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Abstract
Atmospheric circulations bring moisture from above the ocean to the high mountains of the western Tibet Plateau (TP), thus 
wind variability is of great importance to the water cycle centered on the western TP. This study therefore examines the lead-
ing modes of the wind fields over the western TP. We use the multivariate empirical orthogonal function (MV-EOF) analysis 
method to detect the dominant wind patterns above the western TP. This method extracts the leading modes of combined 
meridional and zonal wind variability at 200-hPa in the region of 22° N–50° N, 50° E–92° E. We find the first leading mode 
of the combined zonal and meridional wind field in the annual mean and in most seasons (spring, summer and autumn) over 
the western TP shows high similarity to the Western Tibetan Vortex (WTV), a large-scale atmospheric vortex-like pattern 
recently recognized over the western TP. In winter, the WTV, however, is closer to the second leading mode. We estimate 
the sensitivity of our results by changing the domain of the MV-EOF analysis region surrounding the western. We find the 
influence of the WTV is less sensitive to analysis location around the western TP. In short, the WTV generally represents 
the first leading mode of the wind field in most seasons over the western TP. This study augments our knowledge on wind 
variability over the western TP.
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1 Introduction

The western Tibetan Plateau (TP, to the west of ~ 90° E) is 
a giant topography standing high in the middle latitudes, 
facing into the moist Subtropical Westerly Jet (SMJ) which 
screams across from the Atlantic Ocean, and the humid mon-
soonal circulations traveling from the Indian Ocean (Barlow 
et al. 2007; Du et al. 2016; Liu and Yanai 2001; Randel and 
Park 2006; Yeh et al. 1958). The rivers originating from the 
western TP supply millions of people in the mid-west and 
mid-south Asian countries (Lu et al. 2005; Xu et al. 2008). 
Because the atmospheric circulation is the only medium to 
bring moisture from above the ocean to the high mountains 
of the western TP, wind variability is of great importance 
to the hydrological cycle centered on the western TP (Hren 
et al. 2009; Tian et al. 2007; Wei et al. 2017).

The earliest interest on wind variability over the west-
ern TP may be traced back to the 1950s. Yeh (1950) docu-
mented the principal feature as the existence of two belts of 
maximum westerlies, one flowing around the southern and 
the other around the northern edge of the TP. Gu (1951) 
consequently reported that the two belts of westerlies split 
by the western TP are merged into one strong westerly jet 
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at the downstream of the TP, which seriously impacts the 
East Asian Climates. Recently, increasing interest in wind 
variability over the western TP has been invoked due to stud-
ies relevant to the “Karakoram Anomaly”. The “Karako-
ram Anomaly” was firstly proposed by Hewitt (2005), and 
refers to the slowdown of glacier melt over the central part 
of the western TP, the Karakoram, with global warming, 
showing a strong contrast to the accelerating glacier melt 
over the eastern TP and other parts of the world (Hewitt 
2005). A couple of recent studies have tried to explain the 
“Karakoram Anomaly” in view of the wind or circulation 
variability above the western TP. For example, Yao et al. 
(2012) proposed that the main cause is probably decreasing 
(increasing) precipitation in the Himalayas (eastern) Pamir 
regions, which results from changes in two different atmos-
pheric circulation patterns; that is, the weakening Indian 
monsoon and strengthened westerlies. Later, a large-scale 
vortex-like pattern with a deep or quasi-barotropic struc-
ture in its year-to-year atmospheric variability, termed the 
“Karakoram Vortex” (KV) or the “Western Tibetan Vortex” 
(WTV), was recognized over the western TP (Forsythe et al. 
2017; Li et al. 2018; hereafter, collectively cited as FL1718). 
Forsythe et al. (2017) then proposed that the WTV seriously 
impacts (Li et al. 2021, 2019) the near surface air tempera-
ture over the western TP in summer, the melting season of 
Karakoram glaciers, which partly explains the “Karakoram 
Anomaly”. Mölg et al. (2017) then proposed that a south-
ward shift of the upper-tropospheric westerlies contributes 
significantly to a west–east (cold–warm) dipole in summer 
near-surface temperature anomalies across High Asia in the 
core monsoon season (July–September) by using the Global 
Wave Train Index (CGT) index, which is consistent with the 
patterns linked to the WTV (FL1718).

