
1.  Introduction
Mesoscale boundaries (i.e., boundary layer convergence lines) represent a narrow zone of low-level conver-
gence that can sometimes promote convection initiation (CI) by forcing the air parcels to reach the level of 
free convection (e.g., Bai et al., 2019; Wakimoto & Murphey, 2010; Weckwerth & Parsons, 2006; Wilson & 
Schreiber, 1986), and their detection can aid in the success of fine-scale CI nowcasts (e.g., Mueller et al., 2003; 
Roberts et  al.,  2012; Wilson & Mueller,  1993). Boundaries commonly arise from differential heating of the 
Earth's surface (Markowski & Richardson,  2010). Among such boundaries, sea/lake breeze fronts that occur 
at the landward edge of sea/lake breeze circulations have been studied relatively thoroughly (e.g., Alexander 
et al., 2018; Kingsmill, 1995; Sills et al., 2011; Wilson & Megenhardt, 1997). In contrast, the boundaries gener-
ated by vegetation heterogeneities have received much less attention.

Abstract  This study examined synoptic impacts on the occurrence of boundaries and their associated 
convection during summers from 2012 to 2016 over Hetao Irrigation District in North China, where there is 
a sharp vegetation contrast. Objective synoptic-pattern classification showed that boundary days, especially 
convective boundary days, were more frequent under a mid-troposphere high-pressure ridge or pre-trough 
pattern. Such patterns featured a warmer near-surface environment, stronger southerly winds, larger 
convective available potential energy (CAPE), and low-level moisture convergence. Relative to unfavorable 
patterns, boundaries under favorable patterns showed more apparent arid-area dependence, more dominant 
orientation along the line of vegetation contrast, more moved northward, formed and matured earlier, and 
triggered convection more dispersedly. Under each pattern, compared with nonboundary days, boundary days 
possessed higher near-surface temperatures and stronger ambient flows against the vegetation-contrast-induced 
circulations near the surface; plus, compared with nonconvective boundary days, convective boundary days 
possessed stronger updrafts, larger CAPE, and higher moisture and K index.

Plain Language Summary  Boundary layer convergence lines (boundaries), which often manifest as 
fine lines of clear-air radar echoes, are an important mesoscale mechanism of convective initiation. Mesoscale 
boundaries induced by vegetation heterogeneity are far less well understood than those induced by the contrast 
between sea or lakes and land, particularly in terms of synoptic impacts on the occurrence of such boundaries 
and their associated convection. Based on a boundary data set during the five summers from 2012 to 2016 over 
Hetao Irrigation District (HID)—an area in North China with a sharp contrast in vegetation, mainly between 
desert and irrigation areas—the aim of the present study was to link these boundaries and their associated 
convection with different synoptic features via objective synoptic-pattern classification. Results showed that 
the boundaries were more likely to occur and trigger convection on days when HID was under a high-pressure 
ridge or pre-trough pattern. The favorable patterns had a warmer environment with stronger southerly flows 
for boundaries to develop, along with larger convective available potential energy and moisture convergence 
for boundaries to trigger convection. Their associated boundaries showed more apparent arid-area dependence, 
more dominant orientation along the vegetation interface, more northward movements, earlier formation and 
maturity, and more dispersed convection initiation timing.
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One typical type of vegetation heterogeneity occurs around irrigation areas in arid regions such as deserts, which 
creates a sharp contrast in vegetation along the desert-irrigation interface. This contrast can induce mesoscale 
thermal circulations with upward and downward motions located over the arid and irrigated area, respectively. 
The circulations may cause a lower frequency of cloud formation over the irrigated side than over the arid side—a 
phenomenon that has been demonstrated over the irrigation area in the bend of the Yellow River and its vicinity 
in Inner Mongolia, North China (i.e., Hetao Irrigation District; hereafter HID), both through a statistical analysis 
of satellite observations (Sato et al., 2007) and a numerical experiment (Kawase et al., 2008). Based on 5 years 
of summertime radar observations, our earlier work (Huang et al., 2019; hereafter H19) examined the general 
features of boundaries and their associated convection over HID. A total of 323 boundaries were identified in 
this area, 44% of which were convective. Our results showed that the boundaries—especially the convective 
boundaries—were more frequent over the arid area than those over the vegetated area, and tended to run parallel 
to the line of vegetation contrast.

