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ABSTRACT: Using reanalysis and model data, this study investigates potential vorticity (PV) generated by diabatic cool-
ing over the Tibetan Plateau (TP) and its associated climatic effects on adjacent regions. Results suggest that anomalous di-
abatic cooling over the TP exhibits a bottom-heavy vertical structure, which leads to the generated positive PV anomaly
being confined within a shallow near-surface layer. The total PV generation anomaly within this layer is determined by the
anomalous surface PV generation flux that is thermally driven by anomalous surface cooling. Further analysis revealed a
significant interannual relationship linking stronger near-surface PV generation over the TP with anomalously warm win-
ters in eastern China. The proposed mechanism involves PV generation by surface cooling, PV transport by katabatic
flows, and an attendant weakened Siberian High. The surface cooling anomaly over the TP generates a positive PV anom-
aly within the near-surface layer, while simultaneously induces a form of anomalous katabatic flow down the slopes of the
TP. This anomalous katabatic flow transports positive PV within the near-surface layer into the region of the Siberian
High, increasing the local positive PV anomaly and weakening the Siberian High. A weaker Siberian High is associated
with weaker winter monsoon flow and anomalous southerlies, leading to a warm surface air temperature anomaly over
eastern China. The validity of the proposed mechanism was corroborated by numerical modeling. Relative to the well-
studied winter blocking effect of the TP, this study offers and emphasizes new aspects of the TP’s climatic effects driven by
its wintertime thermal conditions.

SIGNIFICANCE STATEMENT: The purpose of this study was to better understand the thermal effects of the
Tibetan Plateau on surrounding regions during winter. We found that wintertime surface cooling over the Tibetan
Plateau generates positive potential vorticity and induces downslope katabatic flows within the near-surface layer. The
generated potential vorticity transported by these katabatic flows exerts substantial climatic impacts on surrounding
areas. This result importantly reveals that the wintertime thermal effects of the Tibetan Plateau could be critical in driv-
ing the climate of eastern China. In addition to consideration of the blocking effect of the Tibetan Plateau, our results
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suggest that greater attention should be given to its thermal effects during wintertime.

KEYWORDS: Potential vorticity; Climate; Diabatic heating; Katabatic winds; Temperature

1. Introduction

Potential vorticity (PV), an important physical variable that
couples the atmospheric dynamic and thermodynamic infor-
mation, was introduced by the pioneers Rossby (1940) and
Ertel (1942), and its use in meteorology and atmospheric dy-
namics was comprehensively reviewed by Hoskins et al.
(1985). Many studies have investigated how PV redistribution
in the atmosphere can impact midlatitude synoptic develop-
ments (e.g., Hoskins 1997), rainstorms and cold events (e.g.,
Wu et al. 1995; Wu and Cai 1997; Zhao and Ding 2009),
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Rossby wave breaking (Folkins and Appenzeller 1996; Ryoo
et al. 2013; Bowley et al. 2019), ozone distribution (Danielsen
1968; Allaart et al. 1993; Folkins and Appenzeller 1996;
Sandhya et al. 2015), and many other aspects of the atmospheric
general circulation. PV redistribution within the troposphere is
often the primary focus of such studies; however, it has been sug-
gested that surface PV generation, especially over the Tibetan
Plateau (TP), plays a crucial role in the variability of the general
circulation (e.g., Hoskins 1997; Ma et al. 2019; Sheng et al. 2021;
Xie et al. 2023; Wu et al. 2024).

The TP plays a crucial role in shaping both regional and
global climatic anomalies (e.g., Flohn 1957; Yeh et al. 1957,
Hahn and Manabe 1975; Wu et al. 1997, 2007, 2012, 2015,
2018; Chen et al. 1999; Liu 1999; Son et al. 2019). Recently,
Liu et al. (2020) and Huang et al. (2023) reviewed the climatic
effects of the TP. During summertime, the TP acts as a nota-
ble heat source that greatly influences the formation of the

© 2025 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
reuse of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).
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Asian summer monsoon through a mechanism known as the
TP sensible-heat-driven air pump (Wu et al. 1997, 2007; Wu
and Zhang 1998; He et al. 2015, 2019). Beyond the adjacent
regions of Asia, TP heating can trigger Rossby waves and al-
ter zonal and meridional vertical circulation cells, leading to
notable anomalies of rainfall and temperature over the North
Atlantic, Mediterranean Sea, and Indian Ocean (Lu et al.
2018; Nan et al. 2019; Yang et al. 2020; Zhao et al. 2019; Zhou
et al. 2009), the Pacific Ocean (Sun et al. 2019), and the pan-
Arctic areas of Europe and America (Liu et al. 2020; Lu et al.
2018; Zhao et al. 2019). Current understanding regarding the
wintertime climatic influence of the TP still centers on its
blocking effect, whereby westerly winds are deflected by the
high-elevation topography of the TP (Yeh et al. 1957; Huang
et al. 2023). The westerly winds are split by the TP, flowing to
its north and south before converging to its east and forming
the world’s strongest westerly jet over East Asia, which affects
the weather and climate patterns of the wider Asia—Pacific re-
gion (Yang et al. 2002; Huang et al. 2023). The few studies
that have focused on the thermal forcing of the TP in winter-
time suggested that thermal anomalies could influence the climate
over East Asia and over North America through teleconnections
(e.g., Yu et al. 2011a,b; Lin and Wu 2011, 2012). Overall, relative
to the well-studied summer thermal effects of the TP, few studies
have examined its climatic effects in winter, particularly its ther-
mal effects.