Specially, the WTV refers to an anomalous large-scale 
vortex-like variability with quasi-barotropic structure pre-
vailing over the western TP in all four seasons, spanning 
3–4 times the west–east breadth of the Indian Peninsula 
(FL1718). Its intensity is measured by the Karakoram Zonal 
Index (KZI) (FL1718): positive (negative) KZI values indi-
cate an anomalous anti-cyclonic (cyclonic) WTV, which are 
associated with higher (lower) pressure, warmer (cooler) 
temperature over the mid-lower troposphere (for example, 
at the 500 hPa level) and anomalous sinking (rising) motions 
over the central western TP. The WTV provides the domi-
nant driver of circulation variability over the western TP as it 
can explain over 50% variance of the western TP circulation 
on multiple levels throughout the troposphere in most sea-
sons except for in winter (Li et al. 2018). The WTV impacts 
the near surface air temperature over the western TP through 
both adiabatic heating (Li et al. 2019) and by modulating 
cloudiness and thus surface net radiation (Li et al. 2021).

To search for major patterns or “dynamic modes” (Wal-
lace 2000) of circulation variability, empirical orthogonal 

functions (EOF)/principal component analysis (PCA) and 
the multivariate EOF (MV-EOF) analysis have been widely 
used as the key tools (e.g., Barnston and Livezey 1987; 
Cohen and Saito 2002; Monahan and Adam 1998; Tren-
berth and Paolino 1981; Wang 1992). Lorenz (1956) firstly 
applied EOF analysis to the meteorological element field, 
and found only the first 8 components (of the 64 princi-
pal components) can describe 91% of the total variance of 
the station sea level pressure (SLP) field over the United 
States. EOFs have been used as a key tool in recognizing tel-
econnction patterns, such as the Southern Oscillation (SO) 
(Walker 1928; Kidson 1975), the North Atlantic Oscilla-
tion (NAO) (Thompson and Wallace 1998; Thompson and 
Wallace 2000; Walker 1928; Walker and Bliss 1932) the 
Northern Annular and Southern Hemisphere Mode (NAM/
SAM) (Gong and Wang 1999; Thompson and Wallace 2000; 
Thompson and Wallace 1998), the Silk Road Pattern (SRP) 
(Enomoto et al. 2003; Lu et al. 2002; Yu et al. 2009), the 
Pacific–Japan (PJ) pattern (Kosaka and Nakamura 2010; 
Kosaka et al. 2011; Li et al. 2014; Nitta 1987; Sun et al. 
2010), the Pacific–North American (PNA) (Barnston and 
Livezey 1987; Feldstein 2000; Wallace and Gutzler 1981), 
and even the Madden–Julian Oscillation (MJO) (Lau and 
Chan 1985; Madden and Julian 1971; Maloney and Hart-
mann 1998; Wang et al. 2014; Wheeler and Hendon 2004). 
By using MV-EOF analysis, Wang (1992) extracted the 
vertical structure of ENSO abnormal modes from the com-
bined seven fields (i.e. SST, convection, surface wind field 
and OLR, etc.) and studied the phase evolution of ENSO. 
Kim and Ha (2015) documented that the anthropogenic 
and natural modes were separated well by using the MV-
EOF to synthesize the dynamic and thermodynamic factors 
including precipitation, SST, and convergence of the vertical 
integrated moisture flux. In short, the MV-EOF method has 
been widely used to extract dominant modes of combined 
atmospheric fields (Hui et al. 2013; Jong-Yeon et al. 2010; 
Kar et al. 2002; Sohn and Tam 2011).

Over High Asia and the entire TP region, Mölg et al. 
(2017) studied the leading modes of tropospheric variability 
by separately imposing both the EOF and REOF methods 
on signal variable fields of geopotential thickness, specific 
humidity, meridional, and zonal wind, then reported a num-
ber of patterns co-varying with the westerlies. However, the 
western TP has quite different mechanic and thermodynamic 
features than the eastern TP (e.g., Gu 1951; Wu et al. 2015; 
Yeh 1950), and the leading modes of multiple wind fields 
(i.e. the combined zonal and meridional) over the western 
TP are still unclear. In particular, Li et al. (2018) found that 
intensity changes of the WTV are significantly correlated 
with the tropospheric temperature and geopotential height 
(HGT) over the western TP. According to the covariation of 
the temporal variability, Li et al. (2018) documented that 
the WTV can explain more than 50% of temperature and 
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HGT changes on multiple levels centered at 65° N in all 
four seasons except for the winter. A relevant question thus 
arising is whether the WTV is the leading modes of the wind 
variability over the western TP. Motivated by this, this study 
applied MV-EOF analysis on the combined meridional and 
zonal wind field to investigate the leading modes of atmos-
pheric circulation over the western TP.

The remainder of the paper is arranged as follows. Sec-
tion 2 introduces the data and methods. Section 3 analyzes 
the leading modes of the combined meridional and zonal 
wind field over the western TP. Section 4 examines the 
leading modes of the combined meridional and zonal wind 
field over neighboring areas surrounding the western TP. 
Section 5 summarizes the key findings and provides the 
discussions.

