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ABSTRACT

Heavy rainfall occurred at both the inland frontal zone and coastal warm sector in southern China during

10–11May 2014, which is a typical pattern in the early-summer rainy season. To clarify the key factors controlling

the rainfall, we conduct an ensemble-based analysis using the operational global ensemble forecasts from

ECMWF. The forecasts of frontal (warm sector) rainfall have a relatively small (large) spread and a small (large)

bias of ensemble-mean amount, suggesting an obvious difference in the predictability. It is shown that double

low-level jets (LLJs) in the southwesterly moist flow play a significant role in the heavy rainfall over southern

China. The inland frontal rainband is closely related to the synoptic-system-related low-level jet (SLLJ) with

maximumwind speed at 850–700 hPa, especially for itsmeridionalwind component. Themore intense cold front

is accompanied by the stronger southwesterly SLLJ on the adjacent south side, favoringmore precipitation near

the front. The warm-sector heavy rainfall, a few hundred kilometers away from the front, is associated with the

boundary layer jet (BLJ) at 925 hPa. The southerly BLJ occurs over the northern region of the South China Sea

and reaches its maximumwind speed in the early morning. The variations of the BLJ are mainly induced by the

surface low and related upper-level short-wave trough upstream. The large pressure gradient to the southeast of

the surface low can accelerate the BLJ by increasing the geostrophic winds. The diurnal cycle of the low-level

winds, seen in the climatology, also contributes in part to the development of the BLJ at night.

1. Introduction

Heavy rainfall over southern China during the early-

summer rainy season (May–June) often occurs near the

quasi-stationary front (hereafter, frontal heavy rainfall)

and in the warm sector of a surface baroclinic wave

cyclone a few hundred kilometers away from the front

(hereafter, warm-sector heavy rainfall), causing large eco-

nomic andhuman losses (Huanget al. 1986;Ding 1994; Luo

et al. 2017; Chen et al. 2018). Luo (2017) summarized ad-

vances in understanding the early-summer heavy rainfall

over southern China. These two types of heavy rainfall

are different in terms of the mechanisms of their initi-

ation, formation, and maintenance. The warm-sector

heavy rainfall is not well understood, compared to

frontal heavy rainfall (Luo et al. 2017; Luo 2017). For

the frontal heavy rainfall, the front between the warm,

moist, southerly winds and cold, dry, northerly winds

provides the boundary to provide upward motion

within a deep moist unstable layer (Zhao et al. 2007).

A southwesterly low-level jet (LLJ) related to the syn-

optic or subsynoptic front transports warm and moist air

to the front and destabilizes the environment, which

favors the development of heavy rainfall near the front

(Chen and Yu 1988; Tao and Chen 1987; Akiyama 1973;

Chen et al. 1994; Trier et al. 1990). However, an obvious

synoptic-scale boundary, such as a front, is absent for the

warm-sector heavy rainfall; thus, the forecast of their

location and timing is still very difficult.

Previous studies documented that warm-sector heavy

rainfall may be associated with low-level jets in the

boundary layer (Luo et al. 2017), cold pools (Wang et al.

2014), mesoscale convective vortices (Schumacher and

Johnson 2008), and terrain effects (Wang et al. 2014;

Tu et al. 2014). Wu and Luo (2016) conducted analysis

of the data from high-resolution surface observations,

soundings, and radars for the case on 20May 2015. They

found that the LLJ, local terrain, and cold pools are key

factors for the initialization and maintenance of con-

vection at the coastal area far away from the front. Luo

et al. (2017) studied another warm-sector heavy rain-

fall on 23 May 2014 and suggested similar key factors.Corresponding author: Yu Du, duyu7@mail.sysu.edu.cn
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Idealized numerical experiments also suggest that the

low-level wind speed greatly influences the intensity

and diurnal variations of rainfall over the southern China

coast during the early-summer season (Chen et al. 2017).

All these previous studies emphasized the important role

of the LLJ in the convective-triggering and organizing

mechanisms.

The LLJs over southern China during the early sum-

mer could be classified into two types (Chen et al. 1994;

Du et al. 2012, 2014). The first type is the synoptic-

system-related low-level jet (SLLJ), which occurs in the

low levels of free troposphere (900–600-hPa layer) in

association with synoptic-scale weather systems. The

second type is the boundary layer jet (BLJ), which oc-

curs in the boundary layer with obvious vertical shear

and a diurnal cycle with a maximum horizontal wind speed

at night. The BLJ can be influenced by both boundary

processes and large-scale circulation or weather systems.

These two types of LLJs exhibit different formation

mechanisms and characteristics (Du et al. 2014). Inertial

oscillation (Blackadar mechanism; Blackadar 1957) and

thermal contrast near the terrain or coastal areas (Holton

mechanism; Holton 1967) are considered as the twomost

popular theories for the occurrence of nocturnal BLJs.