The surface air temperature (SAT) anomaly in eastern
China could lead to the disasters of persistent rain, snow, and
ice storms, greatly influencing the transportation and energy
supply (Ding et al. 2008). The objectives of this study were to
investigate near-surface PV generation driven by the diabatic
cooling anomaly over the TP during boreal winter and its re-
mote impact on the SAT in eastern China, and to elucidate
the possible mechanism linking the two regions using reanaly-
sis data and numerical modeling. The remainder of this paper
is organized as follows. Section 2 documents the data, diag-
nostics, and model used in the study. Section 3 presents the
definition of near-surface PV generation over the TP. Section 4
examines the impact of near-surface PV generation over the
TP on eastern China SAT during boreal winter and pro-
poses the possible mechanism. Finally, a summary and a dis-
cussion are presented in section 5.

2. Data, model, and diagnostics
a. Reanalysis data

The reanalysis data used in this study are from the Modern-
Era Retrospective Analysis for Research and Applications,
version 2 (MERRA-2) (Rienecker et al. 2011; Gelaro et al.
2017), with a horizontal resolution of 1.25° X 1.25° for the pe-
riod 1980-2022. Monthly data archived on hybrid o—p model
levels (i.e., m coordinates), which transition smoothly from a
terrain-following coordinate near the surface to fixed pressure
levels in the upper atmosphere, include three-dimensional
winds and air temperature. Table 1 shows the model levels
used in this study and the corresponding pressure increments
relative to the TP-averaged surface pressure that is 650 hPa in
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TABLE 1. Model levels used in this study and the corresponding
pressure increments relative to the TP-averaged surface pressure of
650 hPa.

Reduction in
pressure relative

Reduction in
pressure relative

to surface to surface
Model level  pressure (hPa)  Model level  pressure (hPa)
72 5 60 97
71 13 59 109
70 21 58 121
69 28 57 134
68 36 56 147
67 43 55 160
66 51 54 176
65 58 53 195
64 66 52 215
63 73 51 235
62 81 50 255
61 88 49 276

the winter climate mean. Monthly single-level data used in this
study include 2-m temperature (SAT), 10-m zonal and meridio-
nal winds, surface pressure, and sea level pressure (SLP). High-
frequency data with a 3-hourly interval archived at the hybrid
o—p model levels are adopted to calculate the diabatic heating
rate, etc., which involve the product of multiple variables.

The monthly TN10p, which is a measurement of the fre-
quency of extreme cold events and is directly provided by
MERRA-2, is also used. The TN10p in MERRA-2 is defined
as the percentage of time when daily minimum 2-m tempera-
ture is less than the 10th percentile. The percentile computed
based on daily temperature was calculated using a running
window of =7 days centered on each day of the year for the
climatology period of 1981-2010.

The Nifio-3.4 index, which is defined by the averaged SST
anomalies over 5°S-5°N and 170°-120°W, is obtained from the
National Oceanic and Atmospheric Administration, Physical Sci-
ences Laboratory (https:/psl.noaa.gov/data/climateindices/list/).

In this study, boreal winter refers to the time average over
December-February. The “TP averaged” refers to spatial av-
eraging over the TP with elevation above 2000 m unless stated
otherwise. The ¢###” («“#¥/“#”) indjcates a significance level
exceeding 0.01 (0.05/0.1) unless otherwise specified.

b. Climate ensemble simulations

To support the hypothesized mechanisms developed through
the diagnosis of MERRA-2 data, we utilized the Community
Earth System Model (version 1) Large Ensemble (CESM1-LE)
with 40 members. All CESMI1-LE members only differ in their
initial conditions but have the same external forcing. Following
the CMIPS design protocol, the CESM1-LE applied historical
forcing from 1920 to 2005 and representative concentration path-
way 8.5 from 2006 to 2100. In this study, only the historical simu-
lation for the period 1920-2005 is used. The diabatic heating rate
in CESMI-LE is obtained by summing the longwave heating
rate, solar heating rate, vertical diffusion, and moist processes.
All variables in CESM1-LE used in this study are archived at the
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hybrid o—p model level. The time frequency is monthly, and the
horizontal resolution is 1.25° X 0.94° (longitude X latitude).
More details regarding the CESM1-LE experimental design can
be found in Kay et al. (2015).

c¢. Diagnostics

The PV, PV per unit volume (i.e., PV substance) and its
budget equation (Hoskins 1991; Bretherton and Schir 1993;
Sheng et al. 2022a, 2023) are, respectively,

PV = af, - Vo, ey
W=¢, -V, @

and
(%V:—V(VW—FXVO—QIG). 3)

Here, V is the three-dimensional wind vector; a« = 1/p is the
specific volume, and p is the air density; ¢, is the three-dimensional
absolute vorticity vector;  is the potential temperature; and 0
is the diabatic heating rate. Equation (3) suggests the change
in PV substance is made up of a term due to the advection, a
term due to the friction, and a generation term associated with
diabatic heating.

