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Abstract The diurnal cycle of low-level jets (LLIJs) plays a crucial role in severe convective weather during
the Mei-yu season over the middle reaches of the Yangtze River (MRYR). However, previous studies have
focused on individual sites or large-scale climatic contrasts, leaving sub-regional variations in LLJ diurnal
behaviors and their governing mechanisms insufficiently understood. Using intensive radiosonde observations
from three topographically distinct sites during the 2010 Mei-yu field campaign, combined with ERAS
reanalysis, we partially address this knowledge gap. Results show that (a) LLJ occurrence exhibits a single peak
between 1.5 and 2.5 km AGL in terrain-affected regions, dominated by synoptic-system-related LLJs (SLLIJs)
with higher core altitudes, whereas a double-peak structure appears over plains, where both boundary-layer jets
(BLJs) and SLLIJs frequently occur. (b) In terrain-affected regions, SLLJ frequency and intensity peak at night,
governed by nocturnal inertial oscillation with deeper boundary layers. In contrast, over plains, SLLJs peak
during the daytime due to northward advancement of the Western Pacific Subtropical High (WPSH). Nocturnal
BLJs over plains are influenced by both inertial oscillation and WPSH westward extension. (c) In terrain-
affected regions, SLLJ core heights descend from 20:00 to 02:00 LST and then ascend, modulated by the
boundary layer via capping inversions that inhibit vertical momentum transfer and maintain a strong momentum
layer aloft. Over plains, this descending phase persists until 08:00 LST, associated with intensifications of Mei-
yu fronts at 800 hPa. Derived from a single Mei-yu period, results may not be representative of multi-year
climatological conditions. These findings advance dynamical understanding of terrain-induced contrasts in
LLJs over the MRYR and provide a benchmark for evaluating numerical simulations.

Plain Language Summary This study used intensive radiosonde observations from three distinct
terrain types (mountains, a transition zone, and plains) during the 2010 Mei-yu period, combined with ERAS
reanalysis data, to examine LLJ differences. Results show that the vertical structure and diurnal cycle of LLJs
differ greatly by terrain during the 2010 Mei-yu field campaign: in mountainous areas, jets above the boundary
layer dominate and show a single nighttime peak driven by inertial oscillations, while over plains, jets occur
frequently both below and above the boundary layer, with two daily peaks shaped by large-scale weather
systems and inertial oscillations. In addition, the jet-core height of SLLIJs experiences an initial downward trend
followed by a subsequent upward trend, with a more prolonged downward phase over the plains. These results
advance our understanding of terrain effects on LLJs and provide a useful benchmark for numerical simulations
during Mei-yu season. Note that these findings are derived using observations from only one Mei-yu field
campaign and may not reflect climatological features across multiple years.

1. Introduction

Low-level jets (LLJs) are intense wind streams in the lower troposphere (Bonner, 1968; Marengo et al., 2004;
Whiteman et al., 1997), and they are often classified into two types: (a) boundary layer jets (BLJs), which occur
within the boundary layer; and (b) synoptic-system-related LLJs (SLLIJs), which occur in the layers above the
boundary layer (Du & Chen, 2019). Both types are typically characterized by a distinct “nose-shaped” wind speed
profile (Y. L. Chen et al., 1994; H. Liu et al., 2014; M. Zhang & Meng, 2019). Owing to their strong wind speeds
and pronounced vertical shear, LLJs are widely recognized as critical dynamical drivers of severe convective
weather (G. T. J. Chen et al., 2005; Du et al., 2012; Li et al., 2024; Xue et al., 2018).
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In particular, the diurnal variations of LLJs play a crucial role in regulating the evolution of convective systems, as
their diurnal behaviors directly regulate the supply of moisture and the location of low-level convergence (Du &
Yi, 2025; Du et al., 2022; X. Liu et al., 2020; Shen & Du, 2023; C. Zhou et al., 2026). Understanding the diurnal
cycle of LLJs is therefore essential for improving understanding and forecasting of severe convective events,
particularly during the Mei-yu season when such events are most active (C. Cui et al., 2023; Hu et al., 2021).

LLJ characteristics exhibit considerable regional diversity, particularly in terms of their vertical structure and core
heights. Early observational work documented the existence of strong LLIJs across different regions, including the
cross-equatorial jets over the western Indian Ocean, which typically develop near 1-1.5 km above ground level
(AGL; Findlater, 1977). Over the North American Great Plains, LLJs typically occur below 1,000 m AGL
(Farquharson, 1939; Means, 1952). A finding later refined by high-resolution observations over the mid-western
United States, where LLIJs are most frequently observed at 300-500 m AGL (Vanderwende et al., 2015). Over
South America, the vertical structure of LLJs is strongly modulated by topography. At the upstream Andean
foothill site of Santa Cruz (Bolivia), the jet core is centered at 1,000—1,500 m AGL, while at the downstream plain
site of Mariscal (Paraguay), the jet core is significantly lower, typically occurring at 500-1,000 m AGL (Montini
et al., 2019). In East Asia, by contrast, LLJs show more complex vertical structures. For example, observations
around Okinawa reveal two frequent LLJ heights near 500-700 m and 1,100-1,300 m AGL (Pham et al., 2008).
Further west, over the lower reaches of the Yangtze River, these core heights are found at higher altitudes, near
800 and 2,200 m (Du et al., 2012; W. Wei et al., 2014).

