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ABSTRACT: The summer atmospheric heat source (AHS) over the Tibetan Plateau (TP) induces meridional circulations
in TP and its surrounding areas. Previous studies mainly focused on the monsoon circulation on the south side of TP, while
the formation and maintenance mechanisms of meridional circulation on its north side remain unclear. This study com-
pared three calculation methods of the AHS, analyzed the spatial-temporal variability of the summer AHS over the TP,
and discussed its influence on the interannual variability of meridional circulation on the north side of the TP based on the
two-dimensional decomposition method of atmospheric circulation and sensitivity experiments. The results indicate that in
the positive AHS anomalies years, the diabatic heating of condensation latent release in southeastern TP could motivate
anomalous ascending motion. Simultaneously, the increased meridional temperature gradient between the mid- and high
latitudes of East Asia leads to an enhanced southward westerly jet. In this context, the region on the north side of TP, lo-
cated on the north side of the westerly jet entrance, is affected by negative anomalous relative vorticity advection, prevail-
ing anomalous descending motion, which makes the descending branch of meridional circulation significantly presented.
Unlike previous studies that considered the descending branch of meridional circulation as the compensation for upward
flow, the results of the linear baroclinic model (LBM) verify that the descending branch is mainly influenced by the vortic-
ity advection related to regional scale variability of the westerly jet. This study reveals the physical mechanism of meridio-
nal circulation on the north side of TP, which offers valuable implications for seasonal forecasting in TP and Northwest
China.

KEYWORDS: Complex terrain; Atmospheric circulation; Streamfunction; Vertical motion; Summer/warm season;
Interannual variability

1. Introduction flow, leading to the “monsoon circulation,” which is a meridi-
onal circulation opposite to the Hadley cell in the South
Asian monsoon region. In recent decades, more studies have
emphasized the regulatory role of the summer AHS over
the TP in monsoon circulation on the south side of the TP.
Wu et al. (1997) put forward the concept of a “sensible heat
driven air pump” by using Ertel’s potential vortex theory and
thermal adaptation theory. They argued that intense sensible
heat (SH) over the TP in summer generates positive vorticity
near the surface, leading to convergence, while inducing nega-
tive vorticity and divergence at the top of the troposphere.
This mechanism acts as an air pump that regulates the forma-
tion and variability of the Asian summer monsoon through

The thermal forcing of the TP substantially influences at- vertical motion and moisture transport (Wu et al. 2012; Xu
mospheric circulation in the TP and its surrounding areas. et al. 2013; Wu eF al. 20,1.5 » 2018; He et al. 20193 Duar} et al.
Earlier studies (Flohn 1957; Ye et al. 1957) established the TP~ 2020). However, in addition to the monsoon circulation on

as an elevated AHS in summer, with the prevalent upward the south side of the TP, some scholars note the existence
of the meridional circulation on the north side of the TP, and

the arid region of Northwest China (NWC) falls under the
impact of this circulation (Ye et al. 1957). Qian et al. (2001)
Corresponding author: Haipeng Yu, yuhp@Izb.ac.cn termed it the “arid meridional circulation” and observed

The atmospheric heat source (AHS) is the fundamental
driver of atmospheric circulation, reflecting the heat budget
of the atmospheric column in a given area and time period
(Ye and Gao 1979). The Tibetan Plateau (TP), with an aver-
age elevation exceeding 4000 m, serves as the most powerful
AHS in the Northern Hemisphere and has significant implica-
tions for both regional and global atmospheric circulation and
climate. The unique geography and high elevation of the TP
make it particularly susceptible to enhanced warming effects
compared to surrounding regions (You et al. 2020). There-
fore, the thermal effect of the TP has become an important
scientific issue.
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significant differences in vertical circulation between dry and
wet years in NWC in summer. In wet years, the ascending mo-
tion over the TP was stronger, and upward flow prevailed over
the entire troposphere in NWC. While in dry years, the ascend-
ing motion over the TP was weaker, and a sinking flow that was
stronger than that in normal years prevailed in the middle-upper
troposphere in NWC (Wu and Qian 1996). Wei et al. (2009) also
found that in July of greater precipitation years in eastern NWC,
a stronger meridional circulation caused this region within the
enhanced upward flow (40°43°N), favoring precipitation. Con-
versely, in July of fewer precipitation years, the region fell under
a closed circulation opposite to wet years, dominated by a de-
scending motion (41°—44°N), leading to reduced precipitation.
However, current studies about the meridional circulation on
the north side of the TP have only focused on its spatial struc-
ture and interannual relationship with summer precipitation in
NWC, while its formation and maintenance mechanisms remain
unclear.

