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Abstract The role of planetary boundary layer (PBL) in the urban effect on mesoscale convective systems
(MCSs) remains highly uncertain. The high‐density Mesonet of radar wind profilers (RWPs) in Beijing, along
with geostationary satellite data from Fengyun‐2, were used to investigate the MCS evolution and potential
impact of urbanization. An MCS as observed by satellite tends to weaken over urban and downstream areas
under strong precipitating conditions as opposed to an invigoratedMCS over urban and downstream areas under
weak precipitating conditions. The pattern of low‐level convergence and high‐level divergence from RWP
Mesonet dominates the PBL of all MCS events under strong precipitating conditions, as compared with
fluctuating vertical structures of convergence under weak precipitating conditions. Under strong precipitating
conditions, turbulent friction weakens MCS activity over the Beijing urban area. Under weak precipitating
conditions, thermal effect dominated over urban areas, favoring the formation of surface‐level convergence and
invigorating MCSs. Using the large‐eddy simulation, we further investigated the influence of turbulent
structural characteristics on the development of MCS. For the strong (weak) precipitating case, turbulence
dissipation (buoyancy) dominated the turbulent kinetic energy over urban areas, explaining well the
characteristics of MCSs propagating over these areas. Overall, the theoretical analysis and model simulation
results confirm the observed impact of urbanization on MCSs. Besides the above scientific findings, our study
highlights the importance of the RWP Mesonet in studying the urban effect on MCSs.

Plain Language Summary The influence of boundary‐layer dynamics in urban underlying surface
on mesoscale convective system (MCS) is still uncertain. Here, we explore the PBL dynamic characteristics of
the evolution of MCSs in Beijing urban areas under different synoptic scale forcing by using the cloud products
from geostationary satellites and the high‐resolution RWP Mesonet measurements. In the case of strong
precipitating conditions, low‐level convergence and high‐level divergence dominate the convective structure of
PBL. In contrast, under weak precipitating condition, surface friction favors the formation of PBL convergence,
which drives the development of MCS over urban and downstream areas. Further analysis based on WRF‐LES
model simulation verifies the observation phenomenon. The results obtained here will help us understand the
dynamic impact of urbanization on cloud systems and provide new insights into the mechanism of urbanization
affecting MCS.

1. Introduction
Mesoscale convective system (MCS) is one of the main convective systems affecting the global hydrological
cycle (Ai et al., 2016; Chen et al., 2019; Feng et al., 2016, 2021; Taylor et al., 2017). Globally, urbanization has
been accelerating at an unprecedented pace, and its impact on Earth's weather and climate has been widely
recognized (Chen & Frauenfeld, 2016; Kalnay & Cai, 2003; Qian et al., 2022; Sarangi et al., 2018; Zhang,
Villarini, et al., 2018). It has been demonstrated that urbanization can significantly affect the exchanges of fluxes
of momentum and heat between the surface and the lower troposphere (Hu et al., 2013; Shepherd et al., 2002;
Zhang et al., 2017). This results in changes in surface air temperature and thermally induced circulations.
Nevertheless, the ways and mechanisms by which the changes of urban or land use affect the evolution of MCS
remain elusive (Theeuwes et al., 2019).
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The measurements of vertical dynamic variables such as divergence and vertical velocity have been extensively
used to indicate vertical motion and mesovortex in the MCS, which are generally calculated from rawinsonde or
Doppler weather radar (Bousquet & Chong, 2000; Mapes & Houze, 1993, 1995). These measurements, especially
in the planetary boundary layer (PBL), well characterize the structures and variation features of MCS (Bousquet
& Chong, 2000). Nevertheless, the above‐mentioned vertical observational studies associated with MCS were not
conducted over urban areas.

The vertical profiles of thermodynamic and dynamic variables in the PBL over urban areas may help address this
challenge facing the urban‐MCS interaction. The PBL is the buffer for the exchange of heat and momentum
between the surface, lower atmosphere, and clouds (Zhang, Guo, et al., 2018). Especially regarding urban‐MCS
interactions, process in the PBL is a key player driving the occurrence and enhancement of MCSs (Lorenz
et al., 2019; Stull, 1988). Exceptional roughness of the urban landscape tends to increase boundary‐layer
convergence over and downwind of urban areas (Thielen et al., 2000; Yu et al., 2022). Shepherd et al. (2002)
assessed the impact of the urban heat island (UHI) on convection, concluding that the UHI‐induced secondary
circulation contributed to the frequent occurrence of convective clouds in the downstream, particularly under
calm conditions. However, if wind is strong enough, the turbulence generated by shear will suppress the heat
transfer, inhibiting the influence of the UHI on convection (Huff & Changnon, 1973). While there have been
many documented observations and numerical studies, the dynamics of urban‐induced convection related to cloud
dynamics are still poorly understood (Qian et al., 2022).

Turbulence is one of the main motion forms in the PBL, affecting the surface‐atmosphere interaction by con-
trolling the transport process in the atmosphere (Salesky et al., 2017). Studying turbulence structure in the PBL is
helpful to understand its influence on various weather processes, especially clouds and precipitation (Han
et al., 2019; Lee et al., 2019; Stull, 1988). Using large‐eddy simulations (LESs), a lot of insights have been gained
on the impact of urban surface on the turbulent structure and mixing processes in the PBL (Miao & Chen, 2008;
Noh et al., 2003; Rai et al., 2017). Moreover, it is well recognized that the radar wind profiler (RWP) is able to
continuously monitor turbulence profiles in the middle and lower troposphere (Solanki et al., 2022; Uma &
Rao, 2009).

