
Coupling of the Quasi-Biweekly Oscillation of the Tibetan
Plateau Summer Monsoon With the Arctic Oscillation
Meirong Wang1 , Jun Wang2 , Anmin Duan3 , Yimin Liu3 , and Shunwu Zhou1

1Joint Center for Data Assimilation Research and Applications/Key Laboratory of Meteorological Disaster, Ministry of
Education/Joint International Research Laboratory of Climate and Environment Change (ILCEC)/Collaborative Innovation
Center on Forecast and Evaluation of Meteorological Disasters, Nanjing University of Information Science and Technology,
Nanjing, China, 2International Institute for Earth System Science, Nanjing University, Nanjing, China, 3State Key Laboratory
of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of Atmospheric Physics,
Chinese Academy of Sciences, Beijing, China

Abstract The intraseasonal variation of the Tibetan Plateau summer monsoon (TPSM) during 1979–2011
is investigated. The TPSM shows a dominant quasi-biweekly oscillation (QBWO) in most summer seasons, and
its active/break phases are closely related to more/less precipitation over the Tibetan Plateau. We suggest
that the TPSM QBWO is associated with a southeastward propagating nonstationary wave train in the middle
and upper troposphere. It shows equivalent barotropic vertical structures over the midlatitudes and a
baroclinic structure over the eastern Tibetan Plateau. Wave activity flux analysis indicates that it originates
from northern Europe, which is an active center of the summertime Arctic Oscillation (AO). The AO also shows
significant QBWO signals and leads TPSM QBWO by about 13 days. Phase composite and wave activity flux
analyses of AO QBWO confirmed that the wave train influences TPSM QBWO, suggesting that AO plays an
important role in the TPSM on a 10- to 20-day timescale.

Plain Language Summary The intraseasonal variation of the Tibetan Plateau summer monsoon
(TPSM) during 1979–2011 is investigated. We suggest that TPSM shows a dominant quasi-biweekly
oscillation (QBWO) in most summer seasons and it is associated with a southeastward propagating
nonstationary wave train in the middle and upper troposphere. Wave activity flux analysis indicates that the
wave train originates from northern Europe, which is an active center of the summertime Arctic Oscillation
(AO). The AO also shows significant QBWO signals and leads TPSM QBWO by about 13 days. Phase composite
and wave activity flux analyses of AO QBWO confirmed that the wave train influences TPSM QBWO,
suggesting that AO plays an important role in the TPSM on a 10- to 20-day timescale. It is more complicated
to understand wave activities of the midlatitudes than along the equator, and at present the related
studies are limited. The results of this paper are important to understand the weather and climate of Tibetan
Plateau and its linkages to the wave train in the midlatitudes associated with the summer AO. This article
provides a basic reference for the study on the intraseasonal oscillation over the midlatitudes and Tibetan
Plateau area.

1. Introduction

Previous studies (Nitta, 1983; Xie et al., 1989; Zhang et al., 2014) have suggested that the Tibetan Plateau is a
center of intraseasonal variation (ISV), with multiscale ISV modes in precipitation, wind, and relative vorticity
(Krishnamurti & Subrahmanyam, 1982; Wang et al., 2011; Wang & Duan, 2015; Yang et al., 2017; Zhang et al.,
2014, 2009). The Tibetan Plateau has important influences on both local and large-scale weather systems
(Li et al., 1991; Liu & Lin, 1991; Zhang et al., 2014; Zhou et al., 2000).

Our understanding of the characteristics of the Tibetan Plateau ISV is, however, incomplete. There are different
views about the relationships between the Tibetan Plateau ISV and its source areas and propagating pathways:
(1) the Tibetan Plateau ISV originates from lower latitudes (Krishnamurti & Subrahmanyam, 1982; Zhang et al.,
2009); (2) the Tibetan Plateau ISV originates from the midlatitudes (Blackmon, Lee, & Wallace, 1984; Blackmon,
Lee, Wallace, & Hsu, 1984; Fujinami & Yasunari, 2004); and (3) the Tibetan Plateau itself is an ISV source/sink
(Zhou et al., 2000). Using multiple long-term continuous observational data sets, Wang and Duan (2015)
and Wang et al. (2017) found that all three of these pathways exist over the Tibetan Plateau, and the
propagation from lower latitudes to the Tibetan Plateau (Type I) is dominant. Based on intraseasonal
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oscillations in the summer rainfall over the eastern Tibetan Plateau, Hu et al. (2017) and Yang et al. (2017)
identified different propagation pathways and source areas depending on different periodicities of the ISV.

