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ABSTRACT

Persistent heavy rainfall events (PHREs) are the product of the combined effects of multiscale systems. A

PHRE that occurred during the 2016 mei-yu season was selected to further the understanding of the scale

interactions accounting for the persistence of this type of event. The scale interactions were analyzed

quantitatively using a piecewise energy budget based on temporal scale separation. Results show that the

strongest interactions between the precipitation-related eddy flow and its background circulation (BC) occur

in the mid- to lower troposphere, where a significant downscale kinetic energy (KE) cascade alone dominates

eddy flow persistence. An obvious upscale KE cascade (i.e., a feedback effect) appears in the mid- to upper

troposphere but has a negligible effect on the BC. Overall, within the precipitation region, the downscale KE

cascade is primarily dependent on BC signals with shorter periods, whereas the upscale KE cascade is more

dependent on BC signals with longer periods. Thus, the BC has asymmetric effects on the KE cascades. The

most significant BC signal as determined via wavelet analysis [i.e., quasi-biweekly (10–18 days) oscillations in

this event] does not play the leading role in the downscale KE cascade. Instead, the quasi-weekly oscillations

provide themaximumamount of energy for eddy flowmaintenance. Semi-idealized simulations of various BC

signals show similar results: precipitation and the intensities of lower-level shear lines and transversal troughs

(both of which are closely related to the precipitation-related eddy flow) are more sensitive to the quasi-

weekly oscillation than to the quasi-biweekly oscillation.

1. Introduction

In many regions around the world, heavy rainfall events

are among the most frequent and severe meteorological

disasters (Tao 1980; Karl andKnight 1998; Zhao et al. 2004;

Schumacher and Johnson 2006; Davis and Lee 2012;

Hitchens et al. 2013;Wang andTan 2014; Fu et al. 2015; Liu

and Wu 2016; Liu et al. 2016; Yamada et al. 2016). Heavy

rainfall durations can vary from several minutes to

several days (Tao 1980; Markowski and Richardson

2010; Li et al. 2015). A strong precipitation event with a

relatively long lifetime (e.g., lasting for several days)

that meets specific standards (e.g., Karl andKnight 1998;

Bao 2007; Chen and Zhai 2015; Wang et al. 2014) can be

defined as a persistent heavy rainfall event (PHRE).1

Corresponding author: Shen-Ming Fu, fusm@mail.iap.ac.cn

1 In China, if the 24-h accumulated precipitation of a rainfall

event exceeds 50mm, it is regarded as a heavy rainfall event (Tao

1980). The definitions of a PHRE are different among different

studies; for instance, Wang et al. (2014) defined three necessary

conditions for a PHRE: (i) it covers a region larger than the lower

limit of a meso-a-scale system (;200 km); (ii) precipitation meet-

ing the standard of a heavy rainfall lasts for at least 5 days; and

(iii) the overlapping rate of the rainbands in two continuous days

exceeds 20%.
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Compared to shorter heavy rainfall events, PHREs tend to

cause more severe flash flooding, urban waterlogging, and

landslides. This results in larger economic losses and more

substantial casualties. Therefore, significant efforts have

been made to understand the conditions and mechanisms

that lead toPHREs.Basedon theprevious studies, this study

will investigate the mechanisms accounting for the mainte-

nance of a PHRE from a viewpoint of scale interactions.

Favorable large-scale background circulation (BC) is

confirmed to be crucial to PHREoccurrence. For instance,

Tao (1980), Ding (1993), Zhao et al. (2004), and Bao

(2007) have analyzed PHREs over central–eastern China

and found that a long-lived quasi-stable large-scale BC,

which features one or two strong blocking highs in themid-

to high latitudes and an intense western Pacific subtropical

high (WPSH) in the lower latitudes, is a key condition for

development of these PHREs. The long-lived blocking

high continuously steers cold/dry air from the mid- to high

latitudes to the lower latitudes, while the quasi-stationary

westernPacific subtropical highs steerwarm/moist air from

the mid- to low latitudes to the higher latitudes (Wang

et al. 2014; Chen and Zhai 2015). These two air flows with

contrasting properties encounter each other continuously

in the precipitation region, producing PHREs.

Scale interactionduringPHREs is remarkable (Zhao et al.

2004; Fu et al. 2015; Zhang et al. 2016), which makes it an

important way of understanding these types of events. The

relevant studies can be roughly divided into two categories.

Category 1 mainly includes those studies that qualitatively

analyze the effects of various BC signals on maintaining a

favorable precipitation configuration. For example, Yang

and Li (2003) and Mao and Wu (2006) analyzed PHREs

during the mei-yu season and suggested that intraseasonal

oscillations favor them by forming upper-level anticyclonic

anomalies and lower-level cyclonic anomalous circulation. Li

et al. (2014) conducted wavelet analyses and composite

studies on PHREs over the Yangtze River basin during the

summer of 1996 and found that 30–60- and 10–25-day oscil-

lations provide anomalous lower-level convergences that

contribute to thePHREs.Liu et al. (2014)appliedabandpass

filter to five PHREs during the 2003 mei-yu season and

proposed that thequasi-biweekly oscillation (QBO) is crucial

to these PHREs because it contributes southwesterly

anomalies to the mei-yu frontal convergence. Category 2

primarily contains studies that quantitatively evaluate how

BC signals feed the smaller-scale systems that directly

induce the PHREs. For instance, Fu et al. (2016a,b) and

Zhang et al. (2016) calculated the energy budgets of

PHREs over the Yangtze River basin and found that a

notable downscale kinetic energy (KE) cascade in the

lower troposphere dominates the persistence of

precipitation-related eddy flow. Within this category,

two further scientific questions remain to be answered:

(i) How do each of the BC signals interact with the

smaller-scale systems that directly induce heavy pre-

cipitation during a PHRE, and (ii) how can we de-

termine the relative importance of different BC signals in

the scale interactions that sustain a PHRE? This study

will address these two questions by applying a piecewise

energy budget to a PHRE that occurred during the 2016

mei-yu season.

The remainder of this study is structured as follows:

Section 2 describes the dataset and the piecewise energy

budgetmethod. Section 3 includes a general description of

the PHRE and its main energy characteristics. Section 4

analyzes the interactions between various BC signals

and precipitation-related eddy flow. Sensitivity experi-

ments that seek to identify the relative importance of

various BC signals are discussed in section 5. Finally,

conclusions and a discussion are presented in section 6.