In this context, the main purpose of this study is to investigate the dynamic mechanism of the urban impact on
MCSs by combining geostationary satellite and RWP observations, along with LES. In particular, we aim to
distinguish the relative importance of different dynamic characteristics in different synoptic types. The paper is
organized as follows. Section 2 describes the data, methods, and Weather Research and Forecasting (WRF) LES
(WRF‐LES) settings. Section 3 analyzes and discusses observations and simulation results. Conclusions and
discussion are given in Section 4.

2. Data and Methods
2.1. Radar Wind Profiler, Millimeter Cloud Radar, and Surface Synoptic Observations

Beijing, the capital of China, is a megacity with a large population and a high degree of urbanization, located
southeast of the Yanshan mountain range. The special topography, complex urban structure, and heterogeneous
surface land‐cover types make it particularly challenging to investigate land‐atmosphere interactions. In this
study, a variety of observational data sets during the warm‐season months of May to September for the period
2018 to 2019 collected in Beijing (Figure 1) from the China Meteorological Administration (CMA), in combi-
nation with the European Centre for Medium‐Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA‐5)
(Hersbach et al., 2023), are used to analyze the physical process of MCSs above the heterogeneous surface.

Vertical profiles of wind and cloud radar reflectivity are provided by high‐vertical‐resolution RWPs and milli-
meter cloud radars (MMCR; Figure 1a), with time resolutions of 6 and 1 min, respectively (Guo et al., 2021; Y.
Zhang et al., 2019a, Z. T. Zhang et al., 2019b). Wind speed and direction information is provided by the wind
profiler, temperature, and RH is provided by the sounding measurement at the Beijing observatory station
(39.80°N and 116.47°E, marked in Figure 1a). Hourly meteorological measurements are obtained from CMA's
meteorological stations, including 10 m wind speed, precipitation, cloud fraction, and sea‐level pressure (see the
purple dots in Figure 1b). Hourly 2 m temperature (T2m) is provided by the automatic weather stations (AWS,
Figure 1b).
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2.2. Identification and Tracking of MCS

MCS is defined based on the cloud top temperature (CTT) of the Fengyun‐2 (FY‐2) F‐series geostationary
satellite (NSMC, 2023), which refers to a convective system with CTT less than 235 K, with a maximum cloud
area greater than 10,000 km2 and less than 160,000 km2 and a duration of ≥3 hr. The tracking algorithm of MCS
follows the method of Chen et al. (2019), which combines the Kalman filtering (KF) method with the traditional
area overlap (AOL) method to determine the lifecycle of MCS. When the area of potential MCS is larger than
2,000 km2, their spatial areas on continuous images will have some common pixels, so the AOL method can be
used for tracking, and when the overlap rate is greater than 0.12, the clouds are regarded as the same cloud cluster
at different times. However, for MCS with small area or fast movement speed, the AOL method is not applicable.
Therefore, for these MCS, the KF equation is first used to predict their motion. Subsequently, locate the MCS
closest to the predicted position in the next time point and match it with the current MCS. As a result, a total of 284
MCSs occurring on 134 days events passing through Beijing were identified.

2.3. Classification of Synoptic Patterns

This study applies the T‐mode obliquely rotated principal component analysis (T‐PCA) method to distinguish the
dominant synoptic patterns covering the north China region (30°N–50°N, 107°E–127°E). T‐PCA is an objective
classification method based on principal component analysis and rotating T‐mode principal components for loads.
Compared with other classification methods such as neural network method (Agel et al., 2018; Maloney &
Kiehl, 2002; Yang et al., 2022), correlation method (Lund, 1962), empirical orthogonal method (Nicholas &
Battisti, 2012; Rana et al., 2019; Zveryaev, 2006), and classical principal component analysis method (Mills
et al., 1994; Serra et al., 1996; Wei, 2012), the T‐PCA has been widely used in the atmospheric circulation
research (Huth et al., 2008; Miao et al., 2017; Xian et al., 2023; Zong et al., 2021).

Here the horizontal wind field and geopotential heights at the 850‐hPa level are used in the T‐PCA method for
classifying dominant synoptic patterns, which are directly acquired from ERA‐5 at 1,400 Beijing Time (BJT)
when the PBL is fully developed (Guo et al., 2016; Zhang, Guo, et al., 2018). The reasons for selecting the 850‐
hPa potential height are twofold: (a) The Beijing and the surrounding areas have an elevation less than 1,500 m
above sea level. (b) Based on high‐resolution sounding measurements, the extreme weather events are typically
linked to abnormal temperatures and humidity below 850‐hPa (Yan et al., 2019). Here 9 clusters are chosen in the
T‐PCAmethod, five of which account for less than 6% of theMCS days analyzed and thus be discarded for further
analysis. Therefore, only four dominant synoptic patterns are left, which collectively account for 75.4% of the
MCS days analyzed.