The Tibetan Plateau summer monsoon (TPSM), resulting from heating of the Tibetan Plateau, is an important
component of the Asian summer monsoon (Tang et al., 1979). The TPSM dominates the change in climate
over and around the Tibetan Plateau and can significantly influence the local climate and the summer mon-
soon in South and East Asia on multiple timescales (Hua et al., 2012; Li & Duan, 2011; Liu, 1998). Nonetheless,
despite its importance, the TPSM has received relatively less attention than the South and East Asian summer
monsoons, especially with respect to ISV modes. Therefore, in the current work, we investigate the ISV char-
acteristics of the TPSM using long-term observations and reanalysis data. Our objective is to determine the
dominant periodicity, propagating pathway, and source area of the TPSM.

2. Data and Methods

The data used in this study include (1) regular surface meteorological daily precipitation at 82 observational
stations over the Tibetan Plateau (above 2,500 m) during the period 1979–2011 from the China
Meteorological Administration; (2) daily ERA-Interim data (Dee et al., 2011) at a resolution of 1.5° × 1.5° from
the European Centre for Medium-Range Weather Forecasts; (3) pentad-mean precipitation data from the
Global Precipitation Climatology Project (Huffman et al., 1997); and (4) daily Arctic Oscillation index data from
the National Oceanic and Atmospheric Administration’s Climate Prediction Center.

To obtain the intraseasonal signals, we remove the climatological daily or pentad mean from the raw data.
For the daily data, we additionally apply a 5-day running average to remove any synoptic fluctuations. All
the data are then filtered using Lanczos band-pass filtering (Duchon, 1979) to isolate the fluctuations of inter-
est. The effective degrees of freedom for the filtered data used in the statistical significance test (Student’s t
test) are calculated using the method of Bretherton et al. (1999). The statistical significances of the power
spectra are tested according to the method developed by Gilman et al. (1963), based upon the red noise.

We select the TPSM index to reflect the activity of the TPSM. According to the definition of Tang (1995), we
obtain the TPSM index as the difference in the geopotential height at 600 hPa between four stations (H1, H2,
H3, and H4) around the Tibetan Plateau and a central station (H0; five open squares in Figure 1b):

TPSM index ¼ H1 þ H2 þ H3 þ H4 � 4H0; (1)

where the geopotential height is calculated using the barometric height formula. The TPSM index reflects the
intensity of the monsoon, with larger positive values corresponding to a stronger TPSM.

We use phase composite analysis (Mao & Chan, 2005) to detect the spatial and temporal evolution of the ISV.
One cycle of ISV events is separated into eight phases, with the maximum in Phase 3 and the minimum in
Phase 7. Phases 1 and 5 are transitions fromminimum to maximum and frommaximum to minimum, respec-
tively. The other phases are where the cycle reaches half of the maximum or minimum value. Composites are
then made of different meteorological quantities for those cases, and the evolution of each ISV mode is
detected during its life cycle.

The phase-independent wave activity flux (W), defined by Takaya and Nakamura (2001), is calculated to
determine the source area and possible propagation routes of the ISV, which is a helpful diagnostic tool to
capture a “snapshot” of a propagating packet of stationary or migratory quasi-geostrophic wave disturbances
and then detect the source and sink of the packet (Takaya & Nakamura, 2001). In spherical coordinates,W can
be expressed as

W ¼ p cos∅
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where U and V are the zonal andmeridional components of the basic flow, respectively, ψ0 is the stream func-
tion, ∅ and λ are the latitude and longitude, respectively, f0 is the Coriolis parameter, a is the radius of the
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Earth; N2 is the buoyancy frequency, and p is the pressure/(1,000 hPa). The wave activity (angular) pseudo-
momentum M is calculated as

M ¼ p
2

q02

2 ∇HQj j þ
e

Uj j � Cp

 !
cos∅; (3)

where q0 and Q are the potential vorticity of the wave and basic flow, respectively, ∇H is the horizontal
Hamilton operator, e is the wave energy, Cp is the phase speed if themigratory perturbation is in the direction
of the basic flow U, and CU is the phase propagation vector in the direction of U. More details about the
calculation of W are given by Takaya and Nakamura (2001) and Pan et al. (2013).