Previous studies have shown that the thermal effect of the TP
is closely related to the meridional circulation on the north side
of the TP, and the descending branch of meridional circulation
is considered to compensate for the upward flow over the
TP induced by thermal forcing. Early scholars (Wu and Qian
1996) used the surface temperature anomaly index to character-
ize the thermal conditions of the TP, noting that a warmer sur-
face corresponded with enhanced ascending motion in summer,
promoting convergence near the surface. Subsequent studies
(Fan and Cheng 2003; Sun and Liu 2021; Luo et al. 2023) further
verified that the topography effect of the TP produces both the
ascending motion over the TP and the compensatory descending
motion on the north side of the TP based on the results of nu-
merical experiments. While these findings are mainly related to
SH near the surface due to dataset deficiency, the role of con-
densation latent heat (LH) in the middle—upper troposphere
cannot be overlooked. In this case, the relationship between the
AHS over the TP and meridional circulation on the north side
of the TP is not fully understood, primarily because of the uncer-
tainties in quantifying the intensity and variability of the AHS,
which are caused by the complex topography of the TP, scarcity,
and uneven distribution of observational stations (Wang et al.
2012; Duan et al. 2014; Wu et al. 2017). Additionally, methodo-
logical discrepancies further complicate the estimation of the
AHS. For instance, the bias of the direct calculation method is
attributed to components such as the variations of drag coeffi-
cients in SH calculating (Duan and Wu 2008; Yang et al. 2010)
and the uncertainties of satellite radiation data, while the indi-
rect calculation method varies greatly due to the deviations be-
tween different reanalysis datasets (Luo and Xu 2019). At
present, accurately estimating the AHS over the TP remains a
challenge, which significantly constrains the current understand-
ing of the underlying physical mechanisms of the summer AHS
over the TP affecting the interannual variability of meridional
circulation on the north side of the TP. How the summer AHS
over the TP affects the meridional circulation on the north side
of the TP and whether the descending branch of meridional cir-
culation compensates for the upward flow over the TP require
further exploration.
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In this study, we aim to answer the following questions:
1) What are the spatial and temporal variation characteristics of
the summer AHS over the TP? 2) How does the summer AHS
over the TP affect the interannual variability of meridional circu-
lation on the north side of the TP? 3) What are the formation
and maintenance mechanisms of the descending branch of the
meridional circulation? The remainder of this paper is organized
as follows. In section 2, we briefly describe the data, methods,
and model we applied. Section 3 presents the spatial and tempo-
ral variation characteristics of the summer AHS over the TP. In
section 4, we first explore the relationship between the summer
AHS over the TP and meridional circulation on the interannual
time scale and the corresponding physical mechanism and then
conduct the sensitivity experiments using the model. Finally, the
conclusions and discussion are given in section 5.

2. Data and methods
a. Data

Previous studies have compared the performances of different
reanalysis datasets to calculate the AHS over the TP. Hu
and Duan (2015) found that the Japanese 55-year Reanalysis
(JRA-55) closely resembled the observed data when calculating
the summer AHS over the TP by comparing JRA-55, ERA-
Interim, and NCEP-2. Wang et al. (2019) compared the dif-
ferences in the variability of the summer AHS over the TP
calculated from four reanalysis datasets (NCEP-1, NCEP-2,
ERA-Interim, and JRA-55) and found that for long-term trends
and interannual scales, JRA-55 was more consistent with the
variability of the observed data. Duan and Zhang (2022) also
noted that the intensity and variability calculated by JRA-55
closely matched the observed data when comparing the annual
cycle of the AHS over the TP. Therefore, we used the monthly
JRA-55 data from the Japan Meteorological Agency with a hor-
izontal resolution of 1.25° X 1.25° covering the summer period
(June—August) during 1981-2020 in this study (Kobayashi et al.
2015), including wind, vertical velocity, air temperature, surface
pressure, total precipitation, total cloud cover (TCC), SH, radia-
tion, and diabatic heating rate. The diabatic heating rate refers
to the vertical diffusion heating rate (vdfhr), convective heating
rate (cnvhr), large-scale condensation heating rate (lrghr), solar
radiative heating rate (swhr), and longwave radiative heating
rate (Iwhr).

b. Methods
1) ATMOSPHERIC HEAT SOURCE
(i) Direct calculation method

This method is based on the principle of radiative balance,
and the AHS is defined as

E=SH + LH + RC, 1)

where SH represents the sensible heat transfer, LH is the con-
densation latent heat released to the atmosphere by precipita-
tion, and RC is the net radiative flux of the air column (W m™2).
Utilizing the direct calculation method can acquire the horizontal



1 JuLy 2024

spatial distribution of the AHS and its components, but it does
not provide information on their vertical distribution.

(ii) Indirect calculation method

The method proposed by Yanai et al. (1973) initially relies
on the direct vertical integration of the thermodynamic equa-
tion based on the principle of atmospheric energy conserva-
tion to calculate the AHS:

1 (P aT P\ a6
—— [ lc|Z+v-T+[o] 0=
) gj{ () “5

ot P,

where Q refers to the diabatic heating (K s™'); ( ) represents
the vertical integration; P; is the surface pressure, P, = 100 hPa,
and Py = 1000 hPa; T is temperature and 6 is potential temper-
ature (K); V is the horizontal wind vector (m s™!); o is the
vertical p velocity (Pas™'); and k = R/C,, where R and C, de-
note the gas constant and specific heat capacity of dry air at
constant pressure, respectively. This method can obtain the
horizontal and vertical spatial distributions of the AHS and di-
abatic heating but not the distribution of the components of
the AHS.

}dp, 2

(iii) Heating rate integration method

In addition, we employed the heating rate integration
method to quantitatively calculate the AHS (Yu et al. 2011):

H=Hgy + H y + Hye

PJ
= lj [C,(vdfhr + Irghr + cnvhr + Iwhr + swhr)]dp, 3)
8 Jp,

where Hgy is the vertical integration of the vdthr, H; y repre-
sents the vertical integration of the Irghr and the cnvhr, and
Hpgc is the vertical integration of the swhr and the lwhr. This
method can provide the horizontal and vertical spatial distri-
butions of the AHS and its components depending on the
availability of heating rate data.

2) REGIONAL MERIDIONAL MASS STREAMFUNCTION

The mass streamfunction is commonly used to characterize
the global zonal mean meridional circulation. However, the me-
ridional circulation over the TP exhibits significant regional char-
acteristics (Hu and You 2019), due to the intense land-sea
thermal contrast combined with the dynamic and thermal effects
of the TP’s large topography, and the atmospheric motion within
this region cannot satisfy the zonal mean continuity equation,
and a regional meridional mass streamfunction (RMMSF) is
needed.