Figure 1. Satellite‐based classification of panel (a) land‐cover and land‐use types in and around Beijing in 2020. Also marked are the locations of radar wind profiler
(RWP) stations (blue dots) and millimeter cloud radar (MMCR) stations (squares). (b) A close view of the central urban area, showing national surface stations (purple
dots) and automatic weather stations (AWS; stars). Black solid triangles are used to calculate divergence (a) and geostrophic wind (b).
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2.4. Calculating the Profile of Area‐Averaged Horizontal Divergence

Changes in roughness and surface temperature caused by the urban underlying surface represent changes in
dynamic and thermodynamic characteristics, which usually changes the thermodynamics of the PBL in urban
areas. To obtain vertical profiles of atmospheric dynamic variables, the areal averaged divergences at different
levels ranging from the lower PBL up to middle troposphere are calculated from horizontal wind measurements
from the RWPs. Bellamy. (1949) proposed the triangle method used in this study. Horizontal divergences in the
triangular areas are calculated using horizontal wind observations from three noncollinear stations as follows:

D =
(u2 − u1)(∆y3 − ∆y1) − (u3 − u1)(∆y2 − ∆y1) + (v3 − v1)(∆x2 − ∆x1) − (v2 − v1)(∆x3 − ∆x1)

(∆x2 − ∆x1)(∆y3 − ∆y1) − (∆x3 − ∆x1)(∆y2 − ∆y1)
(1)

where ( xi,yi) (i = 1,2, 3) are the coordinates of the each vertex of the triangle. For this algorithm, it is also
necessary to ensure that the side length of the triangle is greater than 40 km, the obtuse angles are less than 140°,
and the area is greater than 500 km2 (Guo, Guo, & Xian, 2023) to ensure the validity of the divergence retrievals.
Therefore, according to the proposed algorithm, 6 RWPs and 4 triangles (Figure 1a) in the Beijing area were used
for calculation.

2.5. Collocating MCSs Identified by FY‐2 With RWP and MMCR Profiles

To obtain the dynamic structure of MCSs before convection initiation (CI), the start time of an MCS is found by
matching FY‐2 and MMCR observations. Figure 2 shows an example of a cloud object identified by the MMCR,
with CTTs obtained from FY‐2 observations. The RWP profile used to match wind profiles to the cloud object is
shown as a black arrow at the start time of the cloud object. In addition, half an hour before (after) the start of the
cloud object is used to calculate the divergence at the cloud base.

2.6. Isolating the Relative Contributions of Surface Friction and Turbulent Friction to MCSs

Compared with surrounding plain area, urban surface has relatively larger roughness, which tends to lead to
stronger surface friction and enhanced convergence over the urban area. In contrast, turbulence friction can
destroy the close coupling between the land surface and the atmosphere (Lee et al., 2019; Thielen et al., 2000).
Therefore, separating turbulent friction and surface friction can help us understand the different processes behind
the interactions between PBL and cloud with the urban underlying surface.

For stationary surface wind, the geostrophic balance is modified by friction as:

−
∇P
ρ
+ F + f = 0 (2)

where − ∇P
ρ represents the pressure gradient force (G), ρ is the air density (1.25 kg/m3) and P is the sea‐level

pressure, which is obtained from surface meteorological station. F is the Coriolis force expressed as:

Figure 2. Time‐altitude cross‐section of radar reflectivity (color shading) observed by the cloud radar in Beijing on 17 June
2019. Also overlaid is the time series of the cloud‐top temperature (CTT; green line) observed by the Fengyun‐2 satellite.
Horizontal divergence retrievals from radar wind profilers are taken during 30‐min periods, being 30 min ahead of the
appearance of clouds above Beijing. Note that the cloud‐base height is estimated within the first 30 min of cloud radar
observations (shaded in blue). Orange‐ and green‐shaded vertical rectangles show the 30‐min time periods before and after,
respectively, the start time of the cloud object denoted by the black arrow.
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F = − 2Ω × V (3)

where V is obtained fromwind measurements at 10 mweather tower and Ω is the rotational angular velocity of the
Earth (7.292 × 10− 5 rad/s).

In Equation 2, f is the drag force which is composed with both turbulent friction (ft) and surface friction (fs):

f = kV (4)

where k is the drag coefficient.

In order to reflect the influence of surface roughness on observed surface wind speed under different synoptic
patterns, we follow the method of Wu et al. (2016) here, assuming that the drag coefficient k is that of the 1980s
and has not changed since then, and define the wind speed under this assumption as model wind speed (Vm) :

−
∇P
ρ
+ F + k1980sVm = 0 (5)

Therefore, from Equation 5, it can be seen that due to the use of a fixed drag coefficient k1980s (due to the inability
to directly measure, k1980s is calculated by bringing the observed wind speed into Equation 5), the variation of the
model wind speed Vm is only controlled by the pressure gradient force G. The observed wind speed V is
determined by the combined effects of pressure gradient force G, surface friction force fs, and turbulent friction
force ft. So, the difference between V and Vm reflects the impacts of surface friction force and turbulent friction
force on surface wind speed caused by changes in surface roughness around the research stations in recent years.

To obtain the contributions of fs and ft, we first need to calculate the Vm, and the calculation of − ∇P
ρ is crucial. Wu

et al. (2016) provide a detailed calculation method of this. At a given surface meteorological station (purple dots
in Figure 1b), sea‐level pressure P is assumed to be a linear function of the station position (x, y) (Krueger
et al., 2019; Zhang and Wang, 2020):

P = ax + by + c (6)

Therefore, P at the three stations (see the triangles in Figure 1b) around a given station can be used to calculate ∇P
and further calculate Vm. Here, we verified the correlation between the sea‐level pressure calculated using the
triangle method and the observed sea‐level pressure, and found a high correlation between them (R2 = 0.998, as
shown in Figure S1 in Supporting Information S1), suggesting that this assumption is reasonable.