Some studies suggested the importance of combining

both theories (Jiang et al. 2007; Du and Rotunno 2014;

Shapiro et al. 2016) in determining the detailed features

of the BLJs. On the other hand, the formation mecha-

nisms of SLLJs include isallobaric forcing (Uccellini and

Johnson 1979; Uccellini 1980), low-level baroclinicity

by extratropical cyclones (Djurić and Damiani 1980;

Newton 1967), and diabatic effects (Uccellini et al. 1987).

Previous studies suggest that both BLJs and SLLJs are

closely related to heavy rainfall (Stensrud 1996), but few

studies compare their effects on heavy rainfall. Noc-

turnal U.S. Great Plains LLJs, classified as BLJs, are

responsible for nocturnal heavy rainfall (Means 1952;

Pitchford and London 1962; Hering and Borden 1962).

The supergeostrophic Great Plains BLJ at night may

enhance vertical shear and provide the moisture that

increases moist static energy for convection (Trier et al.

2006) and promote convection at the exit region of the

BLJ by enhancing the frontogenesis (Augustine and

Caracena 1994). The MCS precipitation forecast skill

significantly correlated with the forecast accuracy of the

U.S. Great Plains LLJ wind direction (Squitieri and

Gallus 2016). SLLJs are closely related to heavy rainfall

along the stationary or cold front troughs embedded in

mesoscale convective systems (Matsumoto et al. 1971;

Akiyama 1973). SLLJs form to the south of heavy

rainfall as a part of the secondary circulation driven by

convective latent heating (Chen and Yu 1988; Chen

1982; Chou et al. 1990). Huang and Luo (2017), using the

ensemble sensitivity, found that the transport of warm

moist air into South China by the low-level southwesterly

flow is a key synoptic factor on rainfall over southern

China. Over southern China, both BLJ and SLLJ exist

and show different characteristics and mechanisms (Du

et al. 2014). However, the differences between the effects

of the BLJ and the SLLJ on heavy rainfall are not well

understood.

In this study, we attempt to investigate the effects of

both BLJs and SLLJs on the frontal and warm-sector

heavy rainfall over southern China. In Part I, we use

European Centre for Medium-Range Weather Fore-

casts (ECMWF) ensemble forecasts to examine the key

factors (with emphasis on LLJs) for regulating the

frontal and warm-sector heavy rainfall. In Du and Chen

(2018, manuscript submitted to Mon. Wea. Rev., here-

after Part II), we further conduct high-resolution simu-

lations to explore the impacts of double LLJs on

convective initiation with emphasis on the warm-sector

heavy rainfall. Ensemble-based analysis is a new effi-

cient tool to gain quantitative insights and determine the

most important factors into the dynamics of weather

systems, which are estimated from ensemble forecasts

(Hakim and Torn 2008; Torn 2010). Many studies used

similar techniques to explore the genesis and development

of mesoscale convective vortices (MCVs) and tropical

cyclones (Sippel and Zhang 2008, 2010; Schumacher 2011;

Lynch and Schumacher 2014) and torrential rainfall

(Huang and Luo 2017; Zhang and Meng 2018). Part I of

the present study uses archived operational global

ensemble forecasts from the ECMWF to diagnose

the dynamics of a typical event of heavy rainfalls over

southern China and to access the forecast uncer-

tainty. The data and methods used in this study are

described in detail in section 2. The overview of the

heavy rainfall event is provided in section 3. Section 4

presents the results of ensemble-based and composite

analyses and further reveals the effect of the BLJ and

SLLJ on heavy rainfall. The results are summarized

in section 5.

2. Data and method

To present the distribution of hourly rainfall, Climate

Prediction Center morphing technique (CMORPH) rain-

fall data (Joyce et al. 2004) with a high spatial (8km) and

temporal (30min) resolution and dense rain gauge ob-

servations are utilized in this study. The CMORPH

rainfall is estimated from both low-orbit satellite mi-

crowave observation and geostationary satellite IR data.

CMORPH has been widely used in previous studies of

heavy rainfall (Chen et al. 2018). There are 4633 dense

rain gauges from routine surface stations and automatic
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weather stations (AWSs) in Guangdong (indicated by

the blue outline in Fig. 1), Guangxi, and Fujian Prov-

inces. Compared with rain gauge observations over land,

CMOPRH covers rainfall over the ocean and thus sup-

plements rain gauge observations.