3. Characteristics of the TPSM ISV

Figure 1a clearly shows that 10- to 20-day oscillation (known as the quasi-biweekly oscillation [QBWO]) is the
dominant periodicity of the TPSM, which corresponds well with other meteorological elements over the

Figure 1. (a) Mean power spectra of the Tibetan Plateau summer monsoon (TPSM) index for the 33 summer seasons from
1979 to 2011. The red dashed line represents the Markov red noise spectrum, and the blue and green dashed lines
indicate the prior and posterior 99% confidence bounds, respectively. The x and y axes show the periodicity and variance,
respectively. (b) Difference in the 10- to 20-day filtered observational precipitation (mm/day) over the Tibetan Plateau
between the active and break phases of the 10- to 20-day filtered TPSM index. The five open squares denote the stations
selected to calculate the TPSM index. Sixty-three of the 82 stations with a change in precipitation that is statistically
significant at the >90% confidence level are plotted. The black solid line plotted shows the region of the Tibetan Plateau
>2,000 m.
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Tibetan Plateau (Wang & Duan, 2015). The distribution of the 10- to
20-day filtered precipitation is closely linked with the active/break
phases of the TPSM QBWO (Figure 1b). The active/break phases are
defined as when the filtered TPSM index is greater/smaller than its
positive/negative standard deviation. When the QBWO signals of the
TPSM are active, there is a significant increase in precipitation at most
of the observational stations (Figure 1b). Significant variations in the fil-
tered precipitation results above the 90% significance level are recorded
by 63 of 82 stations, showing that the TPSM has important effects on the
patterns and variations in the local precipitation on both the climatolo-
gical and QBWO timescales.

To demonstrate the evolution and structure of the TPSM QBWO, we
carry out phase composite analysis of the 10- to 20-day filtered
200 hPa geopotential height and circulation fields in one cycle for eight
phases (Figure S1 in the supporting information). This shows that the
upper-level circulation is characterized by a nonstationary wave train,
which constantly propagates southeastward. A similar, but clearer, pat-
tern is observed in the difference field of the 200 hPa geopotential
height between the active and break phases of the filtered TPSM index
(Figure 2a). The starting positive height has two centers: a stronger cen-
ter is located in northern Europe at about 60°N, and a weaker center is
located in western Europe at about 45°N. And the following maximum
centers of this wave train are respectively positioned over the east
European plain, the west Siberian plain, and the Tibetan Plateau region.
The height anomalies over the western and eastern Tibetan Plateau are
opposite (at 200 hPa), with a northwest-southeast pattern. Considering
the pattern of the 500 hPa geopotential height (Figure 2b), the wave
train shows an equivalent barotropic structure in the midlatitudes
before arriving at the eastern Tibetan Plateau. The central axis tilts
slightly to the west in the middle to upper troposphere, and the height
anomalies form a baroclinic structure over the eastern part of the
Tibetan Plateau, which is in good agreement with the results of Yang
et al. (2017). This configuration, in which negative and positive height
anomalies occur over the eastern Tibetan Plateau in the middle and
upper troposphere, respectively, favors the occurrence of regional preci-
pitation (Figure 2c), implying that an active TPSM can increase precipita-
tion over the eastern Tibetan Plateau on a 10- to 20-day timescale. This is
consistent with the results in the data from the observational stations
(Figure 1b). The precipitation also shows a wave train (Figure 2c) that
matches the geopotential height at 200 and 500 hPa. This shows that
negative precipitation anomalies are located over northern Europe
and the west Siberian plain and positive precipitation anomalies are
located over the east European plain and eastern Tibetan Plateau. A dis-
tinguishable northwest-southeast tilted wave train therefore exists in
the middle and upper troposphere during the TPSM QBWO cycles, in

agreement with the behavior of precipitation from northern Europe to the Tibetan Plateau. This pathway cor-
responds to the Type II pathway (propagating from midlatitudes to Tibetan Plateau) proposed by Wang and
Duan (2015).