To attempt to quantify the influences of surface friction and turbulent friction, we followed the method proposed
by Wu et al. (2018) and Y. Zhang et al. (2019a), Z. T. Zhang et al. (2019b) to separate these two forces. It is
speculated that compared with cloudy days, sunny days are conducive to convection (Zhang, Guo, et al., 2018).
Turbulence mixing is often significantly higher on sunny days than on cloudy days because both thermal tur-
bulence and mechanical turbulence are stronger on sunny days, while cloudy days are primarily driven by hor-
izontal wind vertical shear, which leads to mechanical turbulence. Therefore, following Wu et al. (2018) and Y.
Zhang et al. (2019a), Z. T. Zhang et al. (2019b), weak mechanical turbulent mixing differences are assumed to be
the same on clear‐ and cloudy‐sky days. So, the comprehensive effect of pressure gradient force and turbulent
friction force can be inferred from the difference in V between sunny and cloudy days. In addition, the difference
in Vm on cloudy and clear days is a function of G only, so the influence of turbulent friction can be isolated by
∆V − ∆Vm, where ∆ represents the difference in wind speed between the sunny and cloudy days. Because the
combined effect of turbulent friction and surface friction can be expressed as V − Vm, the effect of the surface
friction force can be finally calculated as V − Vm − (∆V − ∆Vm) .

2.7. Turbulent Kinetic Energy (TKE) Budget

To analyze the turbulent structure characteristics under different synoptic forcing conditions, we further separate
the vertical distribution of each term in the Turbulent Kinetic Energy (TKE) balance equation (Stull, 1988), which
is shown as follows:
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∂e
∂t
= − [u′w′

∂u
∂z
+ v′w′

∂v
∂z
]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Shear

+
g
θv
w′θ′v

⏟⏞⏞⏟
Buoyancy

−
∂w′e
∂z

−
1
ρ0

∂w′p′
∂z

⏟̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅⏟
Diffusion

− ε⏟⏞⏞⏟
Dissipation

(7)

e =
1
2
(u′2 + v′2 + w′2) (8)

where u′,v′,w′ represent the velocity disturbance, ρ0 is the standard density, θv is the virtual potential tem-
perature, and e is TKE. On the right‐hand side of Equation 7, there are four terms, representing the contribution of
shear stress, buoyancy, diffusion, and turbulence dissipation, respectively. Each term of Equation 7 is separately
calculated using the output from the WRF‐LES model simulation, which is described in the next subsection.

2.8. WRF‐LES Settings

The WRF model, version 4.1.5, is used to run LESs to explicitly solve the turbulence spatial structure of the
convection process under different synoptic forcing conditions. SixWRFmodel domains are used: two mesoscale
(Figure 3a, d01–d02) and four microscale (Figures 3b and 3c, d03–d06) domains, and LES is only performed at
domain 03–06 (d03–06 in Figure 3). The grid dimensions for domain 01–06 are set as 481 × 481, 481 × 481,
591 × 591, 481 × 481, 481 × 481, and 481 × 481, corresponding to a grid spacing of 7.5 km, 1.5 km, 300 m, 60 m,
60 m, and 60 m, respectively, which are detailed in Table 1.

Compared with other parameterization schemes, the YSU scheme not only accounts for local diffusion but also
well considers the nonlocal mixing caused by large‐scale turbulent eddies and the entrainment process at the PBL
top (Noh et al., 2003). Therefore, here the simulation domains d01–d02 use a first‐order closure nonlocal Yonsei
University (YSU) PBL parameterization scheme. When the grids spacing is much greater than the length scale of
energetic turbulent vortices, turbulence is a subgrid process and requires the use of parameterization methods to
simulate the turbulent transport process. When the grid spacing is much smaller than the length scale of the
energy‐carrying turbulent eddies, the model can directly resolve the energy‐carrying turbulent eddies. In this case,

Figure 3. Maps of the (a) mesoscale simulation (d01 and d02) and (b)–(c) microscale simulation (d03–d06) domains. The
inset maps on the right‐hand side show the magnified d03–d06 domains, where numerical experiments are performed for
(b) 11 July 2018 and (c) 1 September 2020, corresponding to weak and strong precipitating condition, respectively. Dotted
arrows represent background prevailing wind directions.
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LES can be used for turbulence simulation. For the simulation domain d03–d06 with smaller grid spacing, the
PBL scheme is turned off and LES is turned on. The TKE 1.5 closure scheme based on a prognostic equation for
the subgrid‐scale TKE, used to simulate the turbulence process. By adding more governing equations, the TKE
1.5 closure scheme have stronger physical constraints on turbulent transport. At this point, the dynamic process
can directly resolve large‐scale energetic, turbulent vortices, and only parameterize closure treatments for small‐
scale vortices (Smagorinsky, 1963). The other parameterization schemes used here are listed in Table 1.

In addition, it is generally optimal to use an aspect ratio equal to one in the WRF‐LES model domain (Rai
et al., 2017). This requires that the spacing between vertical grids is approximately equal to that between hori-
zontal grids in the PBL. In this case, the whole model is set with 50 layers in the vertical direction, with a vertical
grid spacing within the PBL of ∼60 m. The d04–d06 domain is a subdomain of the d03 domain, which includes
simultaneous turbulence simulations of the city in upwind and downwind directions.