2  Data and methods

2.1  Data

The monthly mean atmospheric reanalysis data used in this 
study is the European Centre for Medium-range Weather 
Forecasts Reanalysis ERA-Interim (De Dee et al. 2011), 
because it has a good performance over the western TP 
among a couple of reanalysis datasets (Forsythe et al. 2017) 
and it is also convenient to be compared with previous stud-
ies using the same datasets (FL1718). Its spatial resolution 
is 0.75◦ × 0.75◦ (latitude and longitude) and it has 26 levels 
in the vertical direction. We focus on the 1979–2016 period. 
The variables used include the zonal wind velocity (U, m 
s−1 ), the meridional wind velocity (V, m s−1 ) and geopoten-
tial height (HGT, m2s−2 or gpm).

The Karakoram Zonal Index (KZI) is the intensity index 
of the WTV, defined as the standardized anomalous zonal 
wind gradient around the Karakoram (FL1718). In this 
study, the KZI is calculated according to the method in Li 
et al. (2018). The seasonal mean is defined as the average 
of March–April–May (MAM); December–January–Febru-
ary (DJF), and so on. Note that the winter average in year 
n is defined as December in year n and January–February 
in year n + 1.

2.2  Multi‑variable empirical orthogonal function 
(MV‑EOF) analysis method

MV-EOF analysis is employed in this study, which was 
introduced by Wang (1992). The MV-EOF method is the 
same as the conventional EOF method, except the MV-EOF 
decomposes a combined field of two or more variables, 
while the conventional EOF decomposes only a single vari-
able field. In other words, the MV-EOF is the conventional 
EOF of combined fields. The MV-EOF method enables a 

more efficient compaction of multifield data and extracts 
dominant patterns in the spatial phase relationships among 
various meteorological fields of the derived EOF (Wang 
1992).

Here, we apply the MV-EOF analysis on the combined 
meridional and zonal wind anomaly at the 200 hPa level to 
analyze the main circulation modes in four seasons and for 
the annual mean. The anomaly is defined as the departure 
against the climatology that is calculated as the climato-
logical mean in the period of 1979–2016. The MV-EOF 
is applied at the 200-hPa isobaric level, the same level for 
which the KZI is defined. The MV-EOF of the combined 
variable fields is then decomposed into the corresponding 
time and space functions. The space function is the space 
type or mode, and the time function is the time coefficient 
or principal component corresponding to the mode (Wang 
1992).

We mainly show results of applying the MV-EOF in the 
region of 22° N–50° N, 50° E–92° E (centered at 36° N, 
71° E), centered on the main body of the WTV. We find 
the MV-EOF results are relatively stable and don’t change 
dramatically if the analysis region is made slightly bigger or 
smaller after a series of sensitivity tests, providing that the 
MV-EOF analysis areas are centered at 36° N, 75° E (central 
location of the western TP) within the range of 0° N–70° N 
and 30° E–120° E (results not shown). Because the hori-
zontal spatial pattern of the WTV is presented at 500 hPa 
in previous studies as the correlations between the KZI and 
the circulation fields (FL1718), we hereby also calculate the 
spatial patterns of the MV-EOF as the correlations between 
the PCs and the circulation fields at the same level (500 hPa) 
for better comparison.

For convenience, the spatial pattern of the first (second or 
third) MV-EOF mode is denoted as the EOF1 (EOF2, EOF3) 
and its according time series is denoted as the PC1 (PC2 or 
PC3). The Pearson correlation coefficient between the stand-
ardized PC1 (PC2 or PC3) and the KZI is used to quantify 
the relationship between the EOF1 (EOF2 or EOF3) and the 
WTV. Then, we compare the circulation patterns associated 
with the PC1 (PC2 or PC3) to that associated with the KZI. 
The spatial correlation coefficient is calculated to represent 
the similarity between the two spatial patterns (U, V and 
HGT).

North’s rule of thumb is used to test the significance of 
the MV-EOF (North et al. 1982). Student-t test is used to test 
the significance of the Pearson correlation coefficient and 
spatial correlation coefficient after considering the efficient 
number of degrees of freedom ( Nedof  ) (Li et al. 2013; Zar 
1984). The Nedof  can be given by the theoretical approxima-
tion: Nedof =

N

1+2
∑N

i=1

N−i

N
RXX (i)RYY (i)

 , N is the number of data 

points, RXX(i) and RYY (i) are the autocorrelations of two sam-
pled time series (i = 1, …, N) (Li et al. 2013; Zar 1984).
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3  The leading modes of WTV in four seasons 
and the annual mean

According to North’s rule of thumb, the first three leading 
MV-EOF modes are significantly separated in all four sea-
sons and the annual mean, demonstrating the uniqueness 
of these modes. As shown in Fig. 1 and Table 1, the first 
leading mode in all seasons explain over 30% of total vari-
ance, and the explained portion is 33.55% in annual mean. 
In summer, EOF1 explains 45.78% (nearly half) of the total 
variance, which is the highest among the four seasons; 
while, in winter, the explained variance of the EOF1 is the 
lowest. In all seasons and for the annual mean, the first two 
leading modes explain over half of the total variance, sug-
gesting the majority of the variability of the wind field over 
the western TP is represented well by its first two leading 
MV-EOF modes.