2. Data and methodology

a. The dataset

The National Centers for Environmental Prediction

(NCEP) Climate Forecast System, version 2 (CFSv2),

6-hourly 0.58 3 0.58 products (Saha et al. 2014) were

used in the analysis and energy budget calculations. This

dataset was also used to generate the initial and

boundary conditions for the semi-idealized experiments

in this study. Rain gauge–based hourly accumulated

precipitation data from the China Meteorological Ad-

ministration were used to conduct wavelet analyses and

to validate the results of the semi-idealized simulations.

b. The piecewise energy budget method

Based on the research of Fu et al. (2016a), energy

budget equations based on temporal-scale separation

(Murakami 2011) were used in this study. The equations

used are as follows:
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where the overbar represents the temporal average,

which can be regarded as the BC (Murakami 2011; Fu

et al. 2016a), and the perturbation from this temporal

average (which is denoted by a prime symbol in

appendix A) is the eddy flow or smaller-scale system
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that directly induces the heavy precipitation; AM, KM,

AT, andKT are the available potential energy (APE) of the

BC, the KE of the BC, the APE of the eddy flow, and the

KE of the eddy flow, respectively. Terms G(AM) and

G(AT) represent diabatic production/extinction of AM

and AT, respectively. In this study, we only calculate

precipitation-related diabatic processes, which are the most

important diabatic effect for aPHRE(Fu et al. 2016a). In the

calculation, the Kuo scheme (1974) is utilized, because it can

reasonably capture the main characteristics of the diabatic

processes associatedwith themei-yu front (Zhao et al. 2004).

Terms in the form of C(X, Y) represent transfers between

energies X and Y: a positive value means that energy is

transferred from X to Y, while a negative value indicates a

transfer of energy in the opposite direction. Boundary flux

terms AM, KM, AT, and KT are represented by B(AM),

B(KM), B(AT), and B(KT), respectively; R(AM) is the ef-

fect associated with vertical heat transport; andD(KM) and

D(KT) denote the dissipation ofKM andKT due to friction,

respectively. Because the energy budgets are calculated us-

ing the CFSRv2 dataset, which is of a relatively coarser

resolution, the budget termsmayunderestimate the intensity

of the real energy conversion (Fu et al. 2016a,b). For more

detailed descriptions of the physical significances and ex-

pressions of the budget terms, please refer to appendix A,

Murakami (2011), and Fu et al. (2016a).

In this study, after confirming the importance of the eddy

flow to the PHRE, we calculated the budget equations

[Eqs. (1)–(4)] using a commonmethodology (i.e., a control

calculation) to confirm whether the scale interactions are

the dominant factors in determining the persistence of

precipitation-related eddy flow. After this was confirmed,

the BC was decomposed (by using the Lanczos bandpass

filtering; Duchon 1979) into several components (i.e., a

piecewise processing of the BC) according to the wavelet

analysis (Erlebacher et al. 1996) of the BC. The typical BC

signal was first removed from the original BC, resulting in a

‘‘minus’’ BC. It was then added to the original BC to form a

‘‘plus’’ BC. Both the minus and plus BCs were used to re-

calculate the budget equation. We determined the contri-

bution of the typical BC signal by comparing the

recalculated results to those of the control calculation.

3. Overview of the PHRE and its energy paths

The 2016 mei-yu season began at 0000 UTC 13 June

2016 and ended at 0000 UTC 7 July 2016. According to

the mei-yu climatological features documented by the

China Meteorological Administration (http://cmdp.

ncc-cma.net), the 2016 season was typical. Heavy rain-

fall events appeared frequently over the Yangtze River

basin during this mei-yu season, but only one of them

could satisfy the PHRE criteria defined by Wang et al.

(2014; footnote 1 in the introduction). This PHRE oc-

curred from 0000 UTC 29 June to 0000 UTC 4 July 2016.

It can be further divided into two precipitation periods

with significantly different circulation configurations (not

shown). The later period, which ranges from 0000 UTC 2

July to 0000 UTC 4 July 2016, is particularly noteworthy,

because 1) the amount and intensity of precipitation (as

Fig. 1a shows, the maximum precipitation accumulated

over 48h is more than 300mm) significantly exceed those

of the earlier period and 2) it caused severe flash flooding

and urban waterlogging in the middle and lower reaches

of the Yangtze River that resulted in huge economic los-

ses. Therefore, in this study, the later precipitation period

was considered using the piecewise energy budgets.

a. PHRE overview

The circulation configuration during the period from

0000UTC 2 July through 0000UTC 4 July 2016 is typical

of a PHRE in the mei-yu season (Tao 1980; Zhao et al.

2004). As shown in Fig. 1b, two closed lows appear in the

high latitudes. One is located north of Lake Balkhash

and the other is located northeast of Lake Baikal. Be-

tween the two lows, a ridge maintains quasi-stationary

behavior over Mongolia. The northwesterly wind ahead

of the ridge line steers relatively cold, dry air from the

higher latitudes to the lower latitudes. In the middle

latitudes, the western Pacific subtropical high is strong

and quasi stationary, west of which a 500-hPa short-

wave trough maintains its intensity over central–eastern

China. Behind the trough base, the northwesterly wind

also contributes to a southward flow of relatively cold,

dry air. Ahead of the trough base, favorable quasigeo-

strophic forces (i.e., warm temperature and cyclonic

vorticity advection) that promote ascending motion

(Holton 2004) appear over the precipitation region (i.e.,

the blue box in Fig. 1b). In addition, the precipitation

region is located around the right entrance region of the

upper-level jet, where the associated secondary circu-

lation also contributes to the development of ascending

motion (Holton 2004). A vigorous lower-level jet ap-

pears along the western periphery of the subtropical

high. It continuously steers relatively warm, moist air

from lower latitudes to the precipitation region, where it

encounters the aforementioned cold, dry air. This situ-

ation favors persistent, heavy precipitation (Tao 1980;

Ding 1993; Zhao et al. 2004; Bao 2007).

As the 850-hPa shear line and the 850-hPa potential

pseudoequivalent temperature gradient show (Fig. 1c),

the mei-yu front is mainly oriented in a southwest–

northeast direction during the 48-h precipitation period.