Since heating # is important to drive large-scale circula-
tions, we start with the generation term:

() --v-cen @)

The subscript G represents PV generation. With reference
to Liu et al. (2023), considering an enclosed spherical atmo-
spheric layer § bounded by an upper boundary ¥, and Earth’s
surface S, and using the Gauss divergence theorem for Eq. (4),
we can have the total PV generation within 6 layer as follows:

yﬁs(‘%/)cdv = H[GC(S) — G (S)ldxdy.  (5)

Here, dV is the volume element. In Eq. (5), G, given by

()

dv  du
ax ayf

G, :79(f+—

is introduced as the PV generation flux related to the diabatic
cooling because of the minus sign in front of #. A positive
(negative) generation flux G¢ at a certain level represents
a positive (negative) contribution to the total PV of the at-
mosphere above this level. Equation (5) suggests that the
total PV generation within 6 layer is determined by the ver-
tical difference, in other words, the vertical profile, of the
generation flux G between Earth’s surface S and the upper
boundary 3.

The diabatic heating rate is formulated for the hybrid o—p
model level as

. dpab

b="—=—+u —Q,
andp

Dt ot

Do a6 a0 n v@ n )
ax ay .
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in which 7 is the vertical velocity at the hybrid o—p model
level. Similarly, the Lagrangian change of pressure is given
by w = Dp/Dt = dplot + [u(@p/ox) + v(ap/ay)]n + 1(p/om). The
subscript 7 indicates that the differential is taken on the hybrid
o-p model level. By solving 7 in o and substituting it into
Eq. (7), we have a form of diabatic heating rate that can be cal-
culated directly by the variables provided in reanalysis data:

b="—=—+|u—+v— — 8
Dr o \"ax T Vayl T “map ®

Do a6 ( a0 60) a0
+ +
m

in which o, = w — aplot — [u(@plox) + v(ap/ay)]n indicates the
vertical velocity at the hybrid o—p model level adjusted based
on the vertical coordinate transformation (Xie et al. 2022).
The deduction is similar with that in Xie et al. (2022) and
Sheng et al. (2021). In this study, the PV, diabatic heating,
and PV generation on the surface are referred to those calcu-
lated on the lowest model level (i.e., the 72nd level) unless
stated otherwise.

3. Index of diabatic-cooling-generated PV within the
near-surface layer over the TP

In this section, we introduce the index of PV generation
within the near-surface layer over the TP due to diabatic cool-
ing that is used in this paper.

The climatic mean of the surface # and a vertical profile of
the TP-averaged @ are shown in Figs. 1a and 1b, respectively.
In wintertime, diabatic cooling over the TP is prominent on
the surface (Fig. 1a) and vertically (Fig. 1b), suggesting that
the TP is a cooling source during wintertime (Yeh et al. 1957;
Liu et al. 2020). The vertical profile of TP-averaged # (Fig. 1b)
exhibits a bottom-heavy vertical structure, indicating that sub-
stantial cooling occurs at the lower level, which resembles the
structure of longwave radiative cooling (Wu et al. 2007; Xie et al.
2023). Figures 1c and 1d are the same as Figs. 1a and 1b, respec-
tively, but show the results of regression onto the TP surface
cooling index (blue line in Fig. 2c), which is defined as the nor-
malized time series of the TP-averaged surface —6. In terms
of variability, the patterns associated with TP surface cooling
(Figs. 1c,d) are very similar to those of their climatic mean
(Figs. 1a,b). During the phase of anomalous TP surface cool-
ing (positive TP surface cooling index), anomalous cooling sig-
nals are particularly evident (Fig. 1c) over western parts where
the center of maximum variation in snow depth is located
(Chen et al. 2020). The vertical profile of anomalous  (Fig. 1d)
also exhibits a bottom-heavy vertical structure. The strongest
anomalous cooling occurs on the surface, decays upward to the
61st model level, and then finally transitions to a more vertical
distribution above (Fig. 1d). Notably, from the surface to the
61st model level, the thickness is only approximately 88 hPa
(Table 1). This means that the TP cooling anomaly is concen-
trated primarily within a shallow near-surface layer. For conve-
nience, the symbol § is used in the following to refer to the
near-surface layer bounded by the surface and the 61st model
level. During the phase of anomalous TP surface warming (neg-
ative TP surface cooling index), the horizontal pattern and the
vertical structure (Figs. 1c,d) would have the opposite signs.
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FIG. 1. (a) Climatic mean of surface § during boreal winter. (b) Climatic mean of the profile of the TP-averaged 0
during boreal winter (10™* K s™1). Labels on the vertical axis indicate the model-level number. (c),(d) As in (a) and (b),
respectively, but showing regression onto the TP surface cooling index (10> K s™1). The blue line in (a) and (c) denotes
the boundary of the TP topography with an elevation of 2000 m. Areas exceeding a significance level of 0.1 are indicated
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by black dots.