3.1  Annual mean

Comparing the first leading mode (i.e. EOF1) with the 
WTV, we see significant similarities in spatial patterns 
between them in the annual mean. To conduct a fairer com-
parison, the spatial pattern of both the EOF1 and the WTV 
are represented by the correlation pattern of the PC1 and 
the KZI with the circulations (horizontal wind and HGT) 
on the 500 hPa isobaric surface. The horizontal feature of 
the WTV is usually studied at the 500 hPa level, and it is 
found to be a pattern in all four seasons and in the annual 
mean (FL1718). As shown in Fig. 2, the common feature 
of the atmospheric circulation pattern of the EOF1 and the 
WTV in the annual mean is: an anticyclonic (cyclonic) wind 

Fig. 1  Robustness of the MV-EOF analysis (or the EOF analysis of 
the combined zonal and meridional wind fields). Represented by the 
explained variance of the first three MV-EOF modes, the error bars 
are the result from the North et  al. (1982) rule. Red, yellow, blue, 
green and black color is respectively for spring, summer, autumn, 
winter, and annual mean

Table 1  Explained variance (%) of the first three leading MV-EOF 
modes

Annual mean MAM JJA SON DJF

EOF1 33.55 32.99 45.78 38.61 31.95
EOF2 21.23 21.73 16.08 16.95 20.05
EOF3 12.04 12.41 13.24 13.98 15.97

Fig. 2  Spatial patterns of a the EOF1 of the combined horizontal 
wind field and b the WTV for annual mean, which is respectively 
represented by the correlation coefficients of a the standardized PC1 
and b the KZI with the horizontal wind (vectors) and the geopoten-
tial height (color shading) at 500 hpa. Only the correlations signifi-
cant at 0.05 level after taking account of the efficient numbers of 

degrees of freedom are color-shading (Li et  al. 2013; Zar 1984); a 
significant vector denotes either one of its components is significant. 
The upper right corner is the correlation length scale. The black solid 
line denotes the topography above 1500 m, the green rectangle in left 
panel a denotes the area selected for MV-EOF, and the green rectan-
gles in right panel b are two areas used to calculate the KZI
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circulation structure associated with the positive (negative) 
HGT anomalies centered at the western TP. Visually, there 
is very limited distinction between the spatial patterns of the 
EOF1 and the WTV. This can be verified well by the high 
spatial correlations between them, which reaches 0.91 (also 
see Table 2). This is also proven well by their highly covari-
ant evolutions in the time series as shown in Fig. 3.

The above result in the annual mean suggests that the 
WTV generally represents the first leading mode of the wind 
variability over the western TP. Therefore, we now study the 
leading modes and their connections with the WTV in all 
four seasons in the following two sections.

3.2  Spring, summer, and autumn

In spring, summer, and autumn, we find the first leading 
mode (i.e. EOF1) of the wind field over the western TP is 
highly similar to the WTV.

Comparing the first leading mode (i.e. EOF1) with the 
WTV in spring, summer, and autumn, we see significant 
similarities in spatial patterns between them. Shown as 
Fig. 4a–c vs e–g), the anticyclonic (cyclonic) wind circula-
tion structure associated with the positive (negative) HGT 
anomalies centered at the western TP are similar between 
spatial patterns of the EOF1 and the WTV in each season. 
This is verified well by the high spatial correlations between 
them shown in Table 2. The spatial correlation of zonal 
wind, meridional wind and HGT reaches as high as 0.89 
except in summer. In summer, the spatial correlations of the 
EOF1 and the WTV in zonal wind, meridional wind and 
HGT are relatively lower, but still reach 0.87, 0.77 and 0.71, 
respectively, significant at the 0.05 level after considering 
the efficient numbers of degrees of freedom(Nedof  ) (Li et al. 
2013; Zar 1984).