Within China, systematic differences in LLJ characteristics also exist among major climatic zones. Comparisons
between western and eastern China indicate that BLJs dominate in western China, whereas both BLJs and SLLJs
are prevalent in South China (Du & Chen, 2019; Du et al., 2014; Zheng et al., 2026). Zheng et al. (2026) further
suggested that BLJs frequently form in mountainous and coastal regions. Significant contrasts are also found
between north China and south China (Miao et al., 2018; W. Wei et al., 2014; Yan et al., 2021). For instance, LLIJs
in North China exhibit more pronounced diurnal variability, typically peaking at night (Miao et al., 2018).
Intriguingly, even within the relatively uniform Mei-Yu monsoonal regime along the Yangtze River, notable
contrasts exist between its lower and middle reaches: BLJs dominate in the Middle Reaches of the Yangtze River
(MRYR), while SLLJs prevail in the lower reaches (C. Cui et al., 2023; Du et al., 2012; W. Wei et al., 2013). This
large-scale heterogeneity indicates that LLJ characteristics are fundamentally shaped by regional factors such as
terrain, land-sea contrast, and synoptic regimes (Zheng et al., 2026; C. Zhou et al., 2026). However, most previous
studies have focused on large-scale climatic contrasts (Du et al., 2014; W. Wei et al., 2014; Zheng et al., 2026),
leaving sub-regional variations in LLJ diurnal behaviors and their underlying mechanisms inadequately under-
stood. Additionally, limited by the scarcity of in situ vertical observations, previous studies have mainly examined
diurnal variations in LLJ frequency and intensity (Du & Chen, 2019; Zheng et al., 2026), whereas the diurnal
variations of their fine-scale vertical structure received much less attention.

To explain regional differences in LLJ characteristics, various formation mechanisms have been proposed. The
nocturnal intensification of BLJs is classically explained by inertial oscillations following the decay of turbulent
mixing after sunset (Blackadar, 1957; Du & Rotunno, 2014). Additionally, thermal forcing over sloping terrain,
such as mountain-plain solenoids, can also modulate low-level winds (Holton, 1967; Shu et al., 2024). In contrast,
SLLIJs are generally considered to be predominantly governed by synoptic-scale weather systems, such as fronts,
southwest vortices and northeast cold vortices, which often leads to weaker diurnal variability in many regions
(Du et al., 2012, 2014). Nevertheless, this assumption that SLLJs are largely independent of boundary-layer
processes may not hold in regions with complex topography, where the boundary layer development can be
more vigorous and heterogeneous (Tan et al., 2025). Yet, the degree to which terrain-modulated boundary-layer
processes can influence SLLIJs, potentially modifying their intensity, vertical structure, and diurnal evolution,
remains poorly understood.

These unresolved knowledge gaps motivate the present investigation. We focus on the MRYR during the Mei-yu
season, a region distinguished by a relatively coherent synoptic environment but pronounced topographic het-
erogeneity (Q. Wei et al., 2024). Utilizing synchronous intensive radiosonde observations from the 2010 Mei-yu
field campaign alongside ERAS reanalysis data, this study aims to achieve two primary objectives: (a) to sys-
tematically document sub-regional differences in LLJ characteristics (including occurrence frequency, jet core
height, jet intensity, and diurnal evolution) among three distinct terrain regimes (mountain, mountain-plain
transition, plain) across the MRYR; and (b) to quantitatively diagnose the mechanisms governing the diurnal
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Figure 1. (a) Spatial distribution of topography (shading, units: m) across China. The black box indicates the study zone.
(b) Topography (shading, units: m) across the MRYR. Blue markers, from west to east, represent the locations of intensive
radiosonde observation sites at Enshi (ES, mountain region), Yichang (YC, mountain-plain region), and Wuhan (WH, plain
region).

variability of LLJs (including jet core height, jet frequency and intensity) under different terrain conditions. Our
analysis relies on observations from the 2010 Mei-yu season only. Although this observation period captures
typical synoptic environments, the representativeness of the derived diurnal-variation results for long-term
climatology remains limited.

The remainder of this paper is organized as follows: Section 2 describes the data and methodology. Section 3
presents the results, including observed sub-regional differences in LLJ characteristics and the associated
dynamical mechanisms. Finally, conclusions and discussions are given in Section 4.

2. Data and Method
2.1. Observation Campaign and Data

This study utilized a unique transect of intensive radiosonde observations across the MRYR during the 2010 Mei-
yu field campaign from 16 June to 30 July. Three sites were strategically deployed the main topographic gradient
to represent distinct topographic regimes: Enshi (ES; 30.28°N, 109.47°E; 458 m) in the western complex
mountainous region, Yichang (YC, 30.70°N, 111.30°E; 134 m) in the critical mountain-plain transition region,
and Wuhan (WH, 30.60°N, 114.05°E; 24 m) in the eastern plain region (Figure 1). Soundings were launched at
3-hr intervals, providing a high vertical resolution of approximately 30 m to resolve the detailed diurnal evolution
and vertical structure of LLIJs. All radiosonde observations are obtained from the 2010 Mei-yu field campaign.
Hence conclusions drawn from these data cannot be directly generalized to multi-year mean states.

