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ABSTRACT

Extratropical regional-scale extreme precipitation events (EPEs) are usually associated with certain

synoptic perturbations superimposed on slow-varying background circulations. These perturbations induce a

dynamically forced ascent that destabilizes the atmospheric stratification and stimulates deep convection,

which further drives the perturbation by releasing latent heat. This study identifies the characteristics of large-

scale perturbations associated with summer EPEs in two representative regions, East China (ECN) and the

southeastern United States (SUS), and analyzes the roles of dynamic forcings and diabatic heating using the

quasigeostrophic omega equation. Composites of 39 events in each region show that the upper-level absolute

vorticity advection and tropospheric warm advection promote dynamically forced ascent in EPEs, and the

moisture advection premoistens the local environment. The background circulation and synoptic perturba-

tions in ECN and the SUS have significant differences. The background vorticity, temperature, and moisture

advection form the quasi-steady mei-yu front in ECN, which provides favorable conditions for heavy rainfall.

In the SUS, weaker background ascents are forced mainly through vorticity advection. In the synoptic scale,

the EPEs in ECN are triggered by short-wavelength wave trains, and in the SUS the EPEs are triggered by

longer wavelength potential vorticity intrusions. Although the amplitudes of the dynamically forced ascent in

the two regions are similar, diabatic heating contributes much more to the vertical motion in ECN than the

SUS, which indicates that there is stronger diabatic heating feedback there. The stronger diabatic heating

feedback in ECN appears to be due to stronger moisture advection, convective environments with more

humidity, and stronger coupling between convection and large-scale dynamics.

1. Introduction

Extreme precipitation events (EPEs) have great

socioeconomic impacts, since they often lead to natural

disasters such as floods, landslides, and urban water-

logging. However, the mechanism of EPEs is still poorly

understood. Current global climate models (GCMs)

face serious challenges in the simulation of precipitation

extremes. For instance, many GCMs underestimate the

climatology and interannual variations of precipitation

extremes (e.g., Kharin et al. 2007; Shiu et al. 2012), and

GCMs show a large intermodel spread of the future

projection of precipitation extremes under global

warming (O’Gorman and Schneider 2009). Examining

the statistical characteristics of EPEs from observations

is a useful starting point for developing a deeper un-

derstanding of EPEs. The observational characteristics

of EPEs and their associated atmospheric circulation

anomalies also could serve as benchmarks for improving

GCM simulations and reducing their uncertainties.

There is an extensive literature on the atmospheric

circulation anomalies associated with EPEs of different

regions, and these studies showed that EPEs associated

with circulation anomalies have significant regional

features. For example, the heavy rainfall leading to the

devastating 2010 Pakistan flood was associated with a

persistent upstream European block and monsoon de-

pressions approaching from the tropics (Houze et al.

2011; Lau and Kim 2012; Martius et al. 2013). Heavy

rainfall in central Europe is usually related to wave

breaking of a coherent wave packet propagating from

the central and eastern Pacific (Martius et al. 2008;

Wirth and Eichhorn 2014). While a global survey is out

the scope of this study, we focus on summer EPEs of

two representative regions, East China (ECN) and the

southeastern United States (SUS). One main regional

feature of the summer EPEs of ECN is that they are

usually embedded in the quasi-steady mei-yu front (e.g.,Corresponding author: Ji Nie, jinie@pku.edu.cn
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Ding andChan 2005; Luo et al. 2013; Oh et al. 2018). The

main factors affecting the EPEs of ECN include up-

stream blocking highs (Wang et al. 2000; Chen and Zhai

2014), the western Pacific subtropical high (Ding and

Chan 2005), the South Asia high (Wang et al. 2000), the

westerly jet (Chiang et al. 2017), and the moisture

transport by low-level southwesterlies (Zhou and Yu

2005), and their combined effects though potential

vorticity (PV) dynamics (Horinouchi 2014; Horinouchi

and Hayashi 2017). For the SUS region, free tropo-

spheric troughs (Maddox et al. 1979, 1980), surface

frontal systems (Funk 1991), and low-level moisture and

warm advection (Konrad and Meentemeyer 1994;

Konrad 1997) are usually seen in EPEs. Many of the

above studies are based on a single case and thus are

unable to determine common features of EPEs. More-

over, since precipitation is directly related with vertical

motion rather than horizontal winds, there is still a

missing link when relating the circulation anomalies to

the EPEs.