Following the work of Schumacher (2011) and Lynch

and Schumacher (2014), the ensemble forecasts with

50-km horizontal resolution from the ECMWF En-

semble Prediction System (Buizza et al. 2007) are used

in this study. The original resolution of the ECMWF

model is 30-km horizontal grid spacing and 62 vertical

levels, which could resolve low-level jets and mesoscale

systems with a spatial scale of larger than 150 km. Con-

sidering the limitation of model resolution, we mainly

focus on the general features of the rainfall process

rather than the detailed features of rainfall systems

through accessing practical forecast capability of 6-h

accumulated rainfall in the ECMWF ensemble fore-

casts. Huang and Luo (2017) evaluated the predictable

capability of global ensemble forecasts from ECMWF,

U.S. National Centers for Environmental Prediction

(NCEP), Japan Meteorological Agency (JMA), Korea

Meteorological Administration, and China Meteoro-

logical Administration (CMA) for presummer rainy sea-

son rainfall over southern China and found that ECMWF

is the most skillful. To increase the number of ensem-

ble members, we employ 150 forecast members with

three different initialization times for an ensemble-based

FIG. 1. Distribution of hourly precipitation (mm) from (a) 0900 UTC 10 May to (l) 1800 UTC 11 May based on the CMORPH data.

Guangdong Province is indicated by the blue line.
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analysis (50 members for each step; Zhang and Meng

2018). Forecasts for all 150 members were obtained from

the TIGGE archive (http://tigge-portal.ecmwf.int). To

identify the key factors and understand the behavior

within the ECMWF ensemble members, we calculate

linear correlations between area-averaged precipitation

with several atmospheric variables at each grid point. The

correlations with magnitudes greater than 0.16 are sta-

tistically different from zero at the 95% confidence level

using a two-tailed significance test. Composites of good

members and bad members are constructed to further

illustrate the effects of the key factors. The definition

of good members and bad members is introduced in

section 4b.

NCEP Final (FNL) Operational Global Analysis data

are used as the analysis of circulation background in this

case. ERA-Interim is also checked and shows similar

features. The analysis of FNL is shown in section 3 as an

observation, considering it is a data source different from

ECMWF ensemble forecasts.

3. Overview of the heavy rainfall event

On 10–11 May 2014, heavy rainfall of more than

200mmday21 occurred in the coastal area of southern

China (Luo et al. 2017). This heavy rainfall event in-

cludes inland frontal heavy rainfall and coastal warm-

sector heavy rainfall, which is a typical type over

southern China (40% of heavy rainfall cases; Chen et al.

2018; Ding et al. 2008). Chen et al. (2018) identified two

rainfall modes over southern China in its climatology:

1) morning rainfall at coasts that is related to the mon-

soon and coastal terrain and 2) nocturnal inland rainfall

that is associated with migrating rain systems.

Figure 1 shows the distribution of hourly amount

of precipitation from CMORPH during 0900 UTC

10 May–1800 UTC 11 May 2014 (LST 5 UTC 1 8). At

1500–1800 UTC 10 May (Figs. 1c,d), a narrow band of

heavy rainfall extending from southwest to northeast

was generated by the cold front. The rainband migrated

southeastward from 1500 UTC 10 May to 0300 UTC

11 May (Figs. 1c–g) and affected Guangdong during

0000–0300 UTC 11 May. The maximum rainfall exceeds

40mmh21 within the inland rainband. In addition to the

inland rainband, coastal heavy rainfall occurred in the

present event. At 0900 UTC 10 May (Fig. 1a), locally

heavy rainfall occurred near the coast of Guangdong

Province (indicated by the blue outline), but it quickly

weakened during 1200–1800 UTC 10 May 2014. Coastal

convection redeveloped at 1800–2100 UTC (Figs. 1d,e),

and its associated rainfall was enhanced again in the

warm sector far from the cold front (Figs. 1e,f). The

newly generated coastal convection moved eastward

slowly along the coastline (Figs. 1e–g) and finally merged

with the southward-moving frontal rainband (Figs. 1h–l).

In the coastal zone, the maximum rain rate also exceeds

40mmh21.

As shown in Figs. 2a–c, a northeast–southwest-

oriented shear line at 850hPa with large gradient zones

of equivalent potential temperature approached from

the north and collocated with the inland rainband in

Fig. 1. Guangdong is situated a few hundred kilometers

to the south of the low-level shear line, which is con-

trolled by warm southwesterly winds at 850 hPa. The

southwesterly 850-hPa winds exceeding 12m s21 oc-

curred to the south of the cold front, indicating a strong

SLLJ related to the front. With the southward-moving

shear line, the trough at 500hPa located north of the

shear line became deeper and moved eastward, and the

precipitable water increased near the south coast of

China. A low-level vortex at 925hPa over southwestern

China was accompanied by a strong southerly wind as-

sociatedwith a BLJ over the northern region of the South

China Sea (SCS; Figs. 2d–f). The BLJ was strongest

at 0000 UTC 11 May and exceeded 16ms21. From sur-

face analysis (Figs. 2g–i), a synoptic-scale cold front ex-

isted to the north of Guangdong, and the surface low

was located over southwestern China.

