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Abstract
The linkages between upper-level westerly jet streams and snow depth over the Tibetan Plateau (TP) in winter (from Novem-
ber to the following April) were investigated for the period 1979–2014 using satellite-borne passive microwave retrievals 
of snow depth data and ERA-Interim reanalysis data. Anomalies in atmospheric circulation, temperature, and precipitation 
corresponding to variation in westerly jets were examined to find the causes of variation in snow depth over the TP, using 
singular value decomposition, composite analysis and dynamical diagnosis. Results show that variation in intensity and 
meridional shifts of westerly jets, with particular attention to the North Tibetan Plateau jet (NTPJ) and the South Tibetan 
Plateau jet (STPJ), significantly influence the interannual variation of snow depth over the TP in late winter (February–April). 
For the conjunction of intense STPJ and weak NTPJ, an anomalous cold low-pressure vortex is observed over the TP. The 
vortex extends across the TP and spans from the ground surface to the upper troposphere. There is anomalous ascending 
motion above the TP due to secondary circulations immediately south and north of STPJ, with increased moisture flux from 
the southwest. These circulation structures cause significant cooling and increased precipitation, thus promoting snowfall 
and snow accumulation. Temperature is a more important influence than precipitation on snow accumulation. Cooling over 
the TP is caused by cold temperature advection due to intensely cold air and weakened descending adiabatic heating due 
to anomalous ascending motion. Local moisture is reduced, and anomalous ascending moisture advection leads to more 
net precipitation and snowfall over the TP.
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Abbreviations
TP  Tibetan Plateau
SMMR  Scanning multichannel microwave radiometer
SSM/I  Special sensor microwave/imager
MODIS  Meteorological observation and moderate reso-

lution imaging spectroadiometer
NAO  North Atlantic oscillation
AO  Arctic oscillation

AOI  Arctic Oscillation Index
IOD  Indian Ocean Dipole
ENSO  El Niño–southern oscillation
SST  Sea surface temperature
SVD  Singular value decomposition
SDI  Snow depth index
JOF  Jet occurrence frequency
HWS  Horizontal wind speed
STPJ  South Tibetan Plateau jet
NTPJ  North Tibetan Plateau jet

1 Introduction

Tibetan Plateau (TP), known as the third pole, is located 
in the midlatitudes. TP covers an area of 2,400,000 km2 at 
an average elevation > 4000 m, which gives it a lower aver-
age temperature than most other places at the same latitude 
(Qiu 2008). TP is sensitive to global climate change and is 
recognized as the early warning system of climate change 

 * Qinglong You 
 yqingl@126.com

1 Key Laboratory of Meteorological Disaster, Ministry 
of Education (KLME)/Joint International Research 
Laboratory of Climate and Environmental Change (ILCEC), 
Collaborative Innovation Center on Forecast and Evaluation 
of Meteorological Disasters (CIC-FEMD)/Earth System 
Modeling Center, Nanjing University of Information Science 
and Technology (NUIST), Nanjing 210044, China

2 Department of Atmospheric and Oceanic Sciences, 
Institute of Atmospheric Sciences, Fudan University, 
Shanghai 200438, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-018-4589-1&domain=pdf


 Y. Bao, Q. You 

1 3

(Kang et al. 2010; Pepin et al. 2015). Due to its extensive 
high topography, the dynamic and thermodynamic effects 
of TP on weather and climate in East Asia and the Northern 
Hemisphere have attracted much attention (Reiter and Gao 
1982; Liu et al. 2012; Duan et al. 2013). TP includes a large 
area of snow cover, which has a major influence on radiation 
balance, hydrological processes, and atmosphere–land inter-
action through accumulation and thaw, with the accompany-
ing latent heat release and absorption. Change in snow cover 
over the TP affects the global energy budget and atmospheric 
circulation (Blanford 1884; Yeh et al. 1983; Bamzai and 
Shukla 1999; Wang et al. 2017).

The subtropical jet stream located in the tropopause 
bounding the upper troposphere and the lower stratosphere is 
one of the most active circulation systems in Central, South, 
and East Asia (Yang et al. 2002). TP is located between two 
maxima in the subtropical westerly jets: downstream of the 
exit region of the North Africa–Arabian jet and the entrance 
region of the East Asian jet. Thus, weather and climate over 
the TP are considerably influenced by the subtropical jet 
stream during the winter (Krishnamurti 1961). The jets are 
in association with regions of synoptic storm activity, also 
called cyclone belts or baroclinic waveguides (Blackmon 
et al. 1977), which are the waveguides for Rossby wave 
transmission (Wallace et al. 1988). The structure of the 
jet streams influences local circulations. The significant 
horizontal gradients of wind speed at the entrance and exit 
regions of the jets are typically balanced by vertical circu-
lations, which affect the weather and climate of adjacent 
regions (Blackmon et al. 1977). A local circulation with 
vertical motion across the jet occurs in the entrance region, 
where warmer air rises to the southern jet, and colder air 
descends to the northern jet, converting available potential 
energy into kinetic energy. In the exit region of the jet, the 
reverse vertical circulation leads to an opposite energy con-
version. These divergent activities in the upper troposphere, 
which are formed north of the jet exit region and south of the 
jet entrance region, create surface cyclones (Rossby 1947; 
Namias and Clapp 1949).

During winter in the boreal climate, the upper tropo-
spheric winds over Central to East Asia are the subtropical 
jet stream along the southern TP and the separate polar front 
jet stream along the northern TP (Luo and Zhang 2015). The 
strong and steady subtropical jet is driven by the angular 
momentum of the Hadley cell circulation (Held and Hou 
1980) and transient polar jets in the midlatitudes are driven 
by baroclinic eddies (Lee and Kim 2003). Many studies have 
shown that a strong subtropical jet stream is associated with 
an intensified East Asian winter monsoon (Yang et al. 2002; 
Jhun and Lee 2004; Ha et al. 2012; Chen et al. 2014). A 
strong subtropical jet decreases precipitation in southwest 
Asia because of diffuse jet exit region which extends from 
southern Iran through to northern India (Barlow et al. 2005). 

The combined behavior of the subtropical jet and the polar 
jet is an important indicator of the interaction between low 
and high-latitude circulations. It can influence the east Asian 
winter monsoon (Ren et al. 2011; Luo and Zhang 2015), the 
precipitation anomaly during the rainy (Mei-Yu) season (Li 
and Zhang 2014), the variation in spring precipitation over 
the TP (Schiemann et al. 2009; Forsythe et al. 2017), as well 
as the heavy precipitation in the Karakoram and the western 
and central Himalaya (Cannon et al. 2015).