Quasigeostrophic omega (QG v) analyses can serve

as a useful tool to bridge the gap between large-scale

circulation anomalies and local EPEs. The QG v equa-

tion has been used in the study of weather systems, such

as extratropical storms (e.g., Clough et al. 1996; Lareau

and Horel 2012), mei-yu fronts (Sampe and Xie 2010; Gu

et al. 2018), and EPEs (Martius et al. 2008), to quantify

and separate vertical motion caused by perturbations

at different levels or regions, taking the advantage of

its linearity. However, most previous studies of QG v

analyses only focus on the dynamically forced vertical

motion, those associated with the adiabatically balanced

flow. In the EPEs, there is a large amount of diabatic

heating due to the water vapor condensation, and the di-

abatic heating also induces significant large-scale vertical

motion (Horinouchi and Hayashi 2017). Recent studies

estimated that more than half of the large-scale vertical

motion in EPEs is caused by diabatic heating (Nie et al.

2016; Shaevitz 2016).

This study analyses the role of dynamic forcings and

diabatic heating in extratropical EPEs, and investigates

their interactions. Large-scale adiabatic perturbations

induce dynamically forced vertical motion and stimulate

the development of deep convection by destabilizing the

atmospheric stratification. The latent heat released by

convection in turn drives further large-scale ascent by

allowing air parcels to rise across surfaces of potential

temperature. An extratropical EPE is essentially a large-

scale-convection coupled system, in which the large-scale

perturbations serve as forcings and the convective re-

sponses act as a feedback (Nie and Sobel 2016; Nie et al.

2018). We may call this view on EPEs the ‘‘dynamic

forcing–diabatic feedback’’ perspective.

The goal of this paper is to identify the characteristics

of large-scale conditions, including both the background

circulations and the synoptic-scale perturbations, as well

as the diabatic heating feedback associated with EPEs.

We focus on the summer season EPEs in ECN and the

SUS for a comparative study to identify their regional

features. These two regions are local maximums of pre-

cipitation extremes (e.g., van derWiel et al. 2016; Sun and

Zhang 2017), and their latitudes and Coriolis parameters

are similar. The geographic locations of these two regions

also share some similarity; they are both roughly located

in the southeastern corner of their respective continents

and the entrance of the Northern Hemispheric storm

tracks. Section 2 introduces the data andmethods. Section 3

examines the time evolution of the large-scale advective

forcings associated with EPEs, followed by analyses of the

horizontal meteorological fields in section 4. In section 5,

we examine the dynamically forced and diabatic heating

forced vertical motion components and investigate the

causes for differences in the strength of the diabatic heat-

ing feedback in these two regions. Section 6 includes the

conclusions and discussion.

2. Data and methods

This study mainly uses the ERA-Interim reanalysis

dataset (Dee et al. 2011). The meteorological variables in

the ERA reanalysis have a 6-h temporal resolution (at

0000, 0600, 1200, and 1800UTC) and a spatial resolution of

0.78. The precipitation variable used here is the short-range
ECMWF forecast at a 12-h temporal resolution. The sum

of the 0000–1200 and 1200–2400 UTC forecast accumu-

lated precipitation is set as the daily mean precipitation.

The date range for all the data is from 1979 to 2017.

The ECN region is defined as 1128–1228E, 258–358N and

the SUS region is defined as 958–858W, 288–388N.Thus, the

EPEs in this study are regional-scale events, in contrast to

convective-scale precipitation extremes (e.g., Hamada and

Takayabu 2018). Our analyses focus on the summer season

(June–August). An EPE is defined as a day with the daily

maximum precipitation averaged over each regional box

during each summer season. We exclude EPEs caused by

tropical cyclones (two events in ECN and seven events in

the SUS) since they have very different characteristics from

those associated with extratropical perturbations. From

1979 to 2017, 39 EPEs in each region (see Table 1 for the

dates of the events) are identified with a regional-box-

averagedmean precipitation of 17.5mmday21 in ECNand

11.7mmday21 in the SUS (Table 2). These events are used

for composites to remove random noises in individual

events and to obtain robust characteristics of EPEs.

The QG v equation is a useful framework for un-

derstanding and quantifying the factors associated with
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vertical motion in EPEs (e.g., Martius et al. 2013; Nie

et al. 2016). The QG v equation may be written as (e.g.,

Holton 2004, 164–168) 
›
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where s 5 2(RT/p)›p lnu is the dry static stability, v is

the pressure vertical velocity, and Q is diabatic heating.

Also, z 5 (1/f0)=
2f 1 f is the geostrophic absolute

vorticity, f is the geopotential, and f0 is the reference

value for the Coriolis parameter. The terms Advz 5
2Vg�=z, AdvT 5 2Vg�=T, and Advq 5 2Vg�=q are

the horizontal advection of (geostrophic) absolute vor-

ticity z, temperature T, and specific humidity q by geo-

strophic winds, respectively. The QG v equation states

that to maintain the QG balance, vertical motion will be

induced by ageostrophic adjustments whenever there

is horizontal advection of absolute vorticity or temper-

ature, or diabatic heating. There are several alterna-

tive ways to formulate the QG forcings in the QG

v equation, such as the Q vector formulation and the

potential vorticity formulation (e.g., Horinouchi 2014;

Davies 2015). The formulation as in Eq. (1) has the

shortcomings that it is not Galilean-invariant and there

is partial compensation between the vorticity and tem-

perature advection terms. However, by separating the

vorticity and temperature advection terms explicitly, it

allows us to examine the relative importance of the two

terms, which may be associated with two types of cy-

clogenesis: the vorticity advection dominant type and

the thermal advection dominant type (e.g., Petterssen

and Smebye 1971).