According to Egs. (5) and (6), because the PV generation flux
G is related to 0, the horizontal and vertical patterns of
anomaly (Figs. 1c,d) are expected to influence G flux anomaly
and the resultant PV generation.

By conducting regression onto the TP surface cooling index
(blue line in Fig. 2c), Figs. 2a and 2b show the anomalous sur-
face G¢ flux and the vertical profile of the anomalous TP-
averaged G flux, respectively. In the phase of anomalous TP
surface cooling (positive TP surface cooling index), the TP ex-
hibits a positive surface G flux anomaly (Fig. 2a). Following
the shallow structure of anomalous 0 (Fig. 1d), the major G¢
flux anomaly also shows a shallow structure that is confined
primarily within the near-surface layer &, (Fig. 2b). According
to Eq. (5), the total PV generation within a layer is deter-
mined by the vertical difference in G flux. Here, for simplic-
ity, if we select the 61* model level as the upper boundary X,
where G () is close to zero, the total PV generation anom-
aly within the near-surface layer &, could be expressed as
follows:

i, (o) v = [[ Getsyasar ©

Adjustment of the upper boundary would not overly influ-
ence Eq. (9) because G flux anomalies around the 61st model
level are very close to each other (Fig. 2b). Equation (9)

reveals the importance of the surface G¢ flux for PV genera-
tion within the near-surface layer. It demonstrates that in
the terms of variability, the total PV generation anomaly
within the near-surface layer &, is determined mostly by the
surface G¢ flux anomaly.

Figure 2c further shows the normalized time series of the
TP-averaged surface G¢ flux, hereafter, shortened to the raw
G index (GCI, red line). The raw GCI is strongly correlated
with the TP surface cooling index (blue line, Fig. 2¢), yielding
a correlation coefficient of 0.995 (passing the 0.01 significance
level). This result indicates that the total variability in the sur-
face G¢ flux G¢(S) is thermally driven by surface diabatic
cooling. In other words, on the basis of Eq. (9), the surface di-
abatic cooling (heating) anomaly would generate a positive
(negative) PV anomaly within the near-surface layer 6.

Overall, the results shown in Figs. 1 and 2 highlight two fun-
damental points. First, because of the bottom-heavy vertical
structure of the anomalous 6, G flux anomaly also exhibits a
bottom-heavy structure, which means that the total PV gener-
ation anomaly is concentrated within the shallow near-surface
layer 8, [Eq. (9)]. Second, the surface G flux anomaly, which
determines the total PV generation anomaly within the near-
surface layer &, is thermally driven by surface diabatic cool-
ing (Fig. 2¢).

To better elucidate the climate effect of the PV generation
within the near-surface layer, we illustrate again the index we
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FIG. 2. (a) Regressed surface G¢ on the TP surface cooling index (10~° K s ™). (b) Vertical profile of the regression
of the TP-averaged G¢ on the TP surface cooling index (10™° K s™2). Labels on the vertical axis indicate the model-
level number. (c) Time series of the raw GCI (red line), the TP surface cooling index (blue line), and the GCI used in
this study (bar). The blue line in (a) denotes the boundary of the TP topography with an elevation of 2000 m.

will use, GCI, which is defined as the normalized time series
of the winter TP-averaged surface G¢ flux. From the defini-
tion of G¢ flux [Eq. (6)], whose average over the TP forms
the GCI, it is important to note again that in the abbreviation
GCI, the letter “G” refers to positive PV generation and the
letter “C” refers to surface diabatic cooling. GCI for the pe-
riod 1980-2022 is shown in Fig. 2¢c. On the basis of theoretical
[Eq- (9)] and statistical analyses (Fig. 2c), this GCI can be re-
garded as a compound index, in which a positive value of the
GCI indicates a positive PV generation anomaly within the
near-surface layer &, over the TP [Eq. (9)] and a surface dia-
batic cooling anomaly over the TP (Fig. 2c). Conversely, a
negative value of the GCI indicates a negative PV generation
anomaly within the near-surface layer 8, and a surface dia-
batic heating anomaly over the TP.

In this study, we focused on the interannual time scale;
therefore, the actual GCI (bar, Fig. 2c) used for the following
analysis was obtained by filtering out both the linear trend
and the interdecadal variation over more than 9 years from
the raw GCI. Additionally, the winter Nifio-3.4 index was also
linearly removed to exclude the ENSO signal.

4. Interannual impact of the GCI on winter surface air

temperature in eastern China

Relationship between the GCI and the winter SAT
anomaly in eastern China

Figure 3a presents the regressed winter SAT on the GCIL. It
is evident that positive values cover the entire area of eastern

Brought to you by INSTITUT

China and extend northward to the northern flank of the TP.
There are also positive anomalies to the west of the TP but
beyond the target region of interest in this study (will be dis-
cussed in section 5). Figure 3b shows the pattern of the re-
gressed TN10p on the GCI, which resembles that shown in
Fig. 3a but with opposite signs. Because the TN10p measures
the frequency of extreme cold events, and warm SAT anoma-
lies (Fig. 3a) tend to suppress extreme cold events, the re-
versed pattern of TN10p (Fig. 3b) is to be expected. These
results suggest a notable positive relationship between the
GCT and eastern China SAT in which the positive (negative)
GClI favors a notably warm (cold) anomaly over eastern China
during boreal winter.

