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 Development of the omega equation is reviewed 

 Impact of large-scale mountains on downstream cyclogenesis is considered from the 

perspective of potential vorticity and diabatic heating 

 Feedback of diabatic heating on vertical velocity and potential vorticity advection during 

the cyclone life cycle is investigated 

 

Plain Language Summary 

Based on a brief review of the development of vertical velocity equation, a modified 

equation for the vertical velocity that is associated with the development of thermal field is 

deduced to link with condensation heating and horizontal transport/advection of potential 

vorticity (PV, a quantity measuring the potential of vorticity development). It is applied to 

interpret the cyclogenesis and associated severe precipitation downstream of the Tibetan 

Plateau in a winter case-study. Results demonstrate that the cyclogenesis is strongly tied both 

to the PV generation near the surface of the eastern Tibetan Plateau and to its subsequent 

downstream eastward advection. The latter triggers the development and interaction of 

various vertical velocity components, air convergence and cyclogenesis in the 

lower-troposphere, leading to precipitation and condensation heating. The life cycle of 

cyclogenesis is controlled by the vertical coupling between the zonal positive PV advection in 

the mid-troposphere and the meridional negative PV advection in the lower-troposphere. The 

heating in return can influence PV advection and vertical velocity development.  

It is the vertical variation of horizontal PV advection and interaction with condensation 

heating that control the development of vertical velocity, the evolution of cyclogenesis and 

the associated precipitation downstream of the Tibetan Plateau. 
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Abstract 

This study reviews the development of the omega equation and the relation between 

omega and potential vorticity (PV) advection, and considers the application of PV theory to 

investigate the impact of large-scale mountains on downstream weather development. A 

diabatic quasi-geostrophic omega equation is introduced to reveal the feedback of diabatic 

heating (Q) on PV advection and vertical velocity. A challenge therein concerning the use of 

the diagnostic omega equation to interpret weather system development is considered from 

the PV–Q perspective based on a severe weather event that occurred downstream of the 

Tibetan Plateau (TP) on 17–21 January 2008. Results demonstrate that owing to PV 

restructuring, positive PV was generated over the eastern flank of the TP, and its eastward 

advection triggered development of isentropic displacement vertical velocity and 

cyclogenesis in the lower troposphere. A converging southeasterly wind accompanied with 

ascending isentropic gliding vertical velocity in the lower troposphere was induced to the east 

of the cyclone center, which transported not only warm moist air but also negative PV from 

the south, contributing to developments of both local diabatic ascent and precipitation and 

eastward migration of the cyclone. During the cyclone life cycle, three omega components 

induced by different processes interacted with each other, and diabatic heating associated 

with precipitation exerted considerable feedback to vertical motion as well as PV advection. 

It is the vertical differential PV advection and feedback from diabatic heating that control the 

evolution of the circulation and the associated precipitation downstream of the TP. 

Keywords: PV restructuring and PV advection, omega equation, feedback of diabatic heating 

Q, Tibetan Plateau, cyclogenesis  
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1 Introduction 

Among various significant achievements in atmospheric sciences in the previous century, 

the developments of the omega equation and potential vorticity (PV) theory represent the two 

fundamental accomplishments in relation to extratropical weather and climate dynamics. 

Applying these established theories to interpret the impacts of orography on weather and 

climate has significantly advanced our understanding of the effects of mountains, which has 

contributed to the improvement of both weather forecasts and climate prediction. 

1.1 Omega equation 

Accurate diagnosis of vertical velocity has long been one of the challenging issues for 

meteorologists. With the application of quasi-geostrophic theory in meteorology, various 

forms of the omega equation have been used to interpret the vertical motion of systems (e.g., 

Sutcliffe, 1947; Bushby, 1952). Progressive studies linked vertical velocity with the advection 

of vorticity in the upper troposphere and the Laplacian of thermal advection (Petterssen, 1956; 

Djuric, 1969; Holton, 1972). For a diabatic atmosphere, the conventional omega equation in 

p-coordinates can be expressed as (Holton, 2004):  

 
2

2 2 2 2 2

2
L [ ] ( ) ( ) ( ) ( )h g g h g hf f V p V p

p p
    

 
          

 
, (1) 

where the parameters are: 

2 2

0

( ) ( )

( ) ( )

pp p

R p
p

p p



     


 


. (2) 

In the above,   is diabatic heating rate (
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temperature distribution averaged over a horizontal domain and a period of interest, p is its 
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vertical gradient, and the other parameters are used following their conventional 

meteorological notation. This equation provides a basis for understanding the dynamics of 

mid-latitude weather systems. Each term on the right-hand side of Eq. (1) has clear 

interpretation as a separate physical process, i.e., increase with height of absolute vorticity 

advection, or warm advection, or diabatic heating will lead to ascent of air. However, in 

practice there is a drawback when diagnosing the individual forcing terms in Eq. (1) because 

considerable cancelation often exists between them. Thus, as highlighted by Hoskins et al. 

(1978), the effect of each term in isolation could be misleading when attempting to diagnose 

the magnitude and even the sign of the vertical velocity.  

To overcome this drawback, Trenberth (1978) proposed an alternative but 

complementary approach, suggesting that upward motion is present in the mid-troposphere 

where there is advection of cyclonic vorticity by the thermal wind. Hoskins et al. (1978) 

developed a Q-vector approach for operational vertical motion estimation, in which the first 

two terms on the right-hand side of Eq. (1) are combined and the quasi- geostrophic forcing 

of vertical motion is written in a single term (the so-called divergence of the Q-vector), which 

means the cancelation problem is negated. This improved method, which is more exact than 

the approach proposed by Trenberth (Dunn, 1991), was used widely during subsequent years. 

However, it was found inconvenient in operational application because of the difficulty in 

determining the Q-vector directly from weather charts (Dunn, 1991). For this, Sanders and 

Hoskins (1990) proposed an easy method for estimation of the directions and relative 

magnitudes of Q-vectors from weather maps. 

Considerable effort has also been concentrated on linking the upper-level PV anomaly or 

PV advection to vertical velocity in the lower troposphere (Hoskins et al., 1985; Thorpe, 1985; 

Waugh & Polvani, 2000; Funatsu & Waugh, 2007). Hoskins et al. (2003, HPJ03 hereafter) 
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made a breakthrough by formulating the link of vertical velocity with PV advection in 

z-coordinates. Based on the adiabatic thermodynamic equation, the vertical velocity of the 

adiabatic flow was partitioned into two components: the isentropic gliding (IG, hereafter) 

vertical velocity (
GIw ) and the isentropic displacement (ID, hereafter) vertical velocity (

DIw ). 

The 
GIw  (

2 ( )   IG g hw N V C b , 
0/ b g , where 

0  
is a constant potential 

temperature, 
1 1/2

0( )zN g    is the basic state Brunt–Väisälä buoyancy frequency, ( )z  

and z are the same as ( )p  and p, respectively, except for p-coordinates, C  is the 

horizontal velocity of a moving frame of reference, and h
 is the horizontal gradient 

operator) is associated with the horizontal motion of a particle moving along a sloping 

isentropic surface, whereas the 
DIw  (

2

D C
( / )   Iw N b t ) measures the rate of vertical 

displacement of a particle that is associated with the development of the thermal field as well 

as the “development” of the system’s circulation. It was further shown that the component of 

DIw  satisfies a conventional omega equation but with forcing determined solely by the 

vertical gradient of quasi-geostrophic PV ( gq , QGPV hereafter) advection (Eq. 11 in HPJ03):  
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Where   is the geostrophic stream function, r  the basic-state density. Therefore, the ID 

vertical velocity becomes a solely response to the interior redistribution of QGPV, i.e., 

increase of QGPV advection with increasing height will result in vertical air ascent ( DIw  > 0), 

and vice versa. The cancellation problem is negated, and the mechanism is concise and lucid. 
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The solution of 
DIw  can be considered the sum of two parts: one associated with interior 

QGPV advection and the other associated with boundary temperature advection. In the 

presence of diabatic heating H (H(x, y, z)=db/dt), a diabatic ID vertical velocity 
DDIw that is 

identical to 
DIw  and a diabatic IG vertical velocity 

GDIw  

(
2 2( )     DIG g hw N V C b N H ) were defined. It was shown that the omega equation for 

DDIw  is the same as for
DIw  (Eq. 37 in HPJ03), and that the effect of heating on ID vertical 

velocity is present only implicitly in its impact on the tendencies of QGPV (Eq. 38a in HPJ03) 

and boundary temperature (Eq. 38b in HPJ03): 
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Once the tendencies are expressed in terms of system-relative advection and heating as 

pointed out in HPJ03, the effects of heating on DIw  will become explicit which will be 

performed in this study. 