The wave activity flux (W) is used to obtain the energy propagation and detect the source area of the wave
train associated with the TPSM QBWO in the middle and upper troposphere (Figure 3). A similar southeast-
ward propagating wave train also appears in the stream function, analogous to that for precipitation and
the geopotential height (Figure 2). The wave activity flux W starts in northern Europe, associated with its
divergence both at 200 and 500 hPa, before propagating southeastward to the Tibetan Plateau and

Figure 2. Distributions of the difference in the 10- to 20-day filtered geopo-
tential height (HGT, m2/s2) at (a) 200 and (b) 500 hPa and the (c) Global
Precipitation Climatology Project (GPCP) precipitation (mm/day) for the
active and break phases of the 10- to 20-day filtered Tibetan Plateau summer
monsoon index. The pink contours and dotted areas exceed the 90%
confidence level.
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southern China, which confirms that northern Europe is the source area.
Additionally, a strong energy input to sustain wave activity is located
near 45°N, 45°E. This general prevailing southeastward propagation of
the W agrees well with the wave train associated with the TPSM
QBWO at 200 hPa.

We also add a profile of the average diabatic heating over northern
Europe into a linear baroclinic model (Watanabe & Kimoto, 2000;
Text S1), revealing that the filtered circulation and stream function in
the upper troposphere both reflect the propagating pathway of the
QBWO at midlatitudes with its influence on the Tibetan Plateau
(Figures S2 and S3).

4. Coupling of the TPSM QBWO With the Arctic
Oscillation

The Arctic Oscillation (AO) is an important mode of the planetary-scale
atmospheric circulation in the middle and high latitudes of the
Northern Hemisphere, which affects the Northern Hemisphere climate
(Kerr, 1999; Suo et al., 2008; Thompson & Wallace, 2001). The AO is
usually most active in the cold seasons and many previous studies have
emphasized its influence on the Earth’s climate. However, the AO can
also explain large variances in the total atmospheric circulation during
the warm seasons (Thompson & Wallace, 2000) and its effect on climate
is gradually attracting more attention (Tang et al., 2013).

Figure 4a shows the spatial pattern of the AO in the summer months
using empirical orthogonal function analysis for the unfiltered sea-level
pressure. This pattern shows that one center in the midlatitudes is

located in northern Europe, where it is the source area of the wave train related to the TPSMQBWO. We there-
fore question whether there might be relationships among the AO, northern Europe, and the Tibetan Plateau
on a 10- to 20-day timescale.

Based on the mean power spectra of the AO index in the summer months for the period 1979–2011, we find
that the 10- to 20-day oscillation is significant (>99% confidence level; Figure 4b), suggesting that the activity
of the AO has a significant ISV. Using the Pearson correlation coefficients between the 10- to 20-day filtered
AO index and the 200 hPa geopotential high/relative vorticity (Figures 4c and 4d), the most significant areas,
especially in terms of the relative vorticity, are located over the northern European continent and adjacent
oceans, consistent with the source area related to the TPSM QBWO and the active center of the AO in the
summer months. The spatial distribution of the lead-lag correlation coefficients between the filtered AO
index and relative vorticity suggests that their simultaneous correlation coefficients are most significant over
northern Europe and the adjacent oceans (Figure S4). This suggests that the QBWO signals over northern
Europe are closely related to the AO because northern Europe is an active center of AO activity in the
summer months.

Figure 4e shows the lead-lag correlation coefficients of the 10- to 20-day filtered AO index and the TPSM
index. We know that the AO QBWO signals lead the TPSM QBWO by about 13 days, which is nearly one cycle
of the QBWO from northern Europe to the Tibetan Plateau. This can be further verified by the lead-lag corre-
lation of the regional averaged precipitation over northern Europe (50–70°N, 0–30°E) and the Tibetan Plateau
(25–40°N, 75–105°E; Figure S5).

We count the number of occurrences of combinations of the filtered AO index, the vorticity over north-
ern Europe (Vo_NE) in the same period, and the TPSM index at lag day 13 (Table S1) and find that the
number of in-phase AO and Vo_NE events is nearly twice that of out-of-phase events, similar to the con-
ditions for the AO and TPSM—that is, there is a 63% probability that the AO and Vo_NE are in phase at
the same time and a 65% probability that the AO and TPSM are in phase when the AO leads the TPSM
by 13 days.