Figure 4 presents scatter diagrams for the GCI and SAT
(Fig. 4a) and for the GCI and TN10p (Fig. 4b) averaged
within the box shown in Fig. 3b. Again, the positive relation-
ship between the GCI and box-averaged SAT (Fig. 4a) and
the negative relationship between the GCI and box-averaged
TN10p (Fig. 4b) are very evident, with correlation coefficients
of 0.55 and —0.45, respectively (both significant at the 0.01
level). Consistent with this, the number of years in the first
and third quadrants of Fig. 4a is 32, whereas it is 11 in the sec-
ond and fourth quadrants. In Fig. 4b, there are 31 years in the
second and fourth quadrants and 12 years in the first and third
quadrants. Their sign consistency rates are as high as 74%
and 72% over the investigated 43 years (1980-2022), respec-
tively. This high level of consistency suggests a strong likelihood
that a positive (negative) GCI corresponds to an anomalous
warm (cold) winter in eastern China, further confirming the
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(b)reg(GCI, TN10p)
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FI1G. 3. (a) Regression of SAT on the GCI (°C). (b) As in (a), but for TN10p (%). Areas exceeding a significance
level of 0.05 are indicated by white dots. The blue line denotes the boundary of the TP topography with an elevation
of 2000 m. The area of China discussed below is shown by the rectangle with dashed lines in (b).

close relationship between the GCI and SAT condition over
eastern China during boreal winter.

b. Mechanism

To investigate the mechanism by which the GCI influen-
ces eastern China SAT, a meridional cross section of the
regressed PV (shading) and wind (vectors) averaged over
65°-105°E (the northern TP boundary shown as the black
line in Fig. 5¢) on the GCI is shown in Fig. 5a. Figure 5b
shows the same as Fig. 5a but for the zonal cross section av-
eraged over 27°-40°N (the eastern TP boundary shown as
the black line in Fig. 5c). In the lower panels of Figs. 5a and 5b,
the gray shading, black curve, and gray curve outline the
heights of topography, the bottom model level, and the
61st model level, respectively. Intuitively, it is seen that
the anomalous PV and atmospheric flow within the near-
surface layer 8, (Figs. 5a,b) are occurring in the terrain-

3 (a)GCI&SAT corr=0.55***
2 °
s © %o
1 1 P o®
L o q' [ ) ‘
o. Y e
-1 . W et
|
2 .
_3 ] T T T T
-3 -2 -1 0 1 2 3

GClI

following layer between the gray and black curves shown in
the lower panels of Figs. 5a and 5b. Corresponding to the
positive GCI, the positive PV anomaly is concentrated within
this shallow, terrain-following near-surface layer §y (Figs. 5a,b).
This is consistent with Eq. (9) and indicates that positive PV
generation is primarily within the near-surface layer §y. Above
the near-surface layer d is a deep, weak negative PV anomaly
(Figs. 5a,b). The cooling over the TP behind the GCI anomaly
increases the density of air in the near-surface layer, which
then drains off the sides of the plateau (Figs. 5a,b) producing
katabatic flows away from the plateau toward the east and north
that can be locally strong. A katabatic flow is a downslope wind
caused by the flow of a high-density air mass related to diabatic
cooling, which is usually prominent on the slope of the near-
surface layer (Parish and Bromwich 1991). These katabatic
flows advect the positive PV (denoted schematically as blue
vectors in Fig. 5c) from the plateau into the region of the
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FIG. 4. Normalized scatter diagrams showing the GCI and the (a) SAT and (b) TN10p averaged in the box shown in
Fig. 3b. The gray line indicates the slope calculated using the least squares fitting method.
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FIG. 5. (a) Cross section of the regression of 65°-105°E-averaged meridional circulation and PV on the GCI
(1071 PVU; 1 PVU = 10 % K kg~ ! m? s™!). Labels on the vertical axis indicate the model-level number. Heights of
the topography (shading), the lowest model level 72 (black line), and model level 61 (gray line) averaged over the
same range are attached below. Values on the left axis in the attached figure indicate the height (m). (b) Asin (a), but
for 27°-40°N-averaged zonal circulation and PV. (c) Regressed near-surface PV on the GCI (10~! PVU). The
Siberian High is outlined by the red contour with a value of 1025 hPa. The PV fluxes are denoted schematically
as blue vectors. (d) Composite difference in vertically averaged PV flux in the near-surface layer &, crossing the
northern (40°N, 65°-105°E) and eastern (27°-40°N; 105°E) TP boundaries between GCI > 0.75 and GCI < —0.75
(10* PVU m? s '). Areas exceeding a significance level of 0.05 in (a)-(c) are indicated by white dots. The blue
line in (c) denotes the boundary of the TP topography with an elevation of 3000 m.