This novel omega equation developed by HPJ03 provides a tool for understanding how 

the interior redistribution of PV and boundary temperature advection can initiate vertical 

motion associated with system development. However, DIw  is only a part of the full vertical 

velocity, and mere use of DIw  to interpret the development of weather system may be 

misleading. Furthermore, all omega equations are diagnostic by nature, providing only the 

link between vertical velocity and the dynamic and thermodynamic conditions at a given time 

t = t0. At t0, the different components of vertical velocity ( DIw  (t0) and GIw  (t0)) can be 
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calculated separately, albeit compensation or cancellation may exist as demonstrated in 

Figure 1 of HPJ03. However, during the development and evolution of a weather system (t > 

t0), these different components can interact with each other as will be discussed below. 

Therefore, determining the approach for how best to employ the omega equation of 
DIw  to 

interpret the evolution of a weather system becomes a challenge.   

1.2 Impact of mountains on downstream PV development 

PV theory has been used widely in dynamic analysis of weather systems, as reviewed in 

Hoskins et al. (1985). The celebrated hydrodynamic PV equation developed by Ertel (1942) 

is: 

[ ]   

 


   


  

a

a

dP
F

dt

P

 (4) 

where   is specific volume, 
a  is 3D absolute vorticity,  is 3D frictional acceleration 

in the momentum equation, and   is a 3D gradient operator. The PV equation (4) considers 

the impact of both diabatic heating and friction; therefore, it is appropriate for application to 

an open dissipative system and suitable for climate studies.  

During previous decades, the effect of near-surface PV generation on atmospheric 

circulation has attracted much attention. For example, Haynes and McIntyre (1987, 1990) and 

Schneider et al. (2003) introduced the concept of PV density (PVD,      aW P , 

where is air density). They demonstrated that the total PV change along an isentropic 

surface intersecting the ground is determined by the integral of the normal component of 

PVD flux along the boundary where the isentropic surface intersects the ground surface in the 

part of the “underworld” defined by Hoskins (1991). The studies of Held and Schneider 

(1999), Koh and Plumb (2004), Schneider (2005), Egger et al. (2015), and others have also 

F
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demonstrated that the surface boundary PV can substantially influence interior atmospheric 

circulation. These studies have indicated that PV in the free atmosphere is linked closely to 

surface PV generation. However, the questions of how PV is generated at the ground surface 

and how the generated surface PV might be transferred into the interior of the atmosphere to 

influence the atmospheric circulation remain unclear and challenging. 

One example is the formation of PV anomalies in the lee of high terrain, which has long 

been the subject of research directed toward understanding the influence of mountains on 

downstream weather and climate. In a study of PV change of airflow parallel to the Alps, 

Thorpe et al. (1993) found the Alps a significant source of PV anomalies in the lower 

troposphere, with negative and positive PV anomalies on the northern and southern sides of 

the Alps, respectively. Such anomalies, which are advected away from the orography, become 

an important part of the tropospheric PV budget. Using high-resolution numerical model 

simulations, Aebischer and Schär (1998) showed that when the direction of the synoptic-scale 

wind is perpendicular to the Alps, low-level elongated PV banners are generated downstream. 

Furthermore, individual pairs of banners with anomalously positive and negative PV values 

can be attributed to flow splitting, either on the scale of the entire Alpine region or on that of 

individual massifs and peaks of the model topography. These banners evolve and grow when 

the orographically generated PV anomalies are advected downstream. In short, the PV of air 

flowing past high mountains can be altered and PV banners generated downstream of a 

complex mountain barrier can affect the downstream circulation and weather. 

The Tibetan Plateau (TP), located in western China, covers an area of 2.5 × 106 km2, i.e., 

approximately one quarter of the entire land territory of China. It extends to elevations of >5 

km above sea level. Many of the synoptic-scale systems that cause damaging floods in China 

have their origins in the region of the TP and its surroundings (Tao & Ding, 1981; Chen & 

Dell’osso, 1984; Yasunari & Miwa, 2006). Previous studies (Shi et al., 2000; Wang et al., 
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2008; Zheng et al., 2013; Wang et al., 2014; Ma et al., 2020) have focused primarily on the 

influence of the TP on severe weather events during summer due to its unique 

thermodynamic forcing (Yeh et al., 1957; Ding et al., 1994; Chen et al., 1996; Wu et al., 1997, 

2007, 2017; Li et al., 2002; Li et al., 2016; Liu et al., 2020). In winter, a strong westerly flow 

that dominates the subtropical troposphere over Asia is split into northern and southern 

branches in the lower troposphere when it impinges the western TP (Yeh, 1950). Over the 

eastern TP, near-surface airflows with different origins converge from the north and the south, 

resulting in circulation perturbations that are then advected eastward by the westerly winds 

(Wan & Wu, 2007; Li et al., 2011; Pan et al., 2013; Ma et al., 2019; Yu et al., 2019). Similar 

to the Alps, circulation change in the region of the TP could act as a significant source of PV 

anomalies in the lower troposphere and generate downstream PV perturbations. The Yangtze 

River Basin, which is located downstream of the TP, is one area in China that frequently 

receives heavy precipitation associated with weather system development irrespective of 

season. However, the mechanism via which weather system development in winter might be 

related to PV generation in the lee of the TP remains unclear and constitutes another research 

challenge.  

In this study, we employ a case diagnosis to elucidate how a winter weather system 

developed downstream of the TP in the diabatic atmosphere from the perspective of PV and 

the omega equation in p-coordinates. Two datasets are used for the diagnosis: 6-h cumulative 

precipitation data from 629 rain gauge stations distributed across China, obtained from the 

China Meteorological Administration 

(https://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_DAY_V3.0.html), and 

MERRA-2 data produced by the Global Modeling and Assimilation Office (Gelaro et al., 

2017) based on the terrain-following hybrid -p coordinates of the GEOS-5 model. Three 

collections of MERRA-2 data are used: the basic assimilated meteorological fields on both 
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pressure levels and model levels, and atmospheric state variables at the surface level provided 

on a 0.625° × 0.5° (longitude × latitude) grid and sampled at 3-h intervals.  

The remainder of the paper is arranged as follows. Section 2 introduces the circulation 

background of the selected weather event and analyzes the PV restructuring of the airflow 

passing the TP as well as the evolution of the related circulation. Section 3 presents 

descriptions of both the evolution of PV advection downstream of the TP and the triggering 

of cyclogenesis and vertical velocity by focusing on adiabatic processes. The interaction 

between the ID vertical velocity and the IG vertical velocity is also explored. Section 4 

provides a PV–Q perspective on vertical velocity development, including the interaction 

between the IG vertical velocity and the vertical velocity induced by diabatic heating Q, as 

well as the feedback of heating on PV forcing and the ID vertical velocity. The evolution of 

cyclogenesis associated with meridional and zonal PV advection is analyzed in Section 5. 

Conclusions are provided in Section 6.  

2. Background of the weather event and PV evolution downstream of the TP 

2.1 Circulation background of the weather event 

In January and early February 2008, southern China, including the Yangtze River Basin, 

experienced extreme and persistent low temperatures and severe freezing precipitation just 

before the Chinese Spring Festival. Detailed analysis of the synoptic-scale process (Tao & 

Wei, 2008) indicates that the freezing precipitation occurred because of the existence of an 

inversion layer in the lower troposphere in Southern China as is commonly observed in the 

season; and that this event resulted from the combined effects of multiple factors, which 

included the western Pacific subtropical high in the lower troposphere, a quasi-stationary 

front over southern China, and the eastward propagation of a cold trough from central Asia 

across the TP in the mid-troposphere. However, the mechanism via which such an extreme 

weather event might be linked to the forcing of the TP remains unclear. Thus, a synoptic 
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episode that occurred during 17–21 January 2008 is selected for diagnosis from the 

perspective of PV and the omega equation. During this period, the observed maximum daily 

precipitation amount, including freezing rain and snow, exceeded 30 mm in some areas (Shi 

et al., 2008, also refer to Fig. 1i), causing severe damage to local transportation, electrical 

power lines, and agriculture. 