Large-scale circulation anomalies are responsible for the 
interannual variation in snow cover over the TP (Mao 2010). 
Several studies have investigated the atmospheric telecon-
nections associated with snow cover over the TP. For exam-
ple, the positive phases of the Arctic oscillation (AO) or the 
North Atlantic oscillation (NAO) significantly reduce the 
temperature and increase snow depth over the TP (Li 2005; 
Lü et al. 2008; You et al. 2011). Early winter in years of pure 
positive Indian Ocean Dipole (IOD) with no co-occurrence 
of El Niño corresponds to increased TP snow cover (Yuan 
et al. 2009, 2011). Contrary to Yuan et al. (2009), who found 
that early winter in years of pure El Niño is unrelated to 
spring TP snow cover, Shaman and Tziperman (2005) and 
Wang and Xu (2018) found that early winter El Niño–south-
ern oscillation (ENSO) in the central Pacific can signifi-
cantly increase snow depth over TP.

Previous studies have investigated the anomalous circula-
tion patterns that affect the TP snow cover and the impact 
of westerly jet streams on weather events over South and 
East Asia, but the impact of westerly jet streams on snow 
depth across the TP is still unclear. This study is motivated 
to investigate linkages between westerly jet streams and TP 
snow depth and to identify the causes of variation in snow 
depth across the TP.

The structure of this paper is as follows. The data, meth-
ods of analysis, and westerly jet stream definitions are 
described in Sect. 2. The climatological distribution of west-
erly jet streams and the characteristics of jet streams to the 
north and south of TP are given in Sect. 3. Spatial and tem-
poral changes in snow depth across the TP are analyzed, and 
correlation distributions between westerly jet streams and 
snow depth across the TP are explored in Sect. 4. Section 5 
discusses the anomalous atmospheric circulation structures 
that govern snow depth across the TP in late winter. Sec-
tion 6 shows the effects of temperature and precipitation 
associated with westerly jet streams on snow depth across 
the TP in late winter by analyzing the thermodynamic and 
moisture budget equations. Discussion of the results and 
conclusions are given in the final section.
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2  Data and methods

2.1  Data description

The daily snow depth data used in this study for the period 
1979–2014 were derived from the microwave brightness 
temperature measured by the scanning multichannel micro-
wave radiometry (SMMR, sensor  SMMR1: 1978–1987) 
and the special sensor microwave/imager (SSM/I, sen-
sor SSM/I2: 1987–2007 and SSM/I3: 2008–2014), with 
a spatial resolution of 0.25° × 0.25°. Because the sensors 
were carried on different platforms, the brightness tem-
perature data were inter-calibrated to reduce the inconsist-
ency. The dataset was validated with station observations 
and the moderate resolution imaging spectroradiometer 
(MODIS) data (Che et al. 2008; Liu and Chen 2011) and 
was widely used in studies of TP snow depth (Song et al. 
2014; Ji and Kang 2013; Wang et al. 2017). The dataset 
was provided by the Cold and Arid Regions Science Data 
Center at Lanzhou, China, and is available from http://
westd c.westg is.ac.cn (Che et al. 2008).

Circulation data are derived from ERA-interim rea-
nalysis datasets, which are available from https ://www.
ecmwf .int/en/forec asts/datas ets/reana lysis -datas ets/era-
inter im (Dee et al. 2011), Variables include the u and 
v components of wind, vertical velocity, geopotential 
height, temperature, and specific humidity at 27 pressure 
levels from 1000 to 100 hPa, with a spatial resolution of 
1° × 1°. Gridded surface temperature, surface pressure, 
evaporation, total precipitation, and snowfall data were 
also obtained from ERA-interim reanalysis datasets with a 
spatial resolution of 0.25° × 0.25°. Temporal resolution of 
all reanalysis data is 6 h from January 1, 1979 to Decem-
ber 31, 2014. The monthly sea surface temperature (SST) 
data are derived from the Met Office Hadley Centre (UK), 
with a resolution of 1° × 1° (Rayner et al. 2003).

Daily 2 m mean air temperature and precipitation data 
are provided by the National Meteorological Information 
Center, China Meteorological Administration (NMIC, 
CMA), with 84 stations situated in TP. The data are used 
to verify the accuracy of surface air temperature and pre-
cipitation data obtained from the reanalysis dataset.

Winter, or snow season, in TP is from November to the 
following April (Fan et al. 2011), and thus we consider 
November–April as the TP winter for this study. Winter 
was further divided into two periods: early winter (Novem-
ber, December and January) and late winter (February, 
March and April). Monthly mean snow depth for each of 
the 6 winter months was calculated. The study period was 
1979–2014 and the climatological period was 1981–2010.

2.2  Analysis methods

The construction of an occurrence-based jet to identify 
where jet streams occur frequently is based on the work of 
Schiemann et al. (2009). Definition of jet occurrence fre-
quency is as follows.

U s i n g  a  h o r i z o n t a l  w i n d  v e c t o r 
V⃗(x, y, p, t) =

[
u(x, y, p, t), v(x, y, p, t)

]
 , the horizontal wind 

speed is calculated by:

when a grid point satisfies the simultaneous conditions:

where p is the pressure ranging from 500 to 100 hPa, x and 
y are the longitude and latitude of the grid, t is the time, and 
subscripts denote fixed dimensions. A westerly jet occur-
rence is recorded on the grid, together with the occurrence 
position (horizontal and vertical) and the horizontal wind 
speed. Thus, a dataset of jet location and strength with 6 h 
time interval is obtained. From this dataset, counts of jet 
occurrence for each grid in each month are accumulated, 
and the monthly jet occurrence frequency (JOF) dataset is 
generated.

The westerly jet occurs mainly in the middle–upper 
troposphere. To characterize the average intensity of the jet 
stream, the mass-weighted average horizontal wind speed 
(HWS) is defined by:

where the pressure levels p1 and p2 are 500 and 100 hPa.
We define the jet strength index and the jet shifting index 

to represent jet intensity and meridional shift over the TP. 
The jet strength index (Eq. 4) is the standardized monthly 
HWS averaged over the zonal region 70°–100°E and the 
longitudinal region from the north boundary (the maximum 
latitude of the jet) to the south boundary (the minimum lati-
tude of the jet). The jet shifting index (Eq. 5) is the standard-
ized HWS intensity difference averaged over the longitudinal 
region from the jet ridge (the latitude of the maximum HWS) 
to the north boundary and from the jet ridge to the south 
boundary, with the zonal region 70°–100°E.