Accordingly, the temporal variability of the EOF1 and 
the WTV are also highly correlated to each other in spring, 
summer, and autumn. The Person correlation coefficients 
between PC1 and KZI respectively reach 0.88, 0.72 and 0.90 
in spring, summer, and autumn, all significant at the 0.05 

level after considering the efficient numbers of degrees of 
freedom. The covariant evolution between the PC1 and the 
KZI in these seasons are also proved well in Fig. 5a–c. In 
short, the WTV mainly represents the first leading mode of 
the wind variability over the western TP in spring, summer, 
and autumn.

3.3  Winter

In winter, however, it is the EOF2 that shows the high-
est similarity with the WTV among the first three leading 
modes. As shown in Fig. 4d, the second mode (EOF2) shows 
a wider horizontal structure in the HGT field, covering the 
entire Tibetan Plateau, with its associated wind pattern dom-
inated by zonal wind variability. This is basically a similar 
spatial pattern to the wintertime WTV, shown as their spatial 
correlation respectively reaches 0.97, 0.82 and 0.93 in the 
zonal wind, meridional wind, and HGT fields (Table S1). 
The temporal evolutions of EOF2 and the WTV are highly 
covariant (Fig. 5d), as evidenced by the Pearson correlation 
between PC2 and the KZI in winter reaching as high as 0.94. 
In contrast, wintertime EOF1 and EOF3 show very limited 
similarity to the WTV; Table S1 and Figure S2 show the 

Table 2  Similarities between the temporal variability and spatial structure of the EOFs of the combined horizontal winds at 200 hPa level and 
the WTV in the period of 1979–2016

As the horizontal spatial pattern of the WTV was originally given at the 500 hPa level in FL1718, here we thereby calculate all the spatial cor-
relations between the spatial patterns of the WTV and the EOFs on the 500 hPa for better comparisons. The spatial pattern of EOF (WTV) is 
defined as the Pearson correlation pattern between the PC1/PC2 (KZI) and the horizontal wind (U and V) or HGT field at the 500 hPa. All cor-
relation coefficients significant at 0.05 level after taking account of the efficient numbers of degrees of freedom are color-shaded (Li et al. 2013; 
Zar 1984)

MAM JJA SON DJF Annual mean

The Pearson correlation coefficient between PC1 and KZI (DJF, PC2) 0.88 0.72 0.90 0.94 0.91
The spatial correlation coefficient of U between two spatial patterns 0.95 0.87 0.92 0.97 0.97
The spatial correlation coefficient of V between two spatial patterns 0.88 0.77 0.90 0.82 0.92
The spatial correlation coefficient of HGT between two spatial patterns 0.90 0.71 0.92 0.93 0.95

Fig. 3  PC1 (red curve) of the combined horizontal wind field and 
KZI index (blue curve) in annual mean in the period of the 1979–
2016. R represents the correlation coefficient between PC1 and KZI
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temporal correlations of the KZI with PC1 and PC3 are only 
0.25 and 0.03, which are not statistically significant. The 
spatial similarities of the WTV with EOF1 and EOF3 (Fig-
ure S1) are also low, although the U wind field of EOF1 and 
the V wind field of EOF3 show some similarities. So, the 
WTV mainly represents EOF2 in winter. This is consistent 
with Li et al. (2018) who documented that WTV variability 
explains more variance in spring, summer and autumn but 
explains less variance in winter.

Although WTV only represents EOF2 in winter, it still 
shows the best similarity with EOF1 among the first three 
leading EOFs in the annual mean, spring, summer, and 
autumn. We thereby conclude that the WTV generally rep-
resents the EOF1 of the combined horizontal wind field in 
the annual mean and in most seasons.

We also note that the seasonal changes of the WTV’s 
spatial pattern are depicted well by the MV-EOF modes. The 
spatial pattern of the WTV (represented by EOF1) shrinks 
and reaches its smallest extent in summer, but extends to its 
biggest east–west size in winter (represented by EOF2). Its 
central location is at the north of the western TP in summer, 
but moves to the south of the western TP in other seasons. 
Besides, the wind field shows as a rounder vortex structure 
in the spring season, but shows a less round structure in 
the winter season. In addition, EOF1 explains the highest 
variance of the wind variability, i.e. 45.78%, in summer, 
suggesting the summertime WTV dominates the wind vari-
ability over the western TP. In contrast, the wintertime WTV 
explains the least variance of the wind variability among the 
four seasons, as the explained variance of EOF2 only reaches 
21.23%, although it is still a considerable portion.

4  Apply MV‑EOF in different areas 
around western TP

According to the above results, the WTV is represented well 
by the leading modes of the wind field over the western 
TP at the box area 22° N–50° N, 50° E–92° E (centered 
at 36° N, 71° E). The MV-EOF or the EOF is a nonlinear 

method (e.g., Storch and Zwiers 2000) independent of the 
original linear method of recognizing the WTV, i.e. the KZI 
(FL1817). In other words, the WTV can be recognized by 
two independent methods over the western TP. A natural 
hypothesis which then arises is that the WTV is an inherent 
circulation mode tied up closely with the western TP.