Figure 3. Distributions of the difference in the 10- to 20-day filtered stream
function (contours, m2/s), the horizontal component of the wave activity flux
W (vectors, m2/s2), and divergence (shading, 10�5 s�2) at (a) 200 and
(b) 500 hPa. The contour interval is 0.5 × 106 m2/s. The red, pink, and blue
lines represent the positive, zero, and positive contour values.
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Figure 5 shows the composite evolution of the 10- to 20-day filtered 200 hPa relative vorticity and the hori-
zontal components of the wave activity flux W in eight phases of the AO QBWO. In Phase 1, the upper-level
circulations are characterized by a wave train from northern Europe with a weak negative vorticity anomaly
(anticyclone A1) to the eastern Tibetan Plateau. A1 gradually strengthens with a southeastward propagation

Figure 4. (a) Spatial pattern of the leading empirical orthogonal function of the unfiltered sea-level pressure (SLP; Pa) in the
summer season (June–August) during the period 1979–2011. The percentage in the top right-hand corner refers to the
fraction of the variance explained by the mode. (b) As in Figure 1 but for the Arctic Oscillation (AO) index. (c) Distribution of
the correlation coefficients between the 10- to 20-day filtered AO index and the filtered 200 hPa geopotential height.
(d) As in (c) but for the 10- to 20-day filtered AO index and the filtered 200 hPa vorticity. (e) Lead-lag relationship between
the filtered AO index and the filtered TPSM index. The dotted areas exceed the 99% confidence level. The red part
of the line in (e) exceeds the 95% confidence level.
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from Phases 1 to 3. A1 then propagates eastward until Phase 5, before turning southeastward again from
Phases 6 to 8. This pathway is similar to that in Figure 2. Moreover, a robust positive relative vorticity
anomaly (cyclone C1) first occurs in Phase 3 over northern Europe and then follows the pathway of A1 with
the wave train. During the propagation period, C2 in Phase 3, similar to A1 in Phase 8, becomes stretched
from Phase 2 to Phase 3, and then moves east and south continuously in the next phases, which corresponds
well to the propagations of the first negative center from Phase 1 to Phase 4 in Figure S1. C2 eventually arrives
at the northern Tibetan Plateau in Phase 8.

In addition, this manifestation of the wave activity flux W is in good coordination with the wave train of the
10- to 20-day filtered relative vorticity anomaly in every phase. Importantly, this wave train is consistent with
that related to the TPSMQBWO (Figure 2), clearly illustrating the close coupling between AO and the TPSM on
a 10- to 20-day timescale.

5. Summary and Discussion

The TPSM prevails in boreal summer and has important influences on the local and surrounding weather and
climate. On an intraseasonal timescale, 10- to 20-day oscillation is the dominant periodicity of the TPSM. The

Figure 5. Composite evolution of the 10- to 20-day filtered 200 hPa relative vorticity (shading, 10�5 s�1) and the horizontal
components of the wave activity fluxW (vectors, m2/s2) during one quasi-biweekly oscillation cycle of the Arctic Oscillation
index in the summer months for Phases 1–8. The dotted areas are statistically significant at the 90% confidence level.
The letters A and C in the plots indicate anticyclones and cyclones, respectively.
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active/break variations in the TPSM QBWO can lead to the significant increases/decreases in the QBWO for
precipitation that are recorded at most of the observational stations on the Tibetan Plateau.

The differences in geopotential height and precipitation between the active and break phases of the TPSM
QBWO show that there is a related southeastward propagating wave train in the middle and upper tropo-
sphere. This wave train retains an equivalent barotropic structure in the midlatitudes and forms a baroclinic
structure over the eastern Tibetan Plateau. Analysis of the wave activity flux shows that the wave train starts
from northern Europe.

Although the AO is weaker in the warm seasons than in the cold seasons, it still has important effects on
atmospheric circulation. The 10- to 20-day periodicity is significant in the AO index in the summer months.
Importantly, the spatial correlation coefficients indicate that northern Europe is an active center of the AO
QBWO. We also find that the AO QBWO signals lead the TPSM QBWO by about 13 days. Phase composite ana-
lysis of the AO QBWO clearly shows a southeastward propagating wave train influencing the ISV on the
Tibetan Plateau, and the phase-independent wave activity flux also propagates in a similar manner. This
implies that the TPSM QBWO is closely coupled with the QBWO activity of the AO over northern Europe.

The 10- to 20-day oscillation is the common significant periodicity of the AO index and TPSM index, and the
wave train in the midlatitudes associated with the AO contributes to the TPSM on a 10- to 20-day timescale.
Note that the AO also has a significant 30- to 60-day oscillation; however, the evolution of 30- to 60-day fil-
tered 200 hPa relative vorticity in one AO cycle has no significant wave propagating patterns (Figure S6),
without a clear impact on the Tibetan Plateau area. The mechanisms of this phenomenon remain unclear
and need to be further studied.