Horizontal analysis implies that double LLJs might

occur over southern China. The vertical cross section of

winds along the black line in Fig. 2b was plotted from

FNL data (Fig. 3a) to verify it. It clearly shows that the

BLJ (SLLJ) is over the ocean (land). The vertical

sounding profile at Yangjiang (indicated by a black cross

in Fig. 2h) near the coast further verifies the double LLJs

(Fig. 3b).

In this study, wewill focus on the stage (0000–0600UTC

11 May) when both the inland frontal and coastal warm-

sector rainfall existed in Guangdong. Figure 4a presents

the horizontal distribution of accumulated precipitation

during this 6-h period from CMORPH. There are distinct

separate rainfall maxima over Guangdong Province: one

is the inland frontal heavy rainfall, indicated by a purple

box (hereafter the inland region), and the other is

the coastal warm-sector heavy rainfall, indicated by a

black box (hereafter the coastal region). The maximum

rainfall amount in both the inland and coastal regions

exceeds 50mm in 6 h. The rainfall from dense surface

observations shows similar double rainbands during

the same period (Fig. 4b). The maximum rainfall

amount from surface observations is higher than rain-

fall estimated from CMORPH. The number of stations

where rainfall amount exceeds 50mm in 6 h is 184 (74)

in the coastal (inland) rainband.Thedynamicalmechanisms

of these two rainbands will be explored with ensemble-

based analyses in section 4.
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4. Results

a. Ensemble forecasts

Figure 4c shows the ensemble mean of rainfall from

the 150 ECMWF ensemble forecasts (150 members

from forecasts initiated at 1200 UTC 9 May, 0000 UTC

10 May, and 1200 UTC 10 May, with 50 members for

each step). It is shown that the ensemble mean can

generally capture the inland frontal rainband, but it

greatly underestimates the rainfall amount in the coastal

region. Each forecast member was checked (not shown)

and compared to observations. Some forecasts can capture

FIG. 2. NCEP FNL Operational Global Analysis data at (a),(d),(g) 1800 UTC 10 May and (b),(e),(h) 0000 and (c),(f),(i) 0600 UTC

11 May 2014 showing (a)–(c) the geopotential height at 500 hPa (black solid contoured at intervals 25 gpm) and the equivalent potential

temperature at 850 hPa (K; shaded), superimposed with horizontal wind barb at 850 hPa (red above 12m s21); and (d)–(f) the geopotential

height at 925 hPa (black solid contoured at intervals 10 gpm) and precipitable water (kgm22; shaded), superimposed with horizontal wind

barb at 925 hPa. (g)–(i) Sea level pressure (black solid contoured at intervals of 1 hPa) and surface temperature (K, shaded), superimposed

with horizontal surface wind barbs. The green dashed line indicates the wind shear line at 850 hPa; the blue lines indicate the surface front,

and the green ‘‘L’’ indicates low pressure. Guangdong Province is indicated by blue curves.
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the two rainbands over Guangdong, but some cannot. In

general, the ensemble forecasts have a large spread in the

rainfall forecasts over both the inland and coastal regions

(Fig. 5). The large spread of ensemble forecasts provides a

way, using ensemble-based analysis, to investigate which

essential synoptic and mesoscale factors lead to their dif-

ferences. The spread of coastal rainfall forecasts (RMSE5
4.0) is larger than that of inland rainfall (RMSE 5 3.3).

The ensemblemean of the inland rainfall (12.8mm) is very

close to the observations from CMORPH (12.9mm), but

the ensemble mean of the coastal rainfall (10.9mm) sub-

stantially underestimates the observations (15mm). Thus,

the predictability of the coastal warm-sector rainfall is

lower than that of the inland frontal rainfall.

b. The effect of LLJs on the heavy rainfall

To explore the dynamical processes for the inland

frontal rainfall and the coastal warm-sector rainfall, two

dependent, area-averaged variables were used in this

study: the forecast accumulated precipitation during

0000–0600 UTC 11 May averaged over the inland re-

gion (purple box in Fig. 4a; hereafter PI) and the coastal

region (black box in Fig. 4a; hereafter PC). The linear

correlations between atmospheric variables at 0000 UTC

11 May with the two variables (PI and PC) are analyzed.

Figures 6 and 7 present the linear correlation of fore-

cast meridional and zonal winds in ensemble members

with PI and PC, respectively.