Boundaries and their associated CI can be greatly influenced by synoptic-scale factors, especially near-surface 
temperatures and ambient flows. Grau et al. (2020) showed that a higher environmental temperature tended to 
accompany a larger surface temperature difference (ΔT) between land and sea, which contributed to the estab-
lishment of sea breeze circulation. Observational (e.g., Atkins & Wakimoto, 1997; Azorin-Molina & Chen, 2008; 
Grau et al., 2020; Laird et al., 2001) and numerical (e.g., Arritt, 1993; Crosman & Horel, 2010; Seroka et al., 2018; 
Zhong & Takle, 1993) studies have shown that an opposing (i.e., offshore) synoptic-scale flow, rather than a 
supporting (i.e., onshore) flow, serves to strengthen sea/lake breeze circulations. For the sea breezes over the 
Florida peninsula, offshore (onshore) flow days are observed when the east-west ridge axis of the Bermuda high 
is south (north) of the Florida peninsula (Atkins & Wakimoto, 1997). However, overly strong opposing flow is 
not beneficial for the formation of sea/lake breezes (Arritt, 1993). Biggs and Graves (1962) proposed that a small 
magnitude of the Lake Breeze Index, which is proportional to the ratio of the surface wind speed squared to the 
land-lake ΔT, is beneficial for the establishment of lake breezes.

Similar to sea/lake breeze, mesoscale circulations induced by vegetation heterogeneity can also be affected by 
synoptic environments. Doran et al. (1995) compared the boundary layer characteristics of 2 days during a field 
program and found that thermal circulation only occurred on the day with lighter winds of 4–7 m s −1. Ideal-
ized large-eddy simulations showed that well-defined vegetation-contrast-induced circulations can only form 
when the background winds are lower than 2 m s −1 and further trigger convection (Lee et al., 2019; Maronga 
& Raasch, 2012). Also based on idealized simulations, Rochetin et al. (2017) pointed out that circulations will 
strengthen and become more circular as the background wind decreases, thus optimizing the moisture conver-
gence and cloud formation before CI. However, studies on typical synoptic features for real-world boundaries, 
especially vegetation-contrast-induced boundaries, and their associated convection, are quite limited in the 
literature.

As a follow-up to H19, the aim of the present study is to investigate synoptic impacts on the occurrence of 
boundaries and their associated convection over HID. Section 2 introduces the data and methods. The synoptic 
pattern preference of boundaries and their associated convection is examined in Section 3, along with the bound-
ary features under different synoptic patterns. Section 4 compares the environmental features among different 
summertime day types associated with boundaries. A summary is given in Section 5.

2.  Data and Methods
2.1.  Radar-Based Boundaries Data Set

This study used the boundary data set established in H19. The data set contains 323 boundaries within HID 
during the five summers (June to August) from 2012 to 2016. The identification of boundaries was based on 
the reflectivity data collected by the China New Generation Doppler Weather Radar at Linhe station (40.73°N, 
107.36°E) within HID. A boundary is defined as a linear area of enhanced reflectivity (−5 to 10 dBZ, composited 
using the lowest two elevation angles) with a width less than 10 km, a length greater than 10 km and a duration 
of at least 6 min. The 323 boundaries were categorized as 143 (44%) convective boundaries and 170 (56%) 
nonconvective boundaries, depending on whether or not new convective storms with reflectivity exceeding 30 
dBZ developed within 50 km of the boundaries. For each identified boundary, the location, time, orientation, 
and motion were recorded (if available) for its formation, maximum length, and dissipation (for nonconvective 

 19448007, 2022, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
099449 by C

ochraneC
hina, W

iley O
nline L

ibrary on [06/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

HUANG ET AL.

10.1029/2022GL099449

3 of 11

boundaries) or CI (for convective boundaries; the timing of the first 10 dBZ of the first storm) stages. For details 
regarding the establishment of this data set, please refer to H19.

2.2.  Boundaries-Based Classification of Summertime Days

The 5 years of summertime days were classified into boundary days (BDs) and nonboundary days (NBDs). BDs 
were those with at least one identified boundary occurring, whereas NBDs were those without any identified 
boundaries occurring. A BD was further labeled as a convective boundary day (CBD) or nonconvective boundary 
day (NCBD), depending on whether or not at least one identified convective boundary appeared. There were 194 
(42.2%) BDs out of the total 460 summertime days, with 100 days (21.7%) being CBDs.