This orientation is the same as that of the accumulated

precipitation (Fig. 1a). Because the mei-yu front is lo-

cated primarily in the lower troposphere (Tao 1980;
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FIG. 1. (a) The 48-h accumulated precipitation (solid blue; mm) and the 48-h mean of the vertically averaged

(from 900 to 700 hPa) KT (shaded; J kg21). The blue box shows the target region. (b) The 48-h-averaged 500-hPa

geopotential height (solid black; gpm), 200-hPa wind speed above 30m s21 (shaded; m s21), and 850-hPa wind field

above 12m s21 (red wind barbs, with a full bar representing 8m s21). The thick brown line is the trough line, the

blue box is the target region, and WPSH is the western Pacific subtropical high. (c) The 48-h-averaged 850-hPa

streamlines, relative vorticity (shaded; 1025 s21), and potential pseudoequivalent temperature (solid blue; K). The

thick gray line is the shear line, and the red box marks the target region. (d) An enlarged view of the target region,

where the shading is the 48-h-averaged 500-hPa warm advection (1025 K s21), the solid black is the 48-h-averaged

500-hPa geopotential height (gpm), and the blue solid is the 48-h-averaged 500-hPa vorticity advection (10210 s22).
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Zhao et al. 2004; Fu et al. 2016a), we calculate a lower-

level vertical mean of KT in the 950–700-hPa layer

(950 hPa is used to avoid calculations below the topog-

raphy) to reflect its energy features. A 48-h temporal

average of this vertical mean is shaded in Fig. 1a. It is

obvious that the mei-yu front–related KT is consistent

with the rainband. During the 48-h rainfall period, the

eddy flowmakes a mean contribution of;70% (;65%)

to the cyclonic vorticity (ascending motions) within the

precipitation region (not shown). Based on the pre-

cipitation, mei-yu front–related KT, lower-level shear

line, and lower-level potential pseudoequivalent tem-

perature gradient, a target region (27.58–33.58N, 110.58–
122.58E; marked with boxes in Fig. 1) was selected for

calculation of a horizontal mean that can represent the

overall features within the precipitation region. Calcu-

lations based on this box are confirmed to be insensitive

to relatively small changes in the box boundaries (each

box boundary line 618; not shown), which guarantees

that it is representative. The correlation coefficient be-

tween the target-region averaged hourly precipitation

and the target-region averaged lower-level KT is ;0.73,

which exceeds the 95% confidence level. This means the

precipitation variation is consistent with the mei-yu

front–related KT. Therefore, as discussed above, the

mei-yu front–related eddy flow largely triggers the

heavy precipitation (Zhao et al. 2004; Fu et al. 2016a).

b. Energy paths of various layers

Because the heavy precipitation lasted for 48 h (0000

UTC 2 July–0000 UTC 4 July 2016), we used 48h as the

time window for calculation of the temporal mean [as did

Fu et al. (2016a)]. Thus, the BC for this study are the

multiscale systems with periods longer than 48h. Budgets

were calculated using Eqs. (1)–(4), and a horizontal aver-

agewas applied to the results within the target region (blue

box in Fig. 1a) to focus on the heavy rainfall event. After

that, the horizontal mean values were integrated vertically

in three layers of equal mass (i.e., 950–700, 650–400, and

350–100hPa) and the total layer (i.e., 950–100hPa) as well.

The results are used to represent the overall energy fea-

tures in various layers of the precipitation region. Four

energy paths were derived from the results of Eqs. (1)–(4),

as shown in Fig. 2 (Fig. 2 is based on the energy budget

results shown in Fig. B1 in appendix B).

Figure 2a shows that, within the total layer, down-

scale energy cascade (DSEC) processes that transfer

energy from the BC to the eddy flow appear in both the

APE and the KE. However, these energy cascade

processes (i.e., interactions between BCs and eddy

flows) do not dominate the BC or eddy flow variation.

The APE of the BC is maintained primarily via net-

import transport of AM by the BC [i.e., B(AM)], while

the baroclinic energy conversion (BCEC) from theAPE

to the KE [i.e., C(AM, KM)] is its most important

mechanism of consumption. The energy converted via

the BCEC dominates the production of KM, while the

net-export transport ofKM by the BC [i.e.,B(KM)] is the

factor most detrimental to sustaining KM.

Precipitation-related diabatic processes [i.e., G(AT)]

dominate the production of eddy-flow APE, which is

mainly consumed by the BCEC in the eddy flow [i.e.,

C(AT , KT)]. Meanwhile, the BCEC dominates the pro-

duction of KT, while the net-export transport of KT by

both the BC and the eddy flow [i.e.,B(KT)] is the primary

factor opposing increases in the former quantity. Overall,

two energy paths that contribute to sustaining the eddy

flow KE are presented via the thin gray lines in Fig. 2a.

In the upper troposphere, interactions between the

BC and eddy flow are obvious. They can be reflected by

an APE DSEC (Fig. 2b) and a KE upscale energy cas-

cade (UPEC; i.e., KE is transferred from the eddy flow

to the BC, which is the feedback effect of the eddy flow).

The BC variation due to these two energy cascade

processes can be neglected, but their effects on the eddy

flow are important, because the energy transferred from

KT toKM dominates the consumption ofKT. In contrast

to the total layer, only one energy path that favors KT

enhancement appears in the upper layer (thin gray lines

in Fig. 2b). This energy path is similar to that shown in

the total layer (cf. Figs. 2a and 2b).

In the middle troposphere, a weak DSEC process

appears in the KE (which can be neglected with regard

to KT variation), but no energy cascade occurs in the

APE. This means that interactions between the BC and

the eddy flow are weak. Precipitation-related diabatic

processes are the primary source of AT, which domi-

nates the production of KT via BCEC in the eddy flow.

An energy path similar to that observed in the total layer

(thin gray line in Fig. 2c) also contributes to the en-

hancement of KT but is of secondary importance.

Transport of KT by both the BC and the eddy flow di-

verges primarily within the precipitation region and acts

as the primary mechanism of KT consumption.

The strongest KE and APE DSECs appear in the

lower troposphere (Fig. 2d). Thismeans that interactions

between the BC and the eddy flow are intense. Although

these DSEC processes are not important to variation of

the BC, they dominate the production of AT and KT.

One significant difference between the energy path in

the lower layer and those in other layers is the presence

of a weak BCEC that converts KT to AT. As reported

by Fu et al. (2016a), the conversion direction of the

BCEC is determined by activities of the warm air: ac-

tive warm air tends to result in APE releases in the

eddy flow (i.e.,AT is converted into KT), while inactive
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warm air tends to cause conversion in the opposite di-

rection. Overall, only one energy path contributes to

enhancement of the mei-yu front–relatedKT (thin gray

line in Fig. 2d), which directly induces heavy pre-

cipitation. This energy path is similar to that of the total

layer (cf. Figs. 2a and 2d).

4. Piecewise energy budget results

a. BC decomposition

As the direct trigger for the heavy precipitation

event, the eddy flow interacts significantly with the BC

(section 3). To understand how each BC signal interacts

with the precipitation-related eddy flow, we compare the

relative importance of various BC signals and identify

those that are most important in these interactions. The

comparisons are mainly based on the piecewise KT en-

ergy budget [i.e., Eq. (4)] within the precipitation region.