(1)����⃗|V|(x, y, p, t) =
√

u(x, y, p, t)2 + v(x, y, p, t)2

(2)

u(x, y, p, t) ≥ 0 m∕s

����⃗|V|(x, y, p, t) ≥ 30 m∕s

����⃗|V|x,t(y, p) is a local maximum

(3)

����⃗|V|ave(x, y, t) =
1

p2 − p1

p2

∫
p1

√
u(x, y, p, t)2 + v(x, y, p, t)2dp

(4)

Strength Index = std

(
1

N ×M

(
100∑

70

north boundary∑

south boundary

HWS

))

http://westdc.westgis.ac.cn
http://westdc.westgis.ac.cn
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
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where N is the number of grid points in the zonal direction 
(70°–100°E in longitude, N = 30), M is the number of grid 
points between the north and south boundaries of the jet, M1 
is the number of grid points between the north boundary and 
the jet ridge, and M2 is the number of grid points between 
the south boundary and the jet ridge. A strength index > 0 
shows that the jet intensifies and a strength index < 0 shows 
that the jet weakens. If the shifting index is > 0 the jet is 
moving northwards and if the shifting index is < 0 the jet is 
moving southwards.

The TP snow depth index (SDI) in early winter and late 
winter are defined as the standardized snow depth averaged 
over the whole plateau in November–January and Febru-
ary–April. SDI for each calendar month is defined similar 
to the early and late winter SDI except that it is averaged 
for a single month. The AO is a quasi-positive pressure 
structure that extends from the surface to the upper tropo-
sphere (Thompson and Wallace 1998). The AO mode is 
the leading component of the winter (November–April) 
monthly mean sea level pressure anomaly above 20°N. 
The Arctic oscillation index (AOI), based on the work of 
Thompson and Wallace (1998), is obtained from http://
jisao .washi ngton .edu/data/ao/. The Niño-3 index, which 
represents the intensity of ENSO, is defined as the peak 
time (November–January) sea surface temperature anoma-
lies in the Niño-3 region (90°–150°W, 5°S–5°N) (Kaplan 
et al. 1998).

Correlation between TP snow depth and HWS was deter-
mined using maximum covariance analysis or singular value 
decomposition (SVD). SVD explains as much of the mean-
squared temporal covariance between two time-dependent 
fields (the left and right fields) as possible. Here HWS is the 
left field and snow depth is the right field. Both fields are 
linear combination of singular vectors. A pair of spatial pat-
terns of the SVD mode are the correlations between the time 
coefficient of one field and another field at each grid point.

The robustness of the SVD modes is assessed using 
squared covariance, squared covariance fraction and tem-
poral correlation between TP snow depth and HWS with 
the Monte-Carlo test (Bretherton et al. 1992; Wallace et al. 
1992). Each SVD is repeated 100 times, linking the original 
snow depth (right field) with randomly scrambled HWS (left 
field) each time, so that the chronological order between 
the two variables is disturbed. The squared variances, 
squared covariance fractions and temporal correlations of 
all SVD analyses are then ranked in descending order, and 

(5)

Shifting Index = std

(
1

N ×M
1

(
100∑

70

jet ridge∑

north boundary

HWS

)

−
1

N ×M
2

(
100∑

70

jet ridge∑

j=south boundary

HWS

))

the number in the fifth place is taken as the 95% confidence 
level. The robustness of SVD spatial correlations is indicated 
by the Pearson correlation coefficient at the 95% confidence 
level.

To understand how westerly  jets above the TP influ-
ence snow depth through temperature and precipitation, we 
examine the thermodynamic equation and moisture budget 
equation for each term. The thermodynamic equation in an 
isobaric coordinate system is (Holton 2004):

where p is pressure, T is temperature, θ is potential tempera-
ture, 

⇀

Vh is the horizontal wind vector, wp is vertical wind, Q 
is diabatic heating, p0 is the standard pressure (1000 hPa), R 
is the ideal gas constant, and Cp is specific heat at constant 
pressure. “< >” denotes a vertical mass integration through 
the whole troposphere (Eq. 7):

where g is gravitational acceleration, ps is surface pressure, 
and pt is the pressure at the top of the troposphere (200 hPa). 
The vertical integral form of Eq. (6) is:

The first term of Eq. (8) represents local variation in tem-
perature; the second term represents horizontal temperature 
advection; the third term represents adiabatic heating; and 
the fourth term represents diabatic heating.

Similarly, the vertical mass integration form of the mois-
ture budget equation through the whole troposphere is (Chou 
and Lan 2012; Ma and Zhou 2015; Li et al. 2018):

where q is humidity, and “< >” denotes vertical mass inte-
gration through the whole troposphere as in Eq. (7). The 
first term on the right-hand side of Eq. (9) represents local 
variation in moisture; the second term represents horizontal 
moisture advection; the third term represents vertical mois-
ture advection; E is evaporation; P is total precipitation; and 
δ is a residual term that includes transient eddies and surface 
processes due to topography (Trenberth and Guillemot 1995; 
Seager et al. 2010).

The vertical mass integration form of moisture flux is:

(6)�T

�t
= −

⇀

Vh ⋅ ∇pT −

(
p

p0

)R∕Cp
wp

��

�p
+

Q

Cp

(7)⟨A⟩ = −
1

g

pt

∫
ps

Adp,

(8)

⟨
�T

�t

⟩
= −

⟨
⇀

Vh ⋅ ∇pT

⟩
−

⟨(
p

p0

)R∕Cp
wp

��

�p

⟩
+

⟨
Q

Cp

⟩
,

(9)P = −

⟨
�q

�t

⟩
−

⟨
⇀

Vh ⋅ ∇pq

⟩
−

⟨
wp

�q

�p

⟩
+ E + �

http://jisao.washington.edu/data/ao/
http://jisao.washington.edu/data/ao/
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where u and v are horizontal wind components, q is humid-
ity, pt is the pressure of the top moisture layer (200 hPa), and 
ps is surface pressure.

Diagnosis of wave activity flux is used to investigate pos-
sible mechanisms connecting atmospheric patterns and TP 
snow depth. The result can identify the generation, propaga-
tion, and absorption of quasigeostrophic wave packets on a 
zonally varying basic flow. Equations and more details are 
found in Takaya and Nakamura (2001).

Composite analysis, correlation analysis and partial corre-
lation analysis (detrending each time series before calculating 
the correlation coefficients) were used for circulation analysis.