2.3.  Reanalysis Data

ERA5, the fifth generation of ECMWF's atmospheric reanalysis (Hersbach et al., 2020), was used for synoptic 
pattern classification and analysis of the environmental conditions. ERA5 provides hourly variables on surface 
and pressure levels, as well as some convective parameters including convective available potential energy 
(CAPE), total column water, and K index, with a horizontal resolution of 0.25° × 0.25°. In conjunction with 
ERA5, ERA5-Land provides land surface variables at an enhanced resolution of 0.1° × 0.1°, which has been 
produced by replaying the land component of the ERA5 climate reanalysis. In this study, ERA5 provided the 
information on pressure levels and convective parameters, while ERA5-Land was used to assess the near-surface 
environment.

2.4.  Objective Classification of Synoptic Patterns

The obliquely rotated principal component analysis method in T mode (T-PCA) proposed by Huth (1993) was 
applied to objectively classify the synoptic patterns. T mode means the input data matrix is organized with the 
grid points in rows and the cases (time realizations) in columns, to find typical synoptic patterns more efficiently. 
Huth et al. (2008) suggested that the T-PCA method outperforms other objective classification methods in repro-
ducing predefined dominant weather patterns embedded in the data set and deriving classification results that are 
less sensitive to preset parameters with good temporal and spatial stability. Previous studies have demonstrated 
successful applications of T-PCA in different regions of China (e.g., Bai et  al., 2021; He et  al., 2017; Wang 
et al., 2021; Xu et al., 2020). Following these studies, T-PCA was conducted in this study via the open-source 
software “cost733class,” which was developed within the framework of COST Action 733 “Harmonisation and 
Applications of Weather Type Classifications for European Regions” (Philipp et al., 2016).

3.  Environmental Features in Favorable Versus Unfavorable Synoptic Patterns
3.1.  Summertime Synoptic Patterns Over HID

The classification of synoptic patterns was based on the spatial distribution of mean sea level pressure (MSLP) 
at 0800 LST (after which boundaries began to form substantially, as suggested by H19) during the 2012–2016 
summers. The T-PCA classification method was performed for northern China (33°–48°N, 100°–115°E) centered 
on HID. The synoptic patterns of 460 summertime days were classified into five types—namely, T1 to T5, 
which were ranked in descending order of occurrence frequency (from 26.1% to 14.1%). The significance of the 
difference in the composite MSLPs (Figures 1a1–1a5) between the days in each type and during the whole five 
summers (i.e., mean state) was examined with the Student's t-test.

T1, which has the most frequent occurrence, is characterized by significantly higher MSLPs to the east of HID 
and lower MSLPs to the west (Figure 1a1). Such a juxtaposition in MSLP corresponds to a high-pressure ridge 
at 500 hPa (Figure S1a1 in Supporting Information S1) and an anticyclonic circulation at 700 hPa to the south-
east of HID (Figure S1b1 in Supporting Information S1), facilitating southerly winds. T2 displays a post-trough 
and pre-high-pressure-ridge pattern in HID (Figures S1a2 and S1b2 in Supporting Information S1), with a wide 
area of high MSLP to the northwest of HID (Figure 1a2). T3 is a post-trough pattern similar to T2 but with 
the trough located more to the southwest (Figures S1a3 and S1b3 in Supporting Information S1), resulting in 
low MSLPs to the east of HID (Figure 1a3). Both T2 and T3 display northwesterly winds in HID at both 500 
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and 700 hPa (Figures S1a2, S1a3, S1b2, and S1b3 in Supporting Information S1). The MSLPs in T4 and T5 
are significantly lower than the mean state, while the low center in T5 is stronger and located more to the east 
(Figures 1a4 and 1a5). Accordingly, a shallow and deep trough presents in T4 (Figures S1a4 and S1b4 in Support-
ing Information S1) and T5 (Figures S1a5 and S1b5 in Supporting Information S1) with a 700-hPa trough base 