For the inland region, there are obvious positive cor-

relations between PI and the meridional winds at all

display levels (925, 850, and 700 hPa) to the south of the

inland region (around 228N, 1138E; Figs. 6a–c). The

positive correlation area occurs almost completely over

the land and at all low-to-midlevels, with the maximum

around 0.6. At 850hPa, a negative correlation area also

exists to the northwest of the inland region (centered at

;268N, 1108E; Fig. 6b). The correlation pattern suggests

that rainfall in the inland region is sensitive to the low-

to-midlevel southerly winds to the south of the inland

region as well as to the northerly winds at 850 hPa to the

northwest of the inland region. Moreover, the zonal

wind at 700 hPa is correlated with PI to the west of the

inland region (Fig. 7c). The correlations between PI and

full winds (not shown) also indicate a significant positive

correlation at 925–700hPa to the south of or near the

inland region. The low-to-midlevel southwesterly winds

correspond to the SLLJ in a deep layer of the low tro-

posphere associated with the cold front. A stronger

SLLJ on the adjacent south side of the cold front pro-

duces more rainfall near the front. The results are con-

sistent with previous studies of the effect of the SLLJ on

frontal heavy rainfall (Matsumoto et al. 1971; Akiyama

1973; Chen and Yu 1988). The results in the present

study reveal that the southerly component within the

southwesterly SLLJ is more important for the rainfall

near the front.

FIG. 3. (a) Vertical cross section of meridional wind speed (shading; m s21) and horizontal wind vectors

(vectors going up means toward the north) along the black line in Fig. 2b at 0000 UTC 11 May 2014. Blue

triangle indicates the location of the coast, whereas green triangle indicates the location of the front.

(b) Vertical profile of wind speeds at Yangjiang sounding station (black cross in Fig. 2h) at 0000 UTC

11 May 2014.
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As for the coastal region, positive correlations be-

tween PC and meridional winds at the 925- and 850-hPa

levels are also found to the south of the coastal re-

gion (centered at ;208N, 1148E; Figs. 6d,e). However,

the 925-hPa meridional wind correlations with PC (max:

0.57) are much greater than the 850-hPa meridional

wind correlations (max: 0.41; Figs. 6d,e). The correla-

tions of meridional winds at 700 hPa with PC are even

negative over the same area (Fig. 6e). These correlations

suggest that stronger meridional winds in the boundary

layer are associated with greater precipitation in the

coastal region. Unlike the inland rainfall, the sensitive

area for the coastal rainfall is mostly located over the

ocean (northern region of the SCS) and is confined

within the boundary layer. In Figs. 7d–f, the negative

zonal wind correlations with PC exist to the east of the

coastal region, indicating that the low-level winds con-

fluent to the coastal region favor the coastal rainfall. The

positive correlation of meridional winds to the south of

the coastal region and negative correlation of zonal

winds to the east of the coastal region lead to the posi-

tive correlation of convergence (2›y/›y2 ›u/›x) in the

coastal region. Furthermore, the southerly winds in the

boundary layer represent BLJs over the northern region

of the SCS. These results are consistent with previous

studies showing that the BLJ plays a key role in the

initiation and development of convection near the

south coast of China (Luo et al. 2017;Wu and Luo 2016).

The interaction between the BLJ and terrain near the

southern coast of China is responsible for rainfall near

the coast (Chen et al. 2017). The results in the present

study reveal that the degree of divergence at the exit

region of the BLJ is also important for the coastal

rainfall, in addition to the intensity of the BLJ.

FIG. 4. Distribution of accumulated precipitation (mm) during

0000–0600 UTC 11 May from (a) the CMORPH data, (b) surface

observations, and (c) the ECMWF ensemble-mean forecasting

initialized at 0000 UTC 9May. The purple box indicates the inland

region, whereas the black box indicates the coastal region.

FIG. 5. Probability distribution function of accumulated pre-

cipitation during 0000–0600 UTC 11May averaged over the inland

region (purple line) and the coastal region (black line) from the

ECMWF ensemble-mean forecasting initialized at 0000 UTC

9 May. The dashed lines indicate the observations.
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To explicitly present the correlations in a physical

perspective, composites of good members and bad

members were constructed. Considering that most

of the coastal rainfall forecasts are underestimated,

whereas the inland rainfall forecasts are better in terms

of ensemble mean and spread (Figs. 4, 5), we define the

good members as the 30 members with the highest

values of PC and the bad members as the 30 members

with the lowest values ofPC. Figures 8a and 8b show

the averaged rainfall for the good and bad members,

respectively. As expected, the rainfall composites of

good members indeed capture the observed double

rainbands, though their intensities and locations differ

somewhat from the observations (Figs. 8a, 4a). In the

bad members, the frontal rainfall can roughly be re-

produced, but the coastal rainband is much weaker.

Figure 9 presents the comparison of good members

and bad members in meridional wind V at low levels.

The core of 925-hPa V averaged from good members

is ;17ms21 (located to the south of the coastal region,

around 20.58N, 1128E), which is much greater than that

of bad members (;14m s21). The differences of merid-

ional wind at 850 and 700hPa between good members

and bad members are relatively small. The core of

925-hPa wind represents the low-level jets in the bound-

ary layer over the northern region of the SCS. The dif-

ferences in the wind speed (3ms21) and the direction of

the BLJs in good members and bad members lead to big

differences in convergence (;1.2 3 1025 s21) in the PC

region (21.6 3 1025 s21 in good members and 20.4 3
1025 s21 in bad members; not shown). Therefore, the BLJ

over the northern region of the SCS is indeed a significant

factor in the heavy rainfall over the coastal region.