BothWRF‐Meso andWRF‐LESmodel simulations were run for 30 hr. Weak and strong precipitating cases begin
from 1,200 UTC on 31 August 2020 and 0600 UTC on 10 July 2018, respectively. Output from the WRF is saved
every 10 min, with the initial and boundary conditions from the NCEP GDAS/FNL reanalysis data set on
0.25 × 0.25 degree grids.

2.9. Quantitating the Contribution of Thermodynamic Factors

The effect of thermal and dynamic factors on CTT was determined through multiple linear regression (Roy &
Haigh, 2011) of the standardized variables, using the following equation:

CTT =∑
n

1
kixi + c + ε (9)

where xi represents the thermodynamic factor, and the thermal factors include UHI, surface sensible heat flux, and
T2m, while the dynamic factors include vertical velocity disturbance (ω′ω′), horizontal velocity disturbance (u′u′),
average divergence of 0–1 km, and average divergence of 1–3 km. ki represents the correlation coefficient, c is the
constant term and ε indicates the residuals of the equation. For each xi, while controlling for other variables, the
contribution of xi can be separated by calculating the change in variance explanatory rate of the equation after
removing the factor.

Table 1
Parameterization Schemes Used in WRF‐LES

Parameterization schemes

Domain (one‐way nest)

Step size d01 d02 d03 d04–d06

Land‐surface process Noah land‐surface Noah land‐surface Noah land‐surface Noah land‐surface

Eta (1 September 2020) Eta (1 September 2020) Eta (1 September 2020) Eta (1 September 2020)

Microphysics NSSL 2‐mom (11 July 2018) NSSL 2‐mom (11 July 2018) NSSL 2‐mom (11 July 2018) NSSL 2‐mom (11 July 2018)

Longwave radiation RRTM RRTM RRTM RRTM

Shortwave radiation Dudhia Dudhia Dudhia Dudhia

PBL YSU YSU LES LES

Cumulus Kain‐Fritsch – – –

Grid 481 × 481 481 × 481 591 × 591 481 × 481

dx (m) 7,500 1,500 300 60

dt (s) 25 5 1 0.2

Note. RRTM: rapid radiative transfer model; YSU: Yonsei University.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD042294

XIAN ET AL. 7 of 18

 21698996, 2024, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

042294, W
iley O

nline L
ibrary on [01/03/2025]. 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



3. Results and Discussion
3.1. MCS Features Observed by the FY‐2 Geostationary Satellite in Relation to the Synoptic Forcing
Pattern

The initiation, development, and dissipation of any MCS event are closely related to certain synoptic forcing
patterns (Feng et al., 2021). To better isolate large‐scale synoptic forcing from the potential impact of urbanization
on MCSs, the synoptic forcing for each MCS event is first identified.

Figure 4 shows the four dominant synoptic patterns under which all MCS events occurred in Beijing during the
warm season (from May to September) of 2018–2019. These four synoptic patterns can be roughly divided into
two categories: strong precipitating and weak precipitating condition, both of which have two subtypes. Spe-
cifically, when the rainfall intensity of the first third and last third of the MCS rainfall event is higher (less) than
the corresponding percentile rainfall intensity of all rainfall events (Figure S2 in Supporting Information S1), the
corresponding large‐scale weather pattern is considered a strong (weak) precipitating condition. Specifically, for
all rainfall events, the lowest and highest one‐third of the hourly rainfall intensity are 0.29 mm/hr and 1.52 mm/hr,
respectively. Therefore, Type 1–2 correspond to strong precipitating pattern, whereas Type 3–4 correspond to
weaker precipitating pattern.

Under the condition of synoptic pattern of Type 1 (Figure 4a), the region of interest is located near the periphery of
the western Pacific subtropical high, a region with southwest winds. This favors the formation of MCS, which
reaches up to 127 events passing over the Beijing metropolitan area. Under the condition of Type 2 (Figure 4b),
Beijing straddles the boundary zone between a cyclonic system to the northwest and an anticyclonic system to the

Figure 4. Four dominant synoptic patterns affecting mesoscale convective systems over Beijing were determined based on
the geopotential height (color shading) and wind field (arrows) at 850‐hPa using the T‐PCA method. Each label in the lower
right corner shows the percentage of each synoptic type.
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southwest. Similarly, MCS is more likely to occur under the influence of southwesterly winds, with a total of 49
MCS events passing over the Beijing metropolitan area under this synoptic pattern. Beijing is under the influence
of a high‐pressure system in the Type 3 weak precipitating case (Figure 4c). For the Type 4 weak precipitating
case (Figure 4d), a uniform atmospheric pressure system dominates Beijing, which is unfavorable for the
occurrence of severe weather. Therefore, there are fewer MCS events passing through Beijing metropolitan area
under synoptic pattern Type 3 (15 events) and Type 4 (46 events).

It should be noted that the individual days within each synoptic pattern cluster may exhibit variability from the
average pattern of the cluster. Averaging over all days can potentially smooth out synoptic disturbances or forcing
that may be favorable for MCSs development.

Given the fact that the number of clusters chosen in the T‐PCA method may impact the classification results, we
conducted sensitivity analysis by changing the number of principal components from 9 to 5. The results for 5
dominant synoptic patterns are shown in Figures S3–S5 in Supporting Information S1, which do not significantly
change the conclusions. Namely, under strong (weak) precipitating condition, urban tends to have an inhibition
(enhancement) effect on the evolution of MCS.