Figure 1.  ERA5/ERA5-Land-based composite (a1–a5) mean sea level pressure (MSLP, hPa) at 0800 LST, (b1–b5) 2-m temperature (°C) at 0800 LST, (c1–c5) 10-m 
winds (m s −1) at 0800 LST, (d1–d5) convective available potential energy (CAPE, J kg −1) at 1000 LST, and (e1–e5) vertically integrated moisture flux convergence 
(VIMFC, g m −2 s −1; from 850 to 750 hPa) at 1000 LST, for the five classified synoptic patterns (i.e., T1–T5) during the five summers from 2012 to 2016. T1–T5 
are ranked in descending order of occurrence frequency, given in the black text on the left-hand side. The Yellow River is denoted by gray curves. The white (black) 
hatched areas in each panel indicate where the composite values are significantly higher (lower) than the mean state during all five summers, as determined by the 
Student's t-test at a confidence level of 90%. The blue (red) number in the lower-left corner of (a1–a5) indicates the occurrence frequency of boundary days (convective 
boundary days) in each synoptic pattern. In (c1–c5), the wind bars denote the 10-m wind vectors and shaded contours denote the meridional components. In (d1–d5) 
and (e1–e5), the red boxes denote the key areas of convection associated with boundaries, adapted from Huang et al. (2019).
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located to the northwest and north of HID, respectively. Winds in HID at 700 hPa are more from the west in T4 
(Figure S1b4 in Supporting Information S1), and even turn to the northeast in T5 (Figure S1b5 in Supporting 
Information S1) with the enhancement of the southeastern high-pressure system.

3.2.  Synoptic Pattern Preference of Boundaries and Their Associated Convection

The synoptic pattern preference of boundaries and their associated convection was considered by calculating the 
proportion of BDs and CBDs over all days of each synoptic pattern. It turns out that BDs occur most frequently 
in T4, with a percentage of 51.9%, followed by T5 (49.2%), T1 (47.5%), T3 (35.1%), and T2 (30.0%). For CBDs, 
they are most frequent in T5 (35.4%), and then in T1 (28.3%), T4 (27.2%), T3 (14.9%), and T2 (7.0%). Nearly 
72% of BDs are CBDs in T5. Consequently, T1, T4, and T5 are regarded as “favorable patterns” for both BD and 
CBD occurrence, while T2 and T3 are regarded as “unfavorable patterns” owing to the lower frequencies. The 
favorable patterns contribute to approximately 58% of all summer days. A representative case for each synoptic 
pattern is given in Figure S2 in Supporting Information S1.

To understand the synoptic pattern preference, the near-surface temperature and ambient flow were investigated. 
These two factors have been widely recognized as playing the most fundamental role in determining sea/lake 
breeze occurrence (e.g., Atkins & Wakimoto, 1997; Biggs & Graves, 1962; Grau et al., 2020; Laird et al., 2001), 
but their impacts on vegetation-contrast-induced boundaries are less well documented.

Overall, the near-surface environment over HID is significantly warmer in T1 and T5, moderate in T4 and T3, and 
significantly colder in T2 (Figures 1b1–1b5). The mean 2-m temperature at 0800 LST is basically 3°C higher in 
T1 and T5 than in T2. As suggested in Grau et al. (2020) based on high-resolution satellite observations, a higher 
environmental temperature tends to accompany a larger land-sea ΔT, which contributes to the establishment of 
sea breeze circulation. Here, it is difficult to use the global reanalysis data to directly resolve a realistic value of 
ΔT between the irrigated and arid areas. Instead, the higher-resolution (1 km) MODIS land surface temperature 
product could be applicable; however, it is only available for entirely clear-sky conditions. Nonetheless, based on 
the available samples from MODIS, a positive correlation between the ambient temperature and desert-irrigation 
ΔT over HID can be observed (Figure S3 in Supporting Information S1). Thus, similar to the findings of Grau 
et al. (2020), we can conclude that the warmer T1 and T5 tend to produce a larger ΔT, thereby favoring BD occur-
rence, while the coldest pattern (T2) is the most unfavorable.