To test the robustness of the hypothesis, we move the 
checking box area for the regional analysis with its central 
location slightly out of the central western TP (but is still 
surrounding the western TP) and recalculate the MV-EOF 
modes to examine whether the WTV pattern represented 
by the EOF1 at the central western TP will also move with 
the checking box area or not. To do this, we chose the area 
22° N–50° N, 50° E–92° E (centered at 36° N, 71° E) as the 
central box area (the same area as in the previous sections, 
denoted by the green box at the panel with the cross of the 
horizontal and vertical dashed lines in Fig. 6), then move 
the box area 5° per test toward four directions surrounding 
the central box area and re-check the EOF1s. If the WTV 
pattern represented by the EOF1s in the central western TP 
is also moving out with the checking box areas, we would 
conclude that the WTV presented in the previous section is 
not likely an unique mode, and exists anywhere around and 
over the TP; otherwise, we suggest that the WTV pattern is 
an inherent mode physically tied up with the western TP.

4.1  Relatively stable WTV‑like patterns 
along the same latitudes

To begin with, we find the spatial pattern of the EOF1 does 
not change dramatically when the checking box areas are 
moved east- or west-ward along a fixed latitude (i.e., the 
central location of the checking box along 26° N, 31° N, 36° 
N, 41° N and 46° N) at each column of Fig. 6. For example, 
the central column in Fig. 6 (column No. 3) is moved along 
36° N, the same latitude of the checking area in Fig. 2a. All 
panels in the central column show an anticyclonic (cyclonic) 
pattern that is nearly fixed at the same location with little 
change, except parts of the pattern fade or distort gradually 
at the far ends as the checking areas are moved away from 
the western TP. The MV-EOF patterns of these checking 
areas along 36° N are highly similar to the WTV pattern 
presented in Fig. 2a, b. In other words, the first leading mode 
does not change much over the box areas moving 10° west- 
or east-ward of 71° E along the latitude of 36° N. Similarly, 
the spatial patterns of the leading mode are also similar to 
each other when the central location of the checking areas 
are moved along other latitudes (i.e. 26° N, 31° N, 41° N and 
46° N, as shown as other columns in Fig. 6). So, the WTV-
like pattern over the western TP represented by the EOF1 is 
relatively stable without dramatically position shifting dur-
ing the east- or west-ward moment of the checking areas 
along the same latitudes.

Fig. 4  Spatial patterns of the EOF1 (left column, a–c), EOF2 (left 
column, d) and the WTV (right column, e–h) respectively repre-
sented by the correlation coefficients of the standardized PC1 (a–c), 
PC2 (d), KZI (e–g) with the horizontal wind (vectors) and the geo-
potential height (color shading) at 500 hpa. a, e For spring (MAM), 
b, f are for summer (JJA), c, g are for autumn (SON), d, h are for 
winter. Only the correlations significant at 0.05 level after taking 
account of the efficient numbers of degrees of freedom are color-
shaded (Li et al. 2013; Zar 1984); a significant vector denotes either 
one of its components is significant. The upper right corner is the 
correlation length scale. The black solid line denotes the topography 
above 1500  m, the green rectangles in left column a–d denote the 
area selected for MV-EOF and in right column e–h are two areas used 
to calculate the KZI

◂
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4.2  Greater changes of the WTV‑like patterns 
crossing the latitudes

Then, by comparing different columns in Fig. 6, we see the 
spatial patterns show greater changes between columns to 
the south (along 26° N and 31° N) and to the north (along 
41° N and 46° N) of the central box area (along 36° N, col-
umn No. 3). The spatial patterns of the left two columns (i.e. 
column No. 1 and 2, respectively along 26° N and 31° N) 
in Fig. 6 show more signals from the tropics at around 10° 
N, where there are signifcant negative correlations between 
PC1 and the HGT accompanied with significant easterly 
correlation vectors (between PC1 and wind). Similarly, the 
spatial patterns of the right two columns (i.e. column no. 4 
and 5, respectively along 41° N and 46° N) in Fig. 6 show 
more signals from the high latitudes centered at 55° N, 50° 
E to the northwest of the western TP. So, the WTV-like patt-
tern represented by EOF1 involves significant tropical (high 
latitude) signals when the check box area is moved along the 
latitudes to the south (north) of the central check box area.