Figure 1 presents the evolution of the daily tropospheric circulation and precipitation 

over central and eastern China during 17–19 January 2008. At 500 hPa, westerly flow swept 

over the TP and East Asia. No remarkable perturbation was observed in the subtropics on 17 

January (Fig. 1a). However, on the following day, a center of weak positive vorticity 

appeared over southwestern China (Fig. 1b), which became enhanced and expanded eastward 

(Fig. 1c). At 650 hPa, a center of high relative vorticity appeared first over the eastern flank 

of the TP on 17 January (Fig. 1d). It intensified gradually and then spread eastward during the 

following two days (Fig. 1e and 1f). Coincident with the intensification of the center of 

relative vorticity, a trough developed to the east of the TP on 18 January, which became 

strengthened on 19 January. The center of relative vorticity at 850 hPa was located along the 

Yangtze River Basin (~30°N) and to the east of the corresponding relative vorticity center at 

650 hPa (Fig. 1g–i), which enhanced gradually during 18–19 January over southern China. 

The distribution of the atmospheric circulation in the mid- and lower troposphere favored 

development of ascending air and precipitation. Organized large-scale precipitation started to 

develop on 18 January over South China (Fig. 1h), which increased considerably as it moved 

eastward during the following day (Fig. 1i). The observed maximum daily precipitation over 

the Yangtze River Basin (28°–34°N, 113°–121°E; box area R in Fig. 1i) on 19 January 

exceeded 10 mm and it was as high as 20 mm in some areas. 

Figure 2 presents the evolution during 17–18 January 2008 and along 33°N of the 

longitude–height distributions of Ertel PV, circulation (u, −), and potential temperature (). 
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A striking feature in the configuration of the isentropic surfaces is their eastwardly dispersed 

distribution, i.e., from west to east, the isentropic surfaces tilt upward in the middle and upper 

troposphere but downward in the lower troposphere. This is because a strong cold trough 

known as the Northeast Asia Grand Trough exists in the upper troposphere over Northeast 

Asia in winter. Severe cold air is transported steadily southward by the northerly wind 

associated with the cold trough to East China, where the temperature in the free atmosphere is 

very low. The isentropic surfaces in the upper troposphere thus slope upward. Conversely, in 

the lower troposphere, the cold land surface to the west and the warm ocean surface to the 

east cause the isentropic surfaces to slope downward. Consequently, static stability decreases 

eastward downstream of the TP. This climatic feature is common in winter over East China. 

When adiabatic airflow propagates eastward downstream of the TP under the climatic 

background of decreasing static stability, its vertical vorticity is easily increased. This result 

at least partly explains the increase of the center of relative vorticity at 650 hPa during its 

eastward movement from the eastern flank of the TP on 17 January to eastern China on 19 

January (Fig. 1d–f). 

In Fig. 2, it is shown that the atmosphere over the region east of 110°E was characterized 

by dominant air descent and strong cooling on early 17 January, but that this changed to 

dominant air ascent and strong heating on 18 January. This feature is associated with the 

generation and eastward propagation of high PV over the eastern flank of the TP. At 06 UTC 

(Fig. 2b) of 17 January, a center of high PV (>1.5 PVU) appeared on the surface over the 

eastern flank of the TP with weak air ascent nearby to its east. Subsequently, the center of 

high PV extended eastward gradually; by 00 UTC on 18 January (Fig. 2e), the forefront of 

the 1.5 PVU contour had already passed 110°E and air ascent developed over eastern China, 

implying a potential link of vertical velocity development to PV advection. 

2.2 PV restructuring in the region of the TP 
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The PV equation (Eq. 4) indicates that external forcing, i.e., either diabatic heating or 

frictional dissipation, can change the atmospheric circulation. Even in adiabatic and 

frictionless circumstances in which PV is conserved, the circulation can still change via 

internal conversion among, or “restructuring” of, the different PV components, i.e., the 3D 

absolute vorticity (
a ), static stability ( / z  ), baroclinicity ( / x  , / y  ), and specific 

volume ( ) associated with convergence. The highly elevated TP intersects the isobaric and 

isentropic surfaces in the mid- and lower troposphere. The airflow in the lower troposphere 

that is split by the TP converges near the surface in the lee of the TP, resulting in a circulation 

anomaly due to changes in the PV structure that accompanies surface convergence. The 

downstream westerly flow might experience further change in PV structure associated with 

static stability variation. Such a process of PV restructuring induced by TP forcing could have 

considerable effects on the ambient atmospheric circulation, its thermal structure, and 

downstream weather development. Here via diagnosing the above selected cyclogenesis 

event, we analyze how the PV structure of the airflow changes in the region of the TP and 

how subsequent advection of PV downstream of the TP affects the development of the 

weather system and its vertical motion. 

The system of interest is the relative vorticity center initially located over the eastern TP 

at 650 hPa, which subsequently propagated eastward and intensified over the Yangtze River 

Basin (Fig. 1d–f). Unlike the PV banner in the lee of Alps which usually possesses pairs of 

anomalously positive and negative PV values, the relative vorticity center over the eastern TP 

presents as a positive sheet. Its formation is related to PV restructuring within the boundary 

layer in the region of the TP. To demonstrate this, the PV is partitioned into two components: 

P W ,
   

in which 
aW=   is the amount of PV per unit volume, i.e., PV density W (Haynes & 

McIntyre, 1987, 1990; Schneider et al., 2003). From the PV equation (4), the PVD equation 
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can be obtained:  

1( )


           a

dW dP d
W W V F

dt dt dt
. (5) 

It implies that in addition to diabatic heating and friction, convergence of airflow associated 

with the change in specific volume can also cause a change in W. In terrain-following hybrid 

-p coordinate  

T S Tp p / p p   ( )（ ）,  

the local change of W  becomes 
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


     


      

 , (6) 

in which 
Sp  is pressure at the ground surface (depending on elevation), 

Tp  is pressure at 

the top of the domain (
Tp = 0.01 hPa in MERRA-2), subscript  denotes the variable in 

-coordinates, and the gradient operator i j k
x y




  
   

  
. Using the MERRA-2 

terrain-following hybrid -p coordinate data, the influence of airflow convergence on PV 

restructuring in the surface boundary layer can be estimated, the results of which are 

presented in Fig. 3. The local change (Eq. (6) term I) and the contributions from both PVD 

flux convergence (term II) and diabatic heating (term III) are shown in the first, second, and 

third columns, respectively. For attribution purposes, the contribution from air convergence 

( W V    ) which is one component of term II is also shown in the right column. During 

this period, two notable centers of positive PVD tendency appear over the eastern TP south of 

35°N. The southern center, which is located near 26°N with elevation just above 1.5 km, is 

associated with a stationary cold front over southern China. The northern center, located 

around 33°N with elevation of 3–4 km (first column), aligns well with the position of the 
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positive vorticity center at 650 hPa shown in Fig. 1d. The formation of these two centers is 

largely due to PVD flux convergence (second column), whilst the contribution from diabatic 

heating is small (third column). Partitioning the W flux convergence into two components 

shows that the contribution from air convergence ( W V    ) is dominant (right column), 

whereas the component associated with the advection of W ( V W   ) is small, particularly 

over the eastern flank of the TP (figures not shown). These results indicate that mainly due to 

the conversion between specific volume  and PV density W, the near-surface convergence 

of airflow in the region of the TP contributes to the increase of PVD over the eastern flank of 

the TP.  