3  Temporal and spatial variation 
characteristics of westerly jets

3.1  Climatological distribution of westerly jets

The horizontal and meridional distributions of JOF and 
HWS climatologies, shown in Figs. 1 and 2, were calculated 

(10)Qu = −
1

g

pt

∫
ps

uqdp, Qv = −
1

g

pt

∫
ps

vqdp

from monthly JOF and HWS data. The distribution of JOF is 
similar to HWS. A pronounced maximum of both JOF and 
HWS, located near 28°N over the southern TP, represents 
the subtropical jet, ranging from southeastern North Atlantic 
to southern TP and on to the Northwestern Pacific. There is 
a weaker secondary maximum of JOF between 40°N and 
47°N, where a wide westerly polar jet merges with the sub-
tropical jet and becomes stronger over East Asia. JOF has 
a minimum over northern TP near 37°N which is not seen 
in HWS. It was easier to identify the position of the west-
erly jets from JOF than from HWS, and thus JOF data are 
more useful for identifying the spatial characteristics of the 
westerly jets, but HWS data are better for investigating the 
intensity of westerly jets. Clearly, it is optimal to combine 
JOF and HWS data than to adopt a single dataset in analyz-
ing the behavior of westerly jets.

The subtropical jet stream is strong and flows over a nar-
row range of latitudes located to the south of TP in Decem-
ber, January and February, with a maximum wind speed 
(jet counts) > 40 m/s (16 counts). It becomes weaker with a 
maximum wind speed < 35 m/s in March, and < 30 m/s in 
April. It remains weaker in May while the jet over northern 
TP becomes stronger, but the situation changes drastically 
in May and June when the jet moves to the north of TP, cor-
responding to its meridional distribution peaking sharply at 
the northern edge of TP (Schiemann et al. 2009).

Fig. 1  Spatial distribution of climatological jet occurrence counts (colored shading) and HWS (contour lines; m/s) in each 6-month period
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3.2  Characteristics of STPJ and NTPJ

In winter there are two jet stream branches, located towards 
the north and towards the south of TP, the South Tibetan 
Plateau jet (STPJ) and the North Tibetan Plateau jet (NTPJ). 
STPJ is part of the subtropical jet stream. NTPJ is formed 
by the southern edge of the polar jet stream together with 
subtropical jet stream flows over the northern TP that are 
forced to split from STPJ by mountainous topography. The 
subtropical jet stream and the polar jet stream are formed 
by different climatic processes (as described in Sect. 1) so 
it is reasonable to investigate NTPJ and STPJ separately. 
Table 1 shows the latitude of the jet ridge and the latitude of 
the north and south boundaries for NTPJ and STPJ in each 
month, calculated from the 6 h jet location and strength data-
set. The estimated meridional range of NTPJ is 39°–52°N, 
and the NTPJ ridge is in the range 42°–43°N. The estimated 
meridional range of STPJ is 23°–32°N and the STPJ ridge 
is in the range 27°–30°N.

The strength and shift indices for NTPJ and STPJ repre-
sent the intensity and meridional shift of the two jets. The 
latitudes of the south–north boundary and the ridges of 
the jets used in Eqs. (4) and (5) are shown in Table 1. The 

meridional shifts of NTPJ and STPJ show significant out-of-
phase variation at the interannual time scale in each month 
except for January (Table 2). There are also inverse correla-
tions between the intensities of NTPJ and STPJ, which are 
not statistically significant in most winter months. Increased 
intensity of STPJ is accompanied by the weakened intensity 
of NTPJ. A southward shift of STPJ is accompanied by a 
northward shift of NTPJ and vice versa. The positive cor-
relation between the strength index of NTPJ and the shifting 

Fig. 2  Meridional distribution of JOF (a–f) and HWS (g–l; m/s) aver-
aged in 70°–100°E (black solid line), 70°–80°E (black dashed line), 
80°–90°E (blue solid line) and 90°–100°E (blue dashed line) in each 
6 month period. Light gray shading shows the 5th to 95th percentile 

range and dark gray shading shows the 25th to 75th percentile range. 
The red dashed line shows the latitude separating the northern and 
southern jets

Table 1  Location of the southern boundary, the ridge and the north 
boundary of NTPJ (right side of the semicolon) and STPJ (left side of 
the semicolon) in the zone 70–100°E

South boundary Maximum jet ridge North boundary

November 25°N; 39°N 30°N; 43°N 32°N; 52°N
December 25°N; 39°N 28°N; 43°N 31°N; 49°N
January 24°N; 39°N 28°N; 42°N 32°N; 52°N
February 24°N; 39°N 28°N; 42°N 32°N; 50°N
March 24°N; 39°N 28°N; 42°N 31°N; 48°N
April 23°N; 39°N 27°N; 42°N 34°N; 51°N
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index of STPJ indicates that a strong NTPJ is largely associ-
ated with a northward shift of STPJ.

4  Linkage between westerly jets and TP 
snow depth

4.1  Spatial and temporal variation of TP snow 
depth

Spatial characteristics of snow depth over the TP are briefly 
discussed below. The SDI time series in early and late win-
ter, shown in Fig. 3a (red and blue solid lines), indicate great 
interannual variation of snow depth over the whole plateau, 
with a decreasing trend of − 0.19 cm/decade (P = 0.18) in 
early winter and − 0.42 cm/decade (P < 0.05) in late winter 
during 1979–2014. A 9-year moving standard deviation of 
SDI in early and late winter (red and blue dashed lines in 
Fig. 3a) was calculated and it shows a significant decrease 
in interannual variability. Figure 3b, d shows the spatial dis-
tribution of snow depth over the TP in early and late winter. 
Figure 3c, e shows the interannual variation in the distribu-
tion of snow depth over the TP by calculating the standard 
deviation of the snow depth in each grid. Snow depth in cen-
tral TP is greater in early winter than in late winter; however, 
snow depth in northwestern TP is less in early winter than in 
late winter. Interannual variation in mid-eastern TP in early 
winter is greater than in late winter. Note that area with a 
high standard deviation corresponds to an area of great snow 
depth, which indicates that areas of deep snow are likely to 
have high interannual variation.