The near-surface ambient flows over HID are characterized by a dominant southerly component in the favorable 
patterns versus a northerly component in the unfavorable patterns (Figures 1c1–1c5). Note that most bound-
aries appear over the desert to the south of the irrigation area (H19; also refer to Figure 2a), as a result of the 
vegetation-contrast-induced circulations that blow mainly southward or southeastward from the irrigation area 
to the desert at lower levels (Kawase et al., 2008; Sato et al., 2007). Therefore, the southerly flow is basically 
in the opposite direction of the circulations at lower levels and appears to favor boundary occurrence, while the 
northerly flow is basically in the same direction of the circulations at lower levels and appears to suppress the 
boundary occurrence. This result agrees with previous studies concerning sea (lake) breeze (e.g., Arritt, 1993; 
Atkins & Wakimoto, 1997; Laird et al., 2001), which showed that an opposing (offshore) ambient flow would 
converge with the onshore sea (lake) breeze and lead to the enhancement of the horizontal land-sea temperature 
gradient and sea (lake) breeze frontogenesis. By contrast, a supporting (onshore) ambient flow tends to disturb 
the temperature gradient and result in sea (lake) breeze frontolysis.

However, overly strong opposing flow might break the circulation driven by the across-interface ΔT (Arritt, 1993). 
To assess the balance between the forces associated with ambient flow and ΔT, we calculated the ratio of the 
perpendicular 10-m wind speed squared to the 2-m temperature at 0800 LST over the key areas for boundaries 
under the three favorable patterns with dominant opposing winds (see Text S1 in Supporting Information S1 for 
more details). This quantity resembles the Lake Breeze Index, which was proposed to represent the balance of 
force in controlling the establishment of lake breezes (Biggs & Graves, 1962). The smaller the ratio is, the more 
favorable the situation will be for boundary formation. On average, the ratio in T4, T5, and T1 is 0.18, 0.32, and 
0.40, respectively, which is perfectly inversely correlated with the BD occurrence frequency (51.9%, 49.2%, 
and 47.5%, respectively). It turns out that BDs are more likely to occur under a weather pattern with a relatively 
moderate opposing wind (e.g., T4), even though the environment is not so warm (i.e., the ΔT is not so large).
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Convective conditions were further compared among the synoptic patterns in terms of CAPE and vertically 
integrated moisture flux convergence (VIMFC; Banacos & Schultz,  2005) from 850 to 750  hPa (almost the 
lowest 100 hPa over HID) at 1000 LST, after which the boundaries-associated convection became active (H19). 
Compared to the unfavorable patterns, the favorable patterns have larger CAPE overall (Figures 1d1–1d5) and 
stronger low-level moisture flux convergence (more negative VIMFC; Figures  1e1–1e5) within HID. In T5 
and T1, with the most frequent CBD occurrence, significantly larger CAPE and more negative VIMFC can be 
seen over the key areas of boundaries-associated convection (red boxes in corresponding figures). The warmer 
environment under these patterns (Figures 1b1 and 1b5), along with the stronger southerly flows (Figures 1c1 

Figure 2.  Boundary-related features under different synoptic patterns, including the (a) spatial distribution of boundaries 
in the stage of maximum length, (b) percentages of boundary lengths in the stage of maximum length over different ranges 
of enhanced vegetation index (EVI), (c) boundary orientation in the stage of maximum length, and (d) distribution of the 
direction of movement of boundaries from the formation to maximum-length stage, and (e)–(g) the diurnal cumulative 
frequency of boundaries in the (e) formation, (f) maximum-length, and (g) convective initiation stage. In (a), the black 
box denotes the area in which the daily averages for the boxplots in Figure 3 were calculated, and the black line denotes 
the position of the vertical cross section in Figure S4 in Supporting Information S1. The start time to calculate the diurnal 
cumulative frequency in (e)–(g) was set at 0700 LST, after which daytime boundaries began to form, as demonstrated by 
Huang et al. (2019).
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and 1c5), might aid in the enhancement of instability and low-level pooling of moisture. As the weakest of the 
CBD-preferred patterns, T4 has a relatively moderate CAPE and weaker negative VIMFC. By contrast, the unfa-
vorable types are characterized by smaller CAPE overall and divergent moisture fluxes (positive VIMFC) over 
HID, especially in T2 with the minimum CBD frequency. These results suggest that boundaries are more likely to 
trigger convection under a synoptic pattern with higher CAPE and low-level moisture, by further deepening the 
moist layer and realizing the abundant CAPE.

