Fig. 7
that enhanced easterly vertical shear (U200 minus
U700) anomalies to the south of the anomalous high
occur prior to the peaks of convection anomalies over
the NISM. Lead-lag correlations between the local
easterly vertical shear and OLR anomalies over the
NISM demonstrate that the vertical shear tends to pre-
cede rainfall anomalies by 2-4 days (figure not shown).
Therefore, the enhanced central Asian high may lead to
enhanced precipitation in the NISM region by strength-
ening the easterly vertical shear.

Another possible dynamic interpretation is that the
strengthened easterly jet stream to the south of the
upper-tropospheric anomalous high may induce a
northerly ageostrophic flow and, as a result, generate
the upper-level divergence and strong upward motion
over the NISM (Hoskins and Wang 2005). However, in
the composite of vertical motion for the same 28 ex-
treme events (figures not shown), pronounced upward
motion and convection anomalies over the NISM oc-
curred almost simultaneously. It seems that the causal-
ity between these two factors is not easily diagnosable
through observational analyses.

Because the enhanced convection over the NISM re-
gion is associated with the baroclinic structure of the
local circulation anomaly (Fig. 3), we suggest that after
the strong convection is excited by the anomalous cen-
tral Asian high, the resulting diabatic heating may
likely induce a baroclinic Rossby wave response to the
west of the heating source (Gill 1980; Rodwell and
Hoskins 1996). The westward retreat of the central
Asian high after its establishment can be taken as a hint
of the Rossby wave response to the ISM heating. Hos-
kins and Ambrizzi (1993) suggested that on the left side
of the local anticyclonic anomaly induced by the heat
source over India, the low-vorticity air is advected from
the south, producing a vorticity anomaly to enhance the
existing local vorticity. Hence, an upstream extension
of the forced anomaly is generated, and the induced
circulation is drastically broader than the forced
anomaly. This mechanism is particularly effective when
the jet stream core coincides with the center of the
initial forced anomalous high.

A positive feedback between the rainfall anomalies
and moisture transport may also be important for the
maintenance of the strong convection over the NISM.
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The strengthened rainfall anomalies over northern In-
dia lead to an anomalous low over the Arabian Sea at
low levels via Rossby wave dispersion. This cyclonic
circulation (Fig. 3) that impinges on the southern flank
of the Tibetan Plateau may carry more moisture to the
NISM and strengthen the deep convection and rainfall
activity there.

Based on the above speculations, we propose a posi-
tive interaction between the anomalous high over cen-
tral Asia and strong convection over the northern ISM
region. Strong convection over the northern ISM re-
gion is initially triggered by the anomalous central
Asian high within the westerly wave train extending
from the northeastern Atlantic to East Asia (Fig. 11a).
Conversely, the convection is likely to excite a Rossby
wave response, which reinforces the central Asian high.
Because this high is embedded in the westerly jet
stream, the Rossby wave energy dispersion associated
with the central Asian high may enhance the down-
stream circulation anomalies over northeastern Asia
(Fig. 11b). In the time-lagged SVD analysis (Fig. 5), the
maintenance of the anomalous high over northeastern
Asia after an active phase of the NISM may suggest this
effect.

7. Summary and concluding remarks

a. Summary

This study shows how the “active” and “break”
phases of the ISM are altered by the midlatitude sys-
tems on an intraseasonal time scale. The SVD analysis
was utilized to identify the most dominant mode of
covariation between the upper-tropospheric geopoten-
tial height over Eurasia and the convection (implied by
OLR) over the ISM region. The leading SVD modes
explain 43.8% of the covariability, and the correlation
coefficient between the two expansion coefficients ap-
proaches 0.53. The first SVD mode reveals a strong
relationship between enhanced convection over north-
ern India, Pakistan, and the Arabian Sea and a midlati-
tude wave train pattern spanning Eurasia, with promi-
nent highs over central Europe, central Asia, and
northeastern Asia and a low over the western Siberia
plain. The time-lagged SVD analyses from the —20 day
lag to the +20 day lag further show the eastward propa-
gation of the midlatitude wave train and the role of this
wave train in initiating the convection anomalies over
the NISM.

The essence of intraseasonal midlatitude ISM inter-
action is captured by the composites of the 28 strongest
anomalous central Asian high events, since the en-
hanced convection over the northern ISM region could
primarily arise from the direct forcing of this high.
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(a)

(b)

FiG. 11. To visualize the hypothesis proposed in the discussion
section, a schematic diagram is presented to illustrate the possible
positive feedback between the Eurasian wave train and the ISM
on an intraseasonal time scale. The cloud denotes the strong con-
vection over the northern ISM region, and the circles represent
the Eurasian wave train in the upper troposphere. The solid circle
represents the anticyclonic circulation and the dashed circle de-
notes the cyclonic circulation. (a) The strong convection over the
northern ISM region is initially triggered by the anomalous cen-
tral Asian high within the wave train extending from the north-
eastern Atlantic to East Asia, and then (b) the convection, in turn,
excites a Rossby wave response to reinforce the central Asian
high and downstream circulation anomalies of the wave train,
through Rossby wave dispersion.