A rigorous three-step quality control was applied to the raw radiosonde data to ensure reliability. First, a vertical
range check retained only profiles with valid wind observations up to at least 4,000 m AGL. Second, abnormal
profiles were removed by identifying wind speed outliers at individual levels within the 60—4,000 m AGL layer
using the robust biweight method (Lanzante, 1996); any profile where the combined proportion of outlier levels
and missing data exceeded 40% of the vertical range was discarded, following established practices (C. Cui
etal., 2023; W. Wei et al., 2014). Third, any remaining missing or outlier data points within retained profiles were
filled via linear interpolation. The final quality-controlled data set comprises 361, 360, and 348 valid profiles for
ES, YC, and WH, respectively, forming a robust foundation for statistical analysis.

2.2. Reanalysis Data and Validation

To complement the point observations and facilitate a spatially consistent diagnostic analysis, this study
employed the hourly 0.25° X 0.25° ERAS reanalysis data (Hersbach et al., 2020). Before its diagnostic appli-
cation, a validation was conducted to assess the fidelity of ERAS in representing LLJ characteristics over the
MRYR against the radiosonde observations. As will be detailed in Section 3.1, the reanalysis demonstrates
credible skill in capturing the key statistical attributes and diurnal evolution of LLIJs in this region, thereby
supporting its use for subsequent mechanistic investigation.
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2.3. Methodologies

LLJ identification and classification were performed using an objective algorithm following C. Cui et al. (2023).
A wind profile was classified as containing an LLJ if it met two criteria: (a) a wind speed maximum exceeding
8.0 m s~ within the 604,000 m AGL, and (b) a decrease in wind speed of at least 2.5 m s~ from that maximum
to any minimum above that height and below 4,000 m AGL, or to the 4,000 m level itself if no distinct minimum
exists above that height. For all cases, the height and direction of the LLJ are assigned as the altitude and wind
direction at the identified wind speed maximum. Based on the core height of the wind speed maximum, LLJs were
further categorized: those with heights below 1.5 km AGL were defined as BLJs, while those with a core at or
above 1.5 km AGL were termed SLLJs (C. Cui et al., 2023). Profiles exhibiting both a BLJ and an SLLJ were
classified as double low-level jets (DLLJs).

The Planetary Boundary Layer Height (PBLH) was diagnosed as the height of the maximum potential temper-
ature gradient within 3 km AGL, a widely accepted method in boundary layer studies (S. Liu & Liang, 2010; Tan
et al., 2025). The potential temperature gradient was calculated using the central difference method (Stull, 1988),
shown as Equation 2.

0.286
00
Grag = (372 (2)

where T and p represent temperature and pressure, 6 and Gra, indicate potential temperature and corresponding
gradient, z represents height in AGL.

The diurnal cycle of LLJ occurrence frequency was quantified via harmonic analysis (Bell & Reid, 1993). The
observed hourly frequency rate F(f) was fitted to a Fourier series, shown as Equation 3, where ® = 2n(24 hr)™,
and r = 2,5,8,..., 23 hr. The coefficients a and b were derived via linear regression against the observed hourly
frequency rates.

F(t) = fo+a- cos(wt)+ b- sin(wt) 3)

A momentum budget analysis was conducted to quantify the contributions of different physical processes to LLJ
evolution (Du et al., 2022; X. Zhang et al., 2024), the tendency of the horizontal wind (TD) was decomposed into
contributions from horizontal advection (HAD), vertical advection (VAD), pressure gradient force (PGF), Co-
riolis force (CF), and a friction/residual term (F,), shown as Equation 4. To focus the diagnosis on the momentum
balance along the primary jet axis, a coordinate rotation was applied to align the new coordinate axis with the
main LLJ flow direction, shown as Equation 5 (Q. H. Zhang et al., 2003). The parameters of V, p, @, and f are the
horizontal winds, pressure, geopotential, and Coriolis coefficient, respectively. And where v/ is the wind speed in
the y’ direction, ¢ represents the angle between y’ and y axis. The detailed form of the momentum balance terms
in this rotated coordinate system followed the methodology of Du et al. (2014).

All budget components in Equation 4 were computed based on hourly ERAS reanalysis data. Site-specific rotation
angles were assigned individually after combining the local wind field near the observation sites and the direction
of the LLJ axis: 9n/25 for ES, n/4 for YC, and 3n/25 for WH. All differential operators required for momentum
decomposition, including temporal differencing, horizontal advection (HAD), vertical advection (VAD), and
pressure-gradient force (PGF) terms, were calculated using the central finite difference method. Following the
calculation framework proposed in Zeng et al. (2019), the frictional term (Fr) was diagnosed residually by
subtracting all other solved dynamic terms, which may be influenced by subgrid-scale processes. In addition,
momentum budget components derived from ERAS5 grid data were interpolated to the exact geographic co-
ordinates of the three observational stations through bilinear spatial interpolation before subsequent composite
and statistical analyses.