To better characterize the spatial structure of meridional
circulation on the north side of the TP, we employ the two-
dimensional decomposition method of the vortex and diver-
gent circulation in fluid dynamics (Schwendike et al. 2014,
2015). For any given pressure surface, we can decompose the
horizontal velocity:

V(Lop) = Vg, (Lop) + V, (4,0,p), 4)
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where Vg, and Vo represent the divergent (irrotational)
and vortex (nondivergent) parts of the horizontal velocity,
respectively. Under this condition, the continuity equation
V -V +9dwldp = 0 in the pressure coordinates can be refor-
mulated as follows:

Vp V.. =0, 5)
w
Vp.Vdiv+@=0' (6)

Since the vertical motion is mainly induced by the horizontal di-
vergent wind, the vortex component V,, of the horizontal veloc-
ity is often neglected. The continuity equation can then be
simplified as follows:

1 dug, 4 1
acosp dA

dv,. . COS
Yay S0 90 o)
a cosp [e10) ap

The vertical velocity is also decomposed into two components:

0=, + o, 8)

where w,,, is the meridional vertical velocity and w, is the zonal
vertical velocity. The continuity equation satisfied by the re-
gional meridional circulation is as follows:
Jw,,

+ 2 =0. O]
a cosp I ap

1 dvy, cosp

To employ the mass streamfunction V¥ for the regional meridi-
onal circulation, Eq. (9) is reformulated as follows:

Apadvg, cosp Aga’ cospiw,,
g 99 8 ap

=0, (10)

where vy, and w,, can be represented by the mass stream-
function as follows:

g v

=_ 8§ %% 1
Aga cospip’ (1)

Vdiv

Y S
Agpa? cospdp (12)

wm
Given that vertical velocity is not the observing variable, we
use Eq. (11) to calculate the RMMSEF:

A P
RMMSF = wj vy dps (13)
0

where a is Earth’s radius, g is the gravitational acceleration,
and ¢ is the latitude. The term vg;, can be calculated based on
the relationship between the velocity potential function y and
divergent wind as vy, = (1/a)@x/0¢).

3) DYNAMICAL DIAGNOSTIC METHOD

To explore the main influencing factors of the vertical ve-
locity, we used the quasigeostrophic w equation:
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o+ 2 o= r v e 1)+ B v
oo = sV, Ve, + 1) + S5y, v1)

R dQ

T Cp dt’

s (14)

where w is the vertical velocity, § denotes the static stability, f; is
the Coriolis parameter, p is the pressure, and &, is the geo-
strophic relative vorticity; also, V, represents the geostrophic
horizontal wind, R is the gas constant for dry air, and 7 is the
temperature. The terms on the right-hand side represent vortic-
ity advection, temperature advection, and diabatic heating. By
segregating each variable into a time-averaged basic state and its
departure, Eq. (14) can be rewritten as follows (Peix6to and
Oort 1984):

e 0| ,0& o0& ok
OV +ff o = fy—|up 2y Sy =
ap ap ax ax ax
Vi V2 V3
e ’ ’ .
dgg U_ﬁ v (E + v %
89y 8 dy 89y 89y
~—— Y= =
V4 Vs V6 V7
R aT T’ T’ aT
+= VP U+ Uy —— + Uy—— + U —
p ax 8 9x ax ay
T1 T T3 4

+

_oT ,0T R
Cp dt

d ’

v + v -V 0
gay ,S’ay

—_— Pr——
T5 T6 0

(15)

where V1-V7 represent the terms related to vorticity advection,
T1-T6 are related to temperature advection, and Q is related to
diabatic heating. The 14 terms represent the 14 factors related
to the vertical velocity anomalies.

4) CUMULATIVE ANOMALY TEST

To determine the interdecadal transition, the cumulative
anomalies were calculated. The formula is (Wei 2007)

%, = i(xi —X)0=1,2 ..., 1), (16)

i=1

where x;, ¥, [, and %, are the original time series, the average
value, the length of time, and the cumulative anomaly at time ¢,
respectively.

c. Linear baroclinic model

The linear baroclinic model (LBM) is a simple dry model
based on the linearized atmospheric general circulation model
developed at the Center for Climate System Research, University
of Tokyo, and the National Institute for Environment Studies,
Japan (Watanabe and Kimoto 2000; Watanabe and Jin 2002).
This model is widely used to examine the atmospheric response

Brought
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to idealized diabatic heating (Lu and Lin 2009) and uses primitive
equations and the triangular truncated spectral expansion
method in the global domain. We employed the version with a
horizontal resolution of T42 and 20 vertical layers based on a
sigma coordinate system in this study, and the background basic
state was calculated using the summer mean climatology based
on the NCEP/NCAR reanalysis.

Suppose X is the vector variable in the primitive equations,
and the variable can be vorticity ¢, divergence D, temperature
T, and the logarithm of surface pressure 7 = InPs. If distur-
bance X = X(¢, D, T, ), the dynamic equation of the model
can be expressed as follows:

dX+ (L +NL)X =F, (17)
where L and NL represent the linear and nonlinear parts of
the formula, respectively, which can be composed of advection,
geostrophic deviation, pressure gradient, and dissipation terms,
and F represents the external forcing. A linear equation for the
disturbance can be obtained by linearizing the equation and
ignoring the nonlinear term:

dX + LX =F (18)

It should be noted that the linear operator L is a function of

the fundamental field, i.e., L = L(X). Therefore, the stable so-

lution d, X’ = 0 in the above formula can be expressed as

LX =F! (19)

The above formula can also be expressed as a set of linear equa-
tions, and the solution is

X =L7'F (20)

The corresponding linear response solution X is solved by calcu-

lating the linear operator L of the primitive equation and the
given external forcing F.

3. Spatial-temporal variability of the summer AHS over
the TP

a. Spatial distribution

Before discussing the variability of the summer AHS over
the TP, it is crucial to gain a preliminary understanding of its cli-
matic characteristics. Figures 1 and 2 show the horizontal and
vertical spatial distributions of the summer AHS over the
TP and its components during 1981-2020 calculated by three
methods. Horizontally, as evident in Figs. 1g-i, the AHS
over the TP exhibits a spatial pattern of “strong in the south
and weak in the north.” Area with high value is mainly con-
centrated in the southeastern TP (exceeding 160 W m™2),
whereas the Qaidam Basin and the northern TP appear as
low-value areas. Regarding the components of the AHS, the
western and northern TP are dominated by SH due to scarce
vegetation and exposed surface, where solar radiation reaches
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FIG. 1. Horizontal spatial distributions of the summer AHS and its components over the TP during 1981-2020. (a)-(c) SH, LH, and RC
computed by the direct calculation method. (d)-(f) SH, LH, and RC calculated by the heating rate integration method. (g) AHS (E) calcu-
lated by the direct calculation method. (h) AHS (H) calculated by the heating rate integration method. (i) AHS ((Q1)) calculated by the
indirect calculation method (W m™2).

the surface directly, causing it to heat rapidly (Figs. 1a,d). In  negative across most regions, indicating that net longwave
the eastern and southern TP, characterized by lower altitudes radiative (NLR) cooling is stronger than net shortwave ra-
and ample moisture, LH released by precipitation domi- diative (NSR) heating (Figs. 1c,f). Comparing the spatial
nates (Figs. 1b,e). Meanwhile, the RC is predominantly distributions and magnitudes of the AHS over the TP and

(a) (b)

100 100 b e L
NSR | —
——NLR : Q1>
===RC | = H
—==LH /
= SH || :
g &
= <
3 200 | - 5 200 =
3 3
2 ©
8 300 - 8 300 L
o o
] @
400 = 400 | =
500 — - 500 — -
L L L I UL L
-4.0 4.0 6.0 1.0 0.0 1.0 2.0 3.0 4.0

FIG. 2. Vertical profiles of the summer diabatic heating over the TP during 1981-2020. (a) SH (orange line), LH
(green line), RC (blue line), NLR (purple line), and NSR (yellow line) calculated by the heating rate integration
method. (b) AHS calculated by the heating rate integration method (H, red line) and by the indirect calculation
method ({Q1), black line). The shaded areas represent the 40-yr standard deviation for variables (K day ).
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FIG. 3. (a)-(d) Time series and (i)-(1) spatial distributions of the long-term trend of the summer AHS over the TP

and its components during 1981-2020. (e)-(h) Time series and (m)—(p) spatial distributions of the long-term trend of
the TCC, downward shortwave radiation at the surface (ssdown), NSR, and NLR over the TP during 1981-2020. Yel-
low lines represent the time series, and black lines represent linear trends. The areas with diagonal lines indicate the

values that passed the 95% significance test (W m ™ 2).

its components, it is evident that the AHS over the TP
closely resembles the LH; therefore, we can conclude that
the main contribution of the summer AHS over the TP is
the LH.

It can be seen that the summer AHS over the TP shows a
“(” vertical distribution pattern in Fig. 2b: Below 300 hPa, it is
a strong heat source region, with the maximum value appear-
ing around 400 hPa (approximately 2-3 K day~!); a weak cool-
ing source region exists at the height of 300-150 hPa, and
above 150 hPa, it turns into a heat source region. As can be
seen from the vertical distribution characteristics of compo-
nents of the AHS (Fig. 2a), the primary contribution to the
near the surface is SH, which is largely limited by its vertical
transport. Owing to the correlation between LH and the phase
transition process of water, regions with high values of LH are
mainly distributed in the middle—upper troposphere, which is
consistent with the distribution of atmospheric cloud height.
Regarding the RC, shortwave radiation predominantly con-
tributes to heating, whereas longwave radiation contributes

Brought to you by NATI

mainly to cooling. The magnitude of NSR is smaller than that
of NLR. Hence, the vertical distribution of RC is predomi-
nantly governed by NLR, with peak values similarly distrib-
uted in the middle—upper troposphere.

Furthermore, by comparing the results of different methods
for calculating the AHS, it can be seen that the direct calculation
method and the heating rate integration method are highly con-
sistent in terms of both the horizontal spatial distribution and
magnitude. Similarly, the indirect calculation method corre-
sponds well with the vertical spatial distribution of the heating
rate integration method, although its magnitude is slightly
smaller near the surface over the TP compared to that of the
heating rate integration method, which aligns with the findings
of Luo and Xu (2019). Overall, considering that the heating rate
integration method can correspond well with both the direct and
indirect calculation methods and provide the horizontal and ver-
tical distribution of the AHS and its components, we adopted
this particular method for the subsequent calculation of the
AHS over the TP.
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FIG. 4. (a) Cumulative anomaly series and (b) anomaly series of the summer AHS over the TP and its components
during 1981-2020. Black lines represent the AHS (H), red lines represent SH, green lines represent LH, and blue lines

represent RC (W m™?).

b. Temporal variability

As a sensitive and responsive region to climate change, the
TP has experienced a series of significant changes in its sur-
face water and thermal conditions, such as glacier melting,
lake expansion, and reduction in permafrost area (Sun et al.
2020; Wang et al. 2020; Zhang et al. 2020), and the consequent
changes in the diabatic heating over the TP have also impor-
tant impacts on regional and global atmospheric circulation.
Figures 3-5 illustrate the variability of the summer AHS over
the TP. As far as the long-term trend, from the time series in
Figs. 3a—d, it can be observed that the AHS and LH over the
TP show continuous increasing trends, with growth rates of
0.50 and 0.16 (W m™~2 a™ '), respectively. On the other hand,
SH and RC exhibit sustained decreasing trends, with reduc-
tion rates of 0.20 and 0.14 (W m~2 a™!), respectively. From
the spatial distribution of the trends in Figs. 3i-l, the summer
AHS displays an increasing trend in most regions of the TP and a
decreasing trend in the Qaidam Basin and along the Himalayas.
The trends of the summer AHS across most regions of the TP are
mainly driven by the variations of LH, while the decreasing trend
of the summer AHS in Qaidam Basin is primarily a result of
the combined effects of reduced SH and intensified radiative
cooling. Regarding the components of the AHS, as indicated in
Figs. 3m—p, the spatial distribution of the trend of SH exhibits a
generally opposite pattern to that of TTC, which is due to the fact
that the weakening effect of the atmospheric cloud on solar radia-
tion is enhanced with an increase in TCC, resulting in a decrease
in the shortwave radiation received by the surface, which weak-
ens the surface temperature and leads to a decrease in SH. The
increase in TCC also contributes to a higher moisture content in
the air, leading to an opposite trend of LH to the trend of SH. As
for the trend of RC, the decrease in NLR plays a major role.

In terms of interdecadal variability, as shown from the cumula-
tive anomaly sequences in Fig. 4a, there is a significant interdeca-
dal transition in both the summer AHS and its components

Brought

during the mid-1990s. The summer AHS and LH over the
TP transitioned from a weakened to enhanced trend, whereas the
trends of SH and RC reversed. Related studies have shown that
the interdecadal transition of the summer AHS over the TP
in the mid-1990s might be associated with the Atlantic multideca-
dal oscillation (AMO) (Zhou et al. 2019; Sun et al. 2020; Zhang
et al. 2020; Han et al. 2021). Since the mid-1990s, the AMO has
been in a positive phase, with its abnormally warm sea surface
temperature triggering the Silk Road pattern teleconnection,
leading to a weakened and northward westerly jet (WJ) over the
TP. Anomalous anticyclones in the eastern TP weaken the WJ
and retain moisture over the TP, while anomalous cyclones in the
western TP transport moisture from the Arabian Sea to the TP,
which together have led to an increase in moisture content over
the TP since the mid-1990s, and the release of LH further results
in the enhancement of the summer AHS over the TP.

From the anomaly sequence in Fig. 4b, it can be observed
that the summer AHS over the TP is also characterized by sig-
nificant interannual variability, whose main contributor is LH,
while the interannual variability of SH and RC is less obvious.
Furthermore, the spatial distributions of standard deviation
shown in Fig. 5 indicate significant spatial differences in the
interannual variability of the summer AHS over the TP, with
the center of high values of the standard deviation essentially
coinciding with the climatic state. The summer AHS and LH
vary more drastically in the southeastern slope of the TP,
while they are relatively moderate in the northern TP, and
SH varies significantly in the Qaidam Basin.

4. Impact of the summer AHS over the TP on the
interannual variability of meridional circulation

a. Climatic distribution of the meridional circulation

For a preliminary recognition of the spatial structure of
meridional circulation on the north side of the TP, we first
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FIG. 5. Spatial distributions of the standard deviation of the summer AHS over the TP and its components during 1981-2020. (a) SH.
(b) LH. (c) RC. (d) AHS (H) (W m?).

analyzed its climatic state distribution. Figure 6 illustrates the
meridional circulation over the main part of the TP within the
longitudinal range of 80°~100°E, where Fig. 6a shows the meridi-
onal circulation depicted by the original velocity field, while
Fig. 6b shows the meridional circulation represented by the
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velocity field after using the two-dimensional decomposition
method of atmospheric circulation. Additionally, the RMMSF
was calculated for this region. When it is greater than zero, it rep-
resents a positive circulation, with a clockwise direction signifying
mass transport from south to north. From the figures, it can be

(b) Vdiv(m s™) & Wm(102 Pa s™) & RMMSF(10° kg s™)
T , | L

P I I !

100 ——

— 16

150

200

250
300

Height (km)

400

Isobaric level (hPa)

500

700

850
1000

20°N

25°N 30°N 35°N 40°N 45°N 50°N

CONTOUR FROM -4 TO 14 BY 2

-6 12 -8 -4 0 4 8 12 16

FIG. 6. Spatial distribution of the meridional circulation on the north side of the TP in summer during 1981-2020
for 80°~100°E averaged. (a) Vertical velocity (shading; 10”2 Pa s~ ') and meridional circulation (vectors; meridional
wind in m s~ ! and vertical velocity in 107> Pa s~ '). (b) Meridional vertical velocity (shading; 10~ Pa s~ '), meridional
circulation (vectors; meridional divergent wind in m s~ ! and meridional vertical velocity in 1072 Pas™!), and RMMSF

(contours; 10° kg s ™).
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F1G. 7. The three leading EOFs of the summer AHS over the TP during 1981-2018. (a) Spatial mode. (b) Standardized time series.
The percentage of explained variance by each EOF is indicated on the upper right in figures.

observed that a closed positive meridional circulation exists be-
tween 600 and 300 hPa on the north side of the TP. The airflow
ascends over the TP and descends on the north side of the TP,
with the center located in the arid region of NWC. Comparing
Figs. 6a and 6b, it is apparent that the center of meridional circu-
lation in Fig. 6a is approximately between 40° and 45°N, which
is in agreement with previous findings (Wu and Qian 1996).
In Fig. 6b, the spatial structure of meridional circulation is
largely consistent with that in Fig. 6a; however, the center is
slightly further south, and the spatial structure is more coher-
ent and distinct. This suggests that zonal circulation signifi-
cantly influences the vertical velocity on the north side of the
TP, and the two-dimensional decomposition method of atmo-
spheric circulation can effectively filter out its disruption, de-
picting a clearer and more accurate spatial structure of the
meridional circulation.

b. Relationship between the summer AHS and meridional
circulation

As established in the previous section, the variability of the
summer AHS over the TP exhibits multitemporal scale charac-
teristics. To remove the low-frequency signals and study the
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impact of the summer AHS over the TP on the interannual vari-
ability of meridional circulation on the north side of the TP, we
detrended and filtered (using a 9-yr running mean to retain
interannual signals) the summer AHS over the TP during
19812020 before conducting the empirical orthogonal function
(EOF) analysis. Figure 7 displays the spatial distribution and
standardized time series of the first three modes. The EOF1 re-
veals a coherent change across the whole TP, with inverse varia-
tions in only a few regions in the western and northern parts. The
EOF2 and EOF3 manifest characteristics of antiphase variation
of the east-west and the north—south, respectively. The explana-
tory variances of each mode are, respectively, 33.0%, 16.3%, and
10.1%, and the cumulative variance contribution reaches 59.4%.
All three modes have passed the North test, which shows the di-
versity of the characteristics of interannual variability of the sum-
mer AHS over the TP. By comparison, we find the EOF1 aligns
with the distribution of standard deviation and climate state of
the summer AHS, with the center of anomalous change located
in southeastern TP, indicating EOF1 is the predominant spatial
distribution type of the interannual variability of summer AHS
over the TP. Based on the first principal component (PC1), we
selected the positive and negative AHS anomalies years with a
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FIG. 8. Composite analysis of the 500-hPa meridional vertical velocity (shading; 1072 Pa s~ ). (a) Positive AHS
anomalies years. (b) Negative AHS anomalies years. Red boxes represent the ascending branch (26°-33°N,
90°~100°E) and the descending branch (35°—42°N, 100°~110°E) of meridional circulation on the north side of the TP.
The areas with diagonal lines indicate the values that passed the 95% significance test.

threshold of one standard deviation. Specifically, we chose
6 years (1987, 1991, 1993, 1998, 2004, and 2014) as positive AHS
anomalies and 6 years (1986, 1994, 1996, 1997, 2006, and 2013) as
the negative AHS anomalies years. Furthermore, because the
main region of the EOF1 falls within 90°~100°E, subsequent pro-
file analyses were conducted with an average of 90°~100°E.

We conducted a composite analysis of selected positive and
negative summer AHS anomalies years. Figure 8 presents the
500-hPa meridional vertical velocity over the TP and its north-
ern areas. In the positive AHS anomalies years, anomalous as-
cending motion appears in the southern TP, whereas anomalous
descending motion appears in the northern TP and adjacent re-
gions, with the centers of high values mainly located in Ningxia
and Shaanxi. Conversely, in the negative AHS anomalies years,
anomalous descending motion dominates the entire TP, whereas
anomalous ascending motion in the northern TP centered
mainly in eastern Xinjiang and central Inner Mongolia. To more
intuitively analyze the spatial structure of meridional circulation
on the north side of the TP in response to anomalous AHS, we
carried out a composite analysis of the profile within 90°-100°E
(Fig. 9). When a positive anomalous AHS appears over the TP,
the anomalous ascending motion prevails over the TP, while de-
scending motion on the north side of the TP is also significantly
enhanced, and the meridional circulation is obvious, with the
positive RMMSF. In contrast, when a negative anomalous AHS
appears over the TP, the anomalous descending motion prevails
over the TP and ascending motion on the north side of the TP,
with the center displaced northward and centered around 40°N.
Concurrently, the meridional circulation reverses, resulting in a
negative RMMSF.

To further clarify the interannual variability of the meridional
circulation on the north side of the TP, we performed the EOF
analysis of the RMMSF within 90°-100°E, using the same treat-
ment as the summer AHS over the TP. The first two EOFs and
corresponding PCs are presented in Fig. 10, of which the EOF1
accounts for 70.9% of the explained variance and the EOF2 for
142%, collectively capturing 85.1% of the total variance and
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thus largely representing the spatial and temporal distribution of
meridional circulation on the north side of the TP. The EOF1
displays a uniform spatial pattern across the TP, centered di-
rectly over the TP, representing the overall Hadley circulation.
The EOF2 shows a north—south distribution with a boundary of
around 30°N, reflecting the two meridional circulations on the
north and south sides of the TP, where the northern branch is
wider than the southern one. EOF2 closely resembles the com-
posite analysis of the RMMSF shown in Fig. 9, and its time series
shows a 2—4-yr interannual oscillation simultaneously, indicating
that the EOF2 could present the primary pattern of the meridio-
nal circulation on the north side of the TP.

We conducted a point-to-point correlation analysis between
the PC2 of the EOF analysis of the RMMSF and the horizontal
field of the summer AHS over the TP to further explore the cor-
relation between the summer AHS and meridional circulation
(Fig. 11a). Similarly, a correlation analysis between the PC1 of
the EOF analysis of the summer AHS over the TP and the
RMMSF was also carried out (Fig. 11b). As depicted in Fig. 11,
a positive correlation is evident between the summer AHS over
the TP and RMMSF, with a correlation coefficient reaching
above 0.5 in local areas (passing the 95% significance test).
Figure 11a indicates that when the meridional circulation on the
north side of the TP is stronger, a positive anomalous AHS
appears over the TP, centered in the southeastern TP.
Fig. 11b shows that when the AHS is enhanced, the RMMSF
also strengthens, implying a significantly stronger meridional
circulation there, which is consistent with the above analysis.

c. Impact of the westerly jet on meridional circulation

The above results reveal a close correlation between the
summer AHS over the TP and meridional circulation on the
north side of the TP. To explore the deeper mechanism affect-
ing the variability of meridional circulation, we applied the
quasigeostrophic pressure vertical velocity w equation to dis-
cuss the main factors related to the vertical flow anomalies
over the TP and its northern regions. Based on the composite
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FIG. 9. Composite analysis of the vertical cross sections over the TP and its northern region for 90°~100°E averaged. (a),(b) Positive
AHS anomalies years. (c),(d) Negative AHS anomalies years. (left) Diabatic heating (shading; K day™!) and meridional circulation
(vectors; meridional wind in m s~ ! and vertical velocity in 10”2 Pa s~ !). (right) Meridional vertical velocity (shading; 102 Pa s~ '), meridi-
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distribution of meridional vertical velocity in Fig. 8, we selected
the domain of 26°-33°N, 90°-110°E that passes the significance
test to characterize the ascending branch of meridional circula-
tion and the domain of 35°42°N, 100°-110°E to represent the
descending branch. By calculating each term on the right side of
Eq. (15), Fig. 12a shows that the vertical velocity anomalies of
the ascending branch are mainly related to the diabatic heating
Q of LH in the southeastern TP. When a positive anomalous
AHS appears over the TP, the ascending motion prevails in the
southeastern TP, influenced by the release of LH due to en-
hanced precipitation. For the descending branch (Fig. 12b), in
addition to the diabatic heating Q, its vertical velocity anomalies
are also closely associated with the relative vorticity advection
(V2) influenced by the basic zonal flow. In the positive AHS
anomalies years, anomalous descending motion in this region is
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primarily related to the negative anomalous relative vorticity ad-
vection; while in the negative AHS anomalies years, the anoma-
lous ascending motion in this region is mainly associated with
the positive anomalous relative vorticity advection, facilitating
precipitation and the subsequent release of LH, and the diabatic
heating Q also increases correspondingly.

The above diagnostic analysis confirms that the ascending
branch is related to the thermal effect of the summer AHS
over the TP, while the descending branch is associated with
the dynamical effect of the relative vorticity advection influ-
enced by the WJ. Is there any relationship between the WJ
and the anomalous AHS over the TP? To examine that,
we applied the EOF analysis to the 200-hPa zonal wind after
detrending and filtering to extract the interannual signal,
reflecting the meridional shift of the WJ with the EOF1
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FIG. 10. The two leading EOFs of the RMMSF in summer during 19812018 for 90°~100°E averaged. (a) Spatial
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in each panel.

(Fig. 13a). The time series of the 200-hPa zonal wind and
summer AHS over the TP is shown in Fig. 13b, with a corre-
lation coefficient reaching —0.68 (passing the 95% signifi-
cance level). It indicates that the shift of the WJ coincides
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well with the variability of the summer AHS over the TP:
When the AHS is a positive anomaly, the WJ shifts south-
ward, and when the AHS is a negative anomaly, it shifts
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F1G. 11. Correlation relationship between the summer AHS over the TP and the meridional circulation on the
north side of the TP. (a) The PC2 of RMMSF and the horizontal field of the summer AHS over the TP. (b) The PC1
of the summer AHS over the TP and the RMMSF. The areas with diagonal lines indicate the values that passed the

95% significance test.
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heating (10~ Pa~!s73).

Further, we also present the horizontal composite distribu-
tion of 200-hPa zonal wind speed in Fig. 14. As shown in
Fig. 14a, in the positive AHS anomalies years, the position
of the WJ tends to the south, which is consistent with the
prior analysis of Fig. 13. Based on the significant regions of
the 200-hPa zonal wind speed anomalies, we give the vertical
cross sections of temperature for 95°-125°E averaged
(Fig. 14b) and find that the positive temperature anomalies
appear over the south side of 35°N, while the negative tem-
perature anomalies appear over the north side of 35°N, which
means that the meridional temperature gradient in the mid-
and high latitudes increases. According to the formation princi-
ple of thermal wind, the strength of the WJ is proportional to
the temperature gradient; therefore, the WJ will enhance corre-
spondingly, as shown by the zonal wind speed at 200 hPa in
Fig. 14b. In conclusion, in the positive AHS anomalies years,
there is an enhanced and southward WJ. At this time, the region
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of the north side of the TP (red box area in Fig. 14) is situated
on the north side of the WJ entrance, affected by negative
anomalous relative vorticity advection, prevailing abnormal
descending motion. While in the negative AHS anomalies
years, the opposite is true (Figs. 14c,d).

d. Numerical experiments

To confirm our findings regarding the impact of the sum-
mer AHS over the TP and vorticity advection related to the
'W1J on interannual variability of meridional circulation on the
north side of the TP, we employed the LBM to conduct sensi-
tivity experiments. Figures 15a and 15c show the spatial distri-
bution of the difference field of the AHS and relative vorticity
between the positive and negative AHS anomalies years. The
large value area of AHS anomalies is primarily concentrated
in the southeastern TP (box Q in Fig. 15a). The anomalous
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FIG. 13. Relationship between the AHS over the TP and the WJ. (a) The EOF1 derived from the EOF analysis of
the 200-hPa zonal wind. (b) Time series of the PC1 of the AHS over the TP (red line) and the PC1 of the 200-hPa

zonal wind (blue line) in summer during 1981-2020.
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passed the 95% significance test, and the red boxes represent the descending branch of the meridional circulation.

vorticity mainly exhibits a distribution with positive at the
north side and negative at the south side of the WJ core along
35°N (boxes V1 and V2 in Fig. 15c), indicating the regional
scale variability of the WJ. The vertical profiles of the signifi-
cant areas of anomalous diabatic heating (black box in Fig. 15a)
and relative vorticity (red and blue boxes in Fig. 15c) are also
shown in Figs. 15b and 15d, where the peak of diabatic heating
is distributed at 400 hPa and the peak of vorticity at 200 hPa.

Based on the locations and intensities shown in Fig. 15, we
added the corresponding diabatic heating forcing and vorticity
forcing to the LBM. Three sets of sensitivity experiments are de-
signed as follows: adding only the diabatic heat forcing (LBM-Q,
Fig. 16a), adding only the vorticity forcing (LBM-V, Fig. 16e),
and adding both the two forces at the same time (LBM-QV,
Fig. 16i). The model was integrated for 50 days using the time
integration method, and the average of the last 20 days was ana-
lyzed to study the steady atmospheric circulation response to the
heat source forcing and vorticity forcing.

The circulation responses of the three experiments are
given in Fig. 16. The results of the three experiments indicate
the following: 1) When only adding the heat source forcing
over the TP, the simulated WJ anomalies (Fig. 16b) can only
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correspond over the TP compared with Fig. 14a, and the mag-
nitude is small, indicating that the influence of the AHS over
the TP on the WJ has regional limitations. From the results of
vertical velocity (Figs. 16¢,d), it can be seen that the AHS
over the TP can stimulate strong ascending motion of meridi-
onal circulation, but the simulation effect of descending mo-
tion is poor, indicating the AHS over the TP has limited
influence on the descending branch. 2) When only vorticity
forcing is added, most of the simulated WJ anomalies (Fig. 16f)
can correspond to Fig. 14a, but there is a slight difference over
the TP. Simultaneously, the anomalous descending motion pre-
vails on the north side of the TP (Figs. 16g,h), which indicates
that the vorticity advection related to the WJ has a great effect
on the descending branch of meridional circulation. 3) Finally,
when we add both vorticity forcing and heat source forcing,
the model well simulates the WJ anomalies and vertical
velocity distribution in the reanalysis data (Figs. 16j-1), sug-
gesting that the descending branch of meridional circulation is
influenced by the comprehensive influence of the “compensation
effect” of the AHS over the TP and the dynamic vorticity advec-
tion related to the WJ. In addition, we also designed three sets of
negative anomaly experiments, with the distribution of AHS and
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negative vorticity forcing are added in the LBM, respectively.

relative vorticity opposite to the positive anomaly experiments
(not shown), and the results of the circulation responses are al-
most inverse.

To sum up, the sensitivity experiments that distinguish cau-
sality indicate that the AHS over the TP has a significant im-
pact on the ascending branch of meridional circulation, while
its influence on the descending branch is relatively limited;
vorticity advection associated with the WJ notably affects the
descending branch; and the combined influence of the AHS
over the TP and vorticity advection on the descending branch
is most significant. Besides, it is important to note that this lin-
ear model adopts an idealized distribution of the forcing and
inaccurate terrain. Consequently, the simulated circulation re-
sponses may have deviated from the reanalysis results, but
they still qualitatively validate the physical mechanism affect-
ing the interannual variability of meridional circulation on the
north side of the TP.

5. Conclusions and discussion

Based on the JRA-55 during 1981-2020, we compared three
calculation methods of the AHS, analyzed spatial-temporal vari-
ability of the summer AHS over the TP, and discussed its
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influence on interannual variability of meridional circulation on
the north side of TP based on the two-dimensional decomposi-
tion method of atmospheric circulation and sensitivity experi-
ments. The following conclusions are drawn:

1) Comparing the results of the three calculation methods of
the AHS, we find that the heating rate integral method ef-
fectively captures the horizontal distribution and vertical
structure of the AHS and its components and corresponds
to the results of both the direct and indirect methods, mak-
ing it particularly applicable in TP regions.

2) For the long-term trend, the summer AHS and LH over the
TP show continuously increasing trends, whereas SH and RC
exhibit decreasing trends. In terms of interdecadal and inter-
annual variability, the main contributor to their anomalous
variation is the LH. The summer AHS over the TP has an in-
terdecadal transition in the mid-1990s and also exhibits a sig-
nificant interannual variability, with the most severe changes
occurring in the southeastern TP.

3) A closed meridional circulation exists between 600 and
300 hPa over the northern TP, with its sinking center located
in the arid region of NWC. The results of the composite and
correlation analyses indicate that when the summer AHS
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over the TP is abnormally enhanced, anomalous ascending
motion appears in the southeastern TP, whereas anomalous
descending motion appears in the northern TP and adjacent
regions, leading to significantly enhanced meridional circula-
tion. Using the quasigeostrophic w equation, we find that the
anomalous vertical velocity of the ascending branch of merid-
ional circulation is mainly related to the diabatic heating of
LH in the southeastern TP, while the descending branch is
closely associated with the anomalous relative vorticity advec-
tion influenced by the WJ. The positive anomalous AHS over
the TP corresponds to the increase in the meridional temper-
ature gradient between the mid- and high latitudes of East
Asia, resulting in an enhanced and southward WJ. At this
time, the region of the north side of the TP, located on the
north side of the WJ entrance, is affected by negative anoma-
lous vorticity advection, prevailing anomalous descending
motion.

4) Previous studies considered the descending branch of me-
ridional circulation on the north side of the TP as the
compensation of the upward flow (Qian et al. 2001; Liu
et al. 2007; Sun and Liu 2021; Luo et al. 2023), whereas
the sensitivity experiments that distinguish causality of
LBM verified the limitation of the compensation effect of
the AHS over the TP. The descending branch of meridio-
nal circulation is mainly influenced by the “dynamic
effect” of anomalous vorticity advection related to the
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regional scale variability of the WJ. The above mechanism
of interannual variability of meridional circulation on the
north side of the TP is shown in Fig. 17.

There are still some limitations in the process of exploring
the mechanism of the influence of the summer AHS over the
TP on the interannual variation of meridional circulation
on the north side of the TP. First, we used the traditional two-
dimensional decomposition method of atmospheric circula-
tion to analyze the spatial structure of meridional circulation,
which artificially ignores the influence of horizontal vortex
component on vertical-meridional motion, presenting certain
theoretical bias (Hu et al. 2020). Moreover, regarding the
high correlation of the AHS over the TP and the regional var-
iability of WJ (Fig. 13b), the mechanism is complex and needs
further discussion. On the one hand, the AHS over the TP
can affect the local variability of the WJ by influencing the
meridional temperature gradient over the TP. On the other
hand, the AHS over the TP is also regulated by the WJ be-
cause the TP is situated on the south side of the westerlies. In
addition, both the AHS over the TP and the variability of WJ
are also affected by the upstream propagated Rossby wave
train. Previous studies have indicated that the North Atlantic
Oscillation (Liu et al. 2015; Wang et al. 2017, 2018; Shang et al.
2021) and sea surface temperature (SST) anomalies in the
North Atlantic can affect the interannual variability of precip-
itation and AHS over southeastern TP by exciting the large-
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scale teleconnection wave trains along the WJ (Gao et al.
2013). Additionally, the summer AHS over the TP is also in-
fluenced by tropical signals, including ENSO (Liu et al. 2020;
Hu et al. 2021), Indian Ocean and tropical Pacific SST anoma-
lies, and the Madden-Julian oscillation (Hu and Duan 2015;
Chen and You 2017; Sun and Wang 2019; Bai et al. 2023;
Zhang and Duan 2023). They can affect the outbreak and de-
velopment of the Asian summer monsoon system (including
the Indian summer monsoon and East Asian summer mon-
soon), causing changes in the moisture content transported
from the tropical ocean to the TP and then influencing the in-
terannual variability of the summer AHS over the TP through
the release of LH. Therefore, the multifactor interaction of
the summer AHS over the TP, the WJ, other atmospheric cir-
culation systems, and their collective influence on the meridi-
onal circulation on the north side of the TP require further
study.
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