Siberian High (red contour in Fig. 5¢). This is consistent with
the results of the numerical experiment by Wu et al. (2007;
their Fig. 4d) which suggests that the surface cooling of the
TP plays an important role in driving the sinking motion
and divergence of air into the surrounding area. We further
calculated the composite difference in the near-surface layer-
averaged PV flux (V PV) crossing the eastern and northern
boundaries based on a threshold of +0.75 standard deviations
of the GCI. The outward PV flux from the TP (Fig. 5d) is sig-
nificant at the 0.1 level. These PV fluxes across the northern
and eastern boundaries within the near-surface layer would in-
crease PV over the region of the Siberian High, as confirmed
by the regressed surface PV on the GCI shown in Fig. Sc.
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The Siberian High is characterized by high SLP accompanied
by an anticyclonic circulation, and therefore the positive PV
anomaly in Fig. 5c is expected to weaken the intensity of the
Siberian High. This is because, in the Northern Hemisphere, a
positive PV anomaly is associated with an anomalous cyclonic
circulation. To further demonstrate the impact of the GCI on
the Siberian High, with reference to both Panagiotopoulos et al.
(2005) and Zhu et al. (2019), we defined the intensity of the
Siberian High as the area-averaged SLP over the 40°-60°N,
80°-120°E. Figure 6a shows the scatter diagram for the GCI
and Siberian High intensity. The negative relationship is very ev-
ident, in which 31 years in the second and fourth quadrants fol-
low this negative relation. The correlation coefficient between
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FIG. 6. (a) Normalized scatter diagram showing the GCI and Siberian High intensity. (b) The PDFs of Siberian
High intensity estimated from 100000 bootstrapped samples for the climatic mean (black curve), the positive GCI
phase (blue curve), and the negative GCI phase (red curve). Vertical dashed lines show the mean value in the corre-
sponding PDFs. Gray shading indicates the 10% tail. (c) Correlation coefficients between the GCI and SLP (shading),
and regressed 10-m wind (vectors) on the GCI. The red contour with 1025 hPa outlines the Siberian High. The blue
line denotes the boundary of the TP topography with an elevation of 3000 m. (d) Normalized scatter diagram showing
the SAT and meridional wind averaged in the box shown in (c). The gray lines in (a) and (d) indicate the slope calcu-

lated using the least squares fitting method.

them is —0.33, passing the 0.05 significance level. Figure 6b pre-
sents PDFs of Siberian High intensity estimated from Monte
Carlo bootstrap samples for the climatic mean (black curve),
positive GCI phase (GCI > 0; blue curve), and negative GCI
phase (GCI < 0; red curve). The resampling process was exe-
cuted 100000 times. The PDFs of Siberian High intensity for
both the positive (blue curve) and the negative (red curve)
phases of the GCI (Fig. 6b) are markedly separate from the cli-
matic mean (black curve), suggesting the notable impact of the
GCI on Siberian High intensity. Figure 6¢ shows correlation co-
efficients between the GCI and SLP. Negative correlation coeffi-
cients are significant over the region of the Siberian High. The
results from multiple methods are consistent with each other
and suggest a robust conclusion that the positive (negative) GCI
anomaly favors a weakened (strengthened) Siberian High.

In the positive GCI phase (Fig. 6¢), due to the weakened
Siberian High, there is a tendency for anomalous southerlies,
i.e., reduced northerly winds, over eastern China, signifying
a weakened East Asian winter monsoon (Hu et al. 2000; Yang

et al. 2002; Panagiotopoulos et al. 2005). Figure 6d presents the
scatter diagram showing the meridional wind and SAT averaged
within the box shown in Fig. 6¢. It is evident that the SAT in-
creases with the southerly wind, with a correlation coefficient as
high as 0.63 (significant at the 0.01 level). This result indicates
that a positive GCI could favor an anomalously warm winter in
eastern China through the anomalous southerly (opposite to the
direction of the winter monsoon flow) that is induced by a weak-
ened Siberian High. In the negative GCI phase, the Siberian
High is stronger, and an anomalous northerly flow dominates
eastern China, favoring a cold SAT anomaly.

c¢. Model simulation

To support the mechanism proposed on the basis of the ob-
servational diagnostics, the 40 members of the CESM1-LE
historical run for the period 1920-2005 were analyzed. Here,
the first 5 and last 5 years were discarded because of the appli-
cation of interannual filtering. Figure 7 shows the correlation
coefficients between the GCI and SAT averaged in the box
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F1G. 7. Correlation coefficients between the GCI and eastern China SAT during boreal winter
among the 40 CESM1-LE members. The crossed circle indicates a member that simulates a rela-
tionship between the GCI and SAT opposite to that observed. The horizontal dashed line indi-
cates a correlation coefficient at the 0.1 significance level for the period 1920-2005.

shown in Fig. 6c, derived from the 40 CESMI1-LE members.
Overall, 36 of the 40 members (the exceptions are the four
members marked by the crossed circles) are able to simulate
the observed positive relationship between the GCI and eastern
China SAT. Notably, 15 members have statistically significant
correlation coefficients. However, in general, the CESM1-LE
runs underestimate the observed relationship between the GCI
and eastern China SAT (cf. Fig. 4a), because even the strongest
correlation coefficient (found for member 12) is approximately
0.4, i.e., less than the observed value of 0.55 (Fig. 4a). Despite
the low signal-to-noise ratio in the ensemble simulations, the re-
sults indicate that the observed positive relation between the
GCI and the anomalously warm winter in eastern China can
still be generally reproduced by the CESM1-LE simulations.