According to Blackadar (1957), the diurnal variation of LLJs can be explained by inertial oscillation mechanisms.
Daytime vigorous vertical mixing within the boundary layer creates ageostrophic winds associated with their
clockwise rotation. When inertial oscillation dominates such diurnal behavior, the summed contributions of PGF
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and CF serve as the primary term in momentum balance, while the Fr frictional term acts to decelerate LLJs during
daytime hours (Du et al., 2014).

v oV
=V, V,V—w— —V@ —fkXxV+F,
o e Va op /i @)

TD HAD VAD PGF CF F,
v/ = usin @ + v cos ¢ (5)

The apparent heat source Q, and the apparent moisture sink Q, were calculated following the method of Yanai
et al. (1973) as shown in Equations 6 and 7, were used to reveal the diurnal variation mechanisms of the Western
Pacific Subtropical High (WPSH). For the convenience of analysis, the deviation between Q; and Q, was defined
as Q5 in the present study.

oT p\r 06
0, cp[ 3 +V.-VT+ <p0> wdp] (6)

dq dq
=-L|—+V-Vg+w— 7
O <az q wdp) M

where parameters of 7, V, p, w, 8, g are the temperature, horizontal winds, pressure, vertical velocity, potential
temperature, and specific humidity. Py, C,, R and L are the reference pressure (1,000 hPa), specific heat of dry air
at constant pressure, the gas constant for dry air and latent heat of condensation.

3. Results
3.1. Heterogeneity in LLJ Occurrence Heights Across Sub-Regions

The vertical distributions of LLJ occurrence frequency and mean wind speed exhibit pronounced topographic
dependence across the MRYR transect, reflecting a clear topographic dependence (Figure 2). In the plain (WH),
the occurrence frequency is characterized by a distinct double-peak pattern, with a primary peak occurring in the
BLJ height range (~500-1,000 m AGL) and a secondary peak in the SLLJ layer (~2,000-2,500 m AGL). BLJs at
WH are significantly more intense than SLLIJs, a result consistently supported by mean wind speed statistics
(median wind speeds, not shown, follow the same trend). This intensity relationship contrasts with that in the
lower reaches of the Yangtze River, where SLLJs are stronger than BLJs (Du et al., 2012).

In the terrain-affected regions (ES and YC), the vertical distribution of LLJ is dominated by a single peak in the
SLLJ layer (1.5-2.0 and 2.5-3.0 km AGL), showing a different pattern to that observed in the plain. These
findings contrast with those of Zheng et al. (2026) and Shu et al. (2024), who reported that BLIJs are active in
mountainous regions. Moreover, the single-peak SLLJ morphology distinguishes the MRYR from other
mountainous regions in China. For example, a double-peak distribution prevails in the North China mountain-
plain transition zone (L. A. Zhou et al., 2024).

Wind speeds below 1,500 m AGL are markedly weaker than those aloft in the terrain-affected regions (Figure 2),
a feature linked to the frictional drag induced by complex terrain. Meanwhile, the planetary boundary layer over
mountainous terrain usually develops deeper, especially during daytime hours (Figure 7a), when significant
contrasts are observed between the terrain-affected regions and the plain. A deep boundary layer is usually
accompanied by intense vertical turbulent mixing, which homogenizes the vertical distribution of wind speed
within the boundary layer (Bonner, 1968; Stull, 1988; W. Wei et al., 2013). Nevertheless, the formation of BLIJs
simultaneously requires two critical prerequisites: adequate wind speed magnitude and pronounced vertical wind
shear. Therefore, these two physical processes (terrain drag and vertical turbulent mixing) drastically reduce BLJ
occurrence frequency over the terrain-affected regions (ES and YC) relative to the plain.

To further validate the aforementioned daytime-enhanced turbulent mixing over mountainous terrain, we
calculated the gradient Richardson number at 900 m AGL, a typical level of BLJ core height over the MRYR
(Figure 7d), specifically during daytime hours when BLIJs are still frequently observed over the plain but are
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Wind Speed (m s'l) nearly absent over the mountainous sites (Figure 3). The results show that the

0 3 12 proportion of samples with a gradient Richardson number smaller than 0.25 at

4.0 - \ \ | ES reaches 30.3%, higher than the 25.2% at WH, which further confirms that

Height (km)

the turbulence is more easily generated and sustained in terrain-affected re-
gions (Wang et al., 2020), indirectly suggesting the more vigorous turbulent
mixing within the mountain boundary layer.

In summary, LLJs over the MRYR exhibit strong regional features in both

Frequency: vertical structure and intensity. The contrasting single- versus double-peak
ES vertical distributions form a distinctive regime, driven by the unique topo-
m yc graphic and synoptic setting of the MRYR (W. Wei et al., 2014).
= wH
3.2. Sub-Regional Differences in Diurnal Cycles of LLJ Frequency
Wind Speed: Among the three sites, LLJs occur most frequently in the plain region (WH),
== ES followed by the mountainous region (ES), though the underlying reasons for

their high frequencies differ. At WH, the high frequency arises from both
BLJs and SLLJs (Figure 3c). At ES, by contrast, frequent SLLJs are the
dominant contributor (Figure 3a). In comparison, DLLJs are active at WH

YC
== WwH

(Figure 3c), they rarely occur over terrain-affected regions (ES and YC),
where BLJs show much lower occurrence rates (Figures 3a and 3b).