The total v may be separated into a component ex-

plained by the QG v equation (vqg) and the remainder

[vaqg, calculated as a residual term in Eq. (2)]. A sig-

nificant advantage of the QG v equation is its linearity,

and thus, we may directly decompose vqg into compo-

nents forced by the large-scale advective forcings and

diabatic heating. Therefore, we have

v5v
qg
1v

aqg
5v

z
1v

T
1v

Q
1v

aqg
. (2)

The terms vz, vT, and vQ, are the vertical motion com-

ponents corresponding to Advz, AdvT, and the Q term,

respectively, and their sum is vqg. These terms are cal-

culated by solving the QG v equation [Eq. (1)] on three-

dimensional sphere grids, including the right-hand-side

(RHS) terms one by one (Stone 1968; Martius et al. 2013;

Nie et al. 2016). In solving Eq. (1), the upper boundary

condition is v 5 0 at a nominal tropopause of 100hPa,

and the lower boundary condition is setting v to be its

surface value at the surface level. The surfaces of the two

regions are relatively flat, and the orography forced v is

very small; thus, it is not shown in the following analyses.

Since the first two RHS terms of Eq. (1) represent the

dynamic forcing of the adiabatic-balanced flow, the sum

ofvz andvTmay be called the dynamically forced vertical

motion vD, in contrast to the diabatic heating component

of vertical motion vQ. As shown later, for regional-scale

EPEs, vqg accounts for most of the total v in the regions

TABLE 2. Precipitation (mmday21) in reanalysis and approxi-

mated by v. The last column is for the diabatic heating feedback

parameter a.

P (reanalysis) P (scaling) PD PQ Paqg a

ECN 17.5 17.5 5.0 10.3 2.2 2.1

SUS 11.7 10.2 4.9 5.2 0.1 1.1

TABLE 1. Dates of the extreme precipitation events.

ECN

8 Jul 1979 23 Jun 1980 27 Jun 1981 1 Jun 1982 4 Jul 1983 13 Jun 1984

25 Jun 1985 15 Jun 1986 6 Jun 1987 21 Jun 1988 28 Aug 1989 7 Jun 1990

6 Jul 1991 5 Jul 1992 3 Jul 1993 16 Jun 1994 20 Jun 1995 14 Jul 1996

18 Aug 1997 24 Jun 1998 27 Jun 1999 2 Jun 2000 12 Jun 2001 27 Jun 2002

26 Jun 2003 13 Aug 2004 6 Aug 2005 13 Jun 2006 13 Jun 2007 13 Jun 2008

9 Aug 2009 19 Jun 2010 14 Jun 2011 13 Jul 2012 6 Jun 2013 4 Jul 2014

8 Aug 2015 3 Jul 2016 1 Jun 2017

SUS

11 Aug 1979 21 Jul 1980 5 Jun 1981 16 Jun 1982 26 Jun 1983 2 Aug 1984

16 Aug 1985 9 Jun 1986 1 Jul 1987 19 Jul 1988 8 Jun 1989 12 Jul 1990

31 Aug 1991 3 Jun 1992 6 Aug 1993 24 Jun 1994 4 Aug 1995 8 Jun 1996

17 Jun 1997 14 Jul 1998 26 Jun 1999 17 Jun 2000 12 Aug 2001 13 Jul 2002

6 Jun 2003 25 Jun 2004 1 Jun 2005 5 Jul 2006 6 Jul 2007 12 Aug 2008

30 Jul 2009 18 Aug 2010 15 Jul 2011 11 Jul 2012 4 Jul 2013 18 Jul 2014

27 Jun 2015 19 Aug 2016 5 Jun 2017
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of events, which validates our uses of the QG v in un-

derstanding EPEs.

3. Dynamic forcings

In this section, we examine the EPE-associated dy-

namic forcings. Figure 1 shows the time evolution of

Advz, AdvT, and Advq averaged over each regional box.

Day 0 denotes the day with peak precipitation, while the

negative (positive) sign denotes the days prior (after).

Although Advq does not directly force vertical motion,

it modifies the local convective conditions and thus af-

fects the convective responses to the large-scale per-

turbations (Nie et al. 2016). First, let us focus on the

FIG. 1. The time evolution of the regional averaged advective forcings associated with theEPEs in (left) ECNand

(right) the SUS. Shown are (a),(b) Advz, (c),(d) AdvT, and (e),(f) Advq. The x axis is time with day 0 marking the

day with peak precipitation. The y axis is the pressure level.
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results for ECN. Over the 2 weeks around the EPEs,

there is a background Advz that is negative in the

lower to middle troposphere (900–400 hPa) and positive

in the upper troposphere (400–100 hPa) (Fig. 1a). The

synoptic-scaleAdvz is superimposed on the background.