This is consistent with previous studies that have already 
documented that the WTV shows significant correlations 
with high latitude large-scale atmospheric patterns such 
as the North Atlantic Oscillation (NAO) and with tropical 
variability such as the El Niño/Southern Oscillation (ENSO) 

(Forsythe et al. 2017), and the WTV is interacting with the 
westerly jet stream and the South Asian monsoon (FL1718). 
Therefore, the WTV-like patterns extracted from the check-
ing box areas along latitudes apart from 36°N basically 
reflect more of the connections between the WTV and the 
neighboring circulations from the tropics and high latitudes.

4.3  WTV‑like patterns along 36° N show better 
similarity to the WTV and better independence 
to the surroundings

We find the WTV-like patterns along a latitude of 36°N 
show the best temporal and spatial similarity to the WTV 
among the EOF1s along all latitudes. We quantify their tem-
poral and spatial similarities by calculating temporal and 
spatial correlations beween EOF1 at each checking box area 
and the WTV in Fig. 7. As shown in Fig. 7a, the temporal 
correlation between PC1 and the KZI are very high along a 
latitude of 36° N, reaching above 0.9, significant at the 0.05 
level after taking account of the efficient numbers of degrees 
of freedom (Li et al. 2013; Zar 1984). And the temporal cor-
relations drop at latitudes north and south of 36° N. A simi-
lar feature occurs in the spatial correlations of zonal wind 
(Fig. 7b), meridional wind (Fig. 7c) and HGT (Fig. 7d). 
In addition, the temporal and spatial correlations between 

Fig. 5  PC1 and KZI index a MAM, b JJA, c SON, d DJF (PC2) during the period of the 1979–2016. R represents the correlation coefficient 
between PC1 and KZI
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EOF1 and the WTV seems to drop faster when the check-
ing areas are moved to the north than to the south except for 
the meridional wind field. For example, these spatial and 
temporal correlations drop dramatically when the latitude 
exceeds 41° N in Fig. 7a, b, d. This seems reasonable as the 
check box areas along 36° N have the shortest latitudinal 
distance to the central checking box area.

Besides, it should be noted that the WTV-like patterns 
represented by the EOF1 of the combined horizontal wind 
fields along the latitude of 36° N show more independence 
to the tropical and the high latitudinal signals. As shown as 
the central column in Fig. 6, when the checking box area is 
moved eastward or westward along the latitude of 36° N, 
the spatial patterns of EOF1s involve much fewer significant 
signals from either the high-latitudes or the tropics than the 
EOF1s of the checking box areas at the same longitudes 

along other latitudes. It suggests the existence of the WTV 
depends little on the existence of or the impacts from the 
neighboring tropical or high latitudinal circulations.

In short, the WTV-like patterns found using the MV-EOF 
method along the latitude of 36° N show better similarity to 
the WTV, which is also more independent to the neighboring 
tropical and high latitude circulation variabilities.

4.4  The WTV is tied up in location with the western 
TP

When the same checking box area is moved 5° per step 
toward four directions surrounding the central western TP, 
the horizontal wind data in the MV-EOF analysis changes 
per step. It is thereby reasonable for us to see that the 
WTV-like pattern represented by EOF1 changes a bit, as 

Fig. 6  Spatial patterns of the first leading mode of the wind field over 
the western TP and its surrounding areas, represented by correlations 
of the normalized PC1 with the horizontal wind (vectors) and the 
HGT (color shading) on 500 hPa level. Green rectangle denotes the 
MV-EOF decomposing area, whose center location is denoted by the 
green triangle and the right bottom label at each panel. The area of 
each green rectangle is as same as 22° N–50° N, 50° E–92° E (center-

ing at 36° N, 71° E, dented by the black bold dot), except its location 
is moved 5° or 10° surrounding it. The horizontal and vertical refer-
ence lines (black dashed line) are the latitude of 36° N and the lon-
gitude of 71° E, respectively, which are crossed at the above central 
panel. The color shading and vectors are all significant at 0.05 level, 
same as Fig. 4
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shown in Fig. 6. As presented in the previous sections, the 
change is greater when the checking box area is moved 
latitudinally rather than longitudinally.