We also calculated the correlation between PC and PI

with winds at 0600 UTC 11May (not shown). There was

obvious strong positive correlation between u and y with

PI, (located to the southeast of PI). Since the scale of

the SLLJ is synoptic, the correlation can be sustained.

However, the correlations between u and y at 0600 UTC

11 May with PC are not as significant as winds at

0000UTC, whichmight be related to the diurnal cycle of

BLJ with maximum at night or early morning.

c. Other factors on the heavy rainfalls

SLLJ and BLJ not only exhibit different characteristics

and formation mechanisms that have been documented

FIG. 6. Correlation of meridional wind at (a),(d) 925, (b),(e) 850, and (c),(f) 700 hPa at 0000UTC 11May with area-averaged precipitation

during 0000–0600 UTC 11 May over (a)–(c) the north region and (d)–(f) the south region. Gray shading indicates terrain.
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in the previous studies (Du et al. 2012, 2014), but also are

related to the frontal heavy rainfall and warm-sector

heavy rainfall over southern China in the present case,

respectively, as shown in the previous subsection. In this

subsection, we will further examine other factors that

might relate the LLJ (e.g., pressure and temperature) to

the heavy rainfall.

Figure 10 shows the correlations among the 500-, 850-,

and 925-hPa geopotential heights and the area-averaged

rainfall for the inland region and the coastal region (PI

and PC). For rainfall in the inland region (PI), the large

area with negative correlation of geopotential height at

low levels (850 and 700 hPa) is located near the front

(Figs. 10b,c), which suggests that the low pressure

anomaly (indicating more intense horizontal wind shear)

at low levels near the front favors more rainfall in the

inland region. We have checked out locations of shear

line for all members and found that their differences

are small (not shown). In addition, there are negative

correlations between the 500-hPa geopotential height

and PC in the western area upstream of the coastal re-

gion (Fig. 10d), whereas the negative correlation cen-

ters at low levels (850 and 925 hPa) are located to the

southwest of the coastal region (Figs. 10e,f). By trac-

ing them back to 1800 UTC 10 May (6 h before),

the negative correlation centers at low levels are situ-

ated to the west (upstream) and near the east coast

of Vietnam (indicated by crosses in Figs. 10e,f). Fur-

thermore, the temporal evolution of the correlations

between PC and the temperature at low levels from

1800 UTC 10 May to 0000 UTC 11 May are shown in

Fig. 11. Comparing Figs. 10e and 10f with Figs. 11b

and 11d, the positive (negative) temperature correla-

tions roughly correspond to the negative (positive) ge-

opotential height correlations. It reveals that the warm

low located to the southwest and the cold high to the

northeast are conducive to the rainfall in the coastal

region, and the sensitive areas are moving eastward with

time (Fig. 11).

To illustrate the physical processes discussed above

with respect to the correlations, the differences between

good members and bad members in geopotential height

were plotted with geopotential height averaged from

the good members overlaid in Fig. 12. There is a short-

wave trough at 500hPa (around 238N, 1098E) to the west,

upstream of the coastal region for the goodmembers, and

FIG. 7. As in Fig. 6, but for zonal wind.
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it is deeper, compared to the bad members (Fig. 12a). At

the low levels (925–850hPa), a low pressure circulation is

situated to the west of the coastal region, which works

together with the short-wave trough at upper levels to

favor rainfall. In the good members, the pressure at

925–850hPa tends to be lower to the southeast of the

low pressure circulation; thus, the low pressure circula-

tion tends to extend to the southeast and to be stronger

in the southeast part. The negative pressure anomaly

becomes weaker and also tilted eastward with height

(Figs. 12b–d) due to the west–east temperature gradient

anomaly (Fig. 11). Such a pressure anomaly enhances

the wind speed in the BLJ over the northern region of

the SCS by increasing the pressure gradient at low

levels. Therefore, the BLJ over the northern region of

the SCS is a key factor in the rainfall of the coastal

region and might be controlled by the upstream warm

low circulation and its boundary processes. In the

next section, we will discuss in detail the development

of the BLJ that reaches its maximum at 0000 UTC

11 May (Fig. 2e).

d. The development of the BLJ in the ensemble
forecasts

Figures 13a–c show the temporal evolution of wind

velocity at 925hPa averaged from the good members

during 1200 UTC 10 May–0000 UTC 11 May. The wind

speed over the northern region of the SCS increases with

time. In the early morning [0000 UTC (0800 LST)] of

11 May, the wind speed reaches its maximum, and a

strong BLJ forms over the northern region of the SCS

(around 20.58N, 1138E). Since the increase in wind speed
is significant for the heavy rainfall in the coastal region

as indicated above, the formationmechanism of the BLJ

is worth studying.