The piecewise energy budget should be based on a

reasonable BC decomposition. A wavelet analysis

(Erlebacher et al. 1996) of the target-region averaged

precipitation during the warm season of 2016 (from

early April to late September) was conducted to identify

the BC signals. From Fig. 3a, it is clear that the BC is

composed of signals of various scales. Two wave crests

appear in the global wavelet power spectrum (Fig. 3b)

during the 48-h heavy precipitation period. However,

only the stronger one (i.e., the QBO; 10–18 days)

exceeds a 95% confidence level. The weaker longer-

range oscillation (LRO; 40–128 days) exceeds only the

85% confidence level. This means that the QBO is the

most significant BC signal in this 48-h heavy pre-

cipitation event. A wavelet analysis of the target-region

averaged 850-hPa relative vorticity produces a similar

result (not shown). For comparison, we added two other

less significant BC signals to the BC decomposition: the

FIG. 2. The target-region averaged energy paths of various layers, where green arrows show net-import transport,

blue arrows show net-export transport, purple arrows show conversions between different types of energies, dark

red arrows show diabatic production/extinction of APE, curved arrows show the effects of dissipation terms, and

the thin gray line with an arrowmarks the energy path that enhancesKT. The dominant factor for the maintenance

(dissipation) of each type of energy is shaded with light purple (blue). The purple arrows may be shaded in two

colors because the conversions that they represent may be dominant factors for two types of energies. For BCEC,

the plus and minus signs represent the release and production of APE, respectively.
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quasi-weekly oscillation (QWO) with a period of 5–10 days

and the weak BC signal (WBS), whose period is

18–40 days. In total, the periods of the QWO, QBO,

WBS, and LRO range from 5 to 128 days and account for

the dominant portion of the DSEC of KE (Table 1).

b. Key factors in KE cascade processes

As discussed in section 3b, a KEUPEC appears in the

upper troposphere of the target region (Fig. 2b), while

weak and strong KE DSECs occur in the middle and

lower troposphere (Figs. 2c,d), respectively. A more

detailed vertical distribution of the KE cascade pro-

cesses (Fig. 4a) shows that theKEDSEC appears mostly

below 525hPa, while theKEUPECoccursmostly above

this level. In this study, we focus on theKEDSEC, which

directly provides energy that sustains the precipitation-

related eddy flow. To demonstrate the key features of

the circulation configuration responsible for the KE

DSEC, 800 hPa (it is near the central level of the mei-yu

front, and it has a strong KE DSEC) was selected as the

typical level for a detailed study.

A lower-level transversal trough with weak tempera-

ture gradients maintains quasi-stationary behavior over

the target region during the 48-h precipitation period

(Fig. 5a). As confirmed by several previous studies (Tao

1980; Zhao et al. 2004), themei-yu front does not usually

FIG. 3.Wavelet analysis of the target-region averaged precipitation using theMorlet wavelet.

(a) The wavelet power spectrum (shaded), where solid black marks the 95% confidence level

and the two vertical black dashed lines indicate the 48-h period of this heavy precipitation

event. The thick long-dashed line indicates the cone of influence outside of which edge effects

become important. (b) The 48-h-averaged wavelet power spectrum during this heavy pre-

cipitation event (solid dark blue) and the 95% confidence level (dark blue dashed line). Red

dashed lines show the BC decomposition. QWO: 5–10 days; QBO: 10–18 days; WBS: 18–40

days; and LRO: 40–128 days.

TABLE 1. The mean and maximum rates of change (%) at levels below and above 525 hPa, respectively. A minus sign before the

term in parentheses indicates filtering out, while a plus sign indicates summing. Abbreviations and durations are as follows: KMKI is

C(KM, KI); KTKI is C(KT , KI); QWO: 5–10 days; QBO: 10–18 days; WBS: 18–40 days; LRO: 40–128 days; and LP: 128 days.

Below 525 hPa (DSEC of KE) Above 525 hPa (UPEC of KE)

Average Maximum Average Maximum

KMKI (2QWO) 233.5 259.6 216.6 264.8

KMKI (1QWO) 32.6 59.1 15.8 63.9

KTKI (2QWO) 252.3 2156.5 232.5 265.7

KTKI (1QWO) 52.5 158.5 33.4 66.6

KMKI (2QBO) 216.3 221.9 217.9 235.5

KMKI (1QBO) 15.8 21.2 16.9 34.6

KTKI (2QBO) 227.8 295.1 233.9 253.2

KTKI (1QBO) 28.3 96.3 34.8 54.6

KMKI (2WBS) 24.6 210.1 22.8 29.1

KTKI (2WBS) 0.6 11.1 5.3 11.5

KMKI (2LRO) 25.5 213.9 23.6 214.9

KTKI (2LRO) 22.3 217.1 7.2 17.9

KMKI (LP) 268.6 2109.3 239.6 2170.3

KTKI (LP) 283.7 2124.8 256.8 2156.5
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exhibit obvious temperature gradients. Strong cyclonic

vorticity occurs primarily south of the transversal

trough, where a southwest–northeast-oriented lower-

level jet appears. In contrast, the region north of the

trough features weak cyclonic vorticity and a weak

easterly wind. A strong positive C(KM, KI) (i.e., energy

is transferred from KM to KI) and an intense negative

C(KT , KI) (i.e., energy is transferred from KI to KT)

appear in the target region (Fig. 5b). The two energy

conversions superpose onto each other (making the KE

DSEC obvious) and stretch in a southwest–northeast

direction, consistent with the mei-yu front.

Terms C(KT , KI) and C(KM, KI) were decomposed

to identify their respective dominant components. As

shown in appendix A, each of the above terms has three

components. However, according to our calculations,

the third component of these two terms affects the re-

sults only a small amount (not shown). After neglecting

the third component, only two components remain in

each term: u0u0 � gradu and y0u0 � grady forC(KT , KI) and

udivu0u0 and ydivy0u0 for C(KM, KI). These components

indicate that the Reynolds stress and the circulation

features of the BC are vital to KE-related interactions

(Fu et al. 2016a). As Figs. 6a and 6b show, y0u0 � grady,

FIG. 4. Terms C(KM, KI) (CKMKI; 1023W kg21) and C(KT , KI) (CKTKI; 1023W kg21) in various budgets:

(a) the budget using the original BC, (b) the result using LP BC (signals with periods shorter than 128 days filtered

out), (c) the result using a BCwith theQBO signal filtered out, (d) the result using a BCwith theQBO signal added,

(e) the result using a BCwith theQWOsignal filtered out, and (f) the result using a BCwith theQWO signal added.
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which has the same distribution as C(KT , KI), is much

stronger than u0u0 � gradu. This means that y0u0 � grady is
the dominant factor in this term. The term y0u0 � grady
can be further decomposed into its zonal, meridional,

and vertical components. The meridional component

y0y0 ›y/›y is the most important of these (Fig. 7a). As

Fig. 5d shows, the strongest horizontal gradient of me-

ridional wind within the target region mainly appears

along the mei-yu front, where convergence occurs (i.e.,

›y/›y, 0). Figure 8b shows that the strongest y0u0
h also

appears along the mei-yu front, and its meridional

component is stronger than its zonal component (i.e.,

the transport of y0 by the eddy flow is mainly in the

meridional direction). The above configuration can ex-

plain why a strong negativeC(KT , KI) appears along the

mei-yu front. The physical significance and image of the

conversion from KI to KT due to y0y0 ›y/›y is shown in

Fig. A1b of Fu et al. (2016a).