Fromday22 to day 0, the synoptic-scaleAdvz is positive

throughout the troposphere with a maximum value in

the upper troposphere, followed by negative Advz at

day 11. The background AdvT is negative in the plan-

etary boundary layer (PBL) and positive near the tro-

popause (Fig. 1c). There is also a warm background

AdvT extending throughout the troposphere (seen later

in Fig. 2d). The synoptic scale AdvT is positive through-

out the troposphere preceding day 0; then, it becomes

negative after day 0. The background Advq is positive

with a peak in the PBL and decreases upward since most

atmospheric moisture is confined to the low levels. In the

synoptic scale, there is a strong positive anomaly of Advq
extending from the surface to 400hPa fromday22 to day 0,

which is followed again by negative anomalies. The

negative Advq after day 0 (although the moisture flux

convergence is still positive) is because the heavy

rainfall makes the region as moist as or even moister

than the equatorward regions upwind.

FIG. 2. The decomposition of advective terms for the ECN regions. Shown are (a)–(c) Advz, (d)–(f) AdvT, and (g)–(i) Advq. (left) The

RHS-1, (center) the sum of RHS-2 and RHS-3, and (right) the RHS-4 term of Eq. (3).
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In the SUS, the background Advz in the upper tropo-

sphere is positive but relatively weak, and the negative

values are close to the surface (Fig. 1b). In the synoptic

scale, there is also a robust positive Advz in the upper tro-

posphere; however, Advz is negative in the lower tropo-

sphere. The background AdvT is both positive in the PBL

and near the tropopause (Fig. 1d). For background mois-

ture advection, there is a weak positive Advq in the PBL,

while the levels above are negative with the peak occurring

at about 850hPa (Fig. 1f). The synoptic-scale AdvT and

Advq in the SUS show similar signals to those in ECN,

with a positive anomaly before day 0 and negative anom-

alies after day 0, except these signals are much weaker.

The large-scale advective terms in Fig. 1 show mixed

signals of the background circulations and synoptic per-

turbations. The background signals represent the contri-

bution of the slow-varying general circulation, while the

synoptic-scale signals represent the fast-varying pertur-

bations that directly trigger EPEs. To separate these

signals, we decompose each meteorological variable into

an EPE-related background component (means from

day213 to day24 and from day14 to day113) and an

EPE-related synoptic-scale component (the differences

between the total and the background component). For

example, with temperature, we have T5T1T 0, where
T and T 0 denote the background and synoptic-scale

component, respectively. Thus, the temperature advec-

tion may be decomposed into four parts:

Adv
T
52V

g
� =T

52V
g
� =T2V

g
� =T 0 2V0

g � =T2V0
g � =T 0. (3)

The RHS terms in Eq. (3) are the background advection

(RHS-1; background temperature advection by back-

ground winds), the cross terms (RHS-2 and RHS-3), and

the nonlinear advection (RHS-4; perturbation temper-

ature advection by perturbation winds), respectively.

Varying the criterion for the decomposition within

several days leads to very similar results.

The decompositions of the advective terms based on

Eq. (3) clearly separate the synoptic-scale advection [the

cross terms and the nonlinear term in Eq. (3)] from its

background, allowing us to identify their contributions and

to compare their differences in the two regions separately.

We first observe that every term in Eq. (3) has a non-

negligible contribution to the total advection. In the ECN,

the background advective terms (Figs. 2a,d,g) show con-

sistent but cleaner results comparedwith those described in

Fig. 1. By examining the cross terms, we found that the

RHS-2 termhas similar patterns to theRHS-3 termbut has

the opposite sign and a larger amplitude (figures omitted).

Thus, we only show the sumof the cross terms inFigs. 2 and

3 (middle columns). By comparing Fig. 2 with Fig. 1, we see

that the cross terms contribute tomost of the synoptic-scale

signals in total advection, including the upper-level positive

Advz (Fig. 2b) and the positive then negative AdvT
(Fig. 2e) and Advq (Fig. 2h) around day 0. For EPEs, the

nonlinear term contributes to the positive Advz near the

surface, which dominates the negative Advz in the cross

terms.Other than that result, thenonlinear termhas a small

contribution to the synoptic-scale signals. In contrast, the

nonlinear term has sizeable projections on the background

time scale (i.e.,2V0 � =T 0 taking T as example) due to the

synoptic perturbations (which are not the ones associated

with EPEs) in the ECN regions.

The decompositions of the advective terms in the SUS

(Fig. 3) show generally weaker signals than those in

ECN, with some differences. Again, the background

advective terms confirm our previous observation.