The wind can be decomposed into geostrophic and

ageostrophic components. Figures 13d–f and 13g–i

present the temporal evolution of the geostrophic

and ageostrophic winds at 925hPa during 1200 UTC

10 May–0000 UTC 11 May, respectively. The geostrophic

wind over the northern region of the SCS is approximately

southerly and becomes largest at 1200 UTC 10 May

(Fig. 13d); it decreases from 1200 to 1800 UTC 10 May

(Figs. 13d,e) and increases again from 1800 UTC

10 May to 0000 UTC 11 May (Figs. 13e,f). From a clima-

tological viewpoint, the averaged southerly geostrophic

wind in May 1998–2012 reaches its maximum in the late

afternoon (1200 UTC; Figs. 14e–h) when the west–east

thermal contrast is largest. The geostrophic wind also

decreases from 1200 to 1800 UTC, but very slightly in-

creases from 1800 to 0000UTC (Figs. 14e–h). Therefore,

the climatological diurnal cycle of geostrophic wind

partly contributes to the evolution of the geostrophic

winds in the present case; the significant increase in

geostrophic wind over the northern region of the SCS at

0000 UTC 11 May is a response to the enhancement of

the low pressure circulation located to the west of the

coastal region (Figs. 12d, 10f). In addition, the ageostrophic

winds over the northern region of the SCS in the pres-

ent case are approximately easterly at 1200 UTC 10 May

FIG. 8. Distribution of accumulated precipitation (mm) during 0000–0600 UTC 11 May averaged from (a) good

members and (b) bad members of the ECMWF ensemble forecasting initialized at 0000 and 1200 UTC 10May and

0000 UTC 11 May.
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FIG. 9.Wind velocity in the y direction (shading; m s21) and vectors at (a),(b) 700, (c),(d) 850, and (e),(f) 925-hPa

level at 0000 UTC 11 May averaged from (a),(c),(e) good members and (b),(d),(f) bad members of ECMWF

ensemble forecasts.
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(Fig. 13g) and then veer under the Coriolis force to

southerly at 0000 UTC 11 May (Fig. 13i), which also

contributes to the maximum winds at 0000 UTC 11 May

(Fig. 13c). Such veering of the ageostrophic winds is sim-

ilar to the inertial oscillation mechanism driven by the

thermal contrast between land and ocean, which is

documented in the study of BLJ off the southeast coast

of China (Du et al. 2015). From the climatological per-

spective, the ageostrophic wind is northeasterly at

1200 UTC (Fig. 14k) and rotates clockwise to southerly

at 1800 UTC (Fig. 14i); it shows a similar, but much

weaker, veering signal of the ageostrophic wind in the

climatological state.

From the scatterplot of the ensemble members with

PC along the ordinate and meridional wind averaged

over the BLJ core area along the abscissa (not shown),

there is a strong positive linear correlation for the full

wind (r 5 0.56), but a weak linear correlation for the

geostrophic wind (r 5 0.13) and ageostrophic wind

(r 5 0.23). The scatterplot of the ensemble members

shows the geostrophic wind and ageostrophic wind are

independent (not shown). In the ECMWF ensemble

forecasts, the forecast errors of the BLJ are from both

geostrophic and ageostrophic winds. The geostrophic

and ageostrophic winds are not significantly correlated

with PC individually, but their combination is a key

factor to the PC. In the present case, the errors of

geostrophic winds are mainly in the west, upstream

of the warm low pressure system, whereas the errors

of ageostrophic winds are from the diurnal cycle and

boundary processes. The PBL parameterization in

the model might lead to uncertainty in the boundary

processes.

In summary, the climatological diurnal cycle of winds

partly contributes to the evolution of BLJs in the

present case. The combination of geostrophic winds

and ageostrophic winds in the climatological diurnal

cycle makes the BLJ over the northern region of

the SCS reach a maximum late at night (1800 UTC;

Figs. 14a–d). However, in the present case, the BLJ

FIG. 10.As in Fig. 7, but for geopotential height. The contours show themean geopotential height. The red lines in (b),(e) indicate the

shear line at 850 hPa. The crosses in (e),(f) indicate the center of negative correlation of geopotential height at 1800 UTC 10 May

(last 6 h).
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peaks in the early morning (0000 UTC 11 May). This

morning peak might be related to the upstream low

pressure circulation that enhances the geostrophic wind

to the southeast of the low pressure circulation at

0000 UTC.

5. Summary and discussion

In this study, we use operational global ensemble

forecasts from the ECMWF to study the dynamical at-

mospheric processes influencing the heavy rainfall on

10–11 May 2014. The FNL reanalysis and CMORPH

rainfall data indicate that a southwest–northeast-oriented

cold front was migrating southward, and there were

two types of associated heavy rainfall in Guangdong

in the present case: 1) inland frontal heavy rainfall that

is related to the cold front and 2) coastal warm-sector

heavy rainfall that occurs a few hundred kilometers

south, far from the cold front. Analysis of the ensem-

ble mean and spread of ensemble forecasts indicates

that the forecast of the coastal warm-sector heavy

rainfall is more difficult than that of the inland fron-

tal heavy rainfall. The ensemble mean of ECMWF

cannot capture the coastal warm-sector heavy rainfall,

though it could reproduce well the inland frontal heavy

rainfall.