4.2  Correlations between westerly jets and snow 
depth over the TP

We used SVD to identify possible linkages between snow 
depth and HWS. Figure 4 shows the spatial patterns of het-
erogeneous correlation between snow depth over the TP and 
HWS in the region bounded by 70°W–130°E and 10°–70°N 

for the first SVD mode for each 6 month period. Spatial pat-
terns can be seen in SVD–HWS and SVD-snow depth. The 
robustness of the first SVD mode is indicated by squared 
covariance, squared covariance fraction and temporal cor-
relation, which are shown in Table 3. None of the statistics 
associated with SVD mode in November, December and 
January (early winter) pass the Monte-Carlo test, suggest-
ing that there is no credible relationship between HWS and 
TP snow depth in early winter. However, all of the statistics 
associated with the SVD mode in February, March and April 
(late winter) are significant, indicating a strong connection 
between HWS and TP snow depth on a large spatial scale. 
The following discussion is concerned only with late winter. 
There are HWS anomalies on the mid-northern TP and on 
the southern TP which show an anti-phase variation, and 
are consistent with the results in Table 2. When the intense 
STPJ has shifted southward, and the weak NTPJ has shifted 
northward in February and April, snow depth increases in 
eastern TP; however, it decreases slightly in mid-western 
TP. In April, there is an additional region of significantly 
increased snow depth in northwestern TP. In March, when 
STPJ becomes stronger and NTPJ becomes weaker, snow 
depth increases significantly in eastern TP and northwestern 
TP. Note that variation in HWS in mid-northern TP matches 
the variation in NTPJ.

Change in intensity and the south–north shift of NTPJ and 
STPJ significantly affect snow depth across the TP in late win-
ter. Table 4 shows the correlation coefficients between SDI 
and the strength and shifting indices of NTPJ and STPJ in 
February, March and April. The values indicate that snow 
depth shows a statistically significant positive correlation with 
the STPJ strength index and a negative correlation with the 
NTPJ strength index. Snow depth is likely to be greater when 
a strengthened SPTJ coexists with a weakened NTPJ. A nega-
tive correlation between SDI and the STPJ north–south shift, 
though not significant for all months, indicates that snow depth 
is likely to be greater when STPJ has shifted southward.

The time series of SVD-snow depth is strongly correlated 
with SDI for each month in late winter (P < 0.01), which 
implies that interannual variation in snow depth is mainly 

Table 2  Correlation coefficients 
between NTPJ and STPJ 
strength and shifting indices

Values outside and inside the brackets are correlation coefficients before and after detrending; bold font 
indicates the values are significant at the 95% confidence level

Correlation coefficient NTPJ and STPJ strength 
indices

NTPJ and STPJ shifting 
indices

NTPJ strength and 
STPJ shifting indices

November − 0.06 (− 0.08) − 0.34 (− 0.33) 0.27 (0.26)
December 0.01 (− 0.13) − 0.48 (− 0.53) 0.34 (0.26)
January − 0.23 (− 0.26) − 0.12 (− 0.07) 0.48 (0.48)
February − 0.29 (− 0.33) − 0.58 (− 0.59) 0.44 (0.38)
March − 0.18 (− 0.18) − 0.53 (− 0.59) 0.58 (0.59)
April − 0.14 (− 0.16) − 0.43 (− 0.47) 0.20 (0.23)
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associated with interannual changes in HWS. Thus horizontal 
winds, especially the westerly jets, are likely to be the major 
factor governing interannual variation in snow depth across 
the TP in late winter.

5  Effect of atmospheric circulation 
anomalies on TP snow depth

In this section, the effects of NTPJ and STPJ on snow 
depth across the TP are further investigated, and corre-
sponding circulations are examined in late winter. The 
anomaly years selected are those that satisfy the follow-
ing criterion: the absolute values of STPJ or NTPJ strength 
and shifting indices exceed 0.3, as defined in Eqs. (4) and 
(5). This selection criterion provides an adequate number 

of sample years for composite analysis in order to ensure 
the statistical validity. The areas in anomaly patterns that 
satisfy the two-tailed t test at the 95% confidence level are 
considered to be significant.

Figure 5 shows the spatial distribution of composite snow 
depth anomalies corresponding to different conjunctions of 
NTPJ and STPJ in February, March and April. An intense, 
southward shifted STPJ or a weakened NTPJ are likely to 
increase snow depth over most of TP, especially in east-
ern TP. Intense STPJ and weak NTPJ significantly increase 
snow depth over the mid-eastern TP in a distribution that is 
similar to the dominant SVD-snow depth pattern (Fig. 4). 
This strongly indicate that the conjunction of intense STPJ 
and weak NTPJ primarily determines the interannual varia-
tion of snow depth across the TP, and so the following dis-
cussion are based on this situation. Anomalous years with 

Fig. 3  a Time series of SDI and 9-year moving standard deviation 
of SDI in early winter (red solid and dashed line) and in late winter 
(blue solid and dashed line). b, d Spatial distribution of climatologi-

cal snow depth in early and late winter across the TP (cm); c, e spatial 
distribution of standard deviation of snow depth in early and late win-
ter across the TP (cm)
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Fig. 4  Spatial patterns of the first SVD mode for heterogeneous cor-
relations between HWS and snow depth in each 6 month period. 
The left panel is for the left heterogeneous correlation field (shaded: 
SVD–HWS) and HWS (contours). The right panel is for the right het-
erogeneous correlation field (shaded: SVD-snow depth). Dotted shad-

ing shows the region of correlation coefficients that are significant at 
the 95% confidence level. The percentage at the top right of the left 
panel represents the contribution rate of the sum of squares covari-
ance
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intense STPJ and weak NTPJ or intense NTPJ and weak 
STPJ in February, March and April are shown in Table 5.

We analyzed the composite circulation differences 
(500 hPa temperature, 250 hPa geopotential height, and inte-
gral moisture flux through the troposphere) to compare the 
intense STPJ and weak NTPJ with weak SPTJ and intense 
NTPJ (Fig. 6). There are significant positive geopotential 
height and temperature anomalies in northern Asia (regions 
from Mongolia to East-Central Siberia), with negative geo-
potential height and temperature anomalies in regions from 
TP to eastern China. There are significant northeastern 
moisture flux anomalies over northern TP and southwestern 
moisture flux anomalies over the southern TP. Due to more 
frequent occurrence of warm ridges or anticyclones over 
north Asia, NTPJ is weakened by an anomalous east wind. 
When cold troughs or cyclones occur more frequently over 
the TP, STPJ is strengthened by an anomalous west wind. 
In these conditions, lower temperatures and pressure foster 
circulations that increase snow accumulation. At the same 
time, increased moisture flux into the TP promotes condi-
tions favorable for precipitation or snowfall.