3.2. MCS Evolution Associated With Urbanization

When dominated by strong (weak) precipitating condition, the average CTT along the urban prevailing wind
shows a large upward (downward) trend (Figures 5 and 6), while the averaged area of MCS shows a significant
downward (upward) trend (Figure S6 in Supporting Information S1). This suggests that the impact of the urban
underlying surface on the vertical development of MCSs is sensitive to the prevailing wind direction and synoptic
background. This also suggests that distinguishing the synoptic forcing is crucial to analyzing the impact of the
heterogeneous underlying surface on clouds.

Figure 5. Spatial distribution of cloud top temperature (CTT) from the FY‐2 geostationary satellite for the four synoptic
patterns. Red polygon outlines the urban area of Beijing, and the black rectangle (100 km × 20 km) is used to describe the
spatial gradient of CTT centered on the Beijing urban area under the prevailing wind for each synoptic pattern.
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Why are the urbanization‐induced decreases in CTT in the urban and downstream regions more remarkable when
Beijing is under the influence of a weakly precipitating pattern? One reason may be that T2m in urban areas are
higher than upstream of these areaswhenweak precipitating condition dominates, that is, theUHI effect (Figure 7).
To verify this, we divide the station UHI and sensible heat flux into two subgroups. As illustrated in Figure S7 in
Supporting Information S1, driven by strong sensible heat fluxes (mean sensible heat flux = 55.3 W/m2) under
weak precipitating conditions, the thermal disturbance of the surface and the resulting urban circulation, or the
downstream translation of convective clouds generated by the UHI, lead to cloud invigoration over urban and
downstream areas (Kaufmann et al., 2007). At the same time, clouds aremore likely to initiate in downstream areas
of cities (Figures S8c and S8d in Supporting Information S1). The strong precipitating condition reduces the
horizontal gradient of the temperature driving the circulation, potentially suppressing its influence on convection
(Bornstein & Lin, 2000; Xian et al., 2023). In addition, under strong precipitating condition, MCS may also
experience building‐induced branching and detouring effects when passing through urban areas, which will
weaken the strength of MCS and make it easier for it to disappear in upstream areas (Figures S8e and S8f in
Supporting Information S1).

3.3. Potential Contribution of Low‐Level Dynamic Variables to MCSs

In fact, through interaction with thermodynamics, dynamics can also affect
the development of MCS. On the one hand, larger roughness will be
conducive to convergence over urban areas, promoting the development of
convection. In addition, increasing turbulence with strong prevailing winds
will weaken the dependence of clouds on the surface, thus reducing the
impact of the UHI thermal disturbance in the boundary layer on clouds (Lee
et al., 2019; Zhu et al., 2016). At the same time, the bifurcating effect of urban
buildings will also lead to the splitting of convective clouds, ultimately
weakening the development of clouds. Therefore, to evaluate the role of
dynamic effects under strong and weak precipitating conditions, we use RWP
measurements to calculate the vertical divergence profile under different
synoptic forcing conditions.

Figure 8 shows vertical divergence characteristics before each MCS event.
For each initiation, the start time is defined as the time of the signal detected

Figure 6. Spatial evolution of satellite‐observed cloud‐top temperature (CTT, solid line) and 2‐m air temperature (T2m, black
dots) as calculated for all the mesoscale convective system samples that are located at one given location along the prevailing
wind in the black rectangles shown in Figure 5 for the four different synoptic patterns: (a) Type 1, (b) Type 2, (c) Type 3, and
(d) Type 4. The gray shading represents the urban area.

Figure 7. Histograms of urban heat island (unit: °C) in the Beijing area under
strong (red) and weak (blue) precipitating conditions. Note that the numbers
on the top of the bars represent the magnitudes of their corresponding UHIs.
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by the cloud radar matching MCS events. In general, convection in the boundary layer consists of converging
thermal plumes near the surface lifted up to the top of the mixed layer, then horizontally diverging under the
negative buoyancy of the entrainment layer, forming the boundary layer structure of low‐level convergence and
high‐level divergence. This classical boundary‐layer dynamic structure can be observed in severe convective
weather (Figures 8a and 8b). Under weak precipitating conditions, the urban roughness (surface friction)‐induced
convergence constitutes the boundary‐layer structure (Figures 8c and 8d). Meanwhile, the lower cloud‐base
height makes it easier for clouds to couple with the boundary layer.

These results show that the convergence caused by urban roughness promotes the development of MCSs under
weak precipitating conditions. However, this effect is not observed under strong precipitating conditions. For a
further explanation, in the next section, we quantify the contribution of turbulent friction and surface friction to
better understand the dynamic processes.

3.4. Theoretical Analysis of the Urbanization Impact on MCSs

Observational analyses using geostationary satellite data show that the spatial distribution of an MCS and its
evolution is highly dependent on the synoptic forcing. To better understand the underlying mechanism of how the
urban underlying surface affects the MCS dynamic process, we calculate the contribution of turbulent friction and
surface friction under different precipitating conditions using the algorithm described in Section 2.6. Figure 9
shows how friction plays different dominant roles in meteorology. When under strong precipitating condition, the
impact of turbulent friction is 0.53 m/s larger than that of weak precipitating condition, and the impact of surface
friction is 1.3 m/s smaller than that of weak precipitating condition.

Using high‐resolution RWP measurements, we further investigate mean vertical profiles of vertical wind vari-
ance, which is often used to indicate the strength of turbulent friction (Figure 10). Figure 10a shows that vertical
velocity disturbances due to turbulence restrain urban circulation through rapid mixing in the PBL, inhibiting their
impact on UHI‐invigorated convective clouds under strong precipitating conditions. The enhanced convergence
due to surface friction promotes boundary‐layer‐cloud coupling, triggering UHI‐induced urban circulation under
weak precipitating conditions. RWP measurements made in Beijing thus lend credence to the results shown in
Figure 9.