Similarly, for C(KM, KI), we first compare udivu0u0

and ydivy0u0 (Figs. 6c and 6d) and find that the latter

term is more important. Then we decompose it into

horizontal and vertical components. A comparison of

these two components shows that the horizontal com-

ponent ydivy0u0
h is the dominant factor in C(KM, KI)

(Fig. 7b). From Figs. 5d and 8b, it can be seen that

convergence of y0u0
h (i.e., divy0u0

h , 0) occurs primarily

north of the lower-level transversal trough (Fig. 8b),

where the northerly wind (i.e., y , 0) is dominant

(Fig. 5d). In contrast, divergence of y0u0
h (i.e., divy

0u0
h . 0)

appears primarily south of the transversal trough

(Fig. 8b), where the southerly wind (i.e., y. 0) is dom-

inant (Fig. 5d). Both of these configurations result in

FIG. 5. (a) The 48-h-averaged 800-hPa geopotential height (solid black; gpm), wind field (full wind barb is

8 m s21), divergence (shaded; 1025 s21), and temperature (solid red; 8C). The brown dashed line shows the trough

line of a transversal trough. (b) Terms C(KM , KI) (solid blue; 1024Wkg21) and C(KT , KI) (shaded; 10
24Wkg21)

during the 48-h precipitation event. (c) The 48-h-averaged 800-hPa zonal wind (shaded; m s21), geopotential height

(solid black; gpm), and zonal wind horizontal gradient (blue vectors; 1024 s21). (d) The 48-h-averaged 800-hPa

meridional wind (shaded; m s21), geopotential height (solid black; gpm), and horizontal gradient of meridional

wind (blue vectors; 1024 s21). The gray dashed boxes mark the target region.
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positive ydivy0u0
h values (i.e., energy is transferred from

KM to KI), which is orientated along the mei-yu front.

Details of the physical significance and an image of this

conversion are discussed in section B1.1 of Fu

et al. (2016a).

c. Piecewise KE cascade energy budget

1) LOW-PASS BC RESULTS

A budget analysis of the eddy flow within the target

region based on Eq. (4) was conducted (section 3b).

Results show that, for levels below 525hPa, the KE

of the eddy flow is primarily maintained via terms

C(KT , KI) (i.e., the DSEC of the KE) and C(AT , KT)

(i.e., the BCECof the eddy flow), while termsB(KT) and

D(KT) act in the opposite manner (not shown). The

term C(KT , KI) is the most favorable factor and ac-

counts for ;75% of the total energy converted into KT.

This means that interactions between the BC and the

eddy flow are crucial to the persistence of the

precipitation-related eddy flow during this event.

In this study, the time window used to calculate Eqs.

(1)–(4) is 48 h. The total flow was decomposed into the

eddy flow (with periods #48h) and the BC (with

periods .48 h; Fu et al. 2016a). Because we used the

warm season of 2016 (from early April to late

September) to analyze the BC signals, the maximum

period that could be properly identified via wavelet

analysis was ;128 days (Fig. 3). A Lanczos filter

(Duchon 1979) was used to obtain a 128-day low-pass

(LP) BC using an extended time series that considers

the period from early March to late October. That is,

only signals with periods.128 days are retained in the

BC. Equation (4) is recalculated using this modified

BC, while the eddy flow is the same as that used in

section 3b. The result is shown in Fig. 4b. Term

FIG. 6. (a),(b) The u0u0 � gradu and y0u0 � grady components of C(KT , KI) (shaded; 10
24Wkg21), respectively.

The blue dashed lines show C(KT , KI) (10
24 W kg21), and the gray dashed box indicates the target region.

(c),(d) The udivu0u0 and ydivy0u0 components of C(KM, KI) (shaded; 10
24Wkg21), respectively. The blue dashed

lines show C(KM , KI) (10
24Wkg21), and the gray dashed box indicates the target region.
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C(KT , KI), which references interactions between the

eddy and interaction flows, weakens in the total air

column. In contrast, C(KM, KI) (i.e., interactions be-

tween the BC and the interaction flow) only weakens

substantially below 525 hPa (Fig. 4b), while the changes

are moderate above 525 hPa. To quantify the change

that occurs after modifying the BC, a changing rate was

defined as

Changing rate of termS5
Term S (using the modified BC)2Term S (using the original BC)

Term S (using the original BC)
. 2

This rate was calculated at 25-hPa intervals from 950 to

150hPa. The changing rates at 950–525 and 525–150hPa

were averaged to determine the overall/mean changes in

the corresponding layers and are shown in Table 1. Fil-

tering out BC signals with periods shorter than 128 days

reduces the intensities of C(KT , KI) and C(KM, KI),

particularly below 525hPa, where the mean rate of de-

crease is more than 68%. At levels below 525hPa, BC

signals with periods of less than 128 days dominate the

KEDSEC within the target region. In contrast, at levels

above 525 hPa, a 39.6% mean rate of decrease appears

in the term C(KM, KI) (Table 1). Thus, the feedback on

the BC through the KE UPEC in this layer is more

closely related to BC signals with periods of more than

128 days than to signals with shorter periods. The KE

UPEC will be investigated in detail in a future work.

2) IMPORTANCE OF THE QBO AND QWO
SIGNALS

We evaluate the importance of the QBO signal first

because it is the most significant BC signal in this study.

The QBO signal was determined via Lanczos bandpass

filtering (Duchon 1979) of the time series from early

March to late October. Equation (4) was recalculated

after filtering out or summing the QBO signals in the

BC. Because the calculations use the same eddy flow,

the difference in the BC is the only reason for changes in

C(KT , KI) and C(KM, KI). The results are shown in

Figs. 4c and 4d, from which it is clear that the QBO

signal favors a KE cascade in the total air column.

Below 525 hPa, the mean rate of change of the KE

DSEC due to the QBO signal is typically between 15%

and 29% (Table 1). Overall, the conversion between

eddy and interaction flows [i.e., C(KT , KI)] exhibits

more dependence on the QBO signal than the con-

version between the BC and the interaction flow [i.e.,

C(KM, KI)] (Table 1). One possible reason for this phe-

nomenon is explained below (using 800hPa as an example).

