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ABSTRACT: Convection initiation (CI) has remained a major challenge in weather forecasting worldwide. The Hetao
area in North China, the location of Asia’s largest irrigation area, contains highly heterogeneous vegetation where near-
surface convergence lines (boundaries) parallel to the oasis–desert border often emerge over the desert and initiate convec-
tion. This study investigated the evolution of such a boundary and its influence on the CI process where a series of cells
were successively initiated along the boundary on 4 June 2013. Our results indicated that uneven surface heating across the
oasis–desert border produced mesoscale thermal circulation. The westerly oasis breeze in the thermal circulation con-
verged with the southerly background wind and formed a boundary over the desert along the high-temperature contrast
line. A middle-hemisphere westerly trough further enhanced uplift and facilitated CI. Our simulation revealed that the first
30-dBZ parcels in each cell originated from either the desert side at a low level or the oasis side at a middle level, rather
than from the oasis at a low level, as indicated by previous idealized studies. Southerly low-level parcels veered above the
boundary and experienced a longer lifting time over the desert, while western parcels originating from the oasis experi-
enced a shorter lifting time and smaller vertical displacement, resulting in middle-level parcels instead of low-level parcels
that reached their level of free convection. Even though CI occurred over a surface boundary without a near-surface stable
layer, the inflow may have originated from middle levels rather than in contact with the surface.

SIGNIFICANCE STATEMENT: The purpose of this study is to understand the evolution of a real-world near-surface
convergence line and the associated deep convection initiation (CI) along the border of Asia’s largest irrigation area and
the desert in northern China. Notably, previous works have mainly focused on shallow convection over uneven vegetation
distributions based on idealized simulations, which may be quite different from real-world interactions between thermal
circulation and background flow. Our results highlight different parcel sources in different convections initiated by the
same convergence line, which is different from the idealized situation where parcels mainly originate from the low-level
oasis side.

KEYWORDS: Convection lines; Mesoscale processes; Secondary circulation; Vegetation-atmosphere interactions;
Topographic effects; Boundary layer

1. Introduction

Understanding convection initiation (CI) has been a major
challenge in weather forecasting worldwide, as it requires air
parcels to be lifted to saturation, reach the level of free con-
vection (LFC), and finally develop into deep moist convection
(Markowski and Richardson 2011). As an important lifting
mechanism of CI, boundary layer convergence lines (hereafter
referred to as boundaries) may occur via differential heating due
to heterogeneous underlying surfaces (Gambill and Mecikalski
2011).

CI processes over heterogeneous underlying surfaces have
been examined mainly in terms of sea–land circulation (Franchito
et al. 1998; Miller et al. 2003; Gille 2005; Lin et al. 2008; Huang
et al. 2010; Lu et al. 2010; Rani et al. 2010; Qian et al. 2012; Chen
et al. 2016), lake–land circulation (Keen and Lyons 1978; Estoque
1981; Comer and Mckendry 1993; Baker et al. 2001; Koseki and
Mooney 2019), and mountain–valley circulation (Goldreich et al.

1986; Lu and Turco 1994; Porson et al. 2007; Wang et al. 2015;
Tian and Miao 2019; Yu et al. 2021). Sea breezes usually initiate
convection through intersection with other triggering mecha-
nisms, such as a horizontal convective roll (HCR; Fovell 2005;
Bennett et al. 2006), thunderstorm outflows (Weckwerth
and Parsons 2006) or Kelvin–Helmholtz instability billows
(Crosman and Horel 2010). Under the influence of a highly
unstable environment, convection can also be triggered along a
single sea breeze (Lu et al. 2012). Lake and valley breezes
exhibit structures similar to those of sea breezes, but their
updrafts are generally weaker and not sufficient to initiate con-
vection alone. Lake and valley breezes often trigger convection
through intersection with other triggering mechanisms, such
as different lake breezes (Zamuriano et al. 2019), sea breezes
(Liang et al. 2017) or urban heat islands (Dou et al. 2015).

Nonuniform vegetation also represents one type of hetero-
geneous underlying surface. Nonuniform vegetation may cause
a thermal gradient owing to nonuniformity in evapotranspiration
(Lyons et al. 1996; Pielke 2001; Garcia-Carreras et al. 2010;
Wright et al. 2017) and/or soil moisture (vegetation area is gen-
erally an irrigation area), which subsequently affects heat andCorresponding author: ZhiyongMeng, zymeng@pku.edu.cn
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moisture fluxes in the planetary boundary layer (PBL) through
turbulent transportation, producing thermal circulation. In areas
with lower soil moisture, the latent heat flux is lower and the
sensible heat flux is higher, which may result in ascending air,
while in areas with higher soil moisture, descending air may
occur (Ookouchi et al. 1984). Mesoscale thermal circulation
attributed to the difference in soil moisture and the associated
low-level convergence in dry areas and low-level divergence
in wet areas have been observed over the Sahel (Taylor et al.
2007). Near the updraft branch over a dry area, when the
PBL height is greater than the lifting condensation level
(LCL), shallow cumulus convection may be initiated (Kang
and Bryan 2011). Due to high turbulence over dry areas, water
vapor is continuously transported upward, forming a mesoscale
pool of cool and moist air just above the top of the PBL (Kang
and Ryu 2016), which is a critical factor for the transition from
shallow to deep convection (Zhang and Klein 2010). Statistical
analysis has demonstrated that the probability of CI in areas
with high soil moisture gradients was approximately twice
that in areas with homogeneous soil moisture levels (Taylor
et al. 2011). Under the influence of a gravity wave from a re-
mote mature storm in the Sahel on 31 July 2006, a storm was
initiated over the dry surface along a wet–dry soil boundary
because of the associated low-level convergence, rather than
soil moisture uniformity areas (Taylor et al. 2010). Real-world
simulations of this storm suggested three aspects that need to be
accurately represented in a model to predict these processes:
the synoptic-scale circulation and thermodynamic environment,
the land surface properties, especially soil moisture, to simu-
late the CI location properly, and the ability to capture gravity
waves to simulate CI timing correctly (Birch et al. 2013).

Idealized simulations have demonstrated that the sources
of moisture and unstable energy for CI over dry areas origi-
nate from wet areas. In dry areas, there is not enough native
moisture to initiate convection (Seth and Giorgi 1996). At the
edge of a given dry area, the surface breeze of thermal circula-
tion transports moisture from wet to dry areas, and the as-
cending branch transports moisture upward, forming a humid
environment conducive to CI (Courault et al. 2007; Seth and
Giorgi 1996; Wang et al. 2011). Moreover, higher transpira-
tion in wet areas increases the equivalent potential tempe-
rature ue and convective available potential energy (CAPE),
and surface breezes advect high-ue air from wet to dry areas
and vertically mix this air over the dry area (Garcia-Carreras
et al. 2011; Pielke 2001). However, whether this process truly
occurs in real-world deep moist convection initiation associ-
ated with nonuniform vegetation remains unclear.

The irrigation and bend areas of the Yellow River in Inner
Mongolia, North China (hereafter referred to as the Hetao
area), which is located in a semiarid climate zone (Qu et al.
2019), is an area containing highly heterogeneous vegetation,
as revealed by the MODIS Enhanced Vegetation Index prod-
uct MOD13A3 (EVI; Didan 2015; shading in Fig. 1a). There
is an obvious vegetation difference between the wet area irri-
gated by the Yellow River and the two surrounding deserts,
namely, the Kubchi Desert to the south and the UlanBuh
Desert to the southwest. According to Zhang et al. (2020), the
Hetao irrigation area is the largest irrigation district in Asia
and one of the three largest irrigation areas in China. The
Yellow River alluvial plain shows a good soil tillage perfor-
mance, which makes it one of the most important areas for
grain and oil commodities in China. In addition to the Kubchi

FIG. 1. (a) Distribution of the EVI (shading) and topography (black contours at 400-m intervals up to 1500 m,
which is highlighted in magenta). (b) The simulated albedo (shading) and topography (contoured in black at 400-m
intervals up to 1500 m, which is highlighted in magenta). The cyan lines denote the Yellow River, and the white cross
in (a) denotes the LHRD radar site. The location of the displayed region is marked with a red rectangle in the
lower-right corner of (b).
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and Ulanbuh Deserts, the Hetao area is surrounded by Lang
Mountains to the northwest, Daqing Mountains to the east,
and Zhuozi Mountains to the southwest, thus producing a
highly complex underlying surface.

In the Hetao area, satellite observation analyses have re-
vealed that shallow cumulus convection over the irrigated area
was significantly less notable than that over the surrounding de-
serts (Sato et al. 2007). This phenomenon might be attributed
to the mesoscale thermal circulation resulting from the soil
moisture difference between deserts and irrigated areas. Based
on simulations of the conditions on 4 August 2005 using artifi-
cially enhanced vegetation sharpness, Kawase et al. (2008) ob-
tained the thermal circulation across the irrigated area and
UlanBuh Desert and shallow cumulus convection over the
desert. Along the section crossing the border between the
UlanBuh Desert and irrigated areas, clear thermal circula-
tion was captured with the rising branch over the desert and
the sinking branch over the irrigated area. In their sensitiv-
ity experiment, where the soil moisture gradient was re-
moved and the irrigated area was replaced with desert, no
thermal circulation occurred, which verified that the above
mesoscale thermal circulation was formed due to the oasis–
desert thermal contrast. However, these studies only exam-
ined shallow cumulus convection rather than the initiation
mechanism of deep moist convection in realistic vegetation
sharpness. In addition, without radar observations, detailed
features that appeared during the development of the exam-
ined convection processes were not revealed.

By examining radar observations in the Hetao area, Huang
et al. (2019) noted the frequent occurrence of fine lines parallel
to the vegetation border over the desert side and CI processes
along these boundaries. A statistical analysis of the boundaries
in the Hetao area was performed based on radar data from
2012 to 2016, and notably, more boundaries occurred in the de-
sert area than in the irrigated area. These results demon-
strated that most identified boundaries were parallel to the
dominant vegetation contrast line. The development and
evolution of these boundaries were consistent with the diur-
nal variation in the oasis–desert temperature difference.
These boundaries could represent radar signatures of the
updraft of the associated thermal circulation or oasis–desert
breeze. Their results indicated that 44% of these boundaries
were associated with CI, and the high-frequency center of
the relevant convective precipitation coincided with the fine
lines identified via radar at the junction of the irrigated and
Kubchi Desert areas rather than the UlanBuh Desert area,
as previously examined by Kawase et al. (2008). After initia-
tion near the observed boundaries in the Hetao area, some
convection may be strengthened downstream, resulting in
severe disasters. For example, the extremely heavy rainfall
that occurred in Beijing, China, on 21 July 2012 and caused
79 fatalities (Yu and Meng 2016) could be traced back to
the Hetao area (Yu 2012; Meng et al. 2013). However, the
detailed CI process, especially the impact of boundaries on
the CI process in the Hetao area, remains unclear. Under-
standing the CI mechanism over the complicated underlying
surface in the Hetao area could improve the understanding
of the mesoscale thermal circulation and related CI processes

attributed to real-world nonuniform vegetation, which could
also aid in forecasting and early warnings of severe convection
events in the Hetao and downstream areas.

The CI process typically results from a multiscale system in-
teraction. The characteristics of the synoptic environment deter-
mine the formation potential of the boundary and convection
initiation. Huang et al. (2022) examined the possible impact of
different synoptic environments on the surface-driven boundary
and the associated CI processes in the Hetao area. The synoptic
environment was classified into five patterns. The probabilities
of different patterns forming boundaries and initiating convec-
tions were related to synoptic-scale wind and mesoscale thermal
circulation resulting from the heterogeneous vegetation. Similar
to sea breezes (e.g., Arritt 1993; Atkins and Wakimoto 1997;
Laird et al. 2001), an opposing (offshore for a sea breeze, south-
erly for an oasis breeze) ambient flow would converge with the
onshore sea breeze (oasis breeze) and lead to enhancement of
the horizontal land–sea (oasis–desert) temperature gradient. In
contrast, a supporting (onshore for a sea breeze, northerly for
an oasis breeze) ambient flow tends to disturb the temperature
gradient.

This study aimed to examine the CI mechanism in a deep
moist convection case associated with the boundary formed at
the junction of the irrigated and Kubchi Desert areas on 4 June
2013 through observational analysis and real-world simulations.
This case occurred in an environment pattern that has the larg-
est frequency according to Huang et al. (2022). We attempted
to answer the following two scientific questions: How did the
boundary form and evolve? How did the boundary affect the
resulting CI processes?

Section 2 introduces the data and methods used in this
study. A case overview is presented in section 3. Section 4
analyzes the specific mechanism of boundary formation,
evolution, and convection initiation based on real-world
numerical simulations. Our conclusions and a discussion
are provided in section 5.

2. Data and methods

This work employed radar data, surface observations and
fifth-generation reanalysis (ERA5) data retrieved from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) to obtain an overview of the boundary and related
CI processes. The Linhe CD-band Doppler radar (LHRD;
white cross in Fig. 1a) at 82 m AGL completes one volume
scan approximately every 6 min, with nine elevations ranging
from 0.58 to 19.58. Surface observations at automatic weather
stations of the China Meteorological Administration are avail-
able at 1-h intervals. The vegetation types were described with
the MODIS monthly EVI product MOD13A3 with a horizon-
tal resolution of 1 km (Didan 2015; shading in Fig. 1a). Topog-
raphy data were adopted from ETOPO1 data in a 1-arcmin
grid (National Geophysical Data Center/NESDIS/NOAA/U.S.
Department of Commerce 2011; black and magenta contours
in Fig. 1a).

The method of using radar echoes to identify boundaries
was the same as that proposed by Huang et al. (2019). The
boundary was identified as a linear area with composite
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reflectivity at the lowest two elevations (0.58 and 1.58) from
25 to 10 dBZ, with a width smaller than 10 km (Koch and
Ray 1997), a length larger than 10 km and a duration longer
than 6 min (Wilson and Schreiber 1986). The composite re-
flectivities at all nine elevations were used to identify con-
vection. The first occurrence of 30 dBZ in the composite
radar reflectivity was regarded as the threshold of CI (Wilson
and Schreiber 1986).

The top and bottom heights above the radar level of the ob-
served boundary were simply inferred from the radar reflectiv-
ity at different elevations with the four-thirds Earth radius
model (Doviak and Zrnić 1993). Notably, the reflectivity is just
an integrated history of the convergence and distribution of
clear-air scatters and may not accurately reflect the true updraft
depth. Since no other data were available, we only used reflec-
tivity to provide a rough inference for the depth of the bound-
ary. The height of target h was derived from radar-measurable
parameters, elevation u and the slant path of the composite ra-
dar reflectivities of the lowest two elevations that were larger
than 0 dBZ r as follows:

h 5 [r2 1 (kea)2 1 2rke sinu]1/2 2 kea,

where a is the radius of Earth and ke is a variable related to
the vertical gradient of the atmospheric refractive index. A
standard atmosphere was assumed in this study, which indi-
cates that ke is 4/3. The value 0 dBZ, rather than25 dBZ, was
chosen to distinguish between the boundary and the sur-
rounding extensive 25 dBZ clutters that appeared after the
boundary formed. The width of the observed boundary was
also determined by 0 dBZ.

A 24-h real-world simulation was performed beginning at
2000 LST (LST 5 UTC 1 8 h) 3 June 2013, which was ;12 h
prior to formation of the boundary and;19 h before CI, until
2000 LST 4 June using the WRF-ARW Model version 3.7.1
(Skamarock et al. 2008). The model was configured with four
two-way nested domains (Fig. 2), which exhibited 27-, 9-, 3-,
and 1-km horizontal grid spacings and 40 vertical levels. Final
operational global analysis (FNL; National Centers for Envi-
ronmental Prediction/National Weather Service/NOAA/U.S.
Department of Commerce 2000) data gridded at 18 3 18 and
6-h intervals were used to provide the initial and lateral
boundary conditions for the simulation. In all four domains,
the simulation adopted the Morrison two-moment microphys-
ics scheme (Morrison et al. 2009), the Asymmetrical Convec-
tive Model version 2 (ACM2) planetary boundary layer
scheme (Pleim 2007), the CAM spectral-band longwave and
shortwave schemes (Collins et al. 2004), and the Pleim–Xiu
surface layer scheme (Pleim 2006). The Grell–Freitas cumulus
parameterization scheme (Grell and Freitas 2014) was applied
in domains D01 and D02, while no cumulus parameterization
scheme was used in domains D03 and D04. The land surface
model (LSM) adopted in this study was the Pleim–Xiu LSM
(Pleim and Xiu 1995; Xiu and Pleim 2001), which provides
more realistic soil moisture, surface temperature, and sensible
and latent heat fluxes. The analysis was based on simulations
in domain D04 with a grid spacing of 1 km.

3. Case overview

a. Evolution of the boundary and associated
convection initiation

A boundary, which appeared as a weak fine line in the com-
posite radar reflectivity field produced using the lowest two el-
evation angles of the radar at the LHRD location, formed
along the western edge of the Kubchi Desert (denoted by the
dashed red circle in Fig. 3a) at ;500 m AGL parallel to the
border of the irrigated area and Kubchi Desert at 0818 LST
4 June 2013. The boundary widened slowly from 0900 to
1000 LST at the formation stage and then remained nearly
the same (the solid black line in Fig. 4), which was determined
by the width of the widest area where the composite radar re-
flectivities of the lowest two elevations were larger than 0 dBZ
at each time during the life cycle of the boundary. The depth of
the boundary continued to rise (orange bars in Fig. 4), while
the boundary extended northeastward along the oasis–desert
interface (Fig. 3c). A sudden rise at the top of the observed
boundary at approximately 0930 LST and failure to reach the
ground at the bottom were possibly attributable to the radar
elevation angle limitation. The boundary became the longest
(Fig. 3c) along the edge of the Kubchi Desert at 1358 LST,
which occurred ;1 h after the largest difference in ground
temperature between the desert and irrigated areas (Fig. 4).
Immediately to the east side of the boundary, three cells were
initiated almost simultaneously at 1518 LST (Fig. 3e), when
the boundary became the deepest (Fig. 4). Subsequently,
eight other cells were gradually initiated over the next
70 min under the influence of the boundary (Fig. 3g). Then,
all 11 cells established a mesoscale convection system that
was approximately parallel to the boundary and moved
southeastward.

b. Synoptic environment

This CI process occurred in front of a middle-level shortwave
trough with low-level southerly wind transporting moisture

FIG. 2. Terrain height (m MSL) and locations of the various WRF
simulation domains.
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to the Hetao area. At 500 hPa, the Hetao area was dominated
by westerly winds with a shortwave trough approaching the ir-
rigated area from the west (Fig. 5a; Fig. 5b shows an enlarged
plot of the gray box in Fig. 5a). A weakening cold vortex was lo-
cated in northeastern China (denoted by C in Fig. 5a). The axis

of the subtropical high was located at approximately 208N in
South China Sea (not shown). At 800 hPa (Fig. 5e), the He-
tao area was controlled by large-scale southerly winds with
low pressure systems to the southwest (L1 in Fig. 5e) and
northwest (L2 in Fig. 5e) of the irrigated area and a high

FIG. 3. Composite reflectivities observed by (a),(c),(e),(g) the LHRD radar (shading) and (b),(d),(f),(h) in the
WRF simulation (contoured in khaki, green, yellow, and orange for 10, 20, 30, and 40 dBZ, respectively). The data in
(a) and (c) are based on the two lowest elevation angles, while (e) and (g) are based on all nine elevation angles. The
simulated divergence of wind in the bottom model layer is shaded in blue in (b), (d), (f), and (h) to denote the simu-
lated boundary. The cells with a white circle in (g) and black circles in (h), which have not yet formed at the moment,
are also shown to provide a complete picture. Cells with IDs in (h) were adopted in the subsequent trajectory analysis.
The red and green points in (a) are the two surface weather stations used to examine the surface temperature differ-
ences between the oasis and desert areas, as shown in Fig. 4.
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pressure system (H in Fig. 5e) over the East China Sea. South-
erly flow along the western edge of the high pressure system
transported abundant moisture to North China (green shading
in Figs. 5e,f), producing a high mixed-layer CAPE (MLCAPE)
considering entrainment and virtual temperature correction
(orange shading in Figs. 5a,b). This case was typical of the
most frequent synoptic pattern T1 in Huang et al. (2022),
which was favorable for the formation of a surface-driven
boundary and CI. This pattern was characterized by a high
pressure ridge at 500 hPa over the oasis and an anticyclonic
circulation at 700 hPa southeast of the oasis, facilitating south-
erly winds.

The MLCAPE in the irrigated area was approximately
600 J kg21, while the MLCAPE in the semiarid area was
much lower than that in the humid area (Figs. 5a,b). Skew
T–logp data obtained from the ERA5 data at the location of
the LHRD site in the irrigated area at approximately 1 h
prior to CI indicated an MLCAPE of ;500 J kg21 (Fig. 6a;
the location is indicated with a white cross in Fig. 5b), while
skew T–logp data at the CI location in the desert area indi-
cated an MLCAPE of 96 J kg21 (Fig. 6c; the location is
marked with a black cross in Fig. 5b).

The CI location exhibited a much lower MLCAPE; how-
ever, its wind profile was more favorable for CI. At both
station locations, winds changed from low-level southwest-
erly winds to middle-level westerly and high-level north-
westerly winds (Figs. 6a,c), which indicated warm air advection
that was beneficial for the development of deep convection
(Davies-Jones et al. 2001; Doswell 2005; Rotunno and Klemp
1982). The wind below 850 hPa at the CI location was much
stronger (9 versus 2.5 m s21) with a larger southerly component
than that at the LHRD location, with consistent wind changes
with height. However, the wind at the LHRD site exhibited a

backing wind change up to ;750 hPa and a veering wind
change above that. This complicated real-world environmental
wind was different from the uniform background wind in ideal-
ized simulations (Lee et al. 2019).

c. Model validation for the environment

Overall, the large-scale synoptic situation reproduced in the
simulation was similar to that based on the ERA5 data. Both
the weakening northeast cold vortex and the shortwave trough
at 500 hPa were suitably captured (Fig. 5c). The 800-hPa low
pressure system to the southwest and northwest and the high
pressure system to the southeast of the Hetao area were also
close to those in the reanalysis data (Fig. 5g). The observed
southerly flow and associated moisture were also simulated
well, except that the simulated moisture near the Hetao area
was slightly more widespread.

Due to higher near-surface moisture and lower PBL height,
the simulated MLCAPE was higher than that indicated by the
ERA5 data at both the LHRD site in the irrigated area and
the CI location in the desert area. The simulated MLCAPE in
the irrigated area reached 10001 J kg21 (Fig. 5d). The simu-
lated skew T–logp data at the location of the LHRD site indi-
cated an MLCAPE of 1078 J kg21 (Fig. 6b; the location is
indicated with a white cross in Fig. 5d) and an MLCAPE of
649 J kg21 over the desert area (Fig. 6d; the location is indi-
cated with a black cross in Fig. 5d), which were both higher
than the corresponding ERA5 values. The observed low-level
southwesterly wind, middle-level westerly wind and high-level
northwesterly wind were satisfactorily reproduced at both
sites except that the wind at approximately 700 hPa was
slightly weaker (Figs. 6b,d). The simulated hodograph at
the LHRD site indicated a more apparent backing below
750 hPa (Fig. 6b). The coherent veering wind at the CI

FIG. 4. Evolution of the top and bottom heights of the observed boundary (km AGL, orange
bars), observed boundary width (solid black line, y axis on the left, with a moving average over
45 min) and surface temperature (8C, red lines) at the oasis and desert stations depicted in
Fig. 3a. Additionally, the simulated boundary top and bottom height (km AGL, the base in the
dashed green line and the top in the solid green line), simulated boundary width (km, the dash–
dotted black line, y axis on the left, with a moving average over 45 min) and simulated surface
temperature at the same locations as those of the observations (8C, blue lines) are shown.
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FIG. 5. Synoptic environment based on ERA5 data at (a) 500 and (e) 800 hPa at 1400 LST 4 Jun
in (a),(e) d02 with (b),(f) a zoomed-in d04 region (the gray box in the left panels) shown, including the
geopotential height (contoured in blue, every 20 gpm), horizontal wind (a full bar denotes 4 m s21; a half
bar denotes 2 m s21), MLCAPE [J kg21, shading in (a)–(d)], and water vapor mixing ratio at 800 hPa [g kg21,
shading in (e)–(h)]. The short magenta curve in (a) denotes a shortwave trough. The magenta C, L, and
H labels denote the locations of the cold vortex and low and high pressure systems, respectively. (c),(d) and
(g),(h) As in (a),(b) and (e),(f), but for the WRF simulation with intervals of 5 gpm for the geopotential
height. The white and black crosses in (b) and (d) denote the locations of the LHRD radar site and first CI,
respectively, where radiosonde data are shown in Fig. 6. The Yellow River is marked with the cyan line.
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location (Fig. 6d) was close to that indicated by the ERA5
data (Fig. 6c).

The modeled features of the soil and vegetation distribu-
tion were also similar to those based on the MODIS and ERA5
data. The vegetation index, which was described in terms of the
albedo (Betts 2000; Tian et al. 2014), was consistent with that
based on the MODIS data, with higher values in the irrigated
area than in the desert area (Figs. 1a,b). The vegetation index in
the irrigated area was higher in the west than in the east. Similar
to the reanalysis data, the simulated soil moisture within 1 cm
from the ground (Fig. 7b) clearly revealed a lower humidity in
the UlanBuh Desert and Kubchi Desert and a higher humidity
in the irrigated area, Ordos Plateau and Yellow River passing
areas, except with an apparently smaller magnitude than that of
the humidity values indicated by the reanalysis data (Fig. 7a).

Consistent with the distribution of the soil moisture, the soil
temperature within the same layer (Figs. 7c,d) was higher in the
arid area and lower in the humid area. Similarly, in the irrigated
area, a higher vegetation index in the west than in the east re-
sulted in a higher soil moisture and lower soil temperature in
the west than in the east.

Closely related to the suitably simulated underlying surface
conditions, surface air features were also well captured by the
model. The water vapor mixing ratio at 2 m AGL (Figs. 7e,f)
indicated an obvious dry area in the Kubchi Desert and sur-
rounding areas. The water vapor mixing ratio was much
higher in the irrigated area, especially in the western part,
than in the desert area, possibly due to both the vegetation
distribution in the irrigated area and the blocking effect of the
Lang Mountains. Notably, higher 2-m temperatures were

FIG. 6. Skew T–logp data from (a),(c) ERA5 and (b),(d) simulation at the location of the LHRD radar site (top) in
the irrigated area and (bottom) the first CI in the desert area at 1400 LST 4 Jun. Parcels are lifted from the mixing
layer (red lines). Dewpoint temperature profiles of the environment are indicated with green lines, and ambient tem-
perature profiles before and after virtual temperature correction are denoted with dotted black lines and solid black
lines, respectively. Wind barbs (a full bar denotes 4 m s21; a half bar denotes 2 m s21) at different levels are shown on
the left side of each panel. MLCAPE (J kg21), convective inhibition (CIN, J kg21), precipitation water (PW, cm),
LCL (km MSL), and LFC (km MSL) of the parcels are displayed in the upper-right corner. Corresponding hodo-
graph diagrams are shown in the lower-left corner, where the winds at specific pressure levels are denoted with red
circles.
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FIG. 7. (a) Soil (within 1 cm below the ground) moisture (m3 m23) and (c) soil temperature (8C), as well as
(e) surface (2 m AGL) moisture (g kg21), (g) surface temperature (8C) and 10-m wind (a full bar denotes
4 m s21; a half bar denotes 2 m s21) based on ERA5 data at 1400 LST 4 Jun. (b),(d),(f),(h) As in (a),(c),(e),(g), but
for the simulation. The Yellow River is represented by the cyan line. The province boundary is represented by
black lines. The purple contour in (a) denotes a terrain height of 1500 m MSL. UB. Des., K. Des. and O. Plat.
denote the UlanBuh Desert, Kubchi Desert, and Ordos Plateau, respectively.
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FIG. 8. Simulated temperature (8C, shading), wind (a full bar denotes 4 m s21; a half bar denotes
2 m s21), and boundary (white dots) in the bottom model layer at (a) 0833, (c) 1220, and
(d) 1441 LST. (b) As in (a),(c), and (d), but for the water vapor mixing ratio (g kg21, shading)
and boundary (yellow dots) at 0833 LST. Additionally, the water vapor mixing ratio (g kg21,
maroon contour) and boundary (blue dots) at 1220 UTC are plotted in (b). The irrigated area
is denoted by a cyan contour for albedo values less than 0.19 in (a)–(d). The Yellow River is
represented by a thin cyan line in (a). (e) The vertical cross section (km MSL) along the black
line in (c), including the temperature (8C, shading) and winds in the plane of the cross section
with the original speed (a full bar denotes 4 m s21; a half bar denotes 2 m s21) but a direction
generated with the original horizontal velocity and 10 times the original vertical velocity. The
red line below denotes the surface albedo along the plane of the cross section, with values
greater than 0.19 (denoted by the short red dashed line) representing the desert area. The black
line denotes the surface divergence along the plane of the cross section, with a value less than 0
(dotted black line) representing convergence, which is used to characterize the position of the
boundary.
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observed in the desert area than in the irrigated area
(Figs. 7g,h), and obviously lower temperatures were observed
in the west than in the east in the irrigated area, likely resulting
from the higher soil temperature and warm advection due to the
southerly wind originating from the arid area. The temperature
over the Kubchi Desert and eastern side of the irrigated area
produced a southwest–northeast-oriented high-temperature
band. While WRF and ERA5 differed in absolute values for
MLCAPE (Figs. 5a–d), soil and surface moisture and tempera-
ture (Figs. 7a–h), the surface patterns and relative relationships
over deserts and irrigation were similar.

4. Mechanisms of boundary formation, evolution, and CI

a. Simulations in comparison with observations

Given the suitably simulated underlying surface and atmo-
spheric environment, the simulated formation and evolution
processes of the boundary were similar to those revealed by
the radar observations. Simulated boundary formation was
defined as the time when the length of the boundary with a di-
vergence , 28 3 1024 s21 reached 10 km for the first time.
The width of the simulated boundary was determined by the
width of the widest area where the divergence of horizontal
wind in the bottom model layer was less than 28 3 1024 s21

during the life cycle of the simulated boundary, and the top
and bottom heights above the ground of the simulated bound-
ary were defined using the extent of the vertical velocity along
the boundary greater than 0.1 m s21. The simulated boundary
occurred near the observed location, namely, the western bor-
der of the Kubchi Desert and the irrigated area, and it was
roughly parallel to the vegetation contrast line (denoted by a
dashed red circle in Fig. 3b). The boundary continued to de-
velop northeastward and moved eastward, similar to the ob-
servations, reaching the largest length at 1403 LST (Fig. 3d).
Similar to the radar observations, the simulated width slowly
widened and then remained almost the same (dash–dotted
black line in Fig. 4). The simulated top height above the
ground of the boundary continuously increased (solid green
line in Fig. 4), indicating an ever-increasing ability to lift air
parcels.

The simulated convection was initiated in a manner similar
to that based on the radar observations. Four convective cells
were triggered almost simultaneously at 1448 LST (Fig. 3f),
which occurred 30 min prior to the observed CI. Subsequently,

four other cells were triggered immediately east of the
boundary within 45 min (Fig. 3h). These simulated cells
roughly corresponded to the series of cells in the radar ob-
servations (Fig. 3g). Furthermore, there were no interactions
between neighboring cells at the CI time, similar to the ob-
served processes. Although the formation of certain cells and
the sequence of initiation between the cells slightly differed
from the observations, the simulation was adequate for use in
the examination of the boundary influence on the CI processes.

The successful simulation of the boundary and CI also sug-
gests that the environmental patterns and relative relationships
over deserts and irrigation rather than the absolute values are
more important for the boundary and CI accuracy in the simu-
lation, considering the different absolute values but similar pat-
terns for MLCAPE (Figs. 5a–d), soil and surface (Figs. 7a–h)
moisture and temperature in WRF and ERA5.

b. Formation and evolution mechanism of the boundary

The formation and evolution of the boundary were closely
related to the spatial contrast of temperature because of the
greater correspondence between the boundary and the spatial
contrast of temperature than that of the water vapor mixing

TABLE 1. Height (km MSL) of the 30-dBZ area, total cloud mixing ratio including liquid water and ice that are larger than 0,
LCL, and LFC for parcels lifted from the mixing layer in the CI area at the CI time of cells A, B1es, B1wn, B2, C1, and C2. The
ground levels (km MSL) at the CI time of these six cells are given in the last column.

Cell
Height of

30 dBZ (km)
Height of total cloud
mixing ratio . 0 (km) LCL (km) LFC (km)

Ground level
at CI time (km)

A 7.75–8.15 5.10–9.50 5.05 5.30 1.29
B1es 7.20–7.65 6.15–9.40 4.85 5.09 1.09
B1wn 6.75–6.90 4.80–8.60 4.69 4.71 1.06
B2 7.25–8.15 4.95–9.40 4.74 4.83 1.14
C1 7.85–8.15 4.90–10.00 4.87 5.10 1.03
C2 7.70–8.55 4.90–10.50 4.85 5.01 1.04

FIG. 9. Backward trajectories of 4 h for the first 30-dBZ parcels
in the six examined cells (colored lines). Additionally, the winds (a
full bar denotes 5 m s21; a half bar denotes 2.5 m s21) in the bot-
tom model layer at 1200 LST are plotted. The irrigated area is de-
noted by a black contour for albedo values less than 0.19.
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ratio, as indicated by the simulations. The boundary formed
along the isotherm in the high temperature gradient area
(white dots and shading in Fig. 8a) rather than along that of
the moisture (yellow dots and shading in Fig. 8b) and moved
toward the highest temperature over the Kubchi Desert, caus-
ing an eastward movement (Figs. 8a,c,d). Similar to the forma-
tion stage, the boundary also exhibited a better association with
the gradient of temperature than that of the moisture at 1220 LST
(blue dots and maroon contour in Fig. 8b). The vertical profile
at 1220 LST along the black line in Fig. 8c indicated that an
updraft branch occurred in the desert with a higher tempe-
rature and a downdraft branch occurred in the irrigated area
with a lower temperature, thus forming mesoscale thermal
circulation (Fig. 8e). The oasis breeze in the thermal circula-
tion converged with the surface southerly background wind to
form the boundary (Figs. 8c,e).

The evolution process of the boundary was mainly affected
by the mesoscale thermal circulation at the earlier stage and
both thermal circulation and the westerly shortwave trough

thereafter. The surface temperature over the desert area (red
point in Fig. 3a) was higher than that over the irrigated area
(green point in Fig. 3a) from the boundary formation stage to
CI in both observations and simulations (red and blue lines in
Fig. 4). The increase in the temperature difference between
the desert and irrigated areas supported the general increase
in the depth of the boundary, similar to sea-breeze circulation
(Markowski and Richardson 2011). The approaching short-
wave trough also strengthened the boundary after 1220 LST
by intensified convergence. Our numerical simulations revealed
that the approaching shortwave trough caused an enhancement
in the northerly wind and thus a stronger convergence with the
southerly flow (not shown).

c. Impact of the boundary on CI

To study the specific impact mechanism of the boundary on CI
processes, six noninteracting cells (including A, B1wn, B1es, B2,
C1, and C2; IDs are marked in Fig. 3h) were selected to perform
backward trajectory analyses for 4 h using the 3-min-resolution

FIG. 10. (a) Backward trajectories of the first 30-dBZ parcels in cell B1es (red lines) in the divergence (1025 s21,
shading) and winds (a full bar denotes 5 m s21; a half bar denotes 2.5 m s21) in the bottom model layer at 1343 LST.
The yellow triangles along the trajectories denote the positions of the parcels at 1343 LST. The number at the
end of the trajectory arrow is the initiation time for cell B1es. The irrigated area is indicated by black contours
for albedo , 0.19. (b) Temporal evolution of the trajectory height (km MSL, red and black lines, y axis in black),
vertical velocity (cm s21, shading), LFC for the parcel at its height at the corresponding moment (km MSL, cyan
line), and water vapor mixing ratio (g kg21, green line, y axis in green) along the black trajectory. The location where
the parcel along the black trajectory crosses the surface boundary in (b) is indicated by a red arrow on the x axis.
The trajectory parcel locations (yellow triangles) in the vertical cross section at 1343 LST along the green line given
in (a) are plotted with (c) the vertical velocity (cm s21, shading) and water vapor mixing ratio (g kg21, black con-
tours) and (d) divergence of the horizontal wind at each level (1025 s21, shading) and equivalent potential tempera-
ture (K, black contours). The red arrow on the x axis in (c) and (d) denotes the boundary position at 1343 LST.
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model output in 30-s calculation intervals of the air parcels issued
from where reflectivities first reached 30 dBZ (vertical location is
given in the second column in Table 1) by RIP4 (for Read, Inter-
polate and Plot), which is a FORTRAN-based program that al-
lows users to obtain graphical output from the WRF model. Each
parcel was released at 0.05-km vertical intervals and 1-km horizon-
tal intervals within the area where the reflectivity was higher than
30 dBZ at the initiation time. The heights above mean sea level of
the 30-dBZ area, cloud area, LCL, and LFC for parcels lifted

from the mixing layer and ground level at the CI location at the
CI time of the six examined cells are given in Table 1.

The different cells had different sources of parcels even
though these cells were all initiated through the same bound-
ary lifting. According to the horizontal distribution of the
backward trajectories over 4 h, the six examined cells could
be divided into three categories (Fig. 9): the first 30-dBZ par-
cels originated from the south–southwest side (hereafter re-
ferred to as the southern side, including cells A and B1wn),

FIG. 11. Time evolution of vertical cross sections (km MSL) along the green line in Fig. 10a of flow (winds with the
original speed but a direction generated with the original horizontal velocity and 10 times the original vertical velocity,
a full bar denotes 4 m s21 and a half bar denotes 2 m s21), moisture (water vapor mixing ratio, g kg21, shading), and
equivalent potential temperature (K, blue lines) for Cell B1es at (a) 1047, (b) 1117, (c) 1147, (d) 1247, (e) 1347, and
(f) 1447 LST. The 6 g kg21 water vapor mixing ratio and 338-K equivalent potential temperature are highlighted by
bold green and blue lines, respectively. The boundary is indicated by solid magenta lines of28,2163 1024 s21 diver-
gence at low levels and dotted red lines of 8 3 1024 s21 divergence at middle levels at approximately 107.68E and
denoted by red arrows on the x axis.
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the west–southwest side (hereafter referred to as the western
side, including cells B1es, C1, and C2), and both the southern
and western sides (cell B2).

Since the parcels stemming from the same direction exhib-
ited similar characteristics (not shown), we chose cells B1es,
B1wn, and B2 to reveal the characteristics of the parcels in
the CI region from the western, southern, and both directions,
respectively. The trajectories of the parcels in cell B1es cov-
ered the cold and wet irrigated area to the west and the dry
and hot desert area to the east (Fig. 10a; the yellow triangles
denote the positions of the parcels at the time shown in the
panel caption, which is 1343 LST here. The same time con-
vention is used for Figs. 12–15). The time–height evolution of
these air parcels indicated that the first 30-dBZ parcels all
originated from the middle level on the western side over the
oasis (Fig. 10b). The cross section roughly along the trajecto-
ries of the parcels in Cell B1es (green line in Fig. 10a) re-
vealed that the water vapor mixing ratio and equivalent
potential temperature were higher at the boundary (red arrow
in Figs. 10c,d and 11) than those in the surroundings, indicat-
ing that the boundary converged and transmitted moisture
and heat upward at least 3.5 h prior to CI (Fig. 11), which
were important for the development of deep moist convection
initiation in addition to the thicker unstable layer indicated by
the decreasing equivalent potential temperature with height
over the desert area. The higher near-surface equivalent po-
tential temperature at the boundary (Figs. 10d and 11) is con-
sistent with the result from Garcia-Carreras et al. (2011). As

supported by the evolution of moisture (green line in
Fig. 10b) and LFC for the parcel at its height at the corre-
sponding moment (cyan line in Fig. 10b) along one typical air
parcel trajectory (black line in Fig. 10b) originating from middle
levels, these parcels were close to the LFC before initiation
with a high water vapor mixing ratio associated with boundary
lifting. When these parcels passed over the boundary, they
were slightly raised by weak lifting of the boundary, thereby
easily reaching the LFC and achieving initiation. CI did not oc-
cur early at approximately 1147 LST even if the parcel occurred
higher than at 1437 LST, possibly due to the low water vapor
mixing ratio (Fig. 10b). This result indicated that even though a
CI occurred over a surface boundary without a near-surface sta-
ble layer, the inflow may originate from middle levels rather
than in contact with the surface. This feature is different from
the common situation where surface-based CI exhibits surface
boundaries, and the parcels mainly originate from near the sur-
face, while elevated CI processes usually do not exhibit obvious
surface boundaries, and the air parcels largely originate from
above the top of the PBL (Wilson and Roberts 2006).

The CI process in cell B1wn revealed a different behavior.
The process was first triggered by all the low-level parcels stem-
ming from the south that were strongly lifted as they crossed
the boundary (Figs. 12a,b). The parcels exhibited veering hori-
zontal trajectories (Fig. 12a), which resulted in the parcels in
cell B1wn passing across the boundary within a longer period
than that required by the parcels in cell B1es (Figs. 10a,b). Simi-
lar to cell B1es, the water vapor mixing ratio and equivalent

FIG. 12. As in Fig. 10, but for the southerly parcels (purple lines) in cell B1wn at 1345 LST. The location where the
parcel along the black trajectory crosses the surface boundary in (b) is shown by a red arrow on the x axis. The red ar-
row on the x axis in (c) and (d) denotes the boundary position at 1345 LST.
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potential temperature in the environment before initiation were
also higher than those in the surroundings at the same level
(Figs. 12c,d), which was conducive to CI. Upward transport of
moisture and heat flux by the boundary also obviously occurred.
Although the water vapor mixing ratio decreased over time as
the parcel moved northward, the water vapor mixing ratio re-
mained high enough for CI (Fig. 12b).

The parcels that first reached 30 dBZ in cell B2 originated
from both the south and west. The veering horizontal distri-
bution of the southern parcel trajectories was similar to that
of the parcel trajectories in cell B1wn, while the horizontal
distribution of the western parcel trajectories was similar to
that of the parcel trajectories in cell B1es (Figs. 13a,b). The
air parcels on the southern side all stemmed from the low lev-
els, while the parcels on the western side all stemmed from
the middle levels, which was consistent with the results ob-
tained based on cells B1wn and B1es. Namely, the southern
parcels were subject to longer and stronger boundary uplifting
than were the western parcels (Figs. 13c,d).

To understand why the parcels transported by the oasis
breeze of the mesoscale thermal circulation from the low-
level west were not lifted to their LFCs by the boundary, 4-h
forward trajectories from 1200 to 1600 LST of the western
low-level parcels were obtained at 49 horizontal positions
(magenta dots in Fig. 14a). At each horizontal position, parcels

were released at height intervals of 0.1 km within the layer
from 1 to 2.2 km above mean sea level. A series of the most
representative parcels from the low-level west (LLW) are
shown in Fig. 14 and indicate that the parcels below 1.2 km
(red and black lines in Figs. 14a,b) were advected by the oasis
breeze toward the east and uplifted by the boundary to ap-
proximately 3 km. However, these 3-km parcels moved slightly
slower than the boundary, as indicated by the yellow triangles
behind the boundary along the red trajectories (Fig. 14a), pre-
venting them from being continuously uplifted to reach the
LFC (Fig. 14b). In contrast, the parcels above 1.2 km (orange
lines) moved mainly northward or northeastward and thus
were barely affected by the boundary. Among the 49 horizontal
positions, the low-level parcels at 4 positions reached the LFC
(not shown), but these parcels were all lifted by the gust front of
the previously initiated convection rather than by the boundary.
This result suggests that a short lifting time was likely the main
reason that the western low-level parcels were not those that
first reached 30-dBZ area.

The vertical velocities along the trajectories further con-
firmed the major role of the lifting time. The vertical velocities
of the western low-level parcels (approximately 120 cm s21;
the red lines in Fig. 14f) were similar to those of the southern
low-level parcels (80–150 cm s21; purple lines in Figs. 14d,e).
However, the uplift duration of the western low-level parcels

FIG. 13. As in Figs. 10a and 10b, but for the southerly parcels in cell B2 along line AB shown in (a) at 1252 LST on
the left and westerly parcels along line CD shown in (b) at 1320 LST on the right. The location where the parcel along
the black trajectory crosses the surface boundary in (c),(d) is shown by a red arrow on the x axis.
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reached only approximately 45 min (red rectangle on the x axis
of Fig. 14f), which was significantly shorter than that of the
southern low-level parcels (approximately 120 min for cell
B1wn and approximately 180 min for cell B2; purple rectangles
in Figs. 14d,e).

The differences in the uplift duration between the western
and southern parcels by the boundary were related to changes
in the environmental wind direction at the different levels
(Fig. 15). Parcels in a flow that blows away from the boundary
might be advected by the flow away from the boundary, while
parcels in a flow that blow toward the boundary might be ad-
vected toward the boundary. Regarding the southern parcels
(Fig. 15b), the wind profile with the southerly wind at the sur-
face, the southwesterly wind at 700 hPa and the westerly wind
at 600 hPa advected the low-level parcels moving toward the
boundary below 710 hPa, then remained nearly parallel to the
boundary and slowed above 710 hPa. After the velocity per-
pendicular to the boundary was reduced to 0, the parcels
started to wrap around in space above the boundary (low-level

southerly trajectories in Fig. 15f, projected onto the cross sec-
tion perpendicular to the boundary at 1400 LST along the
black line shown in Fig. 15d), which resulted in a longer uplift
time for these parcels (at least 2 h from 1200 to 1400 LST in
Fig. 15f) and therefore higher probabilities of reaching the
LFC. However, the southern middle-level parcels could
barely reach the area above the boundary. These parcels
moved away from the boundary because the southern side
of the boundary at 700 hPa was mainly dominated by the
west–southwesterly wind diverging from the boundary
(dashed yellow line in Fig. 15b).

Relative to the southern parcels, the western low-level par-
cels were advected toward the boundary in the northwesterly
oasis breeze in the thermal circulation (Figs. 8a,d, the dotted
red line in Fig. 15a). However, with the rising air parcels ap-
proaching the boundary, the velocity perpendicular to the
boundary of parcels in the south–southwesterly wind at 700 hPa
diverging from the boundary was reduced (dotted yellow line in
Fig. 15a); thus, parcels lagged behind the boundary and were no

FIG. 14. (a),(b) As in Figs. 10a and 10b, but for the forward trajectories from LLW released at the different levels at
one of the 49 magenta dots along line WE shown in (a) at 1420 LST. The location where the parcel along the black
trajectory crosses the surface boundary in panels (b) is shown by a red arrow on the x axis. (c)–(f) The evolution of
the vertical velocity (cm s21) along the parcel trajectories of cells (c) B1es, (d) B1wn, (e) B2, and (f) from LLW with
their respective durations of boundary uplift (the rectangles on the x axis in corresponding colors).

MONTHLY WEATHER REV I EW VOLUME 1511204

Brought to you by Pennsylvania State University, Paterno Library | Unauthenticated | Downloaded 05/16/23 12:46 AM UTC



FIG. 15. (a),(b) Hodographs at 1400 LST of the selected places at black dots in (d) on the west and south sides of
the boundary. Dashed red, yellow, and green lines indicate the directions of the surface, 700-hPa, and 600-hPa winds.
The blue arrow indicates the direction and location of the boundary at 1400 LST relative to the location of the
hodograph. (c),(d) Horizontal distribution of trajectories of parcels from LLW at 1600 LST and B2 at 1400 LST.
The locations of parcels are indicated by yellow triangles. The divergence (1025 s21, shading) and winds (a full
bar denotes 5 m s21; a half bar denotes 2.5 m s21) in the bottom model layer are also shown. (e),(f) The trajecto-
ries from LLW and cell B2 projected onto the cross sections along black lines shown in (c) and (d) are indicated
by the red hourly arrows at surface, with yellow indicating that below 700 hPa and green indicating that above
700 hPa, which is the same color convention as that shown in (a) and (b). The numbers along the trajectories in
(e) and (f) denote the time (LST) when the parcels reach this point. The vertical velocity (cm s21, shading) and
boundary location (red arrow on the x axis) indicated by the convergence (solid black lines of 28, 216 3 1024 s21

divergence at the low level and dotted black lines of 83 1024 s21 divergence at the middle level) along the cross sec-
tions are also shown.
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longer uplifted (Fig. 15c). The shorter uplift time (less than 1 h
from 1400 to 1500 LST in Fig. 15e) maintained the parcel height
at approximately 700 hPa below the LFC and thus failed to pro-
duce CI. The feature whereby the parcels were alternately lifted
for a short time by the boundary and decelerated by divergence
at ;700 hPa immediately west of the boundary (Figs. 15a,e)
could have resulted in a jump in the vertical velocity of these air
parcels, as shown in Fig. 14b. In contrast, the velocity that was
perpendicular to the boundary of the western middle-level par-
cels was higher than that of the parcels originating at the low
levels; the longer hourly distance from 1100 to 1200 LST is
shown in Fig. 15f (;11.18 km h21) for the western middle-level
parcels and the shorter hourly distance from 1300 to 1400 LST
is shown in Fig. 15e (;8.35 km h21) for the western low-level
parcels. Consequently, even though the western middle-level
parcels in the south–southwesterly wind at 700 hPa were also
decelerated (yellow arrow in Fig. 15f), these parcels continued
to move northeastward at a higher speed than that of the west-
ern low-level parcels and thus were lifted for a longer time than
parcels from LLW. After reaching the boundary and being up-
lifted to higher levels, the parcels were quickly transported
across the boundary by westerly winds, resulting in a short lift-
ing duration.

In addition to the above trajectory analyses starting from
the 30-dBZ reflectivity core, 4-h backward trajectories start-
ing from the updraft core at the CI time for all 6 examined
cells were also calculated, as the updraft was the primary en-
gine of convection. Trajectories that started at the updraft

core were generally consistent with those that started at the
30-dBZ reflectivity area concerning the effect of the boundary
on the CIs. The updraft core of each cell was determined as
points with the top 1% vertical velocity (Marion and Trapp
2019) at 1-km horizontal resolutions in a volume with a hori-
zontal area determined by positive vertical velocity at the
maximum vertical velocity level in the cell, and the vertical
extent was from the surface to 16 km AGL at a 0.05-km in-
terval (Fig. 16). Using the top 1% vertical velocity criterion
produced an updraft core with a vertical velocity larger than
;5 m s21.

Trajectories that began at the updraft cores (Fig. 17) had
similar features to those that began at the 30-dBZ reflectivity
region (Fig. 9), as all the parcels from the 30-dBZ reflectivity
region were closely associated with strong updraft speed at CI
time (Fig. 16). The origins were still mainly from the low-level
south and middle-level west areas (Fig. 17). The parcel sour-
ces of Cells A (low-level south), B2 (both low-level south and
middle-level west) and C1 (middle-level west) remained the
same. The parcel sources of Cells B1es, B1wn and C2 were
mainly the same with dominant middle-level west, low-level
south, and middle-level west, respectively, with small amounts
of additional origins from low-level south, middle-level west,
and low-level south, respectively. In addition, very few parcels
were traced back to high-level northwest in Cells B1es and
B1wn (Figs. 17b1,b2,c1,c2), which seemed to have been advected
into the updraft without obvious influence from the boundary.
These results were mainly consistent with the conclusions

FIG. 16. Three-dimensional isosurfaces of the simulated updraft and reflectivity cores for cells (a) A, (b) B1es, (c) B1wn, (d) B2, (e) C1,
and (f) C2 at CI times. The isosurfaces in gray and green denote the top 1% vertical velocity and 30-dBZ reflectivity, respectively. South is
out of the plane.
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obtained using 30-dBZ reflectivities about the boundary effect
on CI.

To provide a big picture of the CI environment of the ex-
amined cells, the average distribution of convergence, vertical
velocity, CAPE, CIN, and water vapor mixing ratio along the
boundary over the CI times of the six cells at 1442 LST (B2),
1445 LST (C2), 1447 LST (B1es), 1448 LST (C1), 1451 LST (A),

and 1458 LST (B1wn) are shown in Fig. 18. The radar reflec-
tivities of 20 and 30 dBZ around the CI locations are shown
in Fig. 18a, and the positions of each cell marked on the x axis
in Fig. 18b are located based on backward trajectory analysis.
The results showed that CI occurred under the impacts of
both thermal and dynamic environments. With the general
small CIN along the boundary, Cell A was triggered mainly

FIG. 17. (a1)–(f1) Horizontal distribution of trajectories (purple lines, red lines, and black lines denote parcels from low-level south,
middle-level west, and high-level northwest, respectively) starting from the updraft core (determined using the top 1% vertical ve-
locity) in the six examined cells at CI times. The numbers in their titles are the lowest magnitude of the vertical velocity of the
tracked parcels (m s21). The divergence in the bottom model layer (1025 s21, shading) and composite reflectivities of 20 and 30 dBZ
(green contours) are also shown. The irrigated area is indicated by black contours of albedo , 0.19. (a2)–(f2) The trajectories projected
onto the cross sections along black straight lines in (a1)–(f1) are indicated by corresponding lines. The vertical velocity (cm s21, shading)
and reflectivities of 20 and 30 dBZ (green contours) along the cross sections are also shown.
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due to intense surface convergence and strong updraft, while
other cells were triggered with both strong or deep updraft and
larger moisture and CAPE. The six cells tended to be triggered
where the surface convergence was more intense or the updraft
was deeper than in the surrounding areas (Fig. 18b). Overall,
the CI was essentially the result of the interaction between the
synoptic conditions, which had westerly winds at middle levels
and southerly winds at low levels providing instability and mois-
ture, with a surface-driven boundary providing uplift at low to
middle levels.

5. Summary and discussion

This study investigated the formation and evolution of a
boundary layer convergence line and related CI processes oc-
curring on 4 June 2013 in the Hetao area in northern China,
where highly heterogeneous vegetation often forms bound-
aries parallel to the dominant vegetation contrast line across
the interface between the oasis and desert areas. These bound-
aries occasionally initiate convection, which may intensify
downstream and cause severe disasters (Yu 2012; Meng et al.
2013). In this case, a series of cells were triggered along the
boundary without affecting each other within 70 min and fi-
nally merged into a quasilinear mesoscale convective system.

CI occurred in a synoptic environment with favorable lifting
and moisture supply. A shortwave trough at 500 hPa moved
toward the Hetao area from the west. At 850 hPa, a low pres-
sure center was located to the west of the Hetao area, while
widespread southerly flows along the west edge of a low-level
high pressure system over the East China Sea dominated the

Kubchi Desert and its eastern area, transporting moisture
northward.

Based on observations and a convection-allowing simulation
that suitably reproduced the observed evolution of the boundary,
convection, synoptic environment and land surface features, the
evolution mechanism of the boundary and associated CI were
examined. The results revealed that the evolution of the bound-
ary was related to both the thermal differences between the
irrigated area and Kubchi Desert and the background wind.
Mesoscale thermal circulation formed across the interface be-
tween the oasis and Kubchi Desert areas, where high gradients
of soil moisture, latent heat flux, and near-surface air tempera-
ture occurred. Along the interface over the Kubchi Desert, a
southwest–northeast boundary formed due to the convergence
of the oasis breeze branch of the thermal circulation and the
near-surface southerly wind. The boundary formed and was en-
hanced along the isotherm in the high temperature gradient area
rather than along the contour of moisture in the high moisture
gradient area and moved eastward with the high-temperature
area. The increase in the height and depth of the boundary was
mainly supported by the temperature difference between the de-
sert and irrigated areas. In the afternoon, strengthening of the
northerly wind due to the approaching shortwave trough con-
verged with the southerly wind and further strengthened the
boundary. At the boundary, moisture and heat converged hori-
zontally and were transferred toward the top of the PBL, which
represented a critical factor for the development of deep moist
convection initiation in the afternoon.

Convection initiation associated with the boundary was suit-
ably captured in the convection-permitting simulation. One

FIG. 18. (a) Horizontal distribution of convergence (1024 s21, shading, denoting the boundary) averaged over
the CI times of the six cells at 1442 (B2), 1445 (C2), 1447 (B1es), 1448 (C1), 1451 (A), and 1458 LST (B1wn).
The CI locations of the six cells are given by the radar reflectivities of 20 and 30 dBZ (contoured in green and or-
ange). (b) Average of the vertical cross sections of vertical velocity (cm s21, shading), divergence (contoured in
black for 28, 216, 224 3 1024 s21), water vapor mixing ratio (g kg21, contoured in magenta), CAPE (con-
toured in dotted green lines for 300, 600, and 900 J kg21), CIN (contoured in dotted yellow lines for 5, 10, and
15 J kg21), and reflectivities (contoured in cyan for 10, 20, and 30 dBZ) along the boundary by taking a point
every 2 km in the latitudinal direction at the CI times of each cell. The positions of the six cells marked by red
arrows on the x axis were located through backward trajectory analysis, as shown by the dashed black lines in (a).
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unique and interesting finding of this work is that the first
30-dBZ parcels in the different cells exhibited different sources
even though these parcels were all lifted by the boundary to
some extent, revealing different and more complicated features
than those determined in previous studies mainly using ideal-
ized frameworks. These results demonstrated that the sources
of the first 30-dBZ air parcels were affected by both boundary
lifting and direction changes in environmental flow. In the de-
sert area to the southeast of the boundary, the low-level south-
erly wind turned into a middle-level southwesterly wind and
high-level westerly wind, while in the area to the northwest of
the boundary, the low-level northwesterly wind turned into a
middle-level southwesterly wind and high-level westerly wind.
As a result, parcels originating from the west were affected by
the boundary for a shorter time and could be lifted only across
a smaller vertical distance, especially for the parcels from the
low-level west, while the southern low-level parcels veered
above the boundary, experiencing a longer uplift time by the
boundary. Therefore, only the middle-level parcels originating
from the west and low-level parcels stemming from the south
reached their LFC first. Trajectories that began in the updraft
core were generally consistent with the main conclusions drawn
from trajectories starting in the 30-dBZ reflectivities about the
boundary effect on CI.

A schematic diagram of CI in association with the boundary
was proposed in this case (Fig. 19). The CI process was trig-
gered by the boundary generated through the convergence
between background southerly winds and the oasis breeze of
the mesoscale thermal circulation produced by the vegetation
contrast. The different cells triggered along the boundary ex-
hibited different sources of air parcels. Changes in the back-
ground wind direction at the different levels led to parcels
originating from different sources being lifted by the boundary

for different durations, resulting in middle-level oasis parcels
from the west and low-level desert parcels from the south first
reaching their LFC, rather than from the low-level oasis breeze,
as revealed in previous idealized studies.

Considering that the initiation process involving multiple
cells without apparent interaction exhibited notable common-
ality, the schematic diagram proposed in this study may
largely represent the impact of the boundary over the Kubchi
Desert on CI in an environment with low-level southerly
winds, middle-level southwesterly winds, and high-level west-
erly winds over the Kubchi Desert area. Further research on
the mechanism of CI will be conducted considering different
synoptic environments and different background winds. In ad-
dition, this case study was limited by the sparse observational
data for Hetao and nearby areas. With the launch of a field
experiment in the Hetao area from 5 July to 9 August 2022,
led by the corresponding author of this work, the formation
mechanism of the boundary and its impact on CI in the Hetao
area will be examined with more detailed observations.
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