FIG. 11. Mean geopotential height (contour; m) and correlation of temperature (shading) at (a),(b) 850 and

(c),(d) 925 hPa at (a),(c) 1800 UTC 10 May and (b),(d) 0000 UTC 11 May with area-averaged precipitation

during 0000–0600 UTC 11 May over the south region. Red lines indicate shear lines at 850 hPa.
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The ensemble-based analyses suggest that a stronger

SLLJ (southwesterly winds at 850–700hPa), especially for

its meridional wind component, is associated with more

precipitation in the frontal zone, whereas a stronger BLJ

(southerlywinds at 925hPa) is related tomore rainfall in the

coastal warm-sector region. The stronger warm low circu-

lation upstream at low levels cooperating with the deeper

short-wave trough at mid-to-high levels leads to more pre-

cipitation in the coastal warm-sector region. The compari-

son of the composites in geopotential height for good

members and bad members also supports those results.

In the present case, the BLJ over the northern region

of the SCS develops during the evening and reaches a

maximum in the early morning (0000 UTC 11 May

2014). Through decomposing the full low-level winds

into geostrophic and ageostrophic components, we

found that the geostrophic winds are largest in the af-

ternoon because that is the time of the largest thermal

contrast between land and ocean, but increase again in

the early morning (0000 UTC 11 May) due to the en-

hancement of the pressure gradient to the southeast of

the warm low pressure circulation over southwestern

China. For the climatological diurnal cycle of winds,

the low-level winds over the northern region of the

SCS tend to be stronger late at night. The possible

reasons are as follows. Geostrophic winds reach a

FIG. 12. The difference of height (shading; m) averaged between goodmembers and badmembers and the height

from good cases (contour solid line; m) and bad cases (contour dash line; m) at (a) 500, (b) 700, (c) 850, and

(d) 925 hPa from the ECMWF ensemble forecasts at 0000 UTC 11 May.
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maximum in the late afternoon (1200 UTC) when

ageostrophic wind is northeasterly. The northeasterly

ageostrophic wind veers under the Coriolis force to

southerly and combines with the southerly geostrophic

wind, resulting in the strongest low-level winds late at

night. Thus, the climatological diurnal cycle of winds

partly contributes to the evolution of BLJs in the

present case.

This study is the first part of a two-part series on heavy

rainfall over southern China associated with double

low-level jets. We used the ensemble-based analysis

method to identify the BLJ and SLLJ as key factors

for the warm-sector heavy rainfall and frontal heavy

rainfall, respectively. The sensitive area (key factors)

to the frontal heavy rainfall is mainly over the land and

occurs at relatively high levels, whereas the sensitive

area to the warm-sector heavy rainfall is situated over

the ocean and occurs at relatively low levels (in the

boundary layer). Because of the lack of observations

over the ocean and uncertainty of boundary processes

FIG. 13. (a)–(c) Full wind, (d)–(f) geostrophic wind, and (g)–(i) ageostrophic wind (velocity; shading; m s21 and vectors)

at 925-hPa level averaged from good members of ECMWF ensemble forecasts at (a),(d),(g) 1200 and (b),(e),(h) 1800 UTC 10 May and

(c),(f),(i) 0000 UTC 11 May.
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in the model, the predictability and forecasting skill

of the coastal warm-sector heavy rainfall are rela-

tively low. It might suggest that the improvement of

boundary processes in the model and assimilation of

observations over the northern region of the SCS

would be largely beneficial to the forecasting of the

coastal warm-sector heavy rainfall over southern

China. In this study, the rainfall in the frontal zone and

warm sector shows different dynamical mechanisms

and key factors. In the future, similar cases over

southern China will be worth studying to confirm the

key factors (especially BLJ and SLLJ) found in the

present study.

Compared to the frontal rainfall, the forecast

of warm-sector heavy rainfall, especially for its con-

vection initiation, remains harder. The mecha-

nisms of convection initiation in the warm sector

are still not well understood. In the present study

(Part I), LLJs are found as key factors on the synoptic

mesoscale to the warm-sector heavy rainfalls over

southern China. Nevertheless, how the LLJs affect the

convective initiation in the warm sector in detail

on mesoscale to microscale is worth further study.

Therefore, in Part II, we will investigate the convec-

tive initiation mechanisms of the warm-sector heavy

rainfall for the same case under the effect of the

LLJs through conducting high-resolution numerical

simulations.
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