Figure 3d compares the frequent LLJ subtypes across the three sites. Unlike
the weak diurnal cycles of SLLJs reported in other regions of China (Du

0.0 -

Figure 2. Vertical distributions of low-level jet occurrence frequency (bars,
units: number of times) and the corresponding mean wind speeds (line with

o o
40 50 60
Occurrence Frequency (Times)

et al., 2012), SLLJs over the MRYR exhibit pronounced diurnal variations.
Quantitatively, the diurnal cycle of SLLJs is strongest in the mountain-plain
transition region (YC), with a Pearson correlation coefficient of 0.803 (sig-
nificant at the 90% confidence level). Moreover, the diurnal pattern of SLLIJs
varies by sites. The frequency peaks at 08:00 LST in the plain, but during

markers, units: m s~1). Results are derived from intensive radiosonde nighttime hours (02:00-05:00 LST) in the terrain-affected regions.
observations at the three observational sites in this study.

A clear double-peak diurnal pattern of BLJs appears at WH, with the primary

at 23:00 LST and a secondary peak at 08:00 LST. This contrasts with the
predominantly single-peak pattern reported for BLJs in other regions of China (Du & Chen, 2019; Du et al., 2014,
2022; Shu et al., 2024). At WH, because both BLJs and SLLJs peak at 08:00 LST at WH, the total LLJ occurrence
rate reaches its daily maximum at this hour (Figure 3c).

3.3. Contrasting Diurnal Variations of the Fine-Scale Vertical Structure of LLJs

Previous investigations into the vertical structure of LLJs have largely relied on composite analyses of LLJ events
(Du & Chen, 2019; Du et al., 2022), due to the scarcity of high-resolution vertical observations. Even when
observational profiles are available, most studies have focused on the diurnal variations in LLJ intensity at a single
site (C. Cui et al., 2023; X. Zhang et al., 2024), with less attention given to the diurnal evolution of LLJ core
height. This study takes advantage of high-temporal-resolution multi-site vertical observations along the MRYR
transect to examine the diurnal characteristics of LLJ vertical structure, with a particular emphasis on LLJ core
height variations.

Among the three sites, the diurnal patterns of SLLJ and BLJ intensity are most pronounced at WH, where SLLJs
reach their maximum intensity during the day and BLJs at night (Figures 4c and 4d), consistent with the daytime
frequency peak of SLLJs and nighttime frequency peak of BLJs at this site (Figure 3d). Notably, the diurnal cycles
of SLLJ height are evident at all three sites but exhibit systematic differences between the plain and the terrain-
affected regions (Figures 4a, 4b, and 4d).

Specifically, at ES and YC, the SLLJ core height descends from 20:00 to 02:00 LST (accompanied by jet
intensification) and then ascends from 02:00 to 17:00 LST (Figures 4a and 4b), resulting in a higher daytime SLLJ
core height in the terrain-affected regions (Figure 4e). In stark contrast, the descending periods of SLLJs at WH
lasts longer (from 20:00 to 08:00 LST) alongside significant SLLJ intensification (Figure 4d), leading to a lower
daytime SLLJ core height at this site (Figure 4e). Notably, the diurnal pattern of SLLJ height at the terrain-
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Figure 3. (a—c) Diurnal variations of occurrence rates (bars, units: %) for pure boundary-layer jet (BLJ) (orange), pure SLLJ
(red), DLLJ (blue), and non-LLJ (light blue) observations at three sites. (d) Diurnal cycle of total SLLJ and BLJ occurrences
(line with markers, units: %).

affected sites resembles that of LLJ height at the plain region (Figure 4c¢), suggesting that the SLLJ identification
in terrain-affected regions may include some BLJ samples, a point that will be further supported in Section 3.5.

3.4. Validation of ERAS for Capturing Sub-Regional LLJ Diurnal Behaviors

To diagnose the mechanisms governing the diurnal variations of SLLIJs under different terrain conditions across
the MRYR region, we conducted a momentum budget analysis using the ERAS reanalysis data set. Before this
analysis, we first evaluated ERAS's capability to capture the key diurnal characteristics of SLLJs across this
region.

The low-level winds from ERAS were compared with radiosonde observations (Figures 5-7). The root-mean-
square error (RMSE) values of low-level wind speeds range from 1.779 to 2.136 m s™' (Figure 5), indicating
that ERAS generally reproduces the regional wind field with reasonable accuracy. More critically, ERAS robustly
reproduces the composite “nose-shaped” vertical profile of observed pure SLLJs and BLJs (Figure 6). The ability
of ERAS to represent LLJ wind speed has also been confirmed by Lima et al. (2022).

The composite SLLJ and BLJ profiles in Figure 4 are constructed from non-consecutive observation times and are
therefore unsuitable for momentum budget analysis, which requires temporally continuous data. To overcome
this limitation, we adopted the concept of an “SLLIJ day” and “BLJ day” from Du et al. (2014). Here, an SLLJ or
BLJ day is identified as a day on which the corresponding criteria are met during at least one-quarter of the daily
observation times (e.g., >2 out of 8 daily intensive radiosonde observations in this study). We further assessed
whether the continuous wind field from such days retains the key diurnal signals of the intermittent pure SLLJ and
BLJ composites derived from observational profiles. A comparison between the diurnal composites based on this
definition (Figures 7a—7d) and the pure SLLJ and BLJ composites (Figures 4a, 4b, 4d, and 4e) shows consistent
representation of key features, including the evolution of jet core height, confirming the validity of this approach.
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This consistency holds even under a stricter criterion (e.g., >4 out of 8 observations; relevant figures can be found
in Supporting Information S1). Therefore, data from such days provide a suitable and temporally continuous basis
for the subsequent mechanism diagnosis.

