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ABSTRACT

This study examines low-level jets (LLJs) across Northeastern China during both warm (June—September) and cold
seasons (December—March) from 1957 to 2021, using fifth generation of the European Centre for Medium-Range Weather
Forecasts reanalysis data with 25-km resolution. LLJs manifest in two prominent regions, one along the leeward flank of
the Da Hinggan Ling Mountains in the cold season and another at the center of Northeastern China in the warm season. The
intricate interplay between ambient circulation and terrain shapes LLJ distribution, altitudes, wind directions, diurnal
cycles, and seasonal diversities. During the warm season, prevailing southwesterly LLJs are found at 925 hPa, while the
cold season features stronger and more frequent northwesterly LLJs at 875 hPa. Analysis of the diurnal patterns reveals
distinctive behaviors of LLJs in the cold and warm seasons. During the warm season, the single peak in LLJ occurrence
emerges around midnight; conversely, in the cold season, LLJs are most frequent shortly before midnight, with an
additional sub-peak in the morning. A momentum budget analysis establishes mechanisms underlying these two distinct
diurnal variations. In both seasons, the diurnal variation of LLJs is predominately driven by an inertial oscillation and
mountain-valley circulations. However, the sub-peak observed in the cold-season morning arises from the thermodynamic

and dynamic interaction between the low-level atmosphere and complex terrain.
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¢ Cold and warm seasons in Northeastern China exhibit spatially distinct high-frequency LLJ regions.
* The complex terrain and circulation in the Northeast contribute to the spatiotemporal distribution traits of LLIJs.
* Diurnal variations of LLJs are primarily governed by inertial oscillations and display pronounced seasonal disparities.

1. Introduction

Low-level jets (LLJs) are significant meteorological phe-
nomena that exert a vital influence across global regions.
They can modulate water vapor transport and convergence,
thereby affecting the local water vapor balance (Blackadar,
1957; Hoecker, 1963; Holton, 1967; Hsueh, 1970; Du et al.,
2015a; Du and Chen, 2019; Luo and Du, 2023). Characterized
by vertical wind shear, LLJs contribute to atmospheric insta-
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bility and are favorable for the development and maintenance
of convective activities (Maddox, 1983; Fritsch et al.,
1986). Additionally, LLJs bear important implications for
wind energy, flight safety, and air quality (Liu et al., 2014),
rendering their investigation pivotal within meteorology.
Considerable efforts have been made toward exploring
the mechanisms of LLIJs from diverse perspectives. Accord-
ing to the theory by Blackadar (1957), inertial oscillations
constitute a key factor in LLJ formation. These oscillations
of the ageostrophic winds result from sudden eddy viscosity
decay after sunset, leading to clockwise rotation of the
ageostrophic wind component and the subsequent emergence
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of LLJs as a byproduct of super-geostrophic winds. Holton
(1967) emphasizes the role of thermal contrast between the
mountains and plains in LLJ formation. Such a contrast
arises from imbalanced solar radiation heating, engendering
diurnal oscillations in the boundary layer wind above sloping
terrains. Besides, terrain-induced blocking and channeling
effects substantially contribute (Liu et al., 2014) and are
prominently notable in regions like the eastern side of the
Rocky Mountains (Wexler, 1961), the northern Bohai Sea
(Zhang et al., 2018), and the southeastern coast of China (Li
and Chen, 1998; Kong et al., 2020), where terrain signifi-
cantly shapes low-level wind patterns. Liu et al. (2023) fur-
ther highlight that different combinations of synoptic-scale
disturbances and diurnal thermal forcing account for the diver-
sity in LLJ formation. In essence, the formation of LLJs is a
complex process orchestrated by multifaceted factors, often
involving simultaneous or additive operation of multiple theo-
ries (Liu etal., 2014; Du and Rotunno 2014; Du et al.,
2015b).

LLJs experience seasonal and diurnal variations in vari-
ous regions. Numerous studies have examined these varia-
tions across the globe. In the United States, Whiteman et al.
(1997) developed a climatology of the Great Plains LLJ
using two years of research rawinsonde data from north-cen-
tral Oklahoma. They noted the presence of an LLJ in 47%
of warm-season and 45% of cold-season soundings, indicat-
ing seasonal discrepancies. Bonner (1968) analyzed two
years of wind data from 47 rawinsonde stations and found
that LLJs predominantly occurred with southerly flow, with
southerly wind maxima being more frequent during morning
observations. Song et al. (2005) utilized mini-sodars and
915-MHz wind profilers to scrutinize nocturnal LLJs at the
Atmospheric Boundary Layer Experiments (ABLE) facility
in Kansas. They found LLJs during 63% of the sampled night-
time periods, highlighting diurnal variations.

In China, Du et al. (2012) focused on Shanghai, develop-
ing an LLJ climatology during mei-yu and non-meiyu periods
using wind profiler radar data. They revealed distinct diurnal
cycles, with LLJ peaks during nighttime and early morning.
Wang et al. (2013) and Wei et al. (2014) conducted compre-
hensive studies along the East China coast using multiple
wind-profile radars to investigate LLJs. They revealed that
LLJs displayed distinctive daily and seasonal structures
with their dominant wind directions varying across seasons,
which were observed to be southerly-southwesterly during
spring and summer and northeasterly during autumn and win-
ter, thus enhancing the comprehension of LLJ dynamics in
response to seasonal shifts in East China.

Diverse data sources contribute to LLJ analysis. Direct
observations offer high temporal and vertical resolutions,
albeit at a single-point detection limitation. Radar networks
and encrypted sounding observations enhance horizontal reso-
lution, but cost considerations restrict the observation range.
Numerical simulations have the advantage of high spatial
and temporal resolutions, providing valuable LLJ insights in
various regions (Du et al., 2015a; Zhang et al., 2018; Kong
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et al., 2020). Du etal. (2014) and Jiménez-Siménez et al.
(2020) used hourly Weather Research and Forecasting
(WRF) model output with a 9-km resolution to document
LLJs over China and Orinoco River Basin, respectively.
However, computational demands limit the time range of
numerical simulations.

Reanalysis data strikes a balance, offering sufficient tem-
poral and spatial resolution and an extended time range, suit-
ing long-term research; notable studies exemplify its value.
Rife et al. (2010) used the MM5-based version of the Climate
Four-Dimensional Data Assimilation system to examine the
global distribution of nocturnal LLJs; Wang et al. (2013)
and Liu etal. (2014) delved into LLJs over southeastern
China using the National Centers for Environmental Predic-
tion (NCEP) Final (FNL) data; Lima et al. (2018) conducted
a thorough investigation into global coastal low-level wind
jets by employing an ensemble of reanalyses including ERA-
Interim, JRA-55, and MERRA-2 to study; Ferguson (2022)
and Du et al. (2022) employed ERAS data to study LLJs in
the Great Plains in the United States and South China, respec-
tively.

The northeastern region of China, situated within the
middle and high latitudes of East Asia, experiences complex
circulation patterns. Warm seasons are characterized by
southerly winds, while cold seasons feature prevailing north-
westerly winds. The geography of Northeastern China is sur-
rounded by four mountain ranges: the Da Hinggan Ling
Mountains to the west, the Changbai Mountains to the east,
the Xiao Hinggan Ling Mountains to the north, and the Yan-
shan Mountains to the south (Fig. 1). Socioeconomically,
the Northeast China Plain is recognized as one of the world’s
four major black soil areas. The fertility of its soil makes
the Northeast China Plain the most significant grain-produc-
ing area in China. