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Abstract This study explores the convection initiation (CI) of a high-impact squall line that occurred in
central eastern China on 3 June 2009 based on observations and numerical modeling. The CI occurred in a
scenario in which a set of intersecting gust fronts, organized in a distinct scalloped pattern, propagated
toward an area of enhanced moisture produced by a near-surface convergence line. This convergence line
developed in a quasi-stationary dryline zone. The dryline primed the preconvective environment by
deepening the moist layer prior to the arrival of the intersecting gust fronts. The onset of CI occurred
approximately 30 min after these intersecting gust fronts passed through the CI location, which was on the
dry side of the dryline. Although these gust fronts acted as a strong signal for CI potential, CI did not occur
along the entire length of the scalloped pattern of the intersecting gust fronts. The exact locations of the
initiated convective cells were at the vertices of the scalloped pattern. An idealized simulation using a cloud
model was conducted, demonstrating that the vertex regions were characterized by more favorable
dynamical conditions for CI compared to the nonvertex regions along the scalloped outflow boundary. The
greater CI probability over the vertex region was attributed to the greater magnitudes and larger vertical and
horizontal extents of updrafts.

1. Introduction

A convection initiation (CI) event represents the initial formation of a deep moist convective cell that is char-
acterized by a sustained, buoyantly forced main updraft (Ziegler, 2014). It is a process in which a potentially
unstable air parcel passes through its level of free convection (LFC) to initiate buoyant updraft growth with
the release of instability. The ability to forecast when and where a new convective system will be initiated is
important for disaster preparedness; therefore, CI has been extensively researched in recent decades (e.g.,
Campbell et al., 2014; Markowski et al., 2006; Peters & Hohenegger, 2017; Su & Zhai, 2017; Trier et al., 2015;
Weckwerth & Parsons, 2006; Wilson & Roberts, 2006; Zhang et al., 2019; Ziegler & Rasmussen, 1998).
However, predicting the precise location and timing of CI remains a challenge partly due to the lack of spatially
and temporally dense observations, especially in the planetary boundary layer (PBL). Additionally, there is cur-
rently a limited understanding of how the interactions of physical processes at different scales contribute to
locally enhanced moisture pooling and vertical lift. This study discusses the CI process of a high-impact squall
line that occurred in central eastern China on 3 June 2009, in which the CI resulted from the interaction
between a quasi-stationary dryline and several intersecting gust fronts manifested in a scalloped pattern.

Various convergent boundaries (or zones) in the PBL usually act as precursors to a potential CI by providing
locally enhanced lift, especially in moist and unstable environments. These boundaries include drylines,
gust fronts, horizontal convective rolls, cold/warm fronts, quasi-stationary fronts, sea breeze fronts, topogra-
phically forced boundaries, and bores, as has been shown in previous field campaigns, such as CINDE
(Wilson et al., 1988), CaPE (Wilson & Megenhardt, 1997), IHOP_2002 (Wakimoto & Murphey, 2010;
Weckwerth et al., 2004; Wilson & Roberts, 2006), VORTEX (Blanchard, 2008), COPS (Wulfmeyer et al.,
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2008), UNSTABLE (Taylor et al., 2011), and PECAN (Geerts et al., 2017).
Usually, a single PBL boundary seldom produces CI, likely due to the
associated weak lift, while the interactions (e.g., merger, intersection,
and collision) of multiple PBL boundaries often produce favorable
conditions for the initiation or intensification of convection (e.g.,
Carbone et al., 1990; Droegemeier & Wilhelmson, 1985a, 1985b;
Purdom, 1976, 1982; Weckwerth et al., 2008; Weiss & Bluestein, 2002;
Wilson & Roberts, 2006; Wilson & Schreiber, 1986). The radar-based
study by Wilson and Schreiber (1986) documented that 71% of boundary
collision processes initiated new storms or intensified existing storms in
the Denver, Colorado area. It usually takes approximately 15-30 min to
initiate deep moist convection after boundary interactions (Intrieri et al.,
1990; Wilson & Schreiber, 1986).

Drylines are often involved in PBL boundary interactions. Previous stu-
dies demonstrated that the interactions between drylines and other PBL

boundaries, such as horizontal convective rolls (e.g., Atkins et al,
1998), gravity waves (e.g., McCarthy & Koch, 1982), and cold fronts

0 200 400 500 SO0 4000 1200 400 1900 1509 2u0dkn (e.g., Koch & McCarthy, 1982; Qin & Chen, 2017, Wakimoto &
Figure 1. Terrain heights (shaded; m above mean sea level) and locations of Murphey, 2010; Weiss & Bluestein, 2002), were effective mechanisms
in situ surface weather stations (green) around the target area in central for initiating deep moist convection. Dryline-associated CI in the
eastern China. Henan Province is outlined in bold. Triangles denote the United States has almost always been observed on the moist side of a dry-

locations of the Zhengzhou (ZZRD), Puyang (PYRD), and Shangqiu (SQRD)  Jine, because it is often too dry for CI to occur on the dry side (surface-

radars. The red star represents the observed convection initiation location,
and arrows point to the stations described in Figures 14 and 15. The orange

level dew points often close to 0°C). The “triple points” formed by the

curve denotes the identified dryline at 1800 UTC on 1 June 2009. interactions of drylines and baroclinic boundaries have been observed

to be common locations for CI in the United States (e.g., Schumacher,
2015; Wakimoto et al., 2006; Weiss & Bluestein, 2002). Relative to the extensively discussed CI scenario
of the cold front-dryline merger, as well as the intersecting “triple point” of a cold front and a dryline,
the CI scenario that occurs when a series of gust fronts encounters a dryline zone has rarely been examined.
This study presents a case in which CI occurred on the dry side of a dryline when gust fronts intruded into
the dryline zone from the dry side.

In addition to recognizing the boundaries that can potentially initiate convection, it is also important to iden-
tify the factors that determine the precise location of CI, which is generally related to the spatial kinematic
variability along a PBL boundary. Observational studies have shown that a scalloped (also called wave pat-
tern) sea breeze front, which is often a recurring feature of coastal circulations, tends to configure local con-
vergence and updraft maxima at the vertices of such a scalloped pattern (e.g., Kingsmill, 1995). Carbone et al.
(1990) observed that the vertices of a wave pattern gust front were preferred regions for convection develop-
ment. Strong horizontal wind shear across a PBL boundary is conducive to misocyclone development, which
can lead to a wave pattern boundary (e.g., Friedrich et al., 2005; Lee & Wilhelmson, 1997a, 1997b). The
potential impacts of vertices (dynamical discontinuities) that form in intersecting gust fronts, rather than
those that form due to shearing instability along a gust front, on CI have rarely been documented in
the literature.

The present study aims to document a CI event that resulted from the interaction between a quasi-stationary
dryline and a set of intersecting gust fronts that were organized in a scalloped pattern and to investigate what
determined the exact location of CI along the entire length of the scalloped pattern. The data and methods
are described in section 2. An overview of the selected CI event is presented in section 3. The evolutions of
the PBL boundaries and CI mechanisms are discussed in section 4. Section 5 presents an idealized numerical
experiment demonstrating the potential benefit of vertex structures on a scalloped outflow boundary for CI.
Finally, a summary and brief discussion are presented in section 6.

2. Data and Methods

Observations from multiple platforms were used in this study to construct a three-dimensional structure of
the CI process and its multiscale environment. Level IT data collected at 6-min intervals from three S-band
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Figure 2. Composite radar reflectivity (shaded; dBZ) at different times (UTC) on 3 June 2009. The arrows in (c) indicate
the initiated convective cells at the convection initiation time. The convective cells of interest are also indicated by dashed
gray ellipses. Henan Province is outlined in bold.

Doppler radars located in Zhengzhou (ZZRD), Puyang (PYRD), and Shangqiu (SQRD) in Henan Province,
China (Figure 1) were used to illustrate the detailed evolution of PBL boundaries and initiated storms.
These radars are similar to WSR-88Ds in terms of both their hardware and software (Zhu & Zhu, 2004).
Visible images from Fengyun-2C (FY-2C), a geosynchronous meteorological satellite operated by the
National Satellite Meteorological Center of the China Meteorological Administration, were available every
30-min with a resolution of 1.25 km at nadir (Zhuge et al., 2011). Given the generally good representation
of the synoptic atmospheric features and the 3-hr availability for the Global Forecast System (GFS) analysis
(gridded on 0.5° x 0.5°) in this case, we used the GFS analysis data mainly for synoptic-scale analysis. Other
data used to analyze the CI environment included hourly surface observations from in situ surface weather
stations (the stations around the study area are depicted in Figure 1) and operational radiosonde observa-
tions. During this event, surface observations recorded at 1-min intervals from the surface weather stations
in Henan Province were also available. The recorded 1.5-m temperature and 1.5-m relative humidity data
were instantaneous values, while the recorded 10-m surface wind values at each station represented the
average values within 1 min.

In this study, CI was defined as occurring when the composite radar reflectivity in deep moist convection
first reaches 35 dBZ (e.g., Kingsmill, 1995; Weckwerth, 2000). An observed gust front was identified based
on low-level radar reflectivity and radial velocity fields when the leading edge of a moving “fine line” met
the following conditions: (1) It clearly moved away and was completely disjointed (i.e., at least 10 km apart)
from its parent thunderstorms; (2) it had a length of at least 10 km and lasted for at least 15 min (Wilson &
Schreiber, 1986); and (3) it was accompanied by a sharp decrease in surface temperature after its passage.
The position of a modeled gust front was objectively defined by tracing the movement of the relative
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Figure 3. (a) Radial velocity (V;; m/s) at the 0.5° elevation angle from the Shangqgiu (SQRD) radar (black dot) at 1422 UTC
on 3 June 2009. The arrow points to the pixel that represents the maximum 0.5° V; (42.5 m/s at ~800 m above ground
level). The triangle indicates the rough location of the (b) postevent photo that was taken on 4 June 2009 at Jiangkou town,
Yongcheng City, by Shenyi Cui.

maximum magnitude of the horizontal velocity gradient tensor [|V;V}|, where V}, is the horizontal velocity
vector (e.g., Stonitsch & Markowski, 2007) at the near-ground grid level. IV, V},| is calculated by

1o 2 (O ?
vhvh|=¢z“ (5 0

The leading edge of such a defined maximum zone was regarded as a gust front if it emanated from a storm
and was accompanied by a sharp decrease in surface temperature after its passage. A boundary with a large
horizontal moisture gradient, termed the dryline, typically has a dew point gradient magnitude of 10 K
(100 km) ™" (Coffer et al., 2013) or a specific humidity gradient magnitude of at least 3 g/kg (100 km)™*
(Hoch & Markowski, 2005). In the present study, a dryline was defined when a boundary was accompanied
by a surface dew point gradient of >10 K (100 km) ™" and it was not a result of thunderstorm outflows or cold
fronts. The position of a dryline was determined by outlining the isopleth (dew point gradient magnitude) of
5K (100 km) ™" on the moist side of the dryline zone, which was generally associated with the sharpest dew
point gradient.

3. Review of the 3 June 2009 Case

The CI of interest occurred in close proximity to the Yellow River and on the plain in Henan Province, which
was bordered to the west by a plateau in central eastern China (Figure 1). The onset of CI took place at
1000 UTC on 3 June 2009 (UTC = Beijing Time-8 hr; Figure 2). Two distinct convective cells (Figures 2b—
2d) were initiated after the arrival of several intersecting gust fronts that emanated from the thunderstorms
to the north (the echoes to the north of the ellipse in Figure 2b). After the convective cells (refer to the
ellipses in Figure 2) were initiated, they merged and rapidly developed into an intense squall line character-
ized by a well-defined bow echo (e.g., Figure 2f).

This high-impact squall line produced strong downbursts and widespread wind damage ranging from east-
ern Henan Province to the neighboring regions of Shandong, Henan, Anhui, and Jiangsu provinces on the
evening of 3 June 2009, causing 27 fatalities (Zhang et al., 2012). In fact, this region has the highest recorded
rate of squall line incidents in China (He et al., 2017; Huang et al., 2017; Meng et al., 2013, 2018). The bow
echo reached its peak intensity at ~1422 UTC, with a maximum radial velocity of 42.5 m/s at the 0.5° eleva-
tion angle (~800 m above ground level) over Yongcheng City (Figure 3a). The observed maximum
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instantaneous surface wind speed was 29.5 m/s, as recorded by an in situ
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W{ﬁ: "/ 2,9\\\3 surface weather station in Yongcheng City at 1420 UTC (Niu et al., 2012).

7 Numerous trees in the Jiangkou town of Yongcheng were snapped (e.g.,
Figure 3b). The majority of damaged trees were aspens (softwood).
Based on these damaged aspens, the wind speed estimate for the corre-
sponding degree of damage was assigned the expected value of 46.5 m/s
(Wind Science and Engineering Center, 2006), rated EF1 (38-50 m/s) on
the enhanced Fujita scale. This estimate reasonably suggests that the peak
surface wind gust was at least 46.5 m/s, which is close to the maximum
0.5° radial velocity of 42.5 m/s measured near this location. This result
supports the possibility of using the 0.5° radar radial velocity to make
short-term warning of surface damaging winds, at least in this case.

The synoptic-scale environment prior to the CI event was characterized by

‘ # a short-wave trough (~1,000 km; the upper-left trough in Figure 4) that
7 g W

was embedded in a quasi-stationary large-scale cold vortex (low-pressure

55°N

47°N

39°N |

31°N

o= system with an upper-level cold core) in Northeast China with a horizon-
20 = tal radius of ~1,000 km. The 3 June squall line was actually the first of

13807
three severe mesoscale convective systems that occurred in central eastern

China in this cold vortex environment during the first half of June 2009
(e.g., Su & Zhai, 2017). In front of this short-wave trough, there was a
low-pressure center at 850 hPa (Figure 4) and at the surface (Figure 5a).
The surface low-pressure zone extended from Shaanxi Province through
Henan Province all the way to Jiangsu Province (province locations are
given in Figure 1). As the short-wave trough moved downstream
(Figure 4), a series of storms continuously formed over Shanxi Province
from 0130 UTC on 3 June 2009 (e.g., Figures 2a and 6a). As these thunder-
storms moved to the east southeast, the convection of interest was
initiated to the south of these thunderstorms in Henan
Province (Figure 2).

Sounding analysis, as will be shown below, indicated that the convection

98°E

Figure 4. Global Forecast System analyses of 500-hPa (blue) and 850-hPa
(red) geopotential heights (gpm) and 500-hPa winds at (a) 0000 and

106°E

114°E 122°E 130°E was more likely to have been initiated dynamically than by daytime heat-

ing. It was difficult to find a sounding that was representative of a near-
storm environment, especially given the presence of mesoscale variability

(b) 0600 UTC on 3 June 2009. The thick black curves denote the individual ~ in the PBL (Markowski et al., 1998). If the proximity sounding is collected
bases within the larger-scale trough at 500 hPa. Capital letters “C” and “L”  relatively far, either spatially or temporally, from a severe storm, it tends

denote the 500-hPa cold centers and 850-hPa low-pressure centers, to be more representative of the larger-scale environment than of the

respectively. The convection initiation location is denoted by a red star, and
Henan Province is outlined in bold. The half barb, full barb, and pennant
represent 2, 4, and 20 m/s, respectively.

storm environment (Potvin et al., 2010). In the present case, the sounding
spatially and temporally closest to the CI of interest was obtained from the
operational radiosonde that was launched at Zhengzhou (~50 km to the
southwest of the CI location; refer to the ZZRD in Figure 1) at
0000 UTC (10 hr before CI). The large-scale environment in Henan Province was examined based on this
sounding, while the near-storm environment was analyzed by assuming a well-mixed boundary layer due
to daytime heating (e.g., Crook, 1996). It is important to note that the approach of modifying the PBL data
was applied for lack of better sounding observations.

According to the original sounding, large surface-based convective inhibition (SBCIN) exceeding 1,200 J/kg
and fairly small surface-based convective available potential energy (SBCAPE; only 85 J/kg) were observed
because of the strong temperature inversion below 925 hPa (Figure 7). To obtain a more representative pre-
convective environment, the sounding was modified by assuming a well-mixed boundary layer using the
observed surface temperature (35 °C) and dew point (13 °C) at 0900 UTC (1 hr before CI) at a station close
to the CI location (station A marked in Figure 1). The modified SBCAPE reached 1,695 J/kg (refer to the
dashed red curve in Figure 7), with an SBCIN value of 153 J/kg. This SBCIN was still relatively large. The
computed convective temperature was approximately 39 °C, which was 2 °C higher than the maximum sur-
face temperature recorded throughout all of Henan Province on 3 June 2009. It is worth noting that this
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Figure 5. Global Forecast System analyses valid at (a-c) 0000 and (d) 0900 UTC on 3 June 2009. In (a), sea level pressure (contoured every 1 hPa in blue) and surface
potential temperature (shaded; K) are presented. Capital letters “H” and “L” denote the centers of the high- and low-pressure zones, respectively. Surface winds are
also shown in (a) and (b). In (b), surface dew points are contoured every 1°C in magenta, and the analyzed dryline located in Henan Province is denoted by the
solid blue curve. The blue dot is where the sounding in Figure 17a was located. The CI location is denoted by a red star, and Henan Province is outlined in bold.
(c and d) Vertical sections of water vapor mixing ratio (shaded; g/kg), horizontal winds, and equivalent potential temperature (contours; K) along the dashed blue
line “AB” in (b). The blue triangle denotes the approximate location of the dryline. The half barb, full barb, and pennant represent 2, 4, and 20 m/s, respectively.

sounding was taken 10 hr prior to the onset of CI, and the obtained convective temperature may have been
lowered due to potential synoptic preconditioning. Although the convective temperature could have been
lowered, it still likely represents the need for extra mesoscale lifting to initiate convection. Besides, the
high value of convective inhibition was conducive to the accumulation of thermodynamic energy in the
boundary layer and thus could be indicative of subsequent high convective severity.

4. PBL Boundaries and CI Mechanisms
4.1. Role of the Quasi-Stationary Dryline

Two days before the onset of CI, a distinct dryline formed in Henan and Hebei provinces that was generally
parallel to the western mountain range (Figure 1). After its formation, the dryline moved to the southeast,
with its southern part remaining quasi-stationary in Henan Province from 0200 UTC on 2 June 2009
(Figure 8). On the dry side of the dryline, the surface dew points were approximately 10 °C, which was
approximately 10 °C lower than those on the moist side, while the overall surface temperature was 1-2 °C
greater than that on the moist side (Figure 8). The dew point gradients normal to the dryline were not attrib-
uted to a cold front or thunderstorm outflows because it was cloudless to the north of Henan Province before
0000 UTC on 3 June 2009. Apparent horizontal wind shear was also observed across the dryline.
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113°E

Figure 6. FY-2C satellite images (visible channel) at different times (UTC) on 3 June 2009. The thick and thin magenta curves in (a) represent the 500-hPa
short-wave trough and the 500-hPa geopotential height (contoured every 40 gpm), respectively. The white arrows labeled CI and C2 in (b)—(d) point to the
cloud lines described in the text. The cloud lines were identified according to the cloud evolution at different times. They were observed to newly develop in
proximity to the clear edge of the northern clouds. The dashed magenta ellipse in (b) outlines the shallow cumulus clouds described in the text. The 10-m winds at
0730 UTC in Henan Province are also shown in (b). The half barb, full barb, and pennant represent 2, 4, and 20 m/s, respectively. Gust fronts #1-3 are outlined in
green in the enlarged convection initiation region in (c), according to the leading edge of the 0.5° radar fine lines that are superposed onto the satellite image.
The red arrows in (d) indicate the locations of the two initiated convective cells (refer to Figure 2c).

GFS analyses showed that this dryline formed at the intersection of a low-level moist layer from the south
and mountainous terrains to the west, with westerlies near the surface of the mountains (Figure 9a). The
Zhengzhou sounding at 1200 UTC on 1 June 2009 revealed a dry elevated mixed layer above a capping inver-
sion (Figure 7b), which was similar to the dryline environment that are often observed in the United States
(e.g., Weiss & Bluestein, 2002; Ziegler et al., 1997). The western mountainous terrain may have partly con-
tributed to the dryline formation by causing turbulent mixing with daytime heating around the mountain
edges, and the gradients of near-surface moisture may have been additionally strengthened by the down-
ward transport of horizontal momentum in the dry air over these mountains (Figure 9).

The quasi-stationary dryline primed the preconvective environment by deepening the moist layer around
the CI location due to the near-surface convergence. With the enhancement of the northerly component
on the dry side, the moisture content greater than 4 g/kg extended from ~1.8 to ~4 km above mean sea level
over the dryline zone from 0000 to 0900 UTC due to the forced ascent by low-level convergence (Figures 5c
and 5d). The deepening moist layer could have reduced the dilution of subsequent ascending air parcels
(Lock & Houston, 2014), creating a favorable environment for the initiation of deep moist convection.

Surface station observations revealed more detailed variability along the southwest-northeast dryline zone
compared to the results of GFS analysis. The dryline evolved from a nearly straight line to a wave pattern
with a moist bump developing northward to the CI location. At 0000 UTC on 3 June 2009, central Henan
Province was characterized by a surface low (Figure 8b). With the intensification and southeastward
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Figure 7. Skew T-log p diagram showing the radiosonde observation at Zhengzhou (refer to ZZRD in Figure 1) at (a) 0000
UTC 3 June 2009 and (b) 1200 UTC 1 June 2009. The ambient temperature and dew point are represented by the solid
black and green lines, respectively. In (a), the parcel that ascends undiluted from the surface is indicated by a solid red line.
To obtain a more representative preconvective environment, the sounding was modified by assuming a well-mixed
boundary layer using the observed surface temperature (35 °C) and dew points (13 °C) at 0900 UTC (1 hr before convection
initiation) at station A (shown in Figure 1). The modified ambient temperature (without virtual temperature correction) is
plotted by the dotted black line, and the new parcel ascent curve is indicated by the dashed red line. The surface-based
(with virtual temperature correction) CAPE, CIN, LCL, and LFC values were obtained using the modified sounding. The
half barb, full barb, and pennant represent 2, 4, and 20 m/s, respectively.

extension of this low-pressure disturbance, a distinct surface convergence line formed in a southeast-
northwest orientation from 0300 UTC, producing a local maxima of near-surface moisture and causing
the dryline to retreat to the dry side (e.g., Figures 8c and 8d). The dryline bulge close to the convergence
line at 0700 UTC was a result of advection and intensification of the bulge feature at 0300 UTC
(Figure 8d). The mesoscale bulges (toward the dryline moving direction) or low-pressure zones along a
dryline are sometimes observed to be preferred locations for CI (e.g., Bluestein et al., 1988; Hane et al.,
1997). In the present case, it was an “opposite” bulge (relative to the dryline motion) along the dryline.
With increasing convergence along the convergence line (e.g., Figure 10), a northwest-southeast radar
fine line was identified, corresponding to the convergence line (an example of a legible radar fine line at
0900 UTC is shown in Figure 11). This convergence line slowly moved toward the northeast in the
reflectivity and radial velocity fields at the 0.5° to 2.4° elevation angles (~700—2,300 m above radar level)
from approximately 0600 UTC (not shown). Corresponding to the northeastward movement of the
convergence line, the local near-surface moisture maxima and also the opposite bulge of the dryline
moved increasingly closer to the CI location. Small shallow cumulus clouds were also observed over this
convergence line (e.g., Figure 6b). The closest distance between the determined dryline and the CI
location was approximately 25 km 1 hr prior to the CI.

Even though the convergence line had moistened the mesoscale environment in the proximity of the CI loca-
tion, the CI location was still relatively dry 1 hr before the onset of CI due to its being located on the dry side
of the dryline zone (e.g., Figure 10). The moisture content around the CI location was ~9 g/kg, and the rela-
tive humidity was approximately 30%. Such a relatively dry preconvective environment likely represents the
need for strong mesoscale forced lift to initiate deep moist convection.

4.2. Role of Outflow Boundaries

Outflows from the northern thunderstorm cold pools (refer to dark blue regions in Figure 12) started to affect
northern Henan Province at approximately 0800 UTC on 3 June. The outflows were inferred to promote the
CI via the enhanced lift provided by a set of gust fronts intruding into the dryline zone.

The gust fronts that emanated from the northern thunderstorms were first identified slightly to the north of
station B (location is given in Figure 1) at 0842 UTC. These gust fronts could be seen as a sequence of south-
ward moving radar fine lines (labeled #1-5, as shown in Figure 13). These fine lines were identified only at
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Figure 8. Surface analyses, including dew point (contoured every 1 °C in gray), sea level pressure (contoured every 0.5 hPa in blue), and 10-m winds at different
times on 3 June 2009. The half barb, full barb, and pennant represent 2, 4, and 20 m/s, respectively. The shadings in (a) represent the horizontal gradients [K (100
km) _1] of dew point at 1200 UTC on 2 June 2009. The “L” in (b) represents the center of surface low. The convection initiation location is denoted by a red star.
The dryline positions at different times (labeled by day/time) are plotted with heavy curves in different colors. The near-surface convergence line described in the text
is marked by a dashed black line. The values of 1.5-m temperature (red) and dew point (green) at surface weather stations in Henan Province are labeled.

the 0.5° and 1.5° elevation angles. By examining the evolution of radial velocity fields (e.g., Figure 13b) and
surface observations, these radar fine lines were determined to be gust fronts generated by the northern
thunderstorms that were located at the northern end of Henan Province.

In the 7 min after ~0823 UTC, surface weather station C (location is given in Figure 1) recorded a surface
temperature drop of 0.7 °C (Figure 14). According to the evolution of these radar fine lines, this sharp
decrease in temperature was caused by gust front #1 (Figure 13) which passed through station C at that time.
At 0900 UTC, the east-west oriented gust fronts #1 and #3 moved southward, while the southwest-northeast
oriented gust front #2 moved toward the south-southeast. Radar and surface observations confirmed that
gust fronts #1-3 arrived at station B at 0910 UTC, when the wind speed at station B started to dramatically
increase (Figure 15a). Gust front #4 moved toward the south at a greater speed than gust fronts #1-3. This
gust front passed through station C and caused a rapid temperature decrease of 1.0 °C within 9 min after
~0924 UTC (Figure 14).

The enhanced horizontal convergence around the CI location was revealed by examining the meteogram of
the winds at surface weather stations. Stations A and B were closely located on the southern and northern
sides of the CI location, respectively (Figure 15b). The meridional distance from station A to B was
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Figure 11. (a) Base reflectivity (shaded; dBZ) and (b) radial velocity (shaded; m/s) at the 0.5° elevation angle from the Zhengzhou radar at 0900 UTC on 3 June 2009.
The 10-m winds at 0900 UTC from in situ surface weather stations are also plotted. The half barb, full barb, and pennant represent 2, 4, and 20 m/s, respectively. The
convection initiation location is denoted by a red star. The dashed arrow points to the radar fine line associated with the near-surface convergence line. The
large empty arrow in (a) indicates the rough direction of the movement of of this fine line.

46.6 km. At approximately 0800 UTC, the surface flow near the CI location was generally steadily from the
east-southeast (Figure 12a). Approximately 27 min later, the surface flow to the north of the CI location
generally started to turn toward the south (Figure 15a), which could have further enhanced the horizontal
convergence by converging with the southerly wind (e.g., Figures 15a and 10). The CI position was
located exactly within this enhanced convergence zone (refer to the wind directions at stations A and B
shown in Figure 15a). After 0930 UTC, the winds at both stations were northerly, suggesting that the
enhanced convergence zone associated with the enhanced northerly wind was already located to the
south of station A. As a result, the location of CI was within or close to this enhanced convergence zone
for approximately 1 hr (0827-0930 UTC; time period between the dashed lines in Figure 15a).

Gust front #2 was located nearby gust fronts #1 and #3; it finally intersected with them, resulting in a scal-
loped appearance with two distinct vertex structures, which were clearly observed after 0924 UTC (e.g.,
Figure 16 and V1 and V2 shown in Figure 13). The intersecting gust fronts #1-3 arrived at the CI location

T 20 25 30 35 40°c

Figure 12. Surface analyses, including sea level pressure (contoured every 0.5 hPa in blue), 1.5-m temperature (shaded; °C), and 10-m winds from in situ surface
weather stations at different times (UTC) on 3 June 2009. The half barb, full barb, and pennant represent 2, 4, and 20 m/s, respectively. The convection initiation

location is denoted by a red star.
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Figure 13. (a) Base reflectivity (shaded; dBZ) and (b) radial velocity (shaded; m/s) at the 0.5° elevation angle from the Zhengzhou radar at 0930 UTC on 3 June 2009.
The solid arrows point to the vertices (“V1” and “V2”) of the scalloped pattern on gust fronts #1-3 (fine lines with numerical labels). The dashed arrow points to the
same radar fine line as shown in Figure 10. The 1-min 10-m winds at 0930 UTC from in situ surface weather stations are also plotted. The half barb, full barb, and
pennant represent 2, 4, and 20 m/s, respectively.
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Figure 14. Meteogram of 1-min 1.5-m temperature (°C) at the in situ surface

at 0930 UTC (Figure 15b) and maintained their east-west orientation (Figure 13). After this time, the surface
winds at station A became northerly (Figure 15). Gust fronts #1-3 passed across the station A at approximate
1030 UTC (not shown).

The sensor onboard the FY-2C satellite scanned the area of interest at approximately 0934 UTC (note that the
time shown in Figure 6 is the recorded time of the satellite data). At this time, the visible satellite imagery
showed that an east-west cloud line (C; and C, in Figure 6) had developed over the CI region. The west part
(Cy) of this cloud line was first clearly identified at 0934 UTC and rapidly grew in the following 30 min
(Figures 6¢ and 6d). This was the parent cloud of the convective cells that
were initiated at 1000 UTC (refer to Figure 2c). The decaying cloud line C;

was not directly related to the CI because of the horizontal displacement
Gust fronts #1 of the CI region to cloud line C; at the time of CI (Figure 6d).

€« .
vs2sUTC Although the east-west cloud line C, was located parallel to gust fronts

_ #1-3, CI did not occur along the entire length of this cloud line. Two cells
(~25 dBZ; “A” and “B” in Figure 16b) were first detected at 0948 UTC,
which occurred exactly over the two vertices on the scalloped pattern of
gust fronts #1-3. These two cells then experienced rapid growth within
Gust fronts #4 ] the next 12 min. The 35-dBZ echoes were observed to first occur at
0924 UTC 8.8 km above mean sea level at 1000 UTC, representing the onset of CI.
At this time, gust fronts #1-3 moved at least ~14 km to the south of the
CI location (Figure 15b). Consequently, the convective cells of interest
were initiated close to the vertices on the scalloped pattern of gust fronts
#1-3 approximately 30 min after these gust fronts passed through the CI
location. The 30-min period between the arrival of gust fronts #1-3 at
the CI location and the onset of CI was consistent with the time required
to grow precipitation size hydrometeors in deep convective circulations

0800

(Knight & Squires, 1982). Given the fact that gust front #4 was fast
approaching to gust fronts #1-3, it is possible that gust front #4 might
have promoted the CI process by increasingly intensifying the low-level
convergence. However, gust front #4 was not the direct CI trigger. It

0830 0900 0930

Time (UTC)

weather station C (location is shown in the inset of Figure 15b) on 3 June  arrived at the CI location at ~0954 UTC, while the convective cells had

2009.

initiated at upper levels by the time of 0948 UTC (Figure 16b).
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Figure 15. (a) Meteogram of the 1-min 10-m winds (the average within 1 min) at surface weather stations A (red) and B
(blue) [locations are shown in the inset of (b)]. (b) Minimum meridional distance (black curve with circles) from the
convection initiation location to the radar-identified gust fronts #1-3. The times of several radar observations are labeled
for reference. The magenta arrow indicates the pass of gust fronts #1-3.

The above analyses revealed that CI occurred at the two vertices of gust fronts #1-3 when the gust fronts
were moving into an environment with an increasingly deepening moist layer caused by a quasi-stationary
dryline with a northward moist bump near the CI location.

5. Numerical Simulations of the Vertex Structures of Intersecting Gust Fronts

The vertices on scalloped boundaries are essentially the results of convergent boundary intersections and
have been observed to be the preferred locations of enhanced low-level updrafts and thus the preferred loca-
tions for CI (Kingsmill, 1995) and convection development (Carbone et al., 1990). Wilson and Schreiber

(b) 3-D Reflectivity
0948 UTC

Figure 16. (a) Base reflectivity (shaded; dBZ) at the 0.5° elevation angle from the Zhengzhou radar at 0924 UTC on 3 June 2009. The radar fine lines indicating gust
fronts are outlined by white curves with numerical labels. (b) Three-dimensional reflectivity (shaded; dBZ) from the Zhengzhou radar at 0948 UTC on 3 June 2009.
The arrows point to the vertices of the scalloped pattern formed by gust fronts #1-3. The echoes denoted by the dashed ellipses indicate the convective cells of
interest.
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Figure 17. (a) Skew T-log p diagram showing the sounding obtained from the Global Forecast System analysis at the blue dot in Figure 5b at 0900 UTC on 3 June
2009. The ambient temperature (dew point) is represented by the black (green) curve. The half barb, full barb, and pennant represent 2, 4, and 20 m/s, respectively.
(b) Schematic of three-dimensional structures of the localized volumes of negatively buoyant air (blue) in the initial condition of the idealized simulation.

Axes indicate model coordinates (km).

Figure 18. Horizontal divergence (shaded; x 10~
green), and winds (vectors) at 300 m above ground level after 44 min of the
model integration. The blue and red lines at the bottom indicate the loca-
tions of the vertical sections shown in Figure 20. The magenta contours

Divergence and up

draft (3.0 m s~ ) at 300 m AGL (44 min)
: . ——~ .

(1986) documented that 64% of their convergent boundary intersection cases produced new storms and were
conducive to storm intensification. Harrison et al. (2009) showed that 17% of their intersecting cases, in
which two outflow boundaries produced intersection angles of 100°-180°, produced CI. In the present case,
the angles at both the intersection points were close to 180°, and CI was observed to occur at both of these
intersection points.

To explain why the vertex regions of boundaries are favorable for CI, Kingsmill (1995) provided convincing
evidence that enhanced convergence and updraft motions existed at the vertices of a scalloped pattern of a
sea breeze front by analyzing dual-Doppler radar-derived winds. Three-dimensional numerical simulations
using idealized wind shear profiles obtained by Droegemeier and Wilhelmson (1985a, 1985b) have also sup-
ported the fact that the vertex regions of intersecting thunderstorm outflow boundaries promote cloud devel-
opment. However, the difference between the vertical dynamical structure immediately across a vertex
region compared to that across a nonvertex region on an outflow boundary has rarely been discussed. To
examine the potential impact of such a difference on CI, especially by fine-resolution modeling, a three-
dimensional numerical simulation was conducted to replicate the scalloped pattern of intersecting gust
fronts under the environmental conditions of the present case. In real simulations, small-scale forecasting
errors may grow very rapidly in moist convective process (Zhang et al., 2003), which may lead to large uncer-
tainty in simulated small-scale processes (e.g., individual storm cells and their associated cold pools). Given
that an idealized simulation has the advantages in testing the validity of
hypotheses in a “clean room” environment (e.g., Fovell et al., 2006), the
simulations were designed in an idealized framework.

oSes

AR

-+

!

f { ! -0.5 The idealized simulation was conducted using Cloud Model version 1
4 (CM1), release 18 (Bryan & Fritsch, 2002), which is a fully compressible
8 and nonhydrostatic model. CM1 was configured in three dimensions
) | 2 (240 x 240 x 16 km?) with rigid, free-slip top and bottom boundaries
SEEE t i i s i ot 1 11 t f f f t R . and periodic lateral boundaries. The horizontal and vertical grid spacings
R A N A A A A A A A A A 3 were 200 and 100 m, respectively. The simulation time was 60 min with a
5/m s.t t t i t f f i f i ti Ji { i t f ff f f JL. model time step of 0.5 s. The fifth-order advection scheme, which has
.30 2| o 0 10 20 30 1050 implicit diffusion, was used, and no additional artificial diffusion was
\\etia“ 0,&‘::,« X (km) included. There were no surface fluxes, radiative transfer, or

£ QO o

Coriolis force.

3 -1 - o . . . . . .
s ), updrafts 3.0m/sin T idealize the interactions of multiple gust fronts in an environment as in

the present case, the simulation was initialized with homogeneous envir-
onmental conditions using the sounding (Figure 17a) from the GFS analy-

represent 3the ilorizontal velocity gradient tensor with the magnitude of sis, which was obtained at 0900 UTC on 3 June 2009. This sounding was
0.6x10 s~

obtained at a location slightly to the north of the observed CI location
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Figure 19. Three-dimensional updrafts (1.0 m/s in green and 1.5 m/s in cyan) and horizontal divergence (shaded in gray;
%10~ s~ ") with winds (vectors) at 300 m above ground level after 44 min of the model integration. The vector length scale
is shown in magenta.

(refer to the blue dot in Figure 5b) in a similar environment as that of the observed gust fronts. Three
localized volumes of negatively buoyant air were placed in the domain center and spaced 30 km apart
along the x axis (Figure 17b). They were centered at a height of 1.5 km. Each volume had a horizontal
radius of 10 km and a vertical radius of 1.5 km, with a minimum potential temperature perturbation of
—6 K. The potential temperature perturbation was minimized at the center and increased to 0 K following
a cosine function over a horizontal (vertical) radius of 10 km (1.5 km).

This idealized simulation successfully produced a scalloped pattern of intersecting gust fronts that were
organized in a similar manner to the observed scenario (e.g., Figure 18). Three intersecting gust fronts (indi-
cated by narrow arc convergence zones) resulted in the appearance of maximum horizontal convergence
and updrafts at the vertex regions along the scalloped boundary (Figures 18 and 19), which were consistent
with the observational results obtained from the sea breeze front case in Kingsmill (1995). The vertex region
was characterized by a broader zone of strong horizontal convergence compared to the nonvertex region.

The vertical section of updrafts across a vertex region (blue line below the x axis in Figure 18) was compared
to that across nonvertex regions (red line below the x axis in Figure 18) along an outflow boundary. Under
the environmental conditions characterized by the GFS sounding at 0900 UTC, the updraft over the vertex

24

1.8

Height (km)

1.2

319

Figure 20. Vertical sections of vertical motions (contoured every 1 m/s in white), equivalent potential temperatures (shaded; K), and v-w wind components (black
vectors) across the (a) vertex and (b) nonvertex regions (refer to the blue and red lines shown below the x axis in Figure 18) on a scalloped outflow boundary after 44
min of the model integration. The magenta open arrows at the bottom indicate the approximate locations of the southernmost gust fronts as shown in Figure 18.
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region was found to be distinctly larger than that over nonvertex regions (Figure 20). The magnitude of the
maximum updraft over the vertex region was more than twice as large as that over the nonvertex region.
Updrafts greater than 0 m/s also extended higher (to approximately 2.5 km above ground level) in the vertex
region, which would strongly support the ability of low-level air masses to penetrate their LFC and conse-
quently achieve a sustained, buoyantly forced main updraft. In addition to having a higher extent of updraft,
the vertex region was also characterized by a broader horizontal range of updraft than other regions, which
suggests that the air parcels in front of a vertex structure on a scalloped outflow boundary are subject to
longer periods of updraft support (Figure 20).

6. Summary and Discussion

This study investigated the CI mechanism of a high-impact squall line that occurred in central eastern China
on 3 June 2009. The initiation of the squall line occurred on the dry side of a quasi-stationary dryline with the
intrusion of a set of intersecting gust fronts from the dry side. The dryline produced a favorable mesoscale
environment for CI by deepening the moist layer around the CI region. The bulging of the dryline put the
dry-wet air mass boundary close to the CI location, which made the thermodynamic environment more
favorable for CI. A surface low-pressure disturbance along the dryline produced a northwest-southeast con-
vergence line on the dry side of the dryline. This convergence line generated a local near-surface moisture
maxima and caused the dryline to retreat to the dry side. Both the convergence line and the dryline moist
bump gradually moved to the northeast, causing the local moisture maxima to move increasingly closer to
the CI location. Although the local moisture maxima were near the location of CI, the moisture content
was still not high (only ~9 g/kg) at the CI location, and the relative humidity was less than 30% at the ground
level before the onset of CI. Such a relatively dry surface-level environment suggests the need for a strong
forced lift to achieve CI despite the occurrence of a deepened moist layer.

The CI was initiated by a set of intersecting gust fronts when they approached the deepening moist layer pro-
duced by the quasi-stationary dryline. The foremost three intersecting gust fronts were manifested in an east-
west scalloped (or wave-like) pattern. Two convective cells were separately initiated close to the two vertices
of the scalloped pattern. These two initiated cells then merged with each other and rapidly grew upscale to
form a squall line.

An idealized simulation was used to reveal the potential benefit of vertex structures on scalloped intersecting
gust fronts for CI, especially by assessing the differences between the three-dimensional dynamical struc-
tures at the vertex regions and those of nonvertex regions along the scalloped pattern. The simulated results
were consistent with those of previous observational studies on scalloped PBL boundaries. The vertex region
was characterized by more favorable dynamical conditions for CI compared with the nonvertex region,
including greater magnitudes of maximum updrafts and larger extents of vertical and horizontal updrafts.
A higher updraft depth tends to increase the probability that an air mass will penetrate its LFC; the larger
horizontal extent of an updraft can lengthen its lifting time, which consequently further increases the prob-
ability of CI.

The results of this study could provide a helpful reference for CI nowcast. When a set of intersecting gust
fronts move toward a dryline, CI may occur before the gust fronts intrude into the moist air masses (i.e.,
CI occurs on the dry side of the dryline). The exact CI (if any) locations are most likely located at the vertex
regions on the scalloped pattern of these intersecting gust fronts.

Although the idealized modeling framework replicated the intersecting gust fronts, the simplified configura-
tion does not completely represent the real-world CI scenario. A real numerical modeling is required to dee-
ply investigate the interactions of multiscale physical processes that contributed to locally enhanced
moisture pooling and vertical lift. To adequately forecast or simulate the exact location and timing of such
a complicated CI event, a real numerical model needs to sufficiently accurately capture all of the aforemen-
tioned features (e.g., short-wave trough, surface low, preexisting thunderstorms, quasi-stationary dryline,
surface convergence line, intersecting gust fronts), especially the PBL convergent boundaries and their inter-
actions and structures (e.g., Wilson & Roberts, 2003). Although state-of-the-art mesoscale NWP models can
generally capture synoptic-scale features well, they still have difficulties in accurately predicting the details
of mesoscale features. In particular, small-scale errors associated with moist convection can rapidly grow in
scale and amplitude (Zhang et al., 2003), which can influence cold pools (or gust fronts) and further affect
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later CI and storm organization (Zhang et al., 2016). Consequently, such multiple-forcing-associated CI
events may have a relatively low predictability (with correct CI mechanisms), which remains to be addressed
in future studies.
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