The ISV generated from the local area of the Tibetan Plateau, referred to as Type III by Wang and Duan (2015),
is the most complicated. Therefore, more research on the Tibetan Plateau ISV is needed, due to the important
influence on the weather and climate around the surrounding regions of the Tibetan Plateau regions and its
downstream areas.

References
Blackmon, M. L., Lee, Y. H., & Wallace, J. M. (1984). Horizontal structure of 500 mb height fluctuations with long, intermediate and short time

scales. Journal of the Atmospheric Sciences, 41(6), 961–980. https://doi.org/10.1175/1520-0469(1984)041%3C0961:HSOMHF%3E2.0.CO;2
Blackmon, M. L., Lee, Y. H., Wallace, J. M., & Hsu, H. H. (1984). Time variation of 500 mb height fluctuation with long, intermediate and short

time scales as deduced from lag-correlation statistics. Journal of the Atmospheric Sciences, 41(6), 981–991. https://doi.org/10.1175/
1520-0469(1984)041%3C0981:TVOMHF%3E2.0.CO;2

Bretherton, C. S., Widmann, M., Dymnikov, V. P., Wallace, J. M., & Bladé, I. (1999). The effective number of spatial degrees of freedom of a
timevarying field. Journal of Climate, 12(7), 1990–2009. https://doi.org/10.1175/1520-0442(1999)012%3C1990:TENOSD%3E2.0.CO;2

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., et al. (2011). The ERA-Interim reanalysis: Configuration and
performance of the data assimilation system. Quarterly Journal of the Royal Meteorological Society, 137(656), 553–597. https://doi.org/
10.1002/qj.828

Duchon, C. E. (1979). Lanczos filtering in one and two dimensions. Journal of Applied Meteorology, 18(8), 1016–1022. https://doi.org/10.1175/
1520-0450(1979)018%3C1016:LFIOAT%3E2.0.CO;2

Fujinami, H., & Yasunari, T. (2004). Submonthly variability of convection and circulation over and around the Tibetan Plateau during the
boreal summer. Journal of the Meteorological Society of Japan, 82(6), 1545–1564. https://doi.org/10.2151/jmsj.82.1545

Gilman, D. L., Fuglister, F. J., & Mitchell, J. M. Jr. (1963). On the power spectrum of red noise. Journal of the Atmospheric Sciences, 20(2),
182–184. https://doi.org/10.1175/1520-0469(1963)020%3C0182:OTPSON%3E2.0.CO;2

Hu, W. T., Duan, A. M., & Li, Y. (2017). The intraseasonal oscillation of eastern Tibetan Plateau precipitation in response to the summer
Eurasian wave train. Journal of Climate, 29, 7215–7230.

Hua, W., Fan, G. Z., & Wang, B. Y. (2012). Variation of Tibetan Plateau summer monsoon and its effect on precipitation in East China
[in Chinese]. Chinese Journal of Atmospheric Sciences, 36(4), 784–794.

Huffman, G. J., Adler, R. F., Arkin, P., Chang, A., Ferraro, R., Gruber, A., et al. (1997). The Global Precipitation Climatology Project (GPCP)
combined precipitation data-sets. Bulletin of the American Meteorological Society, 78(1), 5–20. https://doi.org/10.1175/
1520-0477(1997)078%3C0005:TGPCPG%3E2.0.CO;2

Kerr, R. A. (1999). A new force in high-latitude climate. Science, 284(5412), 241–242. https://doi.org/10.1126/science.284.5412.241
Krishnamurti, T. N., & Subrahmanyam, D. (1982). The 30–50 day mode at 850 mb during MONEX. Journal of the Atmospheric Sciences, 39(9),

2088–2095. https://doi.org/10.1175/1520-0469(1982)039%3C2088:TDMAMD%3E2.0.CO;2
Li, F., & Duan, A. M. (2011). Variation of the Tibetan Plateau summer monsoon and its effect on the rainfall and the circulation in Asia—A case

study in 2008 (in Chinese). Chinese Journal of Atmospheric Sciences, 35(4), 694–706.
Li, Y. K., Sun, Z. B., & Zhang, J. J. (1991). Relationship between the 30–60 day oscillations in and around the Qinghai-Xizang Plateau during the

summer half year and the atmospheric circulation (in Chinese). Journal of Nanjing Institute of Meteorology, 14, 483–488.
Liu, F. M., & Lin, H. (1991). Relationships between the atmospheric low-frequency oscillation and the variation of the South Asian high

(in Chinese). Plateau Meteorology, 10, 61–69.
Liu, X. (1998). Influences of Qinghai-Xizang (Tibet) Plateau uplift on the atmospheric circulation, global climate and environment changes

(in Chinese). Plateau Meteorology, 18, 321–331.