From section 4b, y0y0 ›y/›y and ydivy0u0
h are the

controlling factors forC(KT , KI) and (KM, KI) at 800hPa,

respectively. The 48-h-averaged 800-hPa QBO bandpass-

filtering results are shown in Figs. 9a and 9c. The QBO

signal features a southwest–northeast-oriented weak low

pressure/height belt within the target region. This belt is

associated with a southwest–northeast-oriented weak

shear line, a weak convergence zone, and a weak tem-

perature gradient (Fig. 9a). Filtering out (summing) the

QBO signal in the BC is equivalent to weakening (en-

hancing) the lower-level transversal trough, shear line,

and corresponding convergence (Fig. 5a), which affects

the KE DSEC below 525hPa. A bilaterally symmetric

structure along the diagonal of the target region appears

in the meridional wind field (Fig. 9c), and the meridional

wind south of the diagonal is stronger than that north of the

diagonal. Thus, when considering the mean of the target

region, the negative (north of the diagonal) and positive

meridional (south of the diagonal) winds cancel each other

out, producing only a weak positive y. In contrast, the

target-region averaged ›y/›y changes more significantly,

because the above configuration corresponds primarily to

convergence in the target region (Fig. 9c) and no obvious

offset is present. Thus, y0y0 ›y/›y is more sensitive to the

QBO signal than ydivy0u0
h, which explains why C(KT , KI)

changes more than C(KM, KI) after filtering out or sum-

ming the QBO signals in the BC.

For comparison, the QWO signal was determined and

calculated using Eq. (4) in a manner similar to that of the

QBO signal. From Figs. 4e and 4f, theQWO signal also acts

primarily to favor the KE cascade in the total air column.

However, unlike the QBO signal, which offers similar con-

tributions below and above 525hPa (Table 1), the QWO

signal offers a much larger contribution to the KE DSEC

below 525hPa. As Figs. 4e and 4f show, the KE DSEC ex-

hibits remarkable responses to the QBO signal in the BC

below 525hPa. Themean changing rates ofC(KM, KI) and

C(KT , KI) due to the QWO signal are approximately

double those due to the QBO signal (Table 1). Thus, the

QWO signal is significantly more important to the persis-

tence of the precipitation-related eddy flow below 525hPa.

2A positive changing rate means that modifying the BC en-

hances the intensity of term S (which is a sample term); a negative

changing rate with an absolute value of less than 100% means that

modifying the BC reduces the intensity of term S; and a negative

changing rate with an absolute value of over 100% means that

modifying the BC changes the sign of term S.
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As Fig. 9b shows, within the target region, the QWO signal

also features a southwest–northeast-oriented weak low

pressure/height belt that is associated with a shear line and

convergent zone in the same orientation. The configuration

is similar to that of the QBO signal but is more intense (see

Figs. 9c and 9d). This may explain why theQWO signal also

contributes to the KE DSEC below 525hPa but in a more

intensemanner. Unlike the relative importance of theQBO

and QWO in contributing to the KE DSEC below 525hPa,

the QBO signal is slightly more important to the KEUPEC

than the QWO signal for levels above 525hPa (Table 1).

3) IMPORTANCE OF THE LRO AND WBS SIGNALS

As Fig. 3 shows, the LRO is the second most signifi-

cant BC signal in this study. As with the QBO signal,

Lanczos bandpass filtering was applied to the time series

from earlyMarch to late October. Then, the LRO signal

was filtered from the BC, and Eq. (4) was recalculated

using the remainder. Table 1 shows that the LRO signal

is not important to the KE cascade (less than 6% below

and less than 8% above 525 hPa). This is because the

wind and geopotential height field associated with the

LRO signal are much weaker than those associated with

the QBO/QWO signals and are in a different configu-

ration (not shown). Overall, the LRO signal contributes

to the KE DSEC below 525hPa (Table 1). At levels

above 525 hPa, it favors transfers from KI to KM but

disfavors transfers from KT to KI. This reduces the

feedback effect from eddy flow within the precipitation

region to the BC.

For comparison, the WBS signal was processed in the

same manner as the LRO signal. As Table 1 shows,

the WBS signal contribution is smaller than those of the

other three BC signals. It is less than 5% (6%) at levels

below (above) 525hPa. Thus, the effect of the WBS signal

FIG. 7. (a) Plot of y0y0›y/›y (shaded; 1024W kg21), which is the

dominant factor for C(KT , KI). The blue dashed lines show

C(KT , KI) (10
24Wkg21), and the gray dashed box shows the target

region. (b) Plot of ydivy0u0
h (shaded; 1024Wkg21), which is the domi-

nant factors for C(KM, KI). The blue dashed lines show C(KM, KI)

(1024Wkg21), and the gray dashed box indicates the target region.

FIG. 8. (a) Plot of u0u0
h above 10m2 s22 (blue vectors), divu0u0

h

(shaded; 1025 m s22), and divu0u0
y (solid black; 1025 m s22) during

the 48-h precipitation period. (b) Plot of y0u0
h above 10m

2 s22 (blue

vectors), divy0u0
h (shaded; 1025 m s22), and divy0u0

y (solid black;

1025 m s22) during the 48-h precipitation period. The subscripts

h and y indicate the horizontal and vertical components, re-

spectively. The gray dashed boxes mark the target region.
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on the KE cascade is negligible. The low intensities of

the wind and geopotential height fields associated with

the WBS signal (not shown) are possible reasons for

the small size of its contribution. In the total air col-

umn, theWBS signal enhances the interaction between

the BC and the interaction flow [i.e., C(KM, KI)] while

slightly weakening the interaction between the eddy

flow and the interaction flow [i.e., C(KT , KI)]. Thus,

the WBS signal slightly reduces the role of the eddy

flow in the KE cascade.

5. Results of semi-idealized simulations

a. Model configuration

Although the QBO signal is the most significant BC

signal in this study (Fig. 3), the QWO signal is the

most important contributor to the maintenance of

precipitation-related eddy flow below 525hPa (Table 2).

Three simulations were conducted to further confirm

this: the original run (ORI), a run with QWO removed,

and a run with QBO removed. All three simulations

were conducted using a one-way, double-nested (15 and

3km; d01 has 3613 271 grid points and d02 has 9013 721

grid points; Fig. 10), convection-permitting version of the

Advanced Research version of WRF (Skamarock et al.

2008). The Noah (Chen and Dudhia 2001), the WRF

single-moment 6-class microphysics scheme (WSM6;

Hong and Lim 2006), and the Yonsei University (YSU)

planetary boundary layer scheme (Noh et al. 2001) were

used in both domains. The Kain–Fritsch cumulus pa-

rameterization (Kain 2004) was used in d01, while no

cumulus parameterization was used in d02. CFSv2 data

(0.58 3 0.58; Saha et al. 2014) were used to generate initial
and boundary conditions. All three runs were initiated at

FIG. 9. (top) The 48-h-averaged (a)QBOand (b)QWObandpass-filtered 800-hPa geopotential height (solid black; gpm),

wind field (full wind barb is 2ms21), divergence (shaded; 1026 s21), and temperature (solid red; 8C). (bottom) The 48-h-

averaged (c)QBOand(d)QWObandpass-filtered800-hPameridionalwind (shaded;ms21), geopotential height (solidblack;

gpm), and the horizontal gradient of meridional wind (blue vector; 1025 s21). The gray dashed boxes mark the target region.
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1200 UTC 1 July 2016 and set to run for 60h in order to

include the entire heavy precipitation event.