Compared to the results in ECN, there is no warm

background advection in the free troposphere, except

near the tropopause (Fig. 3d). The backgroundmoisture

advection has positive peaks in a thin layer near the

surface and is negative above (Fig. 3g). The cross terms

also largely contribute to the synoptic-scale signals in

total advection. Unlike in ECN, where the cross terms

show signals with changed signs from day22 to day 2, in

the SUS the cross terms show single peak signals around

day 0. The nonlinear advection in the SUS plays a larger

role in EPEs than it does in ECN.

The advection of vorticity and temperature can dy-

namically force large-scale vertical motion that further

causes heavy rainfall. The time evolution of the v com-

ponents corresponding to the dynamic forcings are shown

in Figs. 4a–d. The QG v equation states that upward

gradients of Advz (e.g., positive on upper levels and

negative on lower levels) and positiveAdvT induce ascent,

while the downward gradients of Advz and negativeAdvT
induce descent. Consistent with these qualitative argu-

ments, there is free tropospheric background ascent in vz

and vT in ECN (Figs. 4a,c) that corresponds to the

background Advz (Fig. 2a) and AdvT (Fig. 2d). The im-

portance of the background warm advection in the

maintenance of the mei-yu front in East Asia has been

pointed out in previous studies (Sampe and Xie 2010).

Here, we show that the background Advz is at least

equally important. Before the ECNEPEs (day22), there

is actually weak descent invz (Fig. 4a), which corresponds

to the upper-tropospheric negative Advz in Fig. 1a. From

day 0 to day 11, the strong positive Advz in the upper

troposphere forces strong upward vz. The upward vT

peaks at day 21 followed by descent at day 11 (Fig. 2c),

which is consistent with the pair of positive and negative

AdvT values there. In the SUS, the backgroundvz is more

bottom heavy than it is in ECN, which is consistent with
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the less tilted structure of Advz (Fig. 3a). The background

vT for the SUS is very weak. In the synoptic scale, vz

shows a single strong ascent over the EPEperiod. There is

also an ascent in vT at day21; however, the descent after

day 0 is very weak. In the SUS, vz is greater than vT,

which indicates that there is a relatively more important

role for Advz there; by contrast, in ECN Advz and AdvT
have similar importance in forcing EPEs.

4. Horizontal patterns

To better understand the large-scale advective terms

seen in the previous section, we examine the horizontal

patterns of the EPE-related background and synoptic

components of meteorological variables as defined in

the previous section. We first look at the EPE-related

background geopotential f and horizontal winds V. At

850 hPa (Fig. 5a), ECN is located at the west edge of the

Pacific subtropical high. The southwesterlies bring air

with low planetary vorticity, warm temperature, and

moisture from the tropics (which is consistent with the

sign of the advective terms in the low levels in the left

column of Fig. 2). At 200 hPa (Fig. 5e), the anticyclonic

winds of the South Asia high (e.g., Rodwell and Hoskins

2001; Nie et al. 2010) bring northerlies over ECN, which

is consistent with the upper-level positive Advz in

FIG. 3. As in Fig. 2, but for the SUS region.
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FIG. 4. The color maps denote the time evolution of v components (with diurnal-cycle components subtracted). The black contours are

the diurnal-cycle components (Fourier components with a time period equal to or shorter than 1 day). The black solid (dashed) lines

denote positive (negative) contours with intervals of 0.4 hPa h21. The zero contour lines are omitted. (left) ECN and (right) the SUS.

Shown are (a),(b)vz, (c),(d)vT, (e),(f) vQ, and (g),(h) actual ERA-Interim-analyzedv. Note that the color bars of each row are different.

The x axis is time, with day 0 marking the day with peak precipitation. The y axis is the pressure level.
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FIG. 5. The EPE-related background geopotential (color map; m2 s22) and horizontal winds (vectors; m s21) at

(a),(b) 850, (c),(d) 500, and (e),(f) 200 hPa. (g),(h) The background precipitable water (color map; mm) super-

imposed on 850-hPa background winds. (left) The ECN region and (right) the SUS region. Grids with a surface

pressure greater than the pressure levels are masked.
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Fig. 2a. The northern part of the ECN regional box is

covered by the midlatitude westerly jet, which brings

warm air from the South Asia high to ECN. At 500 hPa

(Fig. 5c), the geopotential field is dominated by the

Pacific subtropical high, and southwesterlies are formed

over ECN due to the Pacific subtropical high and the

westerly jet. Moving to the SUS region, at low levels,

the Atlantic subtropical high induces southeasterlies

(Fig. 5b), which leads to the negative Advz shown in

Fig. 3a. At 200hPa (Fig. 5f), there is a low-latitude high

pressure system to the southwest of the SUS regional

box. Together with the westerly jet, the northwesterlies

provide strong upper-level positive Advz and AdvT
(Figs. 3a,d). In the middle tropospheric (Fig. 5d), the

geopotential field is influenced by both the low-latitude

high pressure and the Atlantic subtropical high. A high

pressure ridge over the Rocky Mountains, presumably

caused by topographic effects, induces southward me-

ridional winds in the SUS, in contrast to the northward

meridional winds in ECN.