Figure 7 shows the composite difference in pressure–lati-
tude cross section for anomalous zonal wind, geopotential 
height, meridional wind, and vertical wind in February, 
March and April to compare the conjunction of intense 
STPJ and weak NTPJ with the conjunction of weak SPTJ 
and intense NTPJ. There is significantly low geopotential 
height cover the TP and significant high geopotential height 

north of 45°N through the whole troposphere, indicating 
an equivalent anomalous barotropic structure. A secondary 
circulation is seen to the north side of STPJ, with northerly 
airflow prevailing in the lower level and southerly airflow 
in the upper levels, intensifying the vertical motion of the 
vortex over the mid and northern TP. Another secondary 
circulation, with southerly flow prevailing in the lower level 
and northerly flow in the upper level, is seen to the south of 
STPJ, which weakens the Hadley cell. The ascending airflow 
is over the central and southern TP, beneath the STPJ, where 
low temperatures and precipitation are also apparent.

The wave activity flux anomalies at 250 hPa in February, 
March and April (Fig. 6d–f) show significant energy anoma-
lies from the tropical area to TP, indicating that abnormal 
Rossby wave energy may derive from the abnormal SST 
in the tropical ocean and be transported to TP. In February 
and April, the eastward propagation of wave activity flux 
from the high latitudes and North Atlantic to TP coincide 
with westerly jet waveguides. The convergence of wave flux 
activity helps to maintain the negative geopotential height 
anomalies over the TP.

6  Effect of temperature and precipitation 
anomalies on TP snow depth

Surface air temperature and precipitation are the main causes 
of the snowpack that accumulates on the ground surface. 
Figure 8 shows the composite anomalies of 2 m air tem-
perature (Fig. 8a, d, g), precipitation (Fig. 8b, e, h), snow-
fall (shading in Fig. 8c, f, i), and surface pressure (contours 
in Fig. 8c, f, i) under the conjunction of intense SPTJ and 
weak NTPJ in late winter. Station observations of tempera-
ture and precipitation anomalies are consistent with ERA-
Interim data, indicating that ERA-Interim reanalysis data is 
accurate enough to capture variations in temperature and 
precipitation across the TP. For temperature and precipi-
tation anomalies, statistical tests were performed only for 
station data. Significant lower surface temperature and pres-
sure extending homogeneously across the TP, together with 
greater precipitation and snowfall (especially over the south-
ern boundary of TP), although statistically insignificant in 
most areas, account for greater snow depth across the TP. 

Table 3  Statistics associated with the first SVD mode

The statistics are the squared covariance (SC) ( ×108 ), the squared 
covariance fraction (SCF), and the temporal correlation r. The per-
centages in parentheses give their estimated significance levels esti-
mated by the Monte Carlo approach. Superscript ** of the statistics 
denotes P < 0.05, * denotes P < 0.1

SC ( ×108) SCF (%) r

November 20.3 (35%) 21.1 (90%) 0.70 (57%)
December 22.0 (13%) 22.2 (90%) 0.63 (90%)
January 21.6 (19%) 24.0 (70%) 0.76 (14%)
February 25.0** (1%) 31.8* (9%) 0.86** (2%)
March 23.3** (3%) 44.0 ** (1%) 0.81** (2%)
April 22.4** (3%) 27.2* (10%) 0.87** (1%)

Table 4  Correlation coefficients 
between SDI and NTPJ, STPJ 
strength and shifting indices in 
February, March and April

Bold font indicates the values are significant at the 95% confidence level

Correlation coef-
ficient

SDI and NTPJ 
strength indices

SDI and STPJ 
strength indices

SDI and NTPJ shift-
ing indices

SDI and 
STPJ shifting 
indices

February − 0.43 0.34 0.24 − 0.36
March − 0.40 0.54 − 0.09 − 0.20
April − 0.38 0.43 − 0.08 − 0.33
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The distributions of precipitation and snowfall are consist-
ent, so only precipitation is discussed below.

Temperature and precipitation contribute differently to 
snow depth (Fig. 9). Time-averaged 2 m temperature, pre-
cipitation, and snow depth anomalies for each grid are cal-
culated in two situations: the conjunction of intense STPJ 
and weak NTPJ (red scatters); and all other STPJ–NTPJ 
conjunctions (blue scatters). Scatters for each situation are 
transformed into two clusters. For temperature and snow 
depth anomalies (Fig. 9a–c), the two clusters are signifi-
cantly separated, and anomalous lower temperatures indicate 
greater snow depth, implying that surface temperature can 
significantly affect snow depth on TP under the conjunction 

of intense STPJ and weak NTPJ. With respect to precipita-
tion and snow depth anomalies (Fig. 9d–f), although greater 
precipitation leads to greater snow depth, the two clusters 
are not significantly separated, indicating that precipitation 
cannot greatly affect snow depth for intense STPJ and weak 
NTPJ. Temperature has a greater influence than precipitation 
on monthly snow accumulation across the TP.

Air temperature from the ground surface to the upper 
troposphere mainly accounts for snow depth anomalies 
across the TP, so the thermodynamic equation (Eq. 8) was 
used to further investigate how NTPJ and STPJ affect snow 
depth through local temperature variation across the TP. The 
calculation is based on daily temperature data rather than 

Fig. 5  Composite maps for snow depth anomalies corresponding to 
different conjunctions of NTPJ and STPJ in February, March and 
April: a–c intense STPJ, d–f southward shift of STPJ, g–i weakened 

NTPJ, j–l intense STPJ and weakened NTPJ. Shaded areas denote 
the composite snow depth anomaly (cm), and dotted shading denotes 
areas that are significant at the 95% confidence level

Table 5  Years with intense 
STPJ and weak NTPJ or 
intense NTPJ and weak STPJ in 
February, March and April

Intense STPJ and weak NTPJ Intense NTPJ and weak STPJ

February 1983 1989 1992 1995 1997 2000 2012 1981 1988 1993 2006 2010
March 1983 1988 1995 2000 1984 1985 1987 1991 1996 2004 2010
April 1983 1989 1990 1991 1995 2000 2005 2014 1979 1980 1993 1998 2002 2003 2004
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Fig. 6  Composite maps of differences in atmospheric circulation 
between intense STPJ with weak NTPJ and weak STPJ with intense 
NTPJ in February, March and April. The left panel a–c shows tem-
perature anomalies (shaded; °C) at 500  hPa and integral  moisture 
flux through the troposphere (arrows; 40  kg  m−1  s−1). Dotted shad-
ing denotes areas where the temperature anomaly is significant at the 
95% confidence level, and green arrows denote integral moisture flux 

that are significant at the 95% confidence level. The right panel d–f 
is the anomalous geopotential height (shaded; gpm) and wave activ-
ity flux (arrows; 5 m2 s−2) at 250 hPa. Dotted shading denotes areas 
where geopotential height is significant at the 95% confidence level, 
and green arrows denote wave activity flux that are significant at the 
95% confidence level