We then evaluated ERAS's performance on the same SLLJ days and BLJ days (Figures 7e—7g) by comparing them
with observations (Figures 7a—7d). Results indicate that ERAS generally captures the diurnal evolution of the
SLLJ and BLJ vertical structure. For instance, ERAS reproduces the upward trend of SLLJ core height starting
around 02:00 LST, as well as the nighttime (02:00-05:00 LST) and daytime (11:00-14:00 LST) wind speed
maxima, albeit with a slight underestimation of wind speed. In the plain region, ERAS performs well in depicting
the longer descent period of SLLJ core height, which continues until approximately 08:00 LST. ERAS data also
captures the stronger daytime (nocturnal) SLLJ (BLJ) intensity (Figure 7g) at WH (Figure 7h).

In summary, despite minor intensity discrepancies, ERAS reanalysis data demonstrate sufficient reliability in
capturing the key diurnal variation characteristics of LLJs over the MRYR region. These validations support the
applicability of the ERAS data set for the subsequent quantitative momentum budget analysis.

3.5. Mechanisms Governing Sub-Regional Differences in LLJ Diurnal Behaviors

To understand the physical mechanisms governing sub-regional differences in LLJ diurnal behaviors, we
examined three complementary aspects: (a) the role of boundary layer thermal structure in modulating LLJ core
height, (b) the influence of synoptic-scale weather systems on LLJ intensity, and (c) the momentum budget terms
that quantify the dominant physical processes.

3.5.1. Mechanisms for Diurnal Variations of LLJ Core Height

As shown in Figures 7a—7d, SLLJ core heights are consistently higher than the PBLH, whereas BLJ core heights
lie below the PBLH, confirming that the LLJ identification over the MRYR is generally robust. The diurnal
variations of SLLJ core height in the terrain-affected regions (ES and YC) and BLJ core height in the plain region
(WH) exhibit consistent trends with the PBLH, suggesting a pronounced influence of boundary layer processes on
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Figure 6. Composite profiles of wind speed (line with markers, units: m s~") and wind direction (crosses, units: °) for pure
(a—c) SLLJ and (d) boundary-layer jet (BLJ) observations. Profiles are composited over all valid vertical profiles identified as
pure SLLJ or BLJ observations during the 2010 Mei-yu field campaign, based on radiosonde observations. Red and dark gray
represent data collected from intensive radiosonde observations and ERAS reanalysis, respectively.
jet core height (Rotach & Zardi, 2007). In contrast, the relationship between SLLJ core height and PBLH at WH is
relatively weaker.
It can be observed that the PBLH develops higher in the terrain-affected regions than that in the plain region
(black lines in Figures 7a—7c), owing to the topographic thermal forcing over complex terrain (Figure 8a).
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Figure 7. Diurnal variations of PBLH (line with markers, units: km) and vertical structures of horizontal wind speeds
(shading, units: m s™!) based on intensive radiosonde data during (a—c) SLLJ and (d) boundary-layer jet (BLJ) days. Black
lines with markers indicate PBLH (units: km). (e-h) Diurnal variations of vertical structures of horizontal wind speeds from
ERAS data for the same SLLJ and BLJ days. White and black lines with markers in panels (e—g) indicate wind speeds (units:
m s~ 1) at 700 hPa and at 800 hPa, respectively. White lines with markers in panels (h) indicate wind speeds (units: m sTHat
900 hPa.
Consequently, BLJs may develop at higher altitudes in these regions. Furthermore, the secondary-step terrain of
the MRYR is frequently influenced by the Southwest Vortex (Figure S1 in Supporting Information S1), whose
typical activity levels lie between 750 and 800 hPa (Fu et al., 2022; Y. C. Zhang et al., 2019), leading to frequent
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Figure 8. (a) Vertical cross sections of the deviations between daytime and nighttime zonal-mean potential temperature (color
shading, units: K) averaged over 30°-31°N. Dark gray shading denotes topography. Dashed lines from west to east indicate
the locations of ES, YC, and WH, respectively. (b)The temperature profile (black lines, units: K) and corresponding
boundary layer height at 11:00 LST 1 July 2010, derived from the radiosonde observations in ES. Note that smoothing is
applied to the temperature profile. This operation primarily removes random local noise originating from instrument
measurement errors and numerical differentiation, which could produce spurious sharp gradient peaks and induce erroneous
PBLH estimation.

SLLJ activity at these levels. This poses challenges in distinguishing true SLLIJs from BLJs over these regions. In
other words, SLLJs at ES and YC may include some higher-altitude BLJ samples, resulting in a closer relationship
between SLLJ core height and PBLH.

Mechanistically, the boundary layer top is characterized by a capping inversion (Figure 8b), a stable layer that
inhibits the downward transfer of momentum from the free atmosphere to the boundary layer. As a result, a zone
of stronger momentum is maintained immediately above the boundary layer top (Stull, 1988). The diurnal growth
and collapse of the PBLH, which can be significantly modified by terrain-driven thermal heterogeneities and
mechanical mixing, effectively lifts or depresses this overlying strong momentum zone. This process thereby
dictates the SLLJ core height.