10.1029/2018GL077136Geophysical Research Letters

WANG ET AL. 7763

Acknowledgments
We appreciate the Editor and two
anonymous reviewers for their com-
ments and suggestions. This work was
jointly supported by the National
Natural Science Foundation of China
(41605039, 41725018, 91337218, and
91637312) and the Natural Science
Foundation of Jiangsu Province, China
(BK20160625). We acknowledge the
ERA-Interim data, pentad-mean
precipitation data, and Arctic Oscillation
index data from the ECMWF
(http://apps.ecmwf.int/datasets/data/
interim-full-daily/levtype=sfc/), GPCP
(https://www1.ncdc.noaa.gov/pub/
data/gpcp/pentad-v2.2/data/), and CPC
(http://www.cpc.ncep.noaa.gov/pro-
ducts/precip/CWlink/daily_ao_index/
ao.shtml), respectively. The surface
meteorological precipitation at the
observational stations can be accessed
by the request for academic use from
the CMA.

https://doi.org/10.1175/1520-0469(1984)041%3C0961:HSOMHF%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1984)041%3C0981:TVOMHF%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1984)041%3C0981:TVOMHF%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C1990:TENOSD%3E2.0.CO;2
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://doi.org/10.1175/1520-0450(1979)018%3C1016:LFIOAT%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1979)018%3C1016:LFIOAT%3E2.0.CO;2
https://doi.org/10.2151/jmsj.82.1545
https://doi.org/10.1175/1520-0469(1963)020%3C0182:OTPSON%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3C0005:TGPCPG%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3C0005:TGPCPG%3E2.0.CO;2
https://doi.org/10.1126/science.284.5412.241
https://doi.org/10.1175/1520-0469(1982)039%3C2088:TDMAMD%3E2.0.CO;2
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://www1.ncdc.noaa.gov/pub/data/gpcp/pentad-v2.2/data/
https://www1.ncdc.noaa.gov/pub/data/gpcp/pentad-v2.2/data/
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml


Mao, J. Y., & Chan, J. C. L. (2005). Intraseasonal variability of the South China Sea summer monsoon. Journal of Climate, 18(13), 2388–2402.
https://doi.org/10.1175/JCLI3395.1

Nitta, T. (1983). Observational study of heat sources over the eastern Tibetan Plateau during the summer monsoon. Journal of the
Meteorological Society of Japan, 61(4), 590–605. https://doi.org/10.2151/jmsj1965.61.4_590

Pan, W. J., Mao, J. Y., & Wu, G. X. (2013). Characteristics and mechanism of the 10–20-day oscillation of spring rainfall over southern China.
Journal of Climate, 26(14), 5072–5087. https://doi.org/10.1175/JCLI-D-12-00618.1

Suo, L. L., Huang, J. Y., & Tan, B. K. (2008). The influence of winter arctic oscillation on maximum and minimum air temperature over China in
winter [in Chinese]. Journal of Tropical Meteorology, 24(2), 163–168.

Takaya, K., & Nakamura, H. (2001). A formulation of a phase-independent wave-activity flux for stationary and migratory quasigeostrophic
eddies on a zonally varying basic flow. Journal of the Atmospheric Sciences, 58(6), 608–627. https://doi.org/10.1175/1520-0469(2001)058%
3C0608:AFOAPI%3E2.0.CO;2

Tang, M. C. (1995). Discussion on inter-decade oscillation of plateau monsoon and its causes (in Chinese). Scientia Meteorologica Sinica, 15(4),
64–68.

Tang, M. C., Shen, Z., & Chen, Y. (1979). On climate characteristics of the Xizang Plateau monsoon (in Chinese). Acta Geographica Sinica, 34,
33–42.