Figure 8 further presents the correlation coefficients between
the GCI and the key processes of the proposed mechanism for
the 40 CESM1-LE members. The crossed circles indicate mem-
bers that do not simulate the observed relationships. Corre-
sponding to the positive GCI, all members (100% ) simulate the
enhanced surface PV over the TP (first row), the downslope kat-
abatic flow anomaly over the TP (second row), and the increased
PV flux crossing the northern and eastern TP boundaries within
the near-surface layer (third row). Over 90% of the members
successfully simulate the weakened Siberian High (fourth row),
resulting from the enhanced near-surface layer positive PV flux
from the TP into the region of the Siberian High, the anomalous
southerlies over eastern China, i.e., the weakened East Asian
winter monsoon (fifth row), and, ultimately, the anomalous
warm SAT in eastern China (bottom row). These results
show that the mechanism derived from the reanalysis data
can be well supported by numerical model simulations.

5. Summary and discussion
a. Summary

Using MERRA-2 and CESM1-LE model level data, this
study investigated the near-surface positive PV generated by
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surface diabatic cooling over the TP, and its interannual im-
pact on eastern China SAT during boreal winter. The mecha-
nism that is proposed to be responsible for this interannual
relationship is illustrated schematically in Fig. 9. We now sum-
marize the proposed mechanism and give the main conclu-
sions drawn from this study.

In wintertime, the vertical distribution of anomalous  asso-
ciated with surface cooling over the TP exhibits a bottom-
heavy vertical structure (left part in Fig. 9). The major cooling
anomaly occurs within the shallow near-surface layer §p, with
a thickness of approximately 88 hPa, and is strongest at the
surface. This vertical gradient in the diabatic cooling rate leads
to a strong positive PV anomaly confined within the shallow
near-surface layer 8o[Eq. (5)]. Further analysis suggests that
the total PV generation integrated over the near-surface layer
&y is determined by the surface PV generation flux G¢ that is
thermally driven by the surface cooling [Eq. (9)].

A normalized index of interannual TP-averaged surface G¢
(with the winter Nifio-3.4 index linearly removed) was defined
as the GCI to examine the climatic effects of the diabatic cool-
ing—generated PV within the near-surface layer §, over the TP.
A positive value of the GCI indicates a positive PV generation
anomaly within the near-surface layer &, and a surface cooling
anomaly over the TP. We found a statistically significant posi-
tive relationship between the GCI and eastern China SAT in
which the positive GCI corresponds to a warm SAT anomaly
over eastern China. The key processes (Fig. 9) involve the PV
generation by surface diabatic cooling, PV transport by katabatic
flows, and the resultant weakened Siberian High. In the positive
GCI phase, the positive PV is generated within the near-surface
layer &y over the TP (red layer in Fig. 9). Meanwhile, the TP sur-
face cooling anomaly behind the GCI anomaly induces the
anomalous katabatic flows down the slopes of the TP (gray vec-
tors in Fig. 9). The anomalous katabatic flows advect positive PV
away from the eastern and northern sides of the TP into the re-
gion of the Siberian High. Because the Siberian High features
high SLP with an anticyclonic circulation, the imported positive
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FI1G. 8. Correlation coefficients for the 40 CESM1-LE members between the GCI and the key
variables involved in the proposed mechanism. (first row) TP-averaged surface PV; (second
row) TP-averaged omega on the lowest model level; (third row) PV flux crossing the northern
and eastern TP boundaries averaged within the near-surface layer; (fourth row) Siberian High
intensity; (fifth row) eastern China southerly wind; and (sixth row) eastern China SAT. The hit
ratio indicates the percentage of members that can simulate the same sign of the correlation co-
efficient with that observed in the reanalysis. Crossed circles indicate members that simulate a re-

lationship opposite to that observed.

surface PV weakens the intensity of the Siberian High (blue
shading in Fig. 9). Finally, the weakened Siberian High is associ-
ated with a weaker East Asian winter monsoon and southerly
wind anomalies over eastern China (black vectors in Fig. 9),
thereby favoring an anomalously warm winter in eastern
China. The negative GCI phase corresponds to the opposite
situations. We used the CESM1-LE ensemble to examine the
validity of the mechanism. Results suggest that 90% of the
CESMI1-LE ensemble members well represent the mechanism
found in the reanalysis data, in which the various links are con-
sistent in sign. Our results emphasize the importance of the di-
abatic cooling-generated surface PV anomaly in driving the
climate anomaly over the eastern China during wintertime.

b. Discussion

Hoskins et al. (1985) examined the direct effect of surface
diabatic cooling on the atmospheric circulation. In an idealized