2.3 Evolution of circulation and vorticity 

Figure 4 presents the evolutions during 17–20 January 2008 of the relative vorticity 

(purple curve) averaged over box area V (28°–34°N, 105°–113°E, Fig. 1f) at 650 hPa, 

together with the precipitation (black curve), vertical velocity at 650 hPa (red curve), and 

vertical integral of convergence of water vapor flux from the surface to 650 hPa (blue curve) 

averaged over box area R (28°–34°N, 113°–121°E, Fig. 1i) which is located downstream of 

box area V. The evolution of the relative vorticity can be separated into four stages: I, Initial 

Stage (12 UTC 17 January to 00 UTC 18 January); II, Developing Stage (00 UTC 18 January 

to 00 UTC 19 January); III, Maturation Stage (00 UTC 19 January to 00 UTC 20 January); 

and IV, Decaying Stage (00 UTC 20 January to 18 UTC 20 January). In Stage I, relative 

vorticity was triggered to the east of the TP by 12 UTC on 17 January, followed by 

downstream development of air ascent and lower-layer convergence of water vapor flux, but 

with no appreciable precipitation (Fig. 1g). During Stage II, as rapid development of cyclonic 

vorticity occurred in area V, air ascent and lower-layer water vapor convergence in the 

downstream area R intensified quickly with remarkable increase of precipitation (Fig. 1e and 

1h). The intensity of the relative vorticity in area V and the precipitation in area R reached 
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their maxima in Stage III (Fig. 1f and 1i), before decaying quickly in Stage IV (Fig. 4). The 

other elements exhibited similar trends, except the decay of vertical velocity and the 

lower-layer convergence happened earlier and faster. These results imply that the system 

development represented by the evolution of relative vorticity at 650 hPa is fundamental in 

controlling the evolution of the entire weather process, including the vertical motion and the 

precipitation. 

3. PV advection and triggering of vertical velocity and cyclogenesis 

The seminal work of HPJ03 reveals a dynamic link of ID  with PV advection. 

However, ID  is only a small part of the full vertical velocity, whereas the PV advection or 

redistribution can lead to the development of full vertical velocity and cyclogenesis (Hoskins 

et al., 1985). How the triggering of ID  contributes to the development of full vertical 

velocity and cyclogenesis is unclear and will be explored here firstly for adiabatic 

circumstance. 

3.1 Triggering of ID , IG and cyclogenesis 

The link between the perspectives of the quasi-geostrophic omega equation and PV in 

p-coordinates for a diabatic atmosphere can be obtained by following the approach of HPJ03 

in z-coordinates for an adiabatic atmosphere. For a frame of reference moving at constant 

horizontal velocityC , the QGPV and thermodynamic equations can be written, respectively, 

as follows: 

[ ( ) ] ( )
t

 
   

  
g g

C p

V C q f
p

 (7) 

and 

[ ( ) ]
t

  


     


g p

C

V C . (8) 

In the above, the QGPV is defined as 
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q = + ( ) + ( )g h h

p

f f f f f f
p p p

   
    

    
,
  (9) 

where the hydrostatic relation is / ( )p p      . From Eq. (8), the vertical velocity of 

diabatic flow () can be divided into three components, i.e., the ID, IG, and the diabatic 

heating vertical velocity (Q): 

ID IG Q =      , (10) 

with 

1

ID p

C

= ( )
t


  




, (11) 

1

IG p g= (V C)    , (12) 

and 

1

Q p=  . (13) 

The implication of ID  and IG  is the same as what is defined in HPJ03 and interpreted in 

Section 1.1, whereas the Q  term is related to diabatic heating. For a diabatic atmosphere, 

the ID  is equivalent to 𝑤𝐷𝐼𝐷 in HPJ03, whilst the sum of IG  and Q  is equivalent to 

their 𝑤𝐷𝐼𝐺. The separation of Q  from IG  is for the use of following diagnosis. From 

Eqs. (7) to (11), the omega equation for ID  in a diabatic atmosphere can be obtained 

(Appendix): 
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In a diabatic case ( Q 0  ), Eq. (14) is equivalent to Eq. (3b) for DIDw . Heating can 

induce extra local change in potential temperature (Eq. (8)) and it can change ID (Eq. (11)). 

In an adiabatic case ( 0   and F2=0), Eq. (14) is equivalent to Eq. (3a) for IDw . For the 

weather episode of current case study, the forefront of the 1.5 PVU contour propagates 

eastward from 107°E on 06 UTC 17 January (Fig. 2b) to 112°E on 18 UTC 18 January (Fig. 

2h) with speed |C | (< 4 m s-1) that is much slower than the basic flow | V g | (which is close to 

| V | (~10-20 m s-1), as shown in Fig. 2), i.e., -C g gV V . Therefore, according to Eq. (14), ID 

air ascent ( ID  < 0) is generated when QGPV advection increases with height, and vice 

versa. 

Eq. (14) is only a diagnostic equation for a given time t=t0. A natural extension of the 

above conclusion is how the initiation of 
ID  leads to the triggering of 

IG  and 

cyclogenesis afterwards (t>t0). Let the characteristic horizontal and vertical scales of the 

system under consideration be L and H (P0/0g, where P0 is the characteristic pressure 

depth and 0 is the characteristic density), respectively. Then, the ratio between the first and 

second terms on the left-hand side of Eq. (14) becomes 2( / )R NH fL . For adiabatic 

large-scale motion in which L >> NH/f, the second term on the left-hand side of Eq. (14) is 

much larger than the first. Thus, Eq. (14) can be qualitatively approximated to the following: 

2
2 ID

2
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ID
h

ID

[( C) ]
 

       


g
ID g g

d
f f V V q

dt p
. (15) 

For an adiabatic case, Eq. (15) indicates that positive QGPV advection causes horizontal 

divergence, whereas negative QGPV advection causes horizontal convergence and 

development of cyclonic relative vorticity. Thus, a configuration with negative PV advection 

below and positive PV advection aloft, that is an increase of PV advection with increasing 

height, will lead to cyclogenesis in the lower layer and ascending 
ID  in between owing to 

the atmospheric continuity. Furthermore, the convergence flow ( IDV ) in the lower layer 

induced by the negative PV advection should move along the isentropic surfaces, forcing the 

IG flow ( IG IDV V ). According to (12), IG vertical velocity is upward (IG
< 0) when the 

flow IGV  is along positively sloped isentropic surface and downward when it is along 

negatively slopped isentropic surface. For a stably stratified atmosphere, isentropic surface 

always tilts upward towards cold area, adiabatic air flow IGV  towards cold area (or warm 

advection) should ascend while descend if it is towards warm area (or cold advection). For 

the winter weather event under investigation, as the isentropic surfaces in the lower 

troposphere tilt upward toward the north, the development of southerly flow to the east of a 

center of cyclogenesis will result in associated IG air ascent: 

1

IG( ) ( / ) 0v IG pv y        .
 (16) 

At the same time, the isentropic surfaces in the lower troposphere over East Asia tilt 

downward toward the east (Fig. 2), the convergence ( h 0  IGV ) in the lower layer will also 

result in IG ascending easterlies: 

1

IG( ) ( / ) 0u IG pu x        . (17) 

Consequently, ascending IG vertical velocity (IG < 0) and cyclogenesis are triggered in the 

lower layers by the development of ID  aloft due to the sloping of isentropic surfaces, i.e., 
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the baroclinicity of the atmosphere: the stronger the baroclinicity, the stronger the ascending

IG
. 

On the steep eastern flank of the TP, many isobaric surfaces intersect the surface of the 

TP. The PV generated near the surface at these locations (Figs. 2 and 3) can be advected 

toward downstream areas and thus influence the in situ circulation. Figure 5 shows the 

evolutions of PV at 650 hPa, ID  at 700 hPa, and relative vorticity (, potential temperature 

(), IG , and streamlines at 850 hPa. To maintain consistency with Fig. 2, Ertel PV is used 

for constructing the panels in the left column in Fig. 5. This will not affect evaluation of the 

impact of QGPV advection because (to the first-order approximation) Ertel PV (P) and 

QGPV ( gq ) satisfy the relation / [ ( )]  g pq P g p  (Nielsen-Gammon & Gold, 2006).  