Fig. 7  Composite pressure–latitude cross section of atmospheric cir-
culation differences between intense STPJ with weak NTPJ and weak 
STPJ with intense NTPJ along 70°–100°E in a February, b March, 
and c April. The shaded area is the geopotential height anomaly 
(gpm), arrows denotes the wind anomaly in meridional and verti-
cal directions (m/s), contour lines denote the zonal wind anomaly 

that are significant at the 95% confidence level (m/s), and the black 
shaded area denotes the topography. Dotted shading denotes the area 
where geopotential height is significant at the 95% confidence level, 
and green arrows denote the winds in meridional and vertical direc-
tions that are significant at the 95% confidence level. The bold black 
dashed lines denote the anomalous secondary circulations
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monthly data because local temperature variation is very 
close to zero on a monthly scale. Dates on which SJTP was 
intense and NTPJ was weak in February, March and April 
were selected. The analysis is based on the regional average 
for TP, bounded by 27°–39°N and 80°–103°E. The anoma-
lies of each term in the equation are composited (Fig. 10c). 
The climatological mean of local temperature variation over 
the TP is determined by diabatic heating with descending 
motion and cold temperature advection in all 3 months, adi-
abatic heating in February and March, and adiabatic cooling 
in April. Under the conjunction of intense STPJ and weak 
NTPJ, cold temperature advection increase due to intensive 
cold air transported from other regions to TP, and descend-
ing adiabatic heating decrease due to anomalous upward air 
motion, contributing to significant cooling over the TP. The 
cooling creates temperatures conducive to snow accumula-
tion across the TP.

Precipitation, which results from changes in the moisture 
budget, can be further investigated using Eq. (9) (Fig. 10b, 
d). Climatological mean precipitation over the TP is primar-
ily modeled by evaporation and the residual terms of the 
equation, but the contributions of vertical and horizontal 
moisture advection to precipitation are not negligible. The 
magnitude of the residual terms is small in most areas, but it 
is pronounced in TP because of the complex topography and 
various surface processes. Under the conjunction of intense 
STPJ and weak NTPJ, net precipitation (P–E) over the TP 
slightly increases. Vertical moisture advection is anoma-
lously positive with significant movement of ascending air, 
and the residual terms are negative. Local moisture anom-
alies are negative, which indicates that airborne moisture 
decreases in TP and is partly transformed into precipitation. 
This moisture budget anomaly indicates conditions condu-
cive to precipitation and snowfall over the TP.

Fig. 8  Composite maps of 2 m air mean temperature anomalies (left 
column, shaded), precipitation anomalies (middle column), and sur-
face pressure and snowfall anomalies (right column) corresponding 
to intense STPJ and weak NTPJ in a–c February, d–f March, and 
g–i April. Shading in a, d and g denotes the 2 m air mean tempera-
ture anomalies derived from reanalysis data and scatters are derived 
from gauge data (°C). Shading in b, e, and h denotes the precipita-
tion anomalies derived from reanalysis data and scatters are derived 

from gauge data (mm). White dots denote the stations that are signifi-
cant at the 90% confidence level, white crosses denote stations that 
are significant at 95% confidence level. Shading in c, f, and i denotes 
the snowfall anomalies (mm) and dashed lines denote the surface 
pressure (Pa) significant at the 90% confidence level and solid lines 
denote the surface pressure significant at the 95% confidence level. 
Blue and red crosses denote the snowfall areas that are significant at 
the 90% and 95% confidence levels
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7  Conclusions and discussion

In this study, the westerly jet occurrence frequency (JOF) 
was defined to quantify the position of the jet streams, and 
horizontal wind speed (HWS) was used to characterize 
the intensity of the jets. Most previous studies have used a 
zonal wind at a single level (300 or 200 hPa) to characterize 
the westerly jet. However, we calculated HWS as a mass-
weighted average horizontal wind speed to characterize the 
mean intensity of the jet streams in the middle–upper tropo-
sphere. Snow depth is more representative than snow cover-
age as a parameter to characterize the snowpack because it is 
a better measure of the precipitation that ultimately results 
in soil memory (Singh and Oh 2005). We examined the 
relationship between interannual variation in the westerly 
jets and snow depth across the TP in each winter month for 
1979–2014 using daily snow depth data derived from the 
inversion of SMMR and SSM/I remote sensing and 6 h rea-
nalysis data from ERA-Interim. We investigated the mecha-
nisms by which atmospheric circulation, temperature, and 
precipitation that are correlated to westerly jets govern the 
snow depth across the TP. We found that the westerly jet 
streams to the northern and southern TP regulate interannual 
variation of snow depth across the TP in late winter. The 
main conclusions are as follows.

It is better to combine JOF and HWS data than to use a 
single parameter to represent the behavior of the westerly 
jets. During the winter, a strong and steady subtropical jet 
STPJ flows over the southern TP, and a weaker jet NTPJ 
flows over the northern TP. The intense STPJ is accompa-
nied by the weak NTPJ, and a southward shift of STPJ is 
accompanied by a northward shift of NTPJ, and vice versa.

Snow depth across the TP clearly varies interannually 
in both early and late winter. There is a decreasing trend 
in snow depth and in its interannual variability during 
1979–2014. Areas of deep snow are likely to have notice-
able interannual variability.

The coupled variation in the intensities of NTPJ and STPJ 
regulates the distribution of snow depth over the TP in late 
winter. For intense STPJ and weak NTPJ, significant positive 
geopotential height and temperature anomalies are found in 
northern Asia; negative geopotential height and tempera-
ture anomalies are found in regions from TP across to east-
ern China. Warm ridges or anticyclones occur frequently 
in northern Asia, and NTPJ is weakened by an anomalous 
easterly wind. In contrast, cold troughs or cyclones occur 
more frequently over the TP, and STPJ is strengthened by 
an anomalous westerly wind. There are significant south-
western integral moisture flux anomalies in the south of TP, 
which provide conditions conducive to precipitation and 
snowfall.