-550 hPa

PV

generation
650 hPa

Tibetan Plateau

case, where no anomalies exist in the upper atmosphere and
only surface cooling is present, their analysis using PV inver-
sion demonstrated that a single surface cooling anomaly would
directly induce anticyclonic circulation around the cooling cen-
ter. This response is generally valid for the TP surface cooling,
and we do see an anticyclonic circulation (Fig. 6¢) around the
western end of the TP where the diabatic cooling anomaly is
strongest (Fig. 1c), and this noticeable anticyclonic circulation
generally covers the southwestern and northwestern sides of
the TP (Fig. 6¢). The southerlies on the western side of the TP
explain the warm SAT anomalies spanning 60°-70°E (Fig. 3a).
However, this response is not apparent to the east of the TP,
where there is a southerly wind (Fig. 6¢) rather than the north-
erly wind expected from the anticyclonic circulation. This means
that the direct anticyclonic response to surface cooling is not ap-
plicable over the eastern TP, and it implies that a more sophisti-
cated mechanism of PV transport and attendant weakening of

Diabatic cooling "
PV generation

FI1G. 9. Schematic showing how the diabatic cooling—generated PV anomaly within the near-surface layer influences
eastern China SAT during boreal winter. The left-hand part shows details of the generation of PV due to diabatic
cooling within the near-surface layer. The brown trapezoid represents the TP. The blue line represents the surface dia-
batic cooling anomaly. The black line indicates the top of the near-surface layer in this study. The red shading indi-
cates the positive PV generation anomaly. The gray vector indicates the katabatic flow down the slope of the TP. In
the right-hand part, the red layer over the TP indicates the diabatic cooling—generated PV within the near-surface
layer. The blue shading indicates the weakened Siberian High. The red dashed line indicates the positive surface PV.
The black vectors indicate the anomalous flow. The gray vectors indicate the katabatic flows down the slopes of the TP.
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the Siberian High operates over the eastern TP, as proposed
in this study. This is a new finding that emphasizes the im-
portance of considering PV generation and near-surface PV
transport in the climate effects of the TP. Perhaps this is be-
cause the diabatic cooling is much weaker on the east side
(Fig. 1c), so that dynamical near-surface flow to the north
and east advects PV off the TP is more important over the
eastern part of the TP. This hypothesis will be closely exam-
ined in future work.

A katabatic flow is a common feature of the lower Antarctic
atmosphere, where it is observed at low levels with a thickness
of approximately 1000 m (Parish and Bromwich 1991; see their
Fig. 5a). The thickness of the anomalous katabatic flow over
the TP (lower panels of Figs. 5a,b) is similar to that observed
over the Antarctic. Egger (1985) and Parish and Bromwich
(1991) suggested that the low-level katabatic flow is an impor-
tant component in establishing large-scale tropospheric mo-
tions. Over the TP, the mechanism via which the low-level
katabatic flow influences the upper-level circulation anomaly
that could disperse downstream along the westerly jet is an in-
teresting topic that will be studied in the future. The spatial
heterogeneity of the katabatic flow anomaly over the TP is
prominent. For instance, the eastern slopes of the TP may ex-
perience stronger katabatic flow effects compared to the west-
ern slopes (Fig. 5b). This may be related to a combination of
factors, such as the topography (Fig. 5b) and the interaction
with the westerly wind.

The local effect of adiabatic warming that occurs as a kat-
abatic flow moves down a slope (i.e., a foehn effect) would
contribute to the positive SAT anomaly along the edges of
the TP (Fig. 3a). However, for scales much larger than those
considered in this study, it is important that the transport of
positive PV spreads out widely. On this scale, the PV anom-
aly is associated with an anomalous cyclonic flow, and the
southerly part of this gives rise to the widespread SAT
anomalies; therefore, scale is important. The foehn effect
represents a mesoscale feature local to a particular slope,
whereas PV transport is important on these much larger
scales.

This study has shown the influence of surface PV genera-
tion over the TP on the Siberian High intensity. Sheng et al.
(2022b) found a close linkage between Rossby wave propa-
gation and surface PV over the TP. Whether the TP can be
acted as a relay station to boost the influence of Rossby
wave and further exert an influence on the Siberian High is
a worthy topic and will be investigated in the future.

In this paper, we have investigated the relationship between
DJF-averaged anomalies in variables. However, the proposed
mechanism suggests a central role for diabatic cooling which
is closely related to the TP snow cover. In further work, we
will investigate the possibility that TP snow cover anomalies
from preceding months provide some predictive power for
DJF TP snow cover and diabatic cooling, and also for the
DJF Siberian High intensity and the winter surface tempera-
tures over China.

Assuming there is a meridional wind change Av over a
zonal length scale L, and that all the change in PV goes to a
change in the horizontal circulation, then we have
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Taking p = 1.2 kgm™> f=10"*s"! L = 10° m, and
doldz =5 x 107> K m™! gives that 02 X 10~ PVU (1 PVU =
1079 K kg~ ! m? s 1), which is a typical change in surface PV
(Fig. 6¢), corresponds to Av ~ 5 m s~ !, In an inversion, on this
scale, we can expect that more will go into static stability change
and Av could be down to 1-2 m s~ . However, in Fig. 6c, the
regressed wind over eastern China is lower than 1-2 m s .
This means that friction plays an important role in the low-
level circulation anomaly. Hoskins (1991) argued that friction
could be important to the large-scale circulation around the
TP. In the next step, further study using data that extends to
the surface (not available in MERRA-2) would be needed to
dissect the relative effects of friction and heating on the circu-
lation in this complex region.
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