3.3.  Variation in Boundary Features With Synoptic Pattern

Under the favorable patterns, the arid-area-dependence of boundary occurrence suggested in H19 appears to be 
more remarkable than under its unfavorable counterparts (Figure 2a). This is quantitatively evidenced by a larger 
proportion of boundaries' maximum lengths over the arid area where the enhanced vegetation index (EVI) is 
less than 0.15 in T4 (>80%), T5 (>80%), and T1 (∼70%) relative to T2 and T3 (∼60%) (Figure 2b). Over 20% 
of boundary lengths in T2 and T3 appear in the irrigation area where the EVI is more than 0.30. These results 
indicate that the favorable patterns are more conducive to enhancing vegetation-contrast-induced circulations and 
boundary occurrence within the upward branch of the circulation over the arid side. The boundaries under the 
favorable patterns apparently preferred the northeast-southwest orientation parallel to the main desert-irrigation 
interface, with a percentage comparable with (in T1) or larger than (in T4 and T5) the total percentage of other 
three orientations (Figure 2c). Under the unfavorable patterns, the orientation distribution was relatively even, 
with the largest percentage less than 40% (Figure  2c). After formation, the boundaries tend to have a more 
northward component of movement under the favorable patterns (T1, T4, and T5 in Figure 2d), likely due to the 
dominant southerly ambient flows (Figures 1c1, 1c4, and 1c5); whereas, under the unfavorable patterns, they tend 
to have a more southward component of movement (T2 and T3 in Figure 2d), probably because of the dominant 
northerly ambient flows (Figures 1c2 and 1c3).

From a diurnal perspective, the boundaries under the favorable patterns tend to form and obtain their maximum 
length earlier than those under the unfavorable patterns. Up to 90% of the boundaries in T1, T4, and T5 form 
before 1500 LST, which is almost 10% higher than those in T2 and T3 (Figure 2e). During the stage of maxi-
mum length, the cumulative frequency before 1600 LST ranges from 72% to 87% under the favorable patterns, 
versus 59% to 66% under the unfavorable patterns (Figure 2f). In addition, all the boundaries in T2 and T3 trigger 
convection before 1600 LST, with a peak time at midday (1100–1300 LST), as indicated by the largest slope of 
the line, whereas under the favorable patterns there are some boundaries triggering convection after 1600 LST 
(Figure 2g). This result indicates that the CI times of the boundaries under the favorable patterns are more disper-
sive, while the boundaries under the unfavorable patterns are prone to triggering convection around midday, when 
the thermodynamic environment of the day is relatively favorable.

4.  Boundary-Dependent Environmental Features Under Each Synoptic Pattern
This section further compares the environmental characteristics between NBDs and BDs and between NCBDs 
and CBDs for each synoptic pattern. The comparison is conducted from both the horizontal and vertical view-
points, respectively covering and across the key areas of boundaries and their associated convection (i.e., the 
black box and line in Figure 2a).

4.1.  Thermodynamic Environment

The near-surface environment is generally warmer on BDs than NBDs for each synoptic pattern, which becomes 
increasingly apparent from morning to noon as the solar heating strengthens (green vs. blue boxes in Figure 3a). 
As described above, a warmer environment over HID usually signifies a larger desert-irrigation ΔT, and thus is 
more likely to drive the occurrence of boundaries. When the environment is sufficiently warm, boundaries tend 
to trigger convection due to the enhanced convergence along the boundaries (as a result of the large ΔT), as well 
as the instability of the environment. Accordingly, CBDs consistently have a warmer environment than NCBDs 
under all five synoptic patterns (red vs. yellow boxes in Figure 3a). For most CBDs (based on the 75% quantile), 
a 2-m temperature exceeding 21°C, 25°C, and 28°C is the prerequisite at 0800, 1000, and 1200 LST, respectively.
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The increasingly warmer environment from NBDs, to NCBDs to CBDs can also be seen in the vertical direc-
tion (colored in Figure S4 in Supporting Information S1) from the near-surface to the mid-troposphere close to 
500 hPa, although the distinction is less apparent in the higher levels. In addition, even though the desert-irrigation 
ΔT is hard to realistically resolve using the reanalysis data, it is still faintly visible at lower levels on BDs, and 
especially on CBDs (Figures S4b1–S4b5 and S4c1–S4c5 in Supporting Information S1).

Figure 3.  Box-and-whisker plots of the (a) 2-m temperature (°C) at 0800, 1000, and 1200 LST, (b) perpendicular component 
of 10-m winds (m s −1) at 1000 LST, (c) convective available potential energy (CAPE, J kg −1) at 1000 LST, (d) total column 
water (TCW, kg m −2) at 1000 LST, and (e) K index (K) at 1000 LST, for comparing NBDs (nonboundary days), BDs 
(boundary days), NCBDs (nonconvective boundary days), and CBDs (convective boundary days) under the five synoptic 
patterns (i.e., T1–T5, from top to bottom). For each variable at a time, the daily value is the average over the black box 
in Figure 2a. The perpendicular component of 10-m winds means the component of 10-m winds along the black line in 
Figure 2a, roughly perpendicular to the main desert-irrigation interface. The perpendicular wind component is positive when 
it blows from the desert to irrigation area, and vice versa. The different text colors in (b) represent the percentage (units: %) 
of positive samples in each boxplot. For each box-and-whisker plot, the top and bottom edges of the box denote the upper 
and lower quartiles (q3 and q1), respectively. The line inside the box denotes the median. The sample outliers, denoted by 
circles, are the values larger than q3 + 1.5× (q3−q1) or smaller than q1−1.5× (q3−q1). The whiskers above and below each box 
represent the nonoutlier maximum and minimum, respectively. The asterisk symbols denote the sample averages.
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The development of boundaries under different synoptic patterns may need different desert-irrigation ΔT values. 
CBDs have a significantly higher near-surface temperature than NBDs throughout T1–T5 (little-to-no notch over-
lap in the boxplots, especially after 1000 LST), while the temperature distinction between NCBDs and NBDs is 
apparent only in T1 and T5. These results indicate that the stronger opposing ambient flows in T1 and T5 require 
a larger desert-irrigation ΔT to achieve a small balance ratio index.

4.2.  Ambient Flow

The ambient winds perpendicular to the main desert-irrigation interface, either the opposing (positive) or 
supporting (negative) winds to the vegetation-contrast-induced circulations, were examined (Figure 3b). Under 
each pattern, BDs appear to have a larger percentage with opposing flows than NBDs, despite the difference 
being not too remarkable (green vs. blue values in Figure 3b). The percentages with opposing flows are slightly 
(3%–9%) more on CBDs than on NCBDs for T1, T4, and T5, and moderately (14%–22%) more for T2 and T3 
(red vs. yellow values in Figure 3b).

The perpendicular ambient flows under the favorable patterns are roughly southeasterly and appear to weaken 
from the desert to the irrigation area, likely owing to the opposite direction of the irrigation-area breezes (arrows 
in Figure S4 in Supporting Information S1); whereas the perpendicular ambient flows under the unfavorable 
patterns are roughly northwesterly and appear to enhance from the desert to the irrigation area, probably because 
of the same direction of the irrigation-area breezes. This is consistent for NBDs, NCBDs and CBDs. The oppos-
ing flows over the desert might extend to 650 hPa in T1 (Figures S4a1–S4c1 in Supporting Information S1), 
but are confined to below 800 hPa in T4 (Figures S4a4–S4c4 in Supporting Information S1) and T5 (Figures 
S4a5–S4c5 in Supporting Information S1). The upward flows, mainly occurring between 850 and 700 hPa over 
the desert, are generally more active on CBDs than on NBDs and NCBDs, which might aid in the development 
of convection on CBDs.

4.3.  Convective Parameters

As expected, convective parameters perform well in differentiating CBDs from NCBDs. In terms of CAPE 
(Figure  3c), the median is significantly larger on CBDs relative to NCBDs for each synoptic pattern, with 
little-to-no box notch overlap of each box pair. Except in T2, the synoptic patterns possess a mean CAPE value 
of ∼300 J kg −1 on CBDs, versus a value of ∼100 J kg −1 or less on NCBDs. Meanwhile, the moisture content is 
more abundant on CBDs than on NCBDs, as evidenced by the overall higher total column water (Figure 3d) on 
CBDs, with an average of 20–26 kg m −2 versus 16–22 kg m −2 on NCBDs. Overall, the average specific humid-
ity on CBDs (green contours in Figures S4c1–S4c5 in Supporting Information S1) is 1–2 g m −2 higher than 
on NCBDs (green contours in Figures S4b1–S4b5 in Supporting Information S1), at the same levels below the 
mid-troposphere. The K index (Figure 3e), which is a measure of convective potential by combining the  temper-
ature lapse rate and lower-tropospheric moisture conditions (American Meteorological Society, 2021), is signif-
icantly higher on CBDs than on NCBDs. Without much overlap between the box pairs, the K index seems to be 
an effective parameter for differentiating CBDs from NCBDs under most synoptic patterns, except T5, in which 
the K index on NCBDs is only slightly lower than on CBDs.