In Stage I (Fig. 5a–c) there was no precipitation. According to Eqs. (14) – (17), PV 

advection at 650 hPa triggers the ascending ID  at 700 hPa (Fig. 5a) and IG  at the lower 

level of 850 hPa (Fig. 5b). The induced southerly (Fig. 5c) is associated with negative PV 

advection, which causes air convergence and the formation of cyclonic relative vorticity in 

situ (Eq. (15)). In a moving frame of reference with its origin located at the forefront of the 

1.5 PVU contour of the high PV region over the eastern TP, significant ascending ID

appears only close to the forefront (Fig. 5a), whereas strong ascending IG dominates the 

vertical motion away from the forefront (Fig. 5b). This is in good correspondence with the 

analytical result of an idealized case experiment of HPJ03 in which a prescribed constant 

QGPV is located at a height where the zonal wind speed is a constant westerly (refer to their 

Eq. 15 and Fig. 2). From Stage II to Stage III (Fig. 5d–i), as eastward PV advection at 650 

hPa intensified (Fig. 5d and 5g), the cyclonic relative vorticity at 850 hPa and the associated 

ascending IG (Fig. 5e and 5h), together with the southerly flow to the east of the cyclone 

center (Fig. 5f and 5i), develop further. The warm advection and negative PV advection to the 
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east of the center become apparent, contributing to the slow eastward movement of the 

cyclone center (Eq. (15)). The entire process is similar to the schematic of cyclogenesis 

associated with the arrival of an upper-air PV anomaly over a lower-level baroclinic region 

(Hoskins et al., 1985). In Stage IV (Fig. 5j–l), as positive PV was advected rapidly to the 

western Pacific, the main cyclonic center moved from the continent to the Sea of Japan, the 

prevailing flow at 850 hPa over eastern China changed from southerly to northerly (Fig. 5l), 

and, following formula (16), the IG  changed from ascent to descent (Fig. 5k); consequently, 

the cyclonic vorticity decayed.  

3.2 Evolution of different  components 

For a specific location (x, y, p), the ID , IG , and Q  at a given time (t=t0) can be 

calculated separately from Eqs. (11-13). They may compensate or cancel to each other and 

their sum satisfies Eq. (10). However, the results from Fig. 5 demonstrate that during the 

cyclone evolution (t>t0), they can influence each other. To reveal how the different omega 

components interact, the evolutions of ID , Q , and total   at 700 hPa, together with the 

IG and horizontal wind divergence at 850 hPa, are shown in Fig. 6. In Stage I when there 

was no precipitation, Q  was weak and descending. IG was weak ascending because of the 

background southerly wind associated with the depression to the east of the TP (Fig. 1g). 

Owing to PV forcing, ascending ID  at 700 hPa was triggered by 06 UTC on 17 January. 

Consequently, ascending IG  at 850 hPa increased, leading to increasing vertical stretching 

and contributing to the development of the cyclonic vorticity and the southerly flow (Figs. 4 

and 5c). The negative feedback of the IG  development on ID  as will be discussed caused 

the latter to start to weaken after 18 UTC on 17 January.  

In Stage II, ascending IG  increased continuously, and ascending heating velocity Q  

started to develop as ID  changed to descending. It is interesting to see that the intensity of 
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IG  started to decline at 18 UTC on 18 January before the vorticity and precipitation reached 

their peaks at 06 UTC on 19 January (Fig. 4). This is because the occurrence of precipitation 

along the Yangtze River Basin increases the in situ potential temperature and reduces the 

meridional gradient of potential temperature to its south. According to Eq. (16), the IG  

should be weakened. Despite this, wind convergence at 850 hPa continued to increase and 

reached its maximum at 00 UTC on 19 January, i.e., at the beginning of Stage III, as did both 

the convergence of water vapor flux and the air ascent in the precipitation region of area R 

(Fig. 4). Six hours later, the total vertical air ascent  at 700 hPa, cyclonic vorticity, and 

precipitation all reached their maxima (Figs. 4 and 6). As the IG  continued to weaken and 

changed from ascent to descent, water vapor supply was reduced and the ascending Q  also 

weakened. The ascending IG presents throughout Stage I, II, and most of Stage III, and is 

much stronger than ID . This is similar to the theoretical results of HPJ03 (their Eq. 15) that 

the prominent quasi- geostrophic vertical motion can be mainly attributed to isentropic 

upgliding measured in a frame of reference moving with a speed close to the basic flow. In 

Stage IV, both IG  and Q  became positive, precipitation was weak, and ID  returned to 

ascent. The evolution of different omega components thus demonstrates that different omega 

components can interact with each other during system evolution and the diabatic heating and 

the associated Q  have strong impacts on both ID  and IG . 

3.3 Interaction between ID  and IG  

The eastward advection of high PV, which was generated over the eastern flank of the TP, 

triggered ascending ID  from below, with air convergence and cyclonic vorticity generation 

in the lower troposphere (Figs. 7a, 5a, and 5b). For adiabatic atmospheric motion, the 

converging southeasterly flow in the lower troposphere (Fig. 5c) should move along the 

isentropic surfaces ( ) and thus the upward IG flow ( IG <0) is generated as shown IG IDV V
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in Fig. 5b and Fig. 6, and indicated by the solid brown arrow between Fig. 7a and 7b. It is 

important to note that ID  is ascending over southern China only in Stage I (Fig. 5a) and 

that it changes to descending afterwards (Fig. 5d and 5g). From Stage I to Stage II, the 

ascending southerly ( IG IGv 0,  0  , Eq. (16)) develops quickly (Fig. 5e and 5f). It 

transports warm moist air northward from the ocean to the Yangtze River region (Fig. 5f), 

causing the increase of local potential temperature that results in descending ID  (Eq. (11), 

Fig. 5d). Therefore, ID  receives a negative feedback from the development of IG via 

warm advection as indicated by the dashed brown arrow ( ( )  V ) between Fig. 7b and 7a, 

leading to the weakening of ID  (Fig. 5a and 5d).  

4. PV–Q perspective on vertical velocity development 

The converging southeasterly flow associated with the ascending IG vertical velocity 

( IG <0) transported abundant water vapor from the ocean to South China and lifted the moist 

air upward (Fig. 7c and 5f). When the moist air reached the condensation level, precipitation 

started. The released latent heat (Q) associated with precipitation and condensation will affect 

the in situ PV (Eq. 7) as well as vertical velocity (Eq. 14). The evolution of vertical velocity 

in the diabatic atmosphere thus needs to be investigated from a PV-Q perspective.  

4.1 Interaction between Q  and IG  

Once the latent heat is released (  > 0), following the definition (13) air ascent 

associated with diabatic heating ( Q  < 0) is generated. The development of ascending Q  

intensifies the convergence and cyclonic circulation in the lower layers, and a stronger 

southerly wind together with enhanced IG  develops to the east of the cyclone center (Fig. 

5e, 5f, 5h, and 5i). Thereby IG  gets positive feedback from the development of Q , as 

shown by the part of dashed brown arrow ( ( ) V ) between Fig. 7b and 7c. The southerly 
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wind produces not only warm advection but also negative PV advection in the lower layers 

(solid brown arrow ( ,  Vq VP ) between Fig. 7b and 7c). This is coupled with the arrival of 

high PV from the west in the upper layer (Fig. 5d and 5g), which leads to baroclinic cyclonic 

development to the east of the cyclone center and increases the local precipitation and 

diabatic air ascent ( Q  < 0), presenting a positive feedback between IG   and Q . 

Conversely, latent heating associated with precipitation increases the local potential 

temperature and reduces the meridional temperature gradient to its south, resulting in 

weakening of the ascending IG  (Eq. (16)). As shown in Fig. 6, the ascending IG  started 

weakening at 18 UTC on 18 January when the precipitation over the lower reaches of the 

Yangtze River Basin developed most rapidly (Fig. 1h and 1i). It indicates that IG also 

receives a negative feedback from the development of Q  via reducing the upwind gradient 

of potential temperature (Fig. 7, the part of dashed brown arrow    between Fig. 7b and 

7c). Subsequently, the local IG  declined (Fig. 6), and both the water vapor flux 

convergence and the vertical velocity in this area started to decrease as well (Fig. 4). When 

IG  changed to descent late on the 19 January (Fig.5k and Fig. 6), the intensity of the 

cyclonic vorticity started to decay (Fig. 6) followed by weakening of the precipitation. 

4.2 Feedback of heating on PV forcing and ID  

It is interesting to see that ID  changed its sign after the precipitation occurred (Fig. 5 

and Fig. 6), whilst the positive zonal PV advection at 650 hPa remained strong (Fig. 5, left 

column), which implies that diabatic condensation heating associated with precipitation must 

play a significant role in the evolution of vertical velocity. To reveal how diabatic heating can 

feedback on PV forcing and ID , Equation (14) is employed.  

The evolutions during the period 17–20 January of the different forcing terms, together 

with ID  at 650 hPa and at 30°N averaged over 113°–121°E, are evaluated using the 
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analysis data and the results are presented in Fig. 8. It demonstrates that the forcing F1 

associated with vertical differential PV advection developed rapidly in Stage I and continued 

to act as positive forcing on ID  during the subsequent stages until the end of the Stage IV. 