Conversely, in the plain site (WH), the local coupling between SLLJ and PBLH is not as strong as that in the
terrain-affected sites. The PBLH exhibits a relatively weaker diurnal variation, whereas the SLLJ core height
changes markedly (Figure 7c), which indicates that the evolution of SLLIJs in the plain is governed less by local
boundary-layer forcing and more by large-scale synoptic forcing (C. Cui et al., 2023; Du et al., 2014; Shu
etal., 2024). An analysis of the Mei-yu front reveals that the descent and ascent of the SLLJ core height at WH are
associated with the intensification of the Mei-yu front at 800 hPa and 700 hPa, respectively (Figure 9). Specif-
ically, frontal condensation initiates in the early morning, intensifying the Mei-yu front and the southerly winds at
low levels near 800 hPa (W. Cui et al., 2020; Hu et al., 2021, 2022). As convective condensation gradually
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Figure 9. Composite-average spatial distributions of 800-hPa pseudo-equivalent potential temperature (contours, units: K) and wind field (wind barbs, units: m s™,
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represents topography, and the red triangle represents the location of WH.
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Figure 10. Diurnal variations of momentum budget terms (lines with markers, in 10~ m s2) at different observation sites:
(a—c) 700 hPa at ES, YC and WH during SLLJ days. Panels (d and e) are the same as panels (a and b), except for analysis at
800 hPa. Panel (d) indicates diurnal variations of momentum budget (lines with markers, in 10™* m s™2) at 900 hPa at WH
during boundary-layer jet days. Shading indicates the sum of the pressure gradient force and Coriolis force, with pink and
gray representing positive and negative values, respectively.
becomes dominant in the afternoon, the levels of maximum frontal and southerly wind responses shift upward
accordingly.
3.5.2. Mechanisms for Diurnal Variations of LLJ Frequency and Intensity
Figure 10 shows that the wind speeds in the terrain-affected regions undergo significant nocturnal acceleration
(black lines), with the acceleration rate reaching a peak around 23:00-02:00 LST, approximately 3 hr ahead of the
wind speed peak (Figures 7e and 7f). The budget terms at YC are similar to the results at ES but with smaller
magnitudes. Therefore, the following analysis about the terrain-affected regions mainly focuses on the results
at ES.
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Figure 11. (a) Nighttime and (b) daytime composite-average spatial distributions of 700-hPa geopotential height (shadings,
units: dagpm), horizontal wind field (wind barbs, units: m s™", black wind barbs represent wind speeds larger than 6 m s™'),
and the 588-dagpm contour (magenta contours, units: dagpm) at 500 hPa during SLLJ observations at WH. Panels (c and d)
are the same as panels (a and b), except at 900 hPa during the boundary-layer jet observations. To show the variations of the
WPSH, the nighttime 588-dagpm contours in panels (a and c) have also been plotted as green dashed contours in panels (b
and d).

At 700 hPa (Figure 10a), the HAD and VAD terms are relatively small. The wind acceleration rate closely follows
the CF term, whereas the PGF term varies little. The imbalance between the CF and PGF terms peaks precisely at
the same time as the wind acceleration rate, indicating that the inertial oscillation is the primary driver of nocturnal
SLLJ intensification in the terrain-affected regions (Blackadar, 1957; Du & Rotunno, 2014; Shapiro et al., 2016).
This contrasts with SLLJs over other regions of China, which are mainly modulated by synoptic weather systems
(Du & Chen, 2019; Du et al., 2014; W. Wei et al., 2014). Notably, at 800 hPa the inertial oscillation is even more
pronounced (Figure 10d), because this level is closer to the boundary layer and thus more strongly affected by
boundary layer processes. The distinct inertial oscillation signatures at both 700 hPa and 800 hPa further confirm
that boundary layer processes play a key role in modulating SLLJ core height in the terrain-affected regions.
Moreover, the VAD and HAD terms are considerably larger at 800 hPa than at 700 hPa, indicating more vigorous
vertical and horizontal momentum transport at this level. The 800-hPa Fr term holds greater absolute values
during daytime hours than at night (Figure 10d). This dominant daytime frictional effect decelerates wind speeds,
which may be attributed to vigorous vertical momentum mixing within the boundary layer (Du et al., 2014).

For SLLJs in the plain region (WH), the daytime wind acceleration is closely tied to a pronounced daytime
strengthening of the PGF term, which overwhelms the variation in the CF term (Figure 10c). This daytime PGF
enhancement is dynamically linked to the northward advance of the Western Pacific Subtropical High (WPSH;
Figures 11a and 11b), which in turn is closely associated with the daytime land heating (Figure 12), particularly
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Figure 12. (a) Nighttime and (d) daytime composite-average spatial distributions of vertically integrated apparent heat source Q, (shading, units: W m™2) from the
surface to 500 hPa during SLLJ observations. Middle and right panels are the same as left panels (a, d), but show the apparent moisture sink Q, in panels (b, €) and Q5 in
panels (c, f). Black dashed contours indicate the 588-dagpm contours.

sensible and radiative heating (Figure 12f). Together, these results highlight the direct role of synoptic-system
forcing in modulating SLLJ intensities in the plain region.

As for the nocturnal BL]J intensity and occurrence peak at WH, it is mainly governed by the inertial oscillation
(Figure 10f). Unlike SLLJs, BLJs are also influenced by the WPSH, but through its westward extension
(Figures 11c and 11d). Furthermore, coupled with the nocturnal development of southwest vortices (Figures 11a
and 11c), the pressure gradient exhibits a larger magnitude at night. Superimposed on the pronounced inertial
oscillation, this leads to a greater BLJ intensity than that of SLLJs in the plain region.