However, the convective parameters are incapable of distinguishing BDs from NBDs. On the whole, the CAPE 
values on BDs are only slightly larger than their NBD counterparts, due to the fairly low CAPE values of NCBDs 
out of BDs (Figure 3c). The total column water (Figure 3d) and K index (Figure 3e) on BDs are comparable to 
that on NBDs, with the NBD values generally being between those of the NCBDs and CBDs, which can also 
be seen from the vertical perspective in terms of composite specific humidity (green contours in Figure S4 in 
Supporting Information S1). These results suggest that convective parameters may not be very helpful in deter-
mining whether or not a boundary will occur, but are quite helpful in determining whether or not a boundary will 
trigger convection once it has occurred.
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5.  Conclusions
The influences of synoptic features on the occurrence of mesoscale boundaries and their associated convection 
over HID—an area in North China with a sharp contrast in vegetation (mainly between irrigation and desert 
areas)—were investigated during the five summers from 2012 to 2016. The summertime days were categorized 
into BDs and NBDs; and BDs were further divided into CBDs and NCBDs. The daily atmospheric circulations 
in these five summers were classified into five distinct synoptic patterns based on an objective classification 
method (T-PCA).

Three synoptic patterns (T4, T5, and T1) that contributed to ∼58% of the summer days were found to be favora-
ble for both BD and CBD occurrence. Under the most frequent one of these three patterns, HID was dominated 
by a high-pressure ridge. Under the other two patterns, HID was located pre-trough (either shallow or deep 
trough). The two unfavorable patterns were both post-trough with different trough locations. Compared with the 
unfavorable patterns, the favorable patterns were characterized by a warmer near-surface environment over HID 
with dominant southerly ambient flows opposite to the irrigation-area breeze of the desert-irrigation circulations, 
which might have enhanced the circulations and resulted in more frequent BD occurrence. Consistent with the 
features of the Lake Breeze Index proposed in a previous study, the ratios of the perpendicular 10-m wind speed 
squared to the 2-m temperature under the three favorable synoptic patterns were found to inversely correlate well 
with the BD occurrence frequencies in HID with sharp vegetation contrast.

It was also found that the larger CAPE and stronger low-level moisture flux convergence under the favorable 
patterns may have contributed to the active occurrence of CBDs. Under each synoptic pattern, BDs, and espe-
cially CBDs, tended to have a warmer environment and more opposing ambient flows than NBDs. Moreover, 
CBDs can be successfully distinguished from NCBDs based on their significantly stronger upward flow, larger 
CAPE, and higher moisture content and K index.

Under the favorable patterns, the boundaries tended to show more apparent arid-area dependence in terms of 
spatial distribution, were more dominantly orientated along the main desert-irrigation interface, more moved 
northward, formed and obtained their maximum length earlier, and had a more dispersive CI time.

Despite this study having supplemented H19 by relating the behaviors of mesoscale boundaries with synoptic 
impacts, the finer-scale effects, such as those from the surface sensible/latent heat flux gradient across the area 
of vegetation contrast (Kawase et al., 2008), have not been addressed, mainly because of the limitations imposed 
by the sparseness of observations over HID. A field experiment over this region to fill this knowledge gap is 
necessary, which our group is planning to carry out in the summer of 2022.

Data Availability Statement
The ERA5/ERA5-Land reanalysis data were provided by ECMWF and downloaded from the Copernicus Climate 
Change Service Climate Data Store (https://doi.org/10.24381/cds.bd0915c6; https://doi.org/10.24381/cds.
adbb2d47; https://doi.org/10.24381/cds.e2161bac). The radar data were provided by the National Meteorologi-
cal Information Center of the China Meteorological Administration (http://data.cma.cn/data/cdcdetail/dataCode/
J.0012.0001P.html; only available in Chinese). The MODIS data were downloaded from NASA's Earth Observ-
ing System Data and Information System (EOSDIS; https://doi.org/10.5067/MODIS/MOD11A1.006; https://doi.
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