The forcing F2 associated with diabatic heating was weak in Stage I but became strongly 

negative during Stages II and III after precipitation occurred. Owing to the compensation and 

interaction between F1 and F2, the total forcing (F = F1 + F2) and ID  were weak and even 

changed their signs during these periods. In Stage IV, precipitation was reduced and F2 

became very weak, and the total forcing and ID  were determined mainly by F1. All these 

results demonstrate that the forcing induced by vertically differential PV advection (F1) plays 

a significant role in the triggering, development, and decay of the cyclonic circulation, while 

the initiated precipitation exerts considerable feedback on the ID vertical motion and system 

development. 

Diabatic heating can exert both negative and positive impacts on ID , as shown 

schematically by the red arrows in Fig. 7 between panel (c) and (a). According to Eq. (14), 

latent heat release can produce negative forcing on ID  (F2 < 0). Actually, by following the 

definition of Eq. (11), heating increases the local potential temperature and results directly in 

descending ID (Fig. 7, red dashed arrow between Fig. 7c and 7a), as demonstrated in Figs. 5d, 

5g, 5j, and 8, and schematically illustrated in Fig. 10d and 10g of HPJ03 for an infinite 

atmosphere at rest. For an atmosphere at motion, heating can change the PV advection and 

affect ID . This is because, according to the QGPV equation (Eq. (7)), heating generates 

positive PV below and negative PV above the heating maximum (Fig. 7c). Thus, the zonal 

PV gradient in the upper layer between the positive PV generated over the eastern TP and the 

induced negative PV over the heating region is intensified, as is the meridional PV gradient to 

the south of the heating region in the lower layer. Consequently, the increase of PV advection 
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with height is intensified, forming positive forcing on ID  (F1 > 0) during the precipitation 

period as indicated by the red solid arrow between Fig. 7c and 7a. The total forcing for ID  

is determined by the combined effect of F1 and F2, and ID  can change its sign during 

precipitation. During Stage IV, diabatic heating and the associated forcing F2 are reduced, and 

the feedback of heating on the forcing F1 becomes weakened as well. 

In summary, we can conclude that strong interaction exists among the three omega 

components, which can significantly influence the circulation development during its life 

cycle. Although the development of ascending ID omega is important in initiating IG omega 

and inducing diabatic heating omega, it receives strong feedback from diabatic heating and it 

can even change its sign, whilst the forcing of the vertical differential PV advection has good 

correspondence with the evolution of the circulation and associated precipitation. 

5. Roles of zonal and meridional PV advection in cyclogenesis 

The above results demonstrate that it is the forcing of vertical differential PV advection 

together with the feedback from diabatic heating that modulates the evolution of the 

circulation and associated precipitation. This section further discusses how different PV 

advection coupling between the upper and lower layers influences the evolution of the 

circulation and associated precipitation. 

5.1 Initial Stage (I) 

The evolution from 12 UTC on 17 January to 00 UTC on 18 January of the vertical cross 

sections averaged between 113°121°E of PV, its zonal and meridional advection, as well as 

wind are shown in Fig. 9. At 12 UTC on 17 January, a center of weak positive zonal PV 

advection appeared between 700 and 500 hPa at around 30°N (Fig. 9a), in correspondence 

with the eastward advection of the high PV that originated from the eastern flank of the TP 

(Fig. 2c). As the TP-induced high PV became enhanced and moved further eastward (Fig. 2d 
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and 2e), positive zonal PV advection increased downstream along the middle and lower 

reaches of the Yangtze River Basin (Fig. 9c and 9e), and positive relative vorticity and a 

southerly wind (mainly IG
) developed in the lower troposphere (Fig. 5a- c). Concurrently, 

in the lower layer (below 700 hPa), negative meridional PV advection, with its center located 

above 850 hPa, increased over southern China (Fig. 9a, 9c, and 9e) and precipitation began to 

develop over southwestern China (Fig. 1). 

The geostrophic advection of QGPV and its association with the development of vertical 

velocity are presented in the right column of Fig. 9. While positive PV advection developed 

in the mid-troposphere, negative PV advection in the lower tropospheric layer intensified 

because of the development of the cyclonic circulation and its related southerly winds within 

that layer. Consequently, PV advection increased with height below 500 hPa at around 30°N, 

suggesting forcing for ascent (Fig. 9b, 9d, and 9f). This ascent favored the development of 

convergence within the lower troposphere and the enhancement of southerly wind to the 

south of 30°N, which enhanced the transport of moist air to the Yangtze River Basin (Fig. 

5c). 

The above analysis demonstrates that during Stage I, forcing for ascent was induced 

mainly by the positive eastward advection of mid-tropospheric high PV, generated near the 

surface at the eastern flank of the TP, and by the enhanced negative meridional PV advection 

in the lower troposphere. Owing to the enhanced vertical gradient of QGPV advection, 

ascending vertical velocity was diagnosed to the southeast of the TP and in situ precipitation 

was initiated.  

5.2 Developing Stage (II)  

With the development of precipitation, the influence of diabatic heating associated with 

latent heat release on both vertical velocity and PV advection should be taken into 

consideration. Here, the changes in atmospheric circulation in the developing stage are 
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diagnosed using the PV equation (Eq. (7)). 

With the development of ascending airflow on the southern side of the center of high PV, 

the southerly wind was strengthened and negative meridional PV advection in the lower 

troposphere was enhanced (Fig. 9). Thus, large-scale circulation with positive horizontal PV 

advection in the mid-troposphere and negative horizontal PV advection in the lower 

troposphere formed to the south of 30°N (Figs. 5d- f, and 10a), which further reinforced the 

forcing for quasi-geostrophic ascent (Fig. 10c).  

A center of prominent diabatic heating was located in the mid-troposphere near 30°N, 

which generated a positive (negative) PV tendency below (above) its maximum center (Fig. 

10b). The negative PV tendency above the precipitation area enhanced and sustained strong 

zonal PV advection upstream of the precipitation area. The vertical differential QGPV 

advection was thus enhanced compared with prior times, leading to further intensification of 

the vertical velocity between 28°N and 30°N (Fig. 10c). 

In summary, during Stage II, vertical velocity and its associated precipitation over the 

middle and lower reaches of the Yangtze River Basin were highly related to the evolution of 

PV advection in the lower and mid-troposphere. During this period, the feedback of diabatic 

condensational heating contributed to both the maintenance of the zonal PV gradient, by 

acting to erode mid-tropospheric PV downstream of the area of high PV generated on the 

eastern flank of the TP, and the maintenance of the meridional PV gradient to its south, by 

acting to create lower tropospheric PV. These processes provide enhanced quasi-geostrophic 

forcing that enhances the cyclogenesis in the lower troposphere and supports both the 

development of vertical velocity and the associated precipitation.  

5.3 Maturation and Decay Stages (III and IV)  

During Stage III, as ascent in association with the enhanced southerly flow over the 

Yangtze River Basin (Fig. 5f and 5i) developed (Fig. 10), the center of negative meridional 
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PV advection was located at a higher altitude and closer to the center of positive zonal PV 

advection. When the precipitation peaked at 06 UTC on 19 January, a center of slightly 

stronger negative meridional PV advection was located immediately below the center of 

positive zonal PV advection, which resulted in the maximum magnitude of the vertical 

differential QGPV advection, in addition to the lifting of the vertical velocity center 

compared with earlier times (Fig. 11a and 11b). Subsequently, the center of negative 

meridional PV advection tended to overlay the positive center of zonal PV advection (Fig. 

11c). Owing to prominent cancelation between the positive zonal PV advection and the 

negative meridional PV advection (Fig. 11e), both the vertical differential PV advection and 

the vertical velocity weakened (Fig. 11d and 11f). Meanwhile, the southerly wind weakened 

correspondingly (Fig. 11f), which led to reduced poleward advection of water vapor toward 

southern China. Consequently, the negative effect of diabatic heating on PV generation in the 

mid-troposphere decreased (not shown), which reduced the zonal PV gradient between the 

positive PV center over the eastern flank of the TP and the precipitation center over eastern 

China. Finally, as the cyclonic circulation decayed, the heavy precipitation diminished rapidly 

(Fig. 4) and the extreme winter precipitation event ended. 