Tang, Q. h., Zhang, X. J., & Francis, J. A. (2013). Extreme summer weather in northern mid-latitudes linked to a vanishing cryosphere.
Nature Climate Change, 4(1), 45–50. https://doi.org/10.1038/NCLIMATE2065

Thompson, D. W. J., & Wallace, J. M. (2000). Annular modes in the extratropical circulation, Part I: Month-to-month variability. Journal of
Climate, 13(5), 1000–1016. https://doi.org/10.1175/1520-0442(2000)013%3C1000:AMITEC%3E2.0.CO;2

Thompson, D. W. J., & Wallace, J. M. (2001). Regional climate impacts of the Northern Hemisphere annular mode. Science, 293(5527), 85–89.
https://doi.org/10.1126/science.1058958

Wang, C. H., Cui, Y., & Jin, S. L. (2011). Oscillation propagation features of the atmosphere around the Qinghai-Xizang Plateau during the
spring season of typical strong and weak monsoon years. Science China Earth Sciences, 54(2), 305–314. https://doi.org/10.1007/
s11430-010-4113-x

Wang, M. R., & Duan, A. M. (2015). Quasi-biweekly oscillation over the Tibetan Plateau and its link with the Asian summermonsoon. Journal of
Climate, 28(12), 4921–4940. https://doi.org/10.1175/JCLI-D-14-00658.1

Wang, M. R., Wang, J., & Duan, A. M. (2017). Propagation and mechanisms of the quasi-biweekly oscillation over the Asian summer monsoon
region. Journal of Meteorological Research, 31(2), 321–335. https://doi.org/10.1007/s13351-017-6131-5

Watanabe, M., & Kimoto, M. (2000). Atmosphere-ocean thermal coupling in the North Atlantic: A positive feedback. Quarterly Journal of the
Royal Meteorological Society, 126(570), 3343–3369. https://doi.org/10.1002/qj.49712657017

Xie, A., Ye, Q., & Chen, L. X. (1989). The atmospheric oscillations over the Tibetan Plateau and surrounding areas as revealed from OLR data
[in Chinese]. Acta Meteorologica Sinica, 47, 272–278.

Yang, J., Bao, Q., Wang, B., He, H. Z., Gao, M. N., & Gong, D. Y. (2017). Characteristics two types of transient intraseasonal oscillations in the
eastern Tibetan Plateau summer rainfall. Climate Dynamics, 48(5-6), 1749–1768. https://doi.org/10.1007/s00382-016-3170-z

Zhang, P. F., Li, G. P., Fu, X. H., Liu, Y. M., & Li, L. F. (2014). Clustering of Tibetan Plateau vortices by 10–30-day intraseasonal oscillation.
Monthly Weather Review, 142(1), 290–300. https://doi.org/10.1175/MWR-D-13-00137.1

Zhang, Y., Chen, L. X., & He, J. H. (2009). A study of the characteristics of the low-frequency circulation over the Tibetan Plateau and its
association with precipitation in the Yangtze River valley in 1998. Acta Meteorologica Sinica, 23, 175–190.

Zhou, B., He, J. H., & Xu, H. M. (2000). LFO characteristics of meteorological elements over Tibetan Plateau and the relations with regional
summer rainfall (in Chinese). Journal of Nanjing Institute of Meteorology, 23, 93–100.

10.1029/2018GL077136Geophysical Research Letters

WANG ET AL. 7764

https://doi.org/10.1175/JCLI3395.1
https://doi.org/10.2151/jmsj1965.61.4_590
https://doi.org/10.1175/JCLI-D-12-00618.1
https://doi.org/10.1175/1520-0469(2001)058%3C0608:AFOAPI%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2001)058%3C0608:AFOAPI%3E2.0.CO;2
https://doi.org/10.1038/NCLIMATE2065
https://doi.org/10.1175/1520-0442(2000)013%3C1000:AMITEC%3E2.0.CO;2
https://doi.org/10.1126/science.1058958
https://doi.org/10.1007/s11430-010-4113-x
https://doi.org/10.1007/s11430-010-4113-x
https://doi.org/10.1175/JCLI-D-14-00658.1
https://doi.org/10.1007/s13351-017-6131-5
https://doi.org/10.1002/qj.49712657017
https://doi.org/10.1007/s00382-016-3170-z
https://doi.org/10.1175/MWR-D-13-00137.1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