However, we emphsize that nearly all the vortex-like pat-
terns over the western TP found by the leading MV-EOF 
modes in Fig. 6 show similar position and pattern to the 

Fig. 7  The raster of similarity between the first leading MV-EOF 
mode with the WTV at each checking box area in annual mean pre-
sented in Fig. 6. a The temporal correlation between the PC1 and the 
KZI, b–d spatial correlations between the b zonal wind, c meridional 
wind and d HGT of the EOF1 pattern with the WTV pattern. The 

abscissa (vertical) axis denotes the latitudes (longitudes) of the cen-
tral location of the checking box area. Color bar denotes the scale of 
correlation coefficients. The horizontal and vertical black reference 
lines (black dashed line) are the latitude of 36° N and the longitude of 
71° E, respectively
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WTV. In addition, although the EOF or the MV-EOF analy-
sis is supposed to be impacted by shape and sizes of the 
analysis area (e.g., von Storch and Zwiers 1999), we still find 
the WTV-like pattern changes little (figures not shown) if 
we choose a box area slightly bigger or smaller than the cur-
rently used central box area of 22° N–50° N, 50° E–92° E, 
providing that the center of the checking box area is located 
at the central area of the western TP. Therefore, we conclude 
that the WTV pattern is a circulation mode physically tied 
up with the topography of the western TP, which can be rec-
ognized by either the KZI or the MV-EOF of the combined 
horizontal wind fields over the western TP.

5  Conclusions and discussions

This study explores the major modes of the horizontal wind 
field over the western TP by using the MV-EOF method. 
We find the first leading mode in the annual mean and in 
most seasons are highly like the WTV, a large-scale deep 
circulation pattern recognized by FL1718. In winter, it is the 
second leading mode of the combined horizontal wind field 
that is very similar to the WTV. The WTV was originally 
recognized (FL1718) by using a standardized zonal wind 
shear index, namely the KZI (Forsythe et al. 2017); positive 
(negative) KZI values indicate an anomalous anti-cyclonic 
(cyclonic) circulation above the western TP. The leading 
modes of the horizontal wind field over the western TP pre-
sented in this study show limited differences with the WTV 
in both their temporal variability and spatial structure. Here, 
we thereby conclude that the WTV represents the leading 
mode of the horizontal wind field over the western TP in 
most seasons and in the annual mean. This is consistent with 
the previous study of Li et al. (2018), which analyzed the 
temporal variabilities of the WTV and meridionally-aver-
aged circulations over the western TP, and documented that 
the WTV can explain over half of the variability in near 
surface air temperature (500 hPa) and upper-troposphere 
(250 hPa) HGT over the WTP in most seasons and in the 
annual mean, but explains less variance in winter season.

Apart from the MV-EOF of the combined horizontal 
wind fields, we have also applied conventional EOF to 
single meteorological variables at the same box checking 
area, including the zonal wind (U), meridional wind (V), 
geopotential height (HGT). We find the EOF modes of V 
or HGT generally show very low spatial and temporal sim-
ilarities to the WTV (figures not shown). In contrast, the 
EOF1 of the U shows very high similarity to the WTV in 
both temporal and spatial variability in all seasons and in the 
annual mean, as shown in Figure S4–S7 and Table S2. But, 
the first two EOFs of U in winter do not pass the significance 
test according to North’s rule of thumb (North et al. 1982). 
Therefore, the leading mode of the conventional EOF of 

the zonal wind in most seasons and in the annual mean also 
represents the WTV except for in winter, and there is no 
significant EOF mode of U similar to the WTV in winter. It 
seems that the WTV represents more the zonal wind vari-
ability than the meridional wind variability over the western 
TP in most seasons and in the annual mean.

Moreover, we find the WTV pattern is an inherent mode 
tied up closely with the western TP. This is mainly supported 
by two proofs: (1) the identification of the WTV over the 
western TP is independent of the choice of the methods, both 
the KZI (the zonal wind gradient index) and the MV-EOFs 
of the combined horizontal wind fields over the western TP 
can recognize the WTV; (2) For the MV-EOF methods, no 
matter if we choose a box area slightly bigger or smaller 
than the currently used central box area of 22° N–50° N, 
50° E–92° E, or move the checking box area out towards 
four directions over the surrounding areas of the western 
TP, we can still obtain WTV-like patterns with relatively 
fixed location and structure, although the features of the 
WTV-like patterns fade or distort against the WTV with 
an increase in distance between the check box area and the 
central western TP.

We notice that EOF1 in summer explains nearly half of 
the total variance of the wind field, the explained variance 
reaches 45.78%, which is much higher than the leading 
modes in other seasons and in the annual mean. It suggests 
the wind variability of the western TP in summer is more 
concentrated on EOF1. However, the similarity between 
the first leading mode of the wind field and the WTV rep-
resented by the KZI in summer is relatively lower than in 
other seasons and in the annual mean. Because the sum-
mertime PC1 represents a stronger anticyclonic (cyclonic) 
structure than does the KZI (Fig. 4b vs f), two relevant ques-
tions arise: what causes the KZI to capture less anticyclonic 
(cyclonic) wind variability in summer than in other seasons 
over the western TP? What causes the wind variability of the 
western TP in summer to be more concentrated on EOF1? 
These deserve further investigation but are out of the scope 
of this study.
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