Figure 8. Vertical profiles of 30‐min averaged horizontal divergence and cloud‐base height (CBH) for the synoptic pattern of
panel (a) Type 1, (b) Type 2, (c) Type 3, and (d) Type 4 over the Beijing urban area, which are calculated from the
measurements of radar wind profiler Mesonet and cloud radar, respectively. The box‐and‐whisker plots (gray shading) show
the interquartile range (rectangle), extrema (whiskers), outliers (plus sign), the median value (solid line), and the mean value
(blue number) of CBH (km).
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The above analysis suggests that the dynamics play an important role in the evolution of MCS. To quantify the
contribution of the dynamic effects to MCS changes, we selected different thermodynamic factors for further
analysis (Figure 11). The statistical results indicated that there were significant differences in the contribution of
different thermodynamic factors to the evolution of MCS. Under strong precipitating condition, the contribution
of turbulence factor and divergence characteristics of 1–3 km are the highest, at 25% and 16.4%, respectively.
Under weak precipitating condition, the contribution rates of turbulence factor and sensible heat factor are the
highest, at 44.8% and 12%, respectively. This result further confirms the importance of dynamic factors in the
evolution of MCS.

3.5. Numerical Experiments of the Urban Impact on MCSs Under Strong and Weak Precipitating
Conditions

As mentioned earlier, the dynamic differences in mesoscale synoptic meteorology were captured by observations.
Here, two 30‐hr simulations (1 September 2020 (Type 4 synoptic pattern) and 11 July 2018 (Type 1 synoptic
pattern)) were thus performed to examine the relative role of turbulence under different synoptic forcing con-
ditions (Figure 12). The comparisons of simulated and observed temperature, RH, wind speed, and precipitation
in Figures S9–S11 in Supporting Information S1 suggest that simulations are a useful tool in further analyses,
although significant deviations still exist between observed and simulated precipitation amounts due to challenges
in simulating regional precipitation.

Consistent with the aforementioned observation‐based findings, cities have different dynamic structure under
different synoptic forcing conditions (Figure 13), that is, under the strong precipitating condition, the divergence
characteristic is low‐level convergence and high‐level divergence, while under weak precipitating condition,
fluctuating convergence dominate the dynamic structure of PBL. In addition, as shown in Section 3.4, turbulence

also makes a significant contribution to the evolution of MCS. Therefore, the
simulation results are used for further analysis from the perspective of tur-
bulence. Figure 14 shows the horizontal structure of turbulence, indicating a
difference between the two synoptic forcings. In the mixed layer, convection
rolls appear in the strong precipitating case (Figures 14a–14c), and convec-
tion cells appear in the weak precipitating case (Figures 14d–14f). In the
strong precipitating case, convective rolls in the urban central domain d05 are
more linearly arranged than those in the upstream d04 and downstream d06
domains. The dissipation term has a maximum value in the entrainment layer
(Figure 15a), which generally corresponds to the height ranges from about 0.8
to 1.1 times \ the PBL height. This suggests that there are more small‐scale
turbulent vortices in the entrainment layer (Conzemius & Fedor-
ovich, 2006). Moreover, it was found that as turbulence dissipation increases,
cloud cover decreases accordingly (Figure S12 in Supporting Informa-
tion S1). In this case, the larger turbulent dissipation in the city weakens the

Figure 9. Daytime mean influence of panel (a) turbulent friction in the planetary boundary layer and (b) urban canopy friction
on surface wind speed for four different synoptic patterns over the Beijing urban area.

Figure 10. Vertical profiles of panel (a) vertical wind variance and
(b) horizontal wind variance under strong (Type 1 and 2) and weak (Type 3
and 4) precipitating conditions, respectively.
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dependence of clouds on the surface and weakens clouds over the city. In the weak precipitating case, convective
cells are more obvious downwind of the city. The buoyancy term contributes the most to the turbulent energy of
the mixing layer in the weak precipitating case (Figure 15b), with a maximum value near the ground. As it linearly
decreases with height, the buoyancy of the entrainment layer becomes negative, indicating that the thermal bubble
is the main driving force for the development of the PBL.

To further analyze the impact of urbanization on MCS under different synoptic forcing, the dynamic and heat
transfer efficiencies at different altitudes were also calculated and represented by the absolute value of the
correlation coefficient |ρ| between u', w', and θ' (Zhao and Zhou, 2021). As shown in Figure 16a, in the strong
precipitating condition, there is a higher efficiency of momentum transfer. In this case, the rapid mixing of
background winds with the atmosphere in PBL suppresses the development of urban circulation, thereby reducing
the impact of urban heat effects. In contrast, under weak precipitating condition, the near surface layer has
extremely high heat transfer efficiency (Figure 16b), which promotes the upward transfer of surface heat and thus
promotes the development of PBL.

4. Concluding Remarks
The evolution of a MCS has been well recognized to be closely linked to urbanization. Nevertheless, the role of
boundary‐layer dynamics play in this process remains unclear. The high‐density RWP Mesonet in Beijing pro-
vides an unprecedented opportunity to fill this knowledge gap from an observational perspective, reinforced with
model simulations.