EOF analysis is further used to detect the spatiotem-
poral structure of the dominant intraseasonal variations
that are recurrent in the OLR and midlatitude height
field, respectively. The EOF2 mode of the OLR field
accounting for 14.7% variance represents the typical
active/break phase of the ISM and bears close similarity
to the OLR pattern in the SVD analysis. The second
and third EOF modes of 200-hPa geopotential heights
are together distinguished from other modes, and they
explain 20% of the total intraseasonal height variance.
These “twin modes” represent a 20-day midlatitude
ISO extending from the Atlantic to East Asia, and they
capture different propagating phases of the wave train
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pattern revealed by time-lagged SVD analysis. It is con-
cluded that the recurrent modes of midlatitude circula-
tion and the ISM are coupled together to form the
dominant midlatitude ISM connection.

The picture emerging from the SVD, EOF, and com-
posite analyses suggests that an anomalous high ap-
pears to occur initially in the northeastern Atlantic,
forming a Rossby wave train that propagates eastward
toward central Asia and then travels farther to East
Asia and the West Pacific along the westerly jet stream.
The vertical structure of this wave train presents a con-
siderable barotropic component, except that the central
Asian anomalous high exhibits a baroclinic character.

Once the anomalous high is generated over central
Asia, it can excite convection over the northern ISM
region. Afterward, it quickly retreats westward. Mean-
while, the anomalous high over northeast Asia induces
increased rainfall over north China and decreased rain-
fall over Japan. On an intraseasonal time scale, the mid-
latitude wave train establishes a teleconnection of
strong NISM concurrent with above-normal rainfall
over northwestern Europe, the western Siberia plain,
and north China, and below-normal rainfall over the
eastern Mediterranean and Japan.

We note that the “monsoon-desert” mechanism pro-
posed by Hoskins and Rodwell (1995) and Rodwell and
Hoskins (1996) can be used to explain the out-of-phase
relationship in rainfall variability between the ISM re-
gion and the eastern Mediterranean (Figs. 3, 4). In ad-
dition, the passage of midlatitude wave trains over Eur-
asia may be another explanation for this out-of-phase
relationship.

It is not immediately clear what effect the anomalous
central Asian high has on the convection over the
northern ISM region. This cannot be assessed solely
based on observation. We speculate that convection is
enhanced by the increased easterly vertical shear. The
clue for such a possibility is provided by the lead-lag
correlation between easterly vertical shear and OLR
over the northern ISM region. The correlation shows
that the easterly vertical shear between 200 and 700 hPa
leads local OLR anomalies by 2—4 days. The mecha-
nisms that cause strong convection over the northern
ISM region are hypothesized as follows: to the south of
the anomalous central Asian high, the easterly anoma-
lies in the upper troposphere strengthen the easterly
vertical shear over the northern ISM region; this in-
creased shear traps the Rossby wave in the lower tro-
posphere, which enhances the convective interaction
with dynamics through boundary layer convergence
and increases the moist baroclinic instability, thereby
increasing monsoon precipitation through the vertical
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shear mechanism proposed by Wang and Xie (1996)
and Xie and Wang (1996).

Although the ISOs originating from the equator are
very important rainfall-producing mechanisms for the
intraseasonal variability of the ISM, the possible influ-
ence of the midlatitude flow on the intraseasonal varia-
tions in the NISM is suggested in this study. The mon-
soon intraseasonal oscillation in the NISM is influenced
by disturbances from both the equator and the midlati-
tudes. Possibly, some rainfall events over India are
caused by the interaction between the influences from
the north and from the south.

b. Concluding remarks

The complexity of the interaction between the wave
train and the ISM leaves several interesting problems
for further studies. One area of interest is how the in-
traseasonal variability is generated in the northeastern
Atlantic. Further studies are needed before a conclu-
sion can be made concerning the cause of the linkage
between the anomalous high over central Asia and in-
traseasonal variability of the ISM. The hypothesis ad-
vanced in this paper is qualitative and based primarily
on the results derived from empirical analysis. Dynamic
processes of the midlatitude ISM interaction should be
examined quantitatively in the future.

On an interannual time scale, Ding and Wang (2005)
documented a circumglobal teleconnection (CGT) pat-
tern that is recurrent in the boreal summer in the north-
ern extratropics and acts to induce global-scale rainfall
and temperature anomaly patterns around the North-
ern Hemisphere, linking western Europe, European
Russia, India, East Asia, and North America. Because
the intraseasonal midlatitude wave train and interan-
nual CGT are governed by a similar spatial mode over
Eurasia, it would be worthwhile to examine the poten-
tial interaction between the intraseasonal wave train
and the interannual variability of the CGT.

By using relatively long periods of observed daily
circulation and convection data, we found unambigu-
ous evidence that the midlatitude wave train over Eur-
asia partly determines the active and break conditions
of the ISM over northern India/Pakistan. This result
has important implications in monsoon prediction and
simulation, as it suggests that midlatitude systems could
have some influence on the intraseasonal oscillations of
the Indian summer monsoon and the East Asian sum-
mer monsoon. Thus, the prediction of the Indian sum-
mer monsoon and the East Asian summer monsoon
intraseasonal variations should take into account the
interaction between the midlatitudes and the monsoon
systems.
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