6. Conclusions 

This study conducts a brief review of the development of the omega equation and the 

application of PV theory to the study of the impacts of large-scale mountains on downstream 

weather development. Several relevant challenges are also identified. The omega equation for 

ID  constructed by HPJ03 is highlighted. As this equation establishes the link between ID  

and vertically differential PV advection, and as vertically differential PV advection is closely 

related with weather system development, this omega equation should be applicable to 

interpretation of weather system development. However, ID  is only one part of the total 

vertical velocity, and the corresponding omega equation is a diagnostic equation. Therefore, 
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how best to use this diagnostic equation to interpret the development of full vertical velocity 

and the evolution of weather system has become a challenge. 

In the current study, this challenge has been tackled by applying the QGPV equation (Eq. 

7), the thermodynamic equation (Eq. 8), and the established ID omega equation (Eq. 14) for a 

diabatic atmosphere to the development of a weather event that occurred downstream of the 

TP during 17–21 January 2008. During the evolution of this event, positive PV was first 

generated over the eastern flank of the TP, and its subsequent eastward advection triggered 

the development of vertical velocity below and the generation of cyclone vorticity in the 

lower troposphere. The total vertical velocity of diabatic flow  is partitioned into three 

components (i.e., ID , IG , and Q ). Consideration of the interactions of these components, 

together with analysis of the influence of diabatic heating Q on PV forcing, allows the 

impacts of the TP on PV generation and downstream development of both vorticity and 

vertical velocity, as well as the feedback of heating on PV advection, to be elucidated. The 

main results can be summarized as follows. 

It has been shown that the development of the cyclone system associated with severe 

weather downstream of the TP is strongly tied both to the restructuring of PV near the surface 

due to airflow convergence in the region of the TP and to the subsequent downstream 

advection of positive PV in the mid-troposphere. The dynamical processes associated with 

the evolution of the cyclone system are depicted schematically in Fig. 12.  

In winter the westerly flow impinging upon the TP in the lower troposphere is split by 

the TP and it converges over its eastern flank, causing the increase in PV density W and the 

development of positive relative vorticity in that location. Since in winter the static stability 

/ z   near the TP is larger than in areas further downstream, the relative vorticity of the 

flow is increased easily as the PV advection is eastward. This is because along the westerly 

jet the vertical wind shear ( / ,u z  v/ z    ) and the horizontal components of potential 
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vorticity are small so that ( ) /P f z       is conserved in adiabatic and frictionless 

circumstances. Thus, the TP plays a role in modulating the PV structure and in amplifying the 

relative vorticity of the passing airflow.  

The downstream growth of PV advection leads to cyclogenesis in the lower troposphere 

and development of vertical velocity. In the Initial Stage (ST I, Fig. 12), positive zonal PV 

advection increases in the mid-troposphere, resulting in the development of ascending ID 

vertical velocity (
ID <0). This is accompanied by wind convergence due to atmospheric 

continuity and by an increase of in situ relative vorticity in the lower troposphere, where an 

isentropic southerly wind develops in association with ascending IG vertical velocity (
IG < 

0). Consequently, moist air is transported from the south, and negative meridional PV 

advection is increased, which contribute to quasi-geostrophic forcing for air ascent and 

cyclogenesis in situ. Thus, weak precipitation is initiated over southwestern China (ST I, Fig. 

12) and ascending diabatic heating vertical velocity ( Q < 0) is generated. In the Developing 

Stage (ST II, Fig. 12) over eastern China, the increasing negative meridional PV advection 

associated with the strengthening southerly wind in the lower troposphere enhances the 

vertical differential PV advection between the mid- and lower troposphere, leading to 

enhanced forcing for quasi-geostrophic ascent compared to prior times. Meanwhile, the 

negative (positive) PV anomaly induced by diabatic condensation heating in the mid- (lower) 

troposphere weakens (enhances) the local PV over the precipitation region. Consequently, the 

zonal PV gradient in the mid-troposphere between the positive PV center over the eastern TP 

and the precipitation center, as well as the meridional PV gradient in the lower troposphere to 

the south of the precipitation center, are both enhanced. This provides persistent and strong 

positive zonal PV advection in the mid-troposphere and negative meridional PV advection in 

the lower troposphere for the development of both cyclonic vorticity and ascending vertical 

velocity.  
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During the Maturation Stage (ST III, Fig. 12), as the altitude of the ascending southerly 

flow is increased, the center of negative meridional PV advection is lifted further. When it 

becomes located immediately below the center of positive zonal PV advection, both cyclonic 

vorticity and air ascent with precipitation reach their maxima. At subsequent times (Decay 

Stage; ST IV, Fig. 12), the negative meridional PV advection substantially cancels the 

positive zonal PV advection, and both the vertical differential PV advection and the 

ascending airflow are weakened. The negative (positive) PV generation above (below) the 

center of convective diabatic heating decreases correspondingly and the zonal (meridional) 

PV gradient in the mid- (lower) troposphere upstream of the precipitation area is weakened. 

Consequently, along the middle and lower reaches of the Yangtze River Basin, the vertically 

differential PV advection decreases, air ascent is weakened, and precipitation diminishes. 

It can be summarized that the frequent occurrence of a center of high PV over the eastern 

flank of the TP in winter is due to the PV restructuring associated with in situ surface 

convergence, and the eastward advection in the mid-troposphere of positive PV can trigger 

vertical velocity development and cyclogenesis in the lower troposphere. The evolution of the 

cyclone life is related closely to the interaction of different components of vertical velocity. It 

is the vertically differential PV advection and the feedback of diabatic heating that control the 

development and decay of vertical velocity and the evolution of the lower layer cyclone, as 

well as the weather downstream of the TP. 

Current study only analyzes the impacts of the interior QGPV advection on the 

development of vertical vorticity. Since the solution of Equation (14) is also determined by 

boundary conditions, revealing the impacts of boundary temperature advection and diabatic 

heating on vertical velocity development will help further understanding the underlying 

physics. In this study, only one winter case is diagnosed to elucidate the proposed PV-Q 

perspective. Further analyses of other weather events, particularly in summer, are required. 
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Appendix: Omega equation and PV advection for diabatic motion 

Under the quasi-geostrophic framework, the vorticity and temperature equations in 

p-coordinates can be written as: 

( )
t

g gV f
p




 
  

 
, (A1) 

( )
( ) +

t
g

p
V

p
  
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From the hydrostatic relation: 
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Eq. (A2) can be written as 

2( ) ( )
t

gV p
p

 
 
    

 
. (A4) 

Eliminating vertical velocity “” between the vorticity equation (Eq. (A1)) and temperature 

equation (Eq. (A4)) yields the frictionless QGPV equation: 

( ) ( )
t

g g

p

V q f
p

 
  

  
. (A5) 

Thus, for a frame of reference moving at constant horizontal velocity C , the QGPV and 

temperature equations can be, respectively, written as 

[ ( ) ] ( )
t

 
   

  
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C p
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and 
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
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

g p
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Applying 
qg

f
p




 to Eq. (9) and using the hydrostatic relation (Eq. (A3)) and the definition 

of ID  (Eq. (11)) lead to: 

 
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2 2 2

ID ID ID2
L = ( ) ( ) ( )
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h C

q
f f

p p t
  
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.  

From Eq. (A6), the omega equation for DI  in a diabatic atmosphere is obtained: 

 
2 2

2 2 2 2

ID ID2 2
L =[ ] [( -C) ] ( )h g g

p

f f V q f
p p p


 
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Figure. 1. Distributions of daily mean relative vorticity (shading, 10−5 s−1), geopotential 

height (purple dashed line, m), and wind (vector, m s−1) at (a)–(c) 500 hPa, (d)–(f) 650 hPa, 

and (g)–(i) 850 hPa on 17 January (left column), 18 January (middle column), and 19 January 

2008 (right column). Box area V (28°–34°N, 105°–113°E) in (f) denotes the key area of 

relative vorticity growth, and box area R (28°–34°N, 113°–121°E) in (i) denotes the key area 

of precipitation and vertical velocity. Black contour in (a)–(c) indicates the elevation of 3000 

m. Gray area in (d)–(i) denotes the Tibetan Plateau. Black contours in (g)–(i) indicate daily 

precipitation of 1, 5, 10, and 20 mm. 
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Figure. 2. Vertical cross section along 33°N of PV (shading, PVU; 1 PVU = 10−6 K m2 s−1 

kg−1), potential temperature (contour, K), and reanalysis wind (u𝑖 + 𝜔𝑂𝐵 𝑘⃗⃗, vector, units: u in 

m s−1 and 
OB

 in Pa s−1 (values multiplied by a factor of −50)) from (a) 00 UTC on 17 

January to (h) 18 UTC on 18 January 2008 at 6-h intervals. Heavy magneta contours denote 

isentropic temperature of 295 and 310 K. 
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Figure. 3. Distributions near the surface at 18 UTC of (left column) the tendency of surface 

potential vorticity density (𝜕𝑊𝜎/𝜕𝑡), (second column) W-flux divergence term (−𝛻𝜎 ∙ (𝑉⃗⃗𝑊𝜎)), 