Lanczos bandpass filtering was used to remove the

QWO/QBO signals from the target regions (purple box

in Fig. 10) of d01 and d02 (using the time series from

early March to late October). To reduce the imbalance

between the target region and the remainder of the

model domain caused by bandpass filtering, a relaxation

zone that enlarges each boundary of the target region by

2.58 (the dashed white box in Fig. 10) was used. Within

the relaxation zone, the QWO/QBO signal decreases

linearly to zero as it approaches the target region.

b. Simulation results

The ORI simulation reproduced the main circulation

features shown by the CFSv2 data well. This includes the

upper-level jet, 500-hPa short-wave trough, western

Pacific subtropical high, and lower-level transversal

trough (not shown). Comparisons of Figs. 1b,c and

Fig. 11a show that the lower-level jet and the 850-hPa

southwest–northeast-oriented shear line have been re-

produced reasonably. Comparisons of Figs. 1a and 12a

show that the ORI simulation reproduces the

southwest–northeast-oriented rain belt well within the

target region. Although there are differences between

simulated and observed precipitation (e.g., the pre-

cipitation center around 308N, 1178E is underestimated,

while the precipitation center around 298N, 1158E is

overestimated), the intensity of the precipitation is re-

produced reasonably. As discussed above, the ORI

simulation reproduces the salient features of the pre-

cipitation event that occurred between 0000 UTC 2 July

and 0000 UTC 4 July 2016 and thus can be used for

further analyses.

Comparing Figs. 12a–e shows that removal of the

QWO/QBO signals from the BC causes a decrease in

the 48-h accumulated precipitation. This confirms the

piecewise energy budget results from these two BC

TABLE 2. The contributions of various BC signals to KE cascade processes. Abbreviations are as follows: KMKI isC(KM,KI), KTKI is

C(KT , KI), F is favorable, and U is unfavorable. The numbers in parentheses show the relative intensities of different BC signals within

a column, with a larger number indicating a larger contribution. Boldface indicates that BC signals dominate the energy cascade process.

Below 525 hPa (DSEC of KE) Above 525 hPa (UPEC of KE)

KMKI KTKI KMKI KTKI

QWO F (4) F (4) F (3) F (3)

QBO F (3) F (3) F (4) F (4)

WBS F (1) U (1) F (1) U (1)

LRO F (2) F (2) F (2) U (2)

FIG. 10. The two domains used for simulation, where the solid purple line marks the target

region and the white dashed line shows a relaxation zone (enlarged by 2.58 to each boundary

line of the target zone).
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signals; that is, the QWO/QBO signals favor the pre-

cipitation event (Table 2). Further comparison of

Figs. 12b–e shows that removing the QWO signal from

the BC results in a more obvious precipitation reduction

than removing the QBO signal. This is also consistent

with the piecewise energy budget results; that is, the

QWO signal is more important than the QBO signal

during this event. As Fig. 11 shows, removing the QWO/

QBO signals causes an obvious reduction of the lower-

level shear line and transversal trough intensities, thus

weakening the precipitation-related eddy flow. Thus,

the precipitation weakens as well. This is consistent with

the discussion in section 4c, which is based on Fig. 9.

Comparison of Figs. 11b and 11c shows that the lower-

level shear line and transversal trough weaken more

significantly in the simulation in which QWO is re-

moved. In addition, the lower-level jet exhibits a larger

intensity decrease due to QWO signal removal. There-

fore, the precipitation-related eddy flow is weakened

more significantly in the simulation with QWO re-

moved, resulting in a larger precipitation reduction.

6. Conclusions and discussion

APHRE is aproduct of the combined effects ofmultiscale

systems. Clarifying the interactions between the pre-

cipitation-related smaller-scale systems and the larger-scale

BC is a useful way of understanding PHREs. This may

provide a basis for medium- to long-range PHRE forecast-

ing. If the numerical model can forecast the dominant BC

signals credibly (e.g., the QWO signal in this study) and we

can determine the regions where these BC signals persis-

tently transfer energy to smaller-scale systems (based on

studies similar to this one), aPHREcanbe forecast on amid-

to long-term temporal scale. This ensures sufficient time to

cope with the related disasters. For this purpose, it is impor-

tant to understand how each dominant BC signal interacts

with the smaller-scale precipitation-related systems and to

determine their relative importance. This study focuses on

these goals by conducting a piecewise energy budget analysis

of a typicalPHRE,whichoccurred in the2016mei-yu season.

The upper-, mid-, and lower-tropospheric energy

paths of this PHRE were derived (Fig. 2) based on the

budget results using Eqs. (1)–(4). Overall, interactions

between the precipitation-related eddy flow and its BC

occur at all levels. The strongest interactions occur in the

lower troposphere (the mei-yu front is located primarily

in this layer), which is characterized by a significant KE

DSEC and an APE DSEC. The KE DSEC is the unique

dominant factor that contributes to the persistence of the

precipitation-related eddy flow in this event. This means

that the scale interaction is crucial to the occurrence of

this PHRE. The significant KE DSEC in the lower tro-

posphere was also found in 10 other PHREs documented

by Fu et al. (2016a) and Zhang et al. (2016). It seems that

this is an important common feature of the PHREs. The

weakest interaction associatedwith this PHREappears in

the middle troposphere, where only a weak KE DSEC

occurs. The UPEC (i.e., the feedback from the eddy flow

on the BC) is also significant, particularly at levels above

525hPa, but its effect on BC variation is negligible. This

means that a single PHRE cannot change the status of its

large-scale BC. Fu et al. (2016a) and Zhang et al. (2016)

drew the same conclusion in their studies.

Usually, the typical BC signals are identified by

conducting a wavelet/power-spectrum analysis (Mao

andWu 2006; Li et al. 2014; Liu et al. 2014). In this study,

the wavelet analysis was applied to the precipitation and

vorticity field, both of which confirm that the QBO sig-

nal is the most significant BC signal. Traditionally, the

QBO signal is expected to be the most important scale

interaction factor during the PHRE. This is true for the

KE UPEC at levels above 525 hPa, where the QBO

accounts for the largest percentage among the four BC

signals (Table 2). However, at levels below 525hPa, the

FIG. 11. The 48-h-averaged 850-hPa geopotential height (solid blue;

gpm), wind (black arrows; m s21), vorticity (shaded; 1025 s21), and

windwith speeds that exceed 12m s21 (green wind bars, with a full bar

representing 8m s21) in (a) theORI , (b) theQWO , and (c) theQBO

runs, where the thick purple dashed lines are the transversal trough.
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QBO signal does not play the leading role in the KE

DSEC that directly sustains the precipitation-related

eddy flow. The LRO is the second most significant BC

signal but is not important to the KE DSEC in this layer

either. Instead, the QWO is the most important BC

signal affecting the KE DSEC below 525hPa. Semi-

idealized simulations of the QBO/QWO signals also

confirm that the precipitation and intensities of the

lower-level shear line and transversal trough are more

dependent on the QWO signal. Thus, for a PHRE, the

relative importance of different BC signals in the scale

interactions cannot be determined using only a wavelet/

power-spectrum analysis.