For the background moisture advection, one may

examine the precipitable water superimposed on the

850-hPa winds, since moisture concentrates at low

levels. The low-level southwesterlies transport moisture

from the west Pacific warm pool to ECN (Fig. 5g),

consistent with the strong positive Advq in Fig. 2g. In

contrast, the horizontal gradient of precipitable water in

the SUS is weak (Fig. 5h). The Gulf of Mexico, despite

its high sea surface temperature, is relatively dry due to

the strong free tropospheric subsidence associated with

the Atlantic subtropical high (Peixoto and Oort 1992,

pp. 167 and 280). There, moisture is confined to the

surface layer, and the humidity in the free troposphere is

very low. As a result, in the SUS, Advq is only positive in

the PBL and is negative above it (Fig. 3g). The total

background moisture advection in the SUS is much

weaker than that in ECN.

Next, we examine the EPE-related synoptic-scale

components of the meteorological variables in Fig. 6.

We only show results at 200 hPa where the upstream

influences of the synoptic-scale signals are most obvious.

In the lower-to-middle troposphere, a cyclonic low

pressure center, which is tilted westward with height,

develops in both regions (figure omitted). In ECN, the

EPEs are associated with a wave train that propagates

over the northern part of the regional box (Figs. 6a–c).

The wavelength of the wave train is relatively short

(;3500km) and the propagation speed is fast; from

FIG. 6. The EPE-related synoptic-scale geopotential (color contours) and horizontal winds (vectors) at 200 hPa, for (a),(d) day 21,

(b),(e) day 0, and (c),(f) day 11. (top) The ECN region and (bottom) the SUS region.
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day 21 to day 11, the positive center has moved from

the northwest corner of the regional box to about 158E.
Associated with the wave train, the upper-level positive

PV anomalies induce lower-level upwelling and south-

erlies for transporting moisture into the target region,

creating a humid troposphere that is important for

regional-scale heavy rainfall (Horinouchi 2014; Hamada

and Takayabu 2018). The EPE-associated synoptic-

scale perturbations in the SUS are quite different

(Figs. 6d–f). A slow-moving, large-scale wave train

(with a wavelength of ;5000km) propagates from the

North Pacific to the north of the SUS. The influence of

the large-scale wave train on a heavy rainfall is a com-

mon feature in many regions; for example, the heavy

rainfall in South Brazil is associated with the Pacific–

South America pattern (Cavalcanti 2012; Mo and

Higgins 1998). The strong low pressure center over

northeast Canada develops a tail that extends to thewest

of the SUS. The secondary low pressure center slowly

intrudes into the SUS and detaches from the parent

wave train. At day 11, a new positive geopotential

center develops to the east of the SUS due to the dia-

batic heating of the heavy precipitation. This type of

synoptic situation is usually called a PV intrusion

(Massacand et al. 1998; Waugh and Polvani 2000;

Funatsu and Waugh 2008). The differences in the

synoptic-scale perturbations in ECN and the SUS are

expressed in the advective terms in Figs. 2 and 3. The fast

propagating wave train in ECN leads to changes in signs

of the cross term in advection (Figs. 2b,e), whereas the

PV intrusion in the SUS is a slow process, so the cross

term in advection shows only a single peak in the signal

(Figs. 3b,e).

5. Diabatic heating feedback

In previous sections, we examined the dynamic forc-

ings associated with the adiabatic flow in EPEs and the

horizontal patterns to understand the forcings. In this

section, we focus on diabatic heating feedback on verti-

cal motion. The questions to be addressed include de-

termining how large the contribution of diabatic heating

tov is and what causes the differences in diabatic heating

feedback in the two regions.

The time evolution of the diabatic heating component

of v (vQ) and the total v are shown in Figs. 4e–h. We

first observe that there is an obvious diurnal cycle of

v corresponding to the diurnal cycle of convection. In

both regions, vQ has the largest contribution to total

v among the four components in Eq. (2). In ECN, there

are two peaks of vQ during the EPEs, which correspond

to the peak of vT and peak of vz (Figs. 4a,c), re-

spectively. The first peak is more top-heavy than the

second. In the SUS, there is only one peak ofvQ at day 0,

which is mainly forced by vz (Fig. 4b). Comparing vQ in

both regions shows that vQ in ECN is much greater than

that in the SUS.