Fig. 9  Distributions of composite temperature and snow depth anomalies (a–c) and precipitation and snow depth anomalies (d–f) in February, 
March, and April under the conjunction of intense STPJ and weak NTPJ (red scatters) and all other STPJ–NTPJ conjunctions (blue scatters)
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Snow accumulation is also governed by surface tempera-
ture and precipitation. For intense STPJ and weak NTPJ in 
late winter, significantly lower surface temperatures and 
pressures extend homogeneously across the TP. Total precip-
itation and snowfall are greater, especially on the southern 
boundary of TP, although they are not statistically significant 
in most areas, they account for increased snow depth over 
most areas of TP. However, temperature and precipitation 
contribute differently to snow depth. Temperature is more 
influential than precipitation on monthly snow depth across 
the TP. Cold temperature advection, due to intensely cold 
air, and reduced adiabatic heating, due to anomalous ascend-
ing airflow, contribute to cooling over the TP. Analysis of 
the moisture budget shows that net precipitation slightly 
increases, and positive vertical moisture advection inten-
sify with significant ascending motion increases. Moisture 
over the TP decreases due to increased precipitation. These 
temperature and moisture budget anomalies provide condi-
tions conducive to snowfall and snow accumulation across 
the TP.

A summary of the combined influence of the westerly 
jet streams associated with atmospheric circulation, tem-
perature, and precipitation on snow depth across the TP 
in late winter is shown in Fig. 11. An anomalous cold and 

low-pressure vortex circulation system, from the ground 
surface to the upper troposphere, extends homogeneously 
across the TP. There is anomalous ascending motion above 
the TP due to anomalous secondary circulations located at 
the south and north of STPJ, with increased southwestern 
moisture flux. These anomalous structures cause significant 
cooling and additional precipitation, thus creating conditions 
conducive to snowfall and snow accumulation. This conclu-
sion is consistent with the work of Forsythe et al. (2017), 
which shows that the Karakoram vortex explains a large pro-
portion of interannual surface temperature variation over the 
high mountains of Asia.

Anomalous wave activity flux with abnormal Rossby 
wave energy derived from the tropical oceans and high-
latitudes are transported along the jet streams and disperse 
over the TP. The convergence of wave flux activity main-
tains the negative geopotential height anomaly over the TP. 
Both AO, the signal from mid-high latitudes, and ENSO, 
the external forcing from tropical oceans, show remarkable 
interannual variation and are coupled to a certain extent. 
Wu (2010) found that the first lagged SVD mode indicates 
a strong impact of ENSO on the extratropical atmosphere 
circulation, while the second mode indicates coupling 
between AO-like atmospheric variations and tropical SST 

Fig. 10  Magnitude of parameters in the thermodynamic equation 
(°C/day) and the moisture budget equation (mm/day), averaged in the 
region bounded by 27°–39°N and 80°–103°E for the months of Feb-
ruary (red bar), March (yellow bar), and April (blue bar). a Clima-
tology of thermodynamic equation; b climatology of moisture budget 

equation; c composite of anomalies for the thermodynamic equation 
under the conjunction of intense STPJ and weak NTPJ; d composite 
of anomalies for the moisture budget equation under the conjunction 
of intense STPJ and weak NTPJ



 Y. Bao, Q. You 

1 3

anomalies. We undertook partial correlation analysis to 
identify the independent influences of AO and ENSO on 
intensity of STPJ and NTPJ. Table 6 gives the lag–lead par-
tial correlation coefficients between AOI (Niño-3 index) and 
the NTPJ and STPJ strength indices, excluding the influence 
of ENSO (AO). In late winter, the AO mode is significantly 
responsible for the variation in NTPJ and STPJ; the tropical 
Pacific ENSO can also affects the interannual variation of 
NTPJ and STPJ, although it has less influence than AO. EI 
Niño is associated with the increase of TP snow depth in 
February and March, which illustrates the cumulative effect 
of ENSO: anomalous circulation generated by peak time 
ENSO can remain until March. Lü et al. (2008) found that 
the troposphere and the stratosphere are actively coupled in 
winter, and Rossby wave propagation is downward through 

prevailing westerlies. The positive AO phase modulates the 
atmospheric circulation in the midlatitude troposphere and 
thus causes the abnormal increase in snow depth over the 
TP. Shaman and Tziperman (2005) explained how an EI 
Niño event in winter could affect snow depth over the TP. 
They founed that winter ENSO conditions in the east and 
central Pacific produce stationary barotropic Rossby waves 
in the troposphere, with group velocity northeastward propa-
gate and enter the North African–Asian jet. The wave train 
generated by ENSO enhanced the storm track, extending it 
over the TP and creating positive vorticity for the develop-
ment of low-pressure system over the TP. Note that the total 
explained variances of AO and ENSO to jet stream varia-
tions are less than 33%, indicating that they are not enough 
to explain the interannual variations of jet streams. Other 

Fig. 11  Schematic diagram 
illustrating the effect of 
anomalous westerly jet streams 
on winter TP snow depth. 
The white D and cold denote 
an anomalous cold and deep 
cyclone in the troposphere. The 
dashed dark blue lines with 
arrows denote the anomalous 
secondary circulations. The 
light blue solid lines with 
arrows denote the intense STPJ 
and weak NTPJ. The yellow 
lines denote intense moisture 
flux

Table 6  Lag–lead partial correlation coefficients between AOI and NTPJ/STPJ strength indices (excluding the influence of ENSO), and peak 
time Niño3 and the NTPJ/STPJ strength indices (excluding the influence of AO) in February, March and April

Superscript ** of the statistics denotes P < 0.05, * denotes P < 0.1

Partial correlation coefficient AOI and NTPJ strength 
indices

AOI and STPJ strength 
indices

Niño3 and NTPJ strength 
indices

Niño3 and STPJ 
strength indices

February − 0.50** 0.18 − 0.27* 0.06
March − 0.17 0.32* − 0.06 0.29*
April − 0.36** − 0.02 0.19 0.01
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external forcings and the internal atmospheric dynami-
cal processes such as synoptic transient eddy activity may 
play critical roles in the variation of jet streams, thus more 
research is required.

Snowfall over the TP occurs mainly in spring (April and 
May) and autumn (September and October), which is in 
accordance with the winter–summer circulation transfor-
mation (Zou and Cao 1989). Temperature and precipitation 
are equally important to snowfall on a synoptic scale, but 
temperature contributes more than precipitation to monthly 
snow accumulation. Thus, it is reasonable to discuss the 
conditions and mechanisms for snowfall and snow cover 
separately and on different time scales in ongoing research. 
Interannual variation in snow depth across the TP also 
occurs on different spatial scales (Bo et al. 2014). This study 
investigated the primary relations in interannual variation 
between westerly jets and large-scale snow depth across the 
TP, but future research is necessary to investigate factors 
that regulate smaller spatial scale variations in snow depth 
across the TP.
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