Geostationary satellite data from Fengyun‐2 (FY‐2) were used to identify and track MCSs occurring over Beijing
and its surrounding area. To better isolate the confounding effect of large‐scale forcing and urbanization on
MCSs, weak and strong precipitating types were distinguished using the T‐mode obliquely rotated principal
component analysis (T‐PCA) algorithm, a widely used objective synoptic classification method. An observational

Figure 11. Bar graphs showing the contribution of thermodynamic factors that affect the evolution of mesoscale convective
system, including UHI, SH, ω′ω′, V′V′, divergence of 0–1 km (Div0 − 1km) and 1–3 km (Div1 − 3km), under (a) strong
precipitating condition and (b) weak precipitating condition.

Figure 12. Large‐scale distributions of wind (black arrows) and geopotential height (blue contours) at 850‐hPa, overlaid with
accumulated precipitation amounts (color shading) on panel (a) 11 July 2018 and (b) 1 September 2020.
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analysis of the CTT for each MCS event was conducted for each synoptic forcing type using FY‐2 data from the
warm season (May to September) of 2018 and 2019. Measurements from the RWP Mesonet included 6 stations
were used to estimate profiles of divergence over Beijing. Theoretical calculations using wind measurements
from the 10‐m tower, in combination with sea‐level pressure observations, were used to single out the relative
contributions of surface friction and turbulent friction.

Under strong precipitating conditions, much lower CTTs were found in the upstream of the Beijing urban area,
compared with CTT observations in urban and downstream areas. Coincidently, Mesonet‐derived divergence
profiles in Beijing had negative values at lower levels of the atmosphere and positive values at higher levels,
meaning that large‐scale motion played a significant role in the development of MCSs in Beijing. In this case,
turbulent friction dominated surface friction in modulating the evolution of MCSs. Given that surface friction is
induced by the roughness of the urban canopy, we infer that the impact of urbanization on MCSs is not as large as
expected. Under weak precipitating conditions, the CTTs of urban and downstream areas are lower than over
upstream areas. Compared with strong precipitating condition, divergence under weak precipitating conditions
tends to be dominated by convergence, indicating that convergence caused by surface roughness plays a major
role in the enhancement of MCSs in urban and downstream areas. In this case, surface convergence caused by
surface friction plays a leading role in regulating the evolution of MCSs.

Figure 13. Vertical profiles of averaged horizontal divergence from (a) 0650 BJT to 0720 BJT on 11 July 2018 and from
(b) 1,620 to 1650 BJT on 1 September 2020 over the d05 domain, which are calculated from the WRF‐LES results.

Figure 14. Fields of vertical velocity disturbance at z = 60 m simulated by the WRF‐LES for the (a–c) strong precipitating
case that occurred from 0700 BJT to 0800 BJT on 11 July 2018 and for the (d–f) weak precipitating case that occurred from
1110 BJT to 1130 BJT on 1 September 2020.
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Furthermore, based on the WRF‐LES model, we examined the turbulent structure and the related TKE for two
MCS cases: one under strong precipitating conditions and the other under weak precipitating conditions. In the
weak precipitating case, buoyancy contributed the most energy to TKE, notably near the urban surface. A
buoyancy‐induced thermal bubble drove the development of the PBL, reaching a maximum value at 0.3 times the
PBL height. Convective cells and MCSs tended to be invigorated over downstream areas, agreeing with satellite
observational results. Compared with the weak precipitating case, there was a convection roll turbulent structure
over the urban area in the strong precipitating case, where more small‐scale turbulent vortices and greater tur-
bulent dissipation were found. This, in turn, led to weak convection, possibly explaining the weakened MCSs in
the urban and downstream areas observed by satellite. It can be arguably inferred that turbulence plays different
roles in the evolution of MCSs under weak and strong precipitating conditions.

Our findings suggest that convection frequently occurs over urban areas under weak precipitating conditions. It is
well recognized that the urban surface is coupled with the PBL and overlying clouds. However, we note that the
coupling of the urban PBL and clouds is not well considered in this study. Meanwhile, we also found that the
precipitation generated by MCS reaches its maximum downstream in the urban under any synoptic type (Figure
S13 in Supporting Information S1), which differs from the distribution characteristics of CTT, that is, under
strong (weak) precipitating condition, the average CTT along the urban prevailing wind shows a large upward
(downward) trend. This indicates that the mechanism of urban effect on precipitation may differ from that on
clouds, for instance, it may also involve microphysical effects of clouds. Therefore, we will use high‐resolution
temperature and humidity profile observations, as well as cloud microphysical properties, to further investigate
this issue in the future.

Figure 15. Profiles of averaged magnitudes for the terms of dissipation (red), diffusion (dark green), buoyancy (blue), and
shear (yellow) in Equation 8 before cloud occurrence under (a) the strong precipitating case and (b) the weak precipitating
case. Note the profiles are averaged over the domain of d05 that are shown in Figure 3, and the height z is normalized by
diving the mean planetary boundary layer height (zi).

Figure 16. Same as Figure 15, but for the profiles of averaged momentum transfer efficiency (blue line) and heat transfer
efficiency (red line) in the domain of d05 for both strong (a) and weak (b) precipitating cases.
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Data Availability Statement
The area‐averaged divergence profiles (Guo, Guo and Xian, 2023), synoptic surface meteorological data
(CMA, 2023), reanalysis data (ECMWF, 2023), and cloud top temperature data from Fengyun‐2 geostationary
data (NSMC, 2023) were used in the creation of this manuscript.
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