(third column) diabatic heating term (𝛻𝜎 ∙ (𝜉𝑎𝜎𝜃̇)), and (right column) divergence term 

(−𝑊𝜎𝛻𝜎 ∙ 𝑉⃗⃗) and surface wind at 2 m (vector, m s−1) from 17 January (top row) to 20 January 

(bottom row) 2008. Black contours indicate elevations of 1500, 3000, and 4000 m. Unit in 

shading is 10−7 K s−2. 
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Figure. 4. Evolution from 00 UTC 17 January to 18 UTC 20 January of the area-mean 

relative vorticity (purple curve, 10−5 s−1) at 650 hPa averaged over box area V shown in Fig. 

1f; and the area-mean 6-h accumulative precipitation (black curve, mm), vertical velocity (red 

curve, Pa s−1; multiplied by a factor of −1) at 650 hPa, and vertical integral of convergence of 

water vapor flux from the surface to 650 hPa (blue curve, 10−7 kg m−2 s−1; multiplied by a 

factor of −1) averaged over box area R shown in Fig. 1i. 
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Figure. 5. Distributions of (left column) PV (shading, PVU) and wind (vector, m s−1) at 650 

hPa, and 
ID

 (contour, Pa s−1) at 700 hPa; (middle column) relative vorticity (shading, 10−5 

s−1) and 
IG

 (contour, Pa s−1) at 850 hPa; and (right column) potential temperature (shading, 

K) and circulation (streamline) at 850 hPa at (a)–(c) 12 UTC 17 January, (d)–(f) 18 UTC 18 

January, (g)–(i) 12 UTC 19 January, and (j)–(l) 12 UTC 20 January. “C” denotes the cyclone 

circulation center at 850 hPa. 
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Figure. 6. Evolution from 00 UTC 17 January to 18 UTC 20 January at 30°N and averaged 

over 113°–121°E of vertical velocity (
700

, black curve, Pa s−1), 
ID

 (
ID700

, brown dashed 

curve, Pa s−1), and
Q
 (

Q700
, purple dotted curve, Pa s−1) at 700 hPa, and 

IG
 (

IG850
, blue 

dashed-dotted curve, Pa s−1) and air divergence (D
850

, red curve, 10−6 s−1) at 850 hPa. 
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Figure. 7. Schematic showing the interaction among different omega components and the 

feedback of diabatic heating on horizontal PV advection: (a) triggering of cyclogenesis and 

ascending 
ID

 by PV advection, (b) triggering of isentropic upgliding wind ( IG IDV V ) and 

convergence due to the development of ascending 
ID

 and generation of 
IG

 due to the slope 

of isentropic surfaces, and (c) generation of 
Q
 associated with moisture transport (V q ) and 

intensification of cyclogenesis due to negative PV advection (VP ). Dashed brown arrows 

indicate positive (superscript +) and negative (superscript −) feedback mechanism; and the 

red solid and dashed arrows denote, respectively, positive (superscript +) and negative 

(superscript −) feedback of latent heating on 
ID

. See text for more details. 
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Figure. 8. The same as Fig. 6 but for 
ID

 (red curve, Pa s−1,
 

multiplied by a factor of −1), and 

the sum of 
ID

 forcing terms (F, black curve), the vertical differential advection of the 

quasi-geostrophic PV term (F
1
, purple dotted curve), and the diabatic heating term (F

2
, blue 

dashed curve) on the right-hand side of Eq. (14) and at 650 hPa. Unit for 
ID
 forcing terms is 

10−18 Pa−1 s−3. 
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Figure. 9. Mean vertical cross section at 113°–121°E of (left column) zonal (−𝑢
𝜕𝑃

𝜕𝑥
, shading) 

and meridional (−𝑣
𝜕𝑃

𝜕𝑦
, contour) PV advection (interval: 0.5 × 10

−5

 PVU s−1), and (right 

column) quasi-geostrophic QGPV advection (−𝑉⃗⃗𝑔 ∙ 𝛻𝑞𝑔, shading, interval: 0.5 × 10−9 s−2),  

forcing due to vertical differential quasi-geostrophic QGPV advection ( f
𝜕

𝜕𝑝
(𝑉⃗⃗𝑔 ∙ 𝛻𝑞𝑔) , 

contour, interval: 6 × 10−18 s−3 Pa−1), and reanalysis wind (𝑣𝑗 + 𝜔𝑂𝐵 𝑘⃗⃗, vector; units: v in m 

s−1, 
OB

 in Pa s−1 (values multiplied by a factor of −50)) for (a) and (b) 12 UTC 17 January, (c) 

and (d) 18 UTC 17 January, and (e) and (f) 00 UTC 18 January. 
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Figure. 10. Mean vertical cross section at 113°–121°E of (a) quasi-geostrophic QGPV 

advection (−𝑉𝑔⃗⃗⃗⃗ ∙ 𝛻𝑞𝑔, shading, interval: 0.5 × 10−9 s−2) and PV (contour, interval: 0.2 PVU), 

(b) diabatic heating term (𝑓
𝜕

𝜕𝑝
(
𝜃̇

𝛩𝑝
), shading, interval: 0.5 × 10−9 s−2) and diabatic heating rate 

( 𝜃̇ , contour, interval: 3 × 10−5 K s−1), and (c) -forcing due to vertical differential 

quasi-geostrophic QGPV advection (𝑓
𝜕

𝜕𝑝
(𝑉⃗⃗𝑔 ∙ 𝛻𝑞𝑔), shading, interval: 6 × 10−18 s−3 Pa−1), 

potential temperature (contour, K) and reanalysis wind (𝑣𝑗 + 𝜔𝑂𝐵 𝑘⃗⃗, vector; units: v in m s−1, 


OB

 in Pa s−1 (values multiplied by a factor of −50)) for 18 UTC on 18 January 2008.  
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Figure. 11. Mean vertical cross section at 113°–121°E of (left column) zonal (−𝑢
𝜕𝑃

𝜕𝑥
, shading) 

and meridional (−𝑣
𝜕𝑃

𝜕𝑦
, contour) PV advection (interval: 0.5 × 10−5 PVU s−1), and (right 

column)  forcing due to vertical differential quasi-geostrophic QGPV advection (f
𝜕

𝜕𝑝
(𝑉⃗⃗𝑔 ∙

𝛻𝑞𝑔), shading, interval: 6 × 10−18 s−3 Pa−1), potential temperature (contour, K), and reanalysis 

wind (𝑣𝑗 + 𝜔𝑂𝐵 𝑘⃗⃗, vector; units: v in m s−1, 
OB

 in Pa s−1 (values multiplied by a factor of 

−50)) for (a) and (b) 06 UTC on 19 January, (c) and (d) 12 UTC on 19 January, and (e) and (f) 

18 UTC on 19 January 2008. 
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Figure. 12. Schematic of PV restructuring in the region of the Tibetan Plateau (TP) and the 

impact of PV advection on downstream circulation during different stages (ST) of 

cyclogenesis. 

Stage I: Surface airflow convergence in the lee of the TP increases local PV density 

W, generating a positive relative vorticity anomaly and initiating light rain near the TP. 

Stage II: Eastward moving positive vorticity anomaly is intensified owing to reduced 

static stability. Positive zonal PV advection in the mid-troposphere and increased 

southerly and negative meridional PV advection below enhances cyclogenesis, air ascent, 

and precipitation. 

Stage III: Negative meridional PV advection is located immediately below the center 

of strong positive zonal PV advection, and cyclonic vorticity, vertical velocity, and 

precipitation are peaked. 

Stage IV: Negative meridional PV advection tends to overlay the positive center of 

zonal PV advection. Consequently, the cyclone and air ascent are both weakened and 

precipitation is diminished.  