Next, we examine the horizontal distributions of

v and its components at 500hPa (Fig. 7). As expected,

regions with heavy rainfall (white contours in Fig. 7)

collocate with centers of strong ascent. In ECN, one can

see the background mei-yu front extending from Indo-

china to Japan (Fig. 7a). In ECN vD shows alternating

ascent and descent centers extending from the upstream

to the regional box, which is consistent with the synop-

tic perturbation of the upper tropospheric wave train

(Fig. 7c; note that the domain in Fig. 7 is smaller than the

domain of previous figures). Also, vD has a sizeable

projection for the background mei-yu front, which

confirms previous studies showing the important dy-

namic forcings on the mei-yu front (e.g., Sampe and Xie

2010; Gu et al. 2018). There is only one ascent center of

vD over the SUS, corresponding to the PV intrusion

process. In both regions vQ has a smaller spatial scale

than vD and is concentrated in the regional boxes. It is

interesting to note that in both regions, the centers ofvD

are several degrees north of the centers of vQ, pre-

sumably because the environment is moister in the south

and the moisture is transported from the south. This is

consistent with the ideas of the ingredients-based fore-

casting of precipitation (e.g., Wetzel and Martin 2001)

that dynamically forced ascent is only a necessary con-

dition; heavy precipitation requires other important in-

gredients such as moisture and instability. We also

observe that although vD has similar amplitude in these

two regions, vQ in ECN is much greater than that in the

SUS. The aQG component vaqg is small in the regional

boxes, confirming our starting point that the QG v is a

good approximation of total v in extratropical EPEs.

The termvaqg is particularly large in the tropical rainbelt

south of the regional boxes because when moving to-

ward tropics, the Rossby radius of deformation ap-

proaches infinity, and perturbations of most length scale

become the ‘‘small scale’’ perturbations that are not

captured by QG theory.

The vertical profiles ofv and its components averaged

over the two regions at day 0 are shown in Fig. 8. The

term vD in the two regions has similar amplitudes, al-

though vD in the SUS is more bottom heavy than that in

ECN. It is the difference in vQ in the two regions that

makes the total v in ECN much greater than v in the

SUS, which is consistent with the intensity of EPEs in

the two regions (Table 2). To better quantify the relative

importance of v components, one may convert v to

precipitation with a scaling proposed by O’Gorman and

Schneider (2009) in which P’ 2 (1/g)
Ð
v›p*qjue*dp. This
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FIG. 7. The horizontal distribution of (a),(b) v, (c),(d) vD, (e),(f) vQ, and (g),(h) vaqg at 500 hPa on day 0. The

white dashed contour lines denote a heavy-rainfall area (day 0 precipitation greater than 20mmday21 in ECN and

greater than 12mmday21 in the SUS.

5826 JOURNAL OF CL IMATE VOLUME 32



scaling is the vertical integration of v times the vertical

gradient of saturation-specific humidity following a

moist adiabatic process ›p*qjue*. Precipitation approxi-

mated by total v with this scaling is very close to the

same value in the reanalysis (Table 2). Similarly, we can

calculate the approximate precipitation corresponding

to each component of v (Table 2). Precipitation corre-

sponding to vD (PD) in the two regions has a similar

value; however, precipitation corresponding to vQ

(PQ) in ECN is much greater than that in the SUS. One

may define a diabatic heating feedback parameter a as

the ratio between PQ and PD (Nie et al. 2018). The

a parameter quantifies the diabatic heating feedback on

precipitation due to QG adjustments, given a normal-

ized unit of adiabatic large-scale perturbations. The

a values in ECN and the SUS are 2.1 and 1.1 (the value

of a in the SUS is similar to a case study of Texas ex-

treme precipitation in 2015; Nie et al. 2018), respec-

tively, indicating that there is much stronger diabatic

heating feedback in ECN.

Here, we provide qualitative reasoning on the causes

of the differences of a in the two regions. Because of the

complexities in convection, quantitative analyses usu-

ally require help from numerical simulations. The dia-

batic heating feedback represents how local convection

responds to large-scale perturbations in the coupled

system, and thus it may mainly depend on the following

factors (Nie and Sobel 2016): 1) the large-scale forcings

(i.e., the combination of Advz, AdvT, and Advq); 2) the

local convective environments (i.e., the temperature and

moisture profiles); and 3) the characteristic wavelength

of the system, which determines how strongly convec-

tion and large-scale dynamics are coupled (Nie and

Sobel 2016; Tandon et al. 2018a,b). Next, we examine

these factors in the two regions to understand how they

contribute to the differences of a.

First, the large-scale forcings favor larger a in ECN

due to the stronger Advq preceding the EPEs. Positive

Advq moistens the local environments and strengthens

the convective responses. The modification can be quite

large (Nie et al. 2016) since convection sensitively de-

pends on environmental moisture (e.g., Derbyshire et al.

2004). For dynamic forcings, vD in the SUS is more

bottom heavy than in ECN. In addition, vT has more

contributions to vD in ECN than in the SUS. Although

warm advection forces ascent dynamically, it inhibits the

development of convection by increasing atmospheric

stability. These two factors favor larger a in the SUS;

however, these effects are minor and should be domi-

nated by the modification of Advq.

Second, the local convective environments favor

stronger diabatic heating feedback in ECN. The T pro-

file in ECN is approximately 1Kwarmer than the profile

in the SUS (Fig. 9a), and the dry static stabilities in the

two regions are similar (Fig. 9c). The q profile in ECN is

significantly larger than the profile for the SUS (Fig. 9b),

which is partly due to the warmer temperature and

partly due to the higher relative humidity (Fig. 9d). The

precipitable water at day 0 is 47.4mmday21 in ECN and

40.9mmday21 in the SUS. Numerical simulations

showed that diabatic heating feedback is strongly pro-

portional to the atmospheric moisture (Nie et al. 2016,

2018) because increased moisture leads to increased

diabatic heating, which further drives a dynamic in-

crease in large-scale ascent (and thus larger a).

Finally, the characteristic wavelength of synoptic

perturbations associated with EPEs in the ECN is only

approximately half of the wavelength in the SUS

(Fig. 6). The shorter the characteristic wavelength (i.e.,

the smaller the ratio between the characteristic wave-

length and the Rossby radius of deformation), the more

strongly the large-scale dynamics and the convection are

coupled. A study using an idealized convection large-

scale coupled system supports the relationship between

the wavelength and a (Nie and Sobel 2016). Thus,

compared with the PV intrusion in the SUS, the short-

wavelength wave train in ECN also leads to stronger

diabatic heating feedback there.

6. Conclusions and discussion

Extratropical EPEs are usually associated with large-

scale disturbances, strong upward motions, and large

latent heat release, all of which are closely coupled

FIG. 8. The vertical profile of v and its components averaged

over the two regions on day 0. The red lines are for theECN region,

and blue lines are for the SUS region.
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together. Since the synoptic-scale perturbations are

strongly constrained by the QG dynamics in the extra-

tropics, we develop herein a deeper understanding of

EPEs from the perspective of the QG v equation. We

examine the dynamic forcings and convective feedbacks

associated with summer EPEs in two representative

regions, East China and the southeastern United States,

and compare their regional characteristics. The main

findings are the following (see also the schematic in

Fig. 10 with minor points):

1) EPEs in ECN and the SUS are associated with

robust large-scale advective forcings, including pos-

itive temperature and moisture advection ahead of

rainfall, and strong upper-level absolute vorticity

advection during rainfall. The dynamic forcings

(Advz and AdvT) induce a strong ascent that encour-

ages local convection, while the moisture advection

premoistens the local convective environment, lead-

ing to stronger convection later. The temperature

and moisture advection in ECN are significantly

stronger than those in the SUS.

2) There are regional differences in background circu-

lations and synoptic perturbations associated with

EPEs in ECN and the SUS. In ECN, the background

absolute vorticity advection, warm advection, and

moisture advection form the quasi-steady mei-yu

front, which provides favorable conditions for syn-

optic perturbations to cause heavy rainfall. By con-

trast, in the SUS, there is only dynamically forced

FIG. 9. The regional-box averaged (a) T, (b) q, (c) s, and (d) relative humidity on day 0.
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background ascent from absolute vorticity advection;

the warm advection and moist advection are very

weak. In the synoptic scale, the EPEs in ECN are

associated with a short-wavelength wave train, while

EPEs are triggered by large-scale PV intrusion in

the SUS.

3) Although the dynamically forced vertical motions in

the two regions have similar amplitudes, the diabatic

heating feedback in ECN is much stronger than that

in the SUS. Qualitative analyses suggest that this

outcome may due to the stronger modification of

moisture advection, convective environments with

more humidity, and a stronger coupling between

convection and large-scale dynamics due to the

shorter wavelength of the synoptic disturbances in

ECN compared to those in the SUS.

This paper is a diagnostic study with observational

data. To quantitatively untangle the effects of back-

ground circulation and synoptic perturbations on the

regional features of EPEs in ECN and the SUS, further

studies are required with numerical simulations (e.g.,

Nie et al. 2016), such as a set of experiments with the

same background large-scale or synoptic forcings. It is

also worthwhile to examine the interannual variations

among the extreme events. It has been known that in-

terannual variability patterns, such as El Niño–Southern
Oscillation, have significant influence on regional ex-

treme precipitation (e.g., Dayan et al. 2015; Whan and

Zwiers 2017). The analysis method used in this paper

may fill the gap between remote teleconnections and

local precipitation extremes. Over the long term, the

responses of precipitation extremes to global warming

will have dramatic regional variations (Alexander et al.

2006); the GCM results suggest that the increases in

precipitation extremes in ECN will be greater than

similar increases in the SUS (Kharin et al. 2007; Pfahl

et al. 2017). One may use the QG v equation to better

understand the regional responses of extreme pre-

cipitation to climate change in extratropical regions.
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