4. Conclusions and Discussions

The evolution of LLJs exerts a significant influence on the development and spatial distribution of heavy rainfall.
Consequently, considerable efforts have been devoted to understanding LLJ characteristics and their underlying
mechanisms. However, most previous studies have focused on single sites or on comparisons across regions with
large-scale climatic contrasts, leaving sub-regional differences in the diurnal characteristics of LLJs and their
governing mechanisms largely unexplored.

The MRYR is a high-frequency LLJ region characterized by a heterogeneous mosaic of plains, hills, and
mountains. This complex terrain, coupled with the presence of active weather systems, produces substantial
variability in the low-level wind field. Utilizing a unique data set of synchronous intensive radiosonde obser-
vations from three representative sites across the MRYR during the 2010 Mei-yu period, combined with ERAS
reanalysis data and momentum budget diagnostics, this study systematically investigates sub-regional differences
in LLJ vertical structure, diurnal variations, and underlying mechanisms. The principal findings are summarized
as follows.
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In terrain-affected regions (ES and YC), LLJ occurrence heights exhibit a single-peak vertical distribution,
predominantly between 1.5 and 2.5 km AGL, indicating the dominance of SLLJs. In contrast, the plain region
(WH) displays an evident double-peak structure, with the primary and secondary peaks occurring near 0.5-1.0 km
AGL and 2.0-2.5 km AGL, respectively, reflecting a higher frequency of BLJs. In this plain, BLJs are stronger
than SLLJs, differing from both terrain-affected regions and other plain regions of China.

The diurnal cycle of LLJs is strongly topography-dependent. In terrain-affected regions (ES and YC), SLLJ
frequency and intensity peak at night (02:00-05:00 LST), primarily governed by nocturnal inertial oscillation
under relatively higher planetary boundary layer height (PBLH). This behavior differs significantly from SLLIJs in
other regions of China. Conversely, over the plain, SLLJs occur more frequently during the daytime, peaking
around 08:00 LST, and are mainly influenced by the northward advance of the WPSH, which intensifies the
pressure gradient in the daytime. BLJs over the plain peak at night under the influence of inertial oscillation,
consistent with typical BLJ behavior in China, and their intensification is additionally associated with the
nocturnal westward extension of the WPSH.

The diurnal variations of SLLJ core height also differ among regions. In terrain-affected regions, the SLLJ core
descends from 20:00 to 02:00 LST and then ascends from 02:00 to 17:00 LST, closely linked to diurnal PBLH
variations. A capping inversion near the PBL top inhibits momentum transfer from the free atmosphere to the
boundary layer, thereby maintaining a strong momentum layer aloft that shifts vertically with the evolution of
PBLH. Over the plain, the nocturnal descent phase of SLLJ heights lasts longer (from 20:00 to 08:00 LST),
associated with the strengthening of the Mei-yu front at 800 hPa during this period.

This study provides a comprehensive analysis of sub-regional differences in LLJ characteristics and their driving
mechanisms across the MRYR. It advances existing LLJ research over the Yangtze River basin in three major
respects relative to previous studies. First, we deployed synchronous radiosonde observations spanning moun-
tains, transition zone, and plains to construct a complete terrain transect, which enables the separation of terrain
signals unavailable from the single-site measurements or large-scale climatic contrasts adopted in prior studies
(C. Cui et al., 2023; Du & Chen, 2019; Du et al., 2014; W. Wei et al., 2014; C. Zhou et al., 2026). Second, we
identify distinct diurnal shifting patterns of jet core height under different terrain conditions. Such fine-scale
vertical diurnal differences have not been systematically explored in earlier work, which mainly focused on
LLJ frequency and synoptic variations (Miao et al., 2018; Yan et al., 2021; C. Zhou et al., 2026). Third, quan-
titative momentum budget diagnoses and composite analyses reveal terrain-dependent dominant dynamical
pathways, including the boundary-layer processes on the evolution of SLLJs over the terrain-affected regions and
the different modulation pathways of WPSH on the development of SLLJs and BLJs over the plain. This terrain-
dependent divergence in dominant LLJ mechanisms has not been clearly distinguished in prior work (C. Cui
et al., 2023; Du et al., 2012, 2014; Xue et al., 2018; Zeng et al., 2019; L. A. Zhou et al., 2024).

Nevertheless, our observational data set is limited to the 2010 Mei-yu season alone. Given that LLJ behaviors can
be modulated by interannual circulation variability, multi-year observations and numerical simulations would
therefore be valuable for extending LLJ understanding. In addition, constrained by the 3-hourly temporal reso-
lution of the radiosonde data, we are unable to directly quantify turbulent mixing intensity in the present analysis.
In future work, numerical sensitivity experiments targeting key parameters such as the turbulent diffusion co-
efficient may help better constrain the suppressive effect of turbulent mixing over mountainous regions on BLJs
and unpack its underlying physical mechanisms. Furthermore, semi-idealized numerical simulations offer an
opportunity to isolate topographic forcing from synoptic-scale background forcing, which would allow us to
further disentangle their respective roles in shaping the diurnal-cycle variations of LLJs.
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