In this PHRE, the transition from aKEDSEC to aKE

UPEC appears around 525 hPa. A KE DSEC appears

below 525hPa, while above this level, a KE UPEC oc-

curs. Below 525hPa, the KE DSEC shows more de-

pendence on the BC signals with periods below 128 days.

Comparisons of various BC signals show that those with

shorter periods tend to have larger contributions (pro-

vide more energy) to the KE DSEC (Table 2). In this

event, the QWO signal contributed the most to the KE

DSEC. In contrast, at levels above 525 hPa, the KE

UPEC exhibits more dependence on the BC signals with

periods above 128 days. Thus, in this PHRE, the eddy

flow feedback effect tends to transfer more energy to BC

FIG. 12. The 48-h accumulated precipitation (shaded; mm) for (a) the ORI, (b) the QWO run with the QWO

signal filtered out, and (c) the QBO run with the QBO signal filtered out. (d) The difference (shaded; mm) between

the 48-h accumulated precipitation in the QWO and ORI runs. (e) As in (d), but for the difference between the

QBO and ORI runs. The thick gray line is the 10-mm isoline in the ORI run.
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signals with longer periods. Among the four BC signals we

compared (Table 2), the QBO signal showed the largest

contribution to the KE UPEC, but in the BC signals with

periods above 128 days, theremaybe somemore important

factors. In summary, the BC components that govern KE

cascades in the mid- to lower and mid- to upper tropo-

sphere are asymmetric.
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APPENDIX A

Definitions of Energies and Budget Terms

According toMurakami (2011), the definitions of various

types of energies and energy budget terms are as follows:

A
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5

C
p

2

�
p

p
0

�2k

g(u2 hui)2,

A
T
5

C
p
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�
p

p
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�2k

gu02, and
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I
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p
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p

p
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gu0(u2 hui)

are the APE of the BC, eddy flow, and interaction flow,

respectively, where the overbar represents the temporal

average (i.e., the BC), the prime stands for the perturbation

from this temporal average (i.e., the eddy flow), Cp is the

atmospheric specific heat at constant pressure, p is the

pressure,p0 is the referencepressure,k is the ratio of the gas

constant to the specific heat, g is the static stability index,

u is the potential temperature, and angle brackets represent

the global-average operator. The sum of AM, AT, and AI

is the total APE. The KE of the BC, eddy flow, and

interaction flow is

K
M
5

1

2
(u2 1 y2),

K
T
5

1

2
(u02 1 y02), and

K
I
5 (uu0 1 yy0) ,

respectively. In these expressions, u5 (u, y, v) is the

three-dimensional wind field in the pressure coordinates.

The sum of KM, KT, and KI is the total KE. The diabatic

generation/extinction of AM is

G(A
M
)5 g(T2 hTi)(Q2 hQi) ,

where T is the temperature and Q is the diabatic heating/

cooling rate. The baroclinic energy conversion of the BC is

C(A
M
, K

M
)52va ,

where a is the specific volume. The conversion between

AM and AI is

C(A
M
, A

I
)5C

p

�
p

p
0

�2k

g(u2 hui)divu0u0 ,

where div(�) is the divergence operator. The three-

dimensional transport of AM and other related factors

by the BC is represented by

B(A
M
)5C

p

�
p

p
0

�2k

gdiv

"
(u2 hui)2 2 hui2

2
u

#
.

The effect associated with vertical heat transport by

both the BC and eddy flow is

R(A
M
)5C

p

�
p

p
0

�2k

g(u2 hui)
 
›hvui
›p

1
›hv0u0i
›p

!
.

The conversion between KM and KI is

C(K
M
, K

I
)5 udivu0u0 1 ydivy0u0 2

tanf

a
(u u0y0 2 y u0u0) ,

where f is the latitude. The dissipation of KM due to

friction is

D(K
M
) .

The three-dimensional transport of KM and mean po-

tential energy by the BC is given by

B(K
M
)5div

��
u2 1 y2

2
1F

�
u

�
.

The diabatic production/extinction of AT is

G(A
T
)5 gT 0Q0 .

The baroclinic energy conversion of the eddy flow is

denoted by

C(A
T
, K

T
)52v0a0 .

The energy conversion between AT and AI is

C(A
T
, A

I
)5C

p
(p/p

0
)2kgu0u0 � grad(u2 hui) ,
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where grad(�) is the gradient operator. The three-

dimensional transport of AT and other related factors

by both the BC and eddy flow is denoted by

B(A
T
)5C

p

�
p

p
0

�2k

gdiv

 
u02

2
u1

u02u0

2

!
.

The energy conversion between KT and KI is

C(K
T
, K

I
)5 u0u0 � gradu1 y0u0 � grady

1
tanf

a
(u u0y0 2 y u0u0) .

The dissipation of KT due to friction is

D(K
T
) .

Finally, we denote the three-dimensional transport of

KT by the BC and the three-dimensional transport

of KT and perturbation potential energy by the eddy

flow by

B(K
T
)5 div

 
u02 1 y02

2
u

!
1 div

"�
u02 1 y02

2
1F0

�
u0
#
.

The relationships associated with AI and KI are

C(AM, AI)1C(AT , AI)2F(AI)5 0 and C(KM, KI)1
C(KT , KI)2F(KI)5 0, where F(AI)’ div(AIu0) and

F(KI)5 div(KIu0) represent the three-dimensional trans-

port of AI and KI, respectively.

APPENDIX B

Calculation Results of the Energy Budget Terms

The detailed energy budget terms of Eqs. (1)–(4) are

horizontally averaged within the target region to show

the overall characteristics of the precipitation region,

FIG. B1. Vertical integral of the target-region averaged budget terms of Eqs. (1)–(4) (blue values;Wm22) among

different layers, where the total, upper, middle, and lower layers have the same definitions as those in Fig. 2, the

open arrows show the direction of energy conversion, and the curved arrows represent the effects of

dissipation terms.
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and then the horizontal-mean results are vertically in-

tegrated in different layers to represent the total fea-

tures in the corresponding layers. The results are shown

in Fig. B1, and Fig. 2 is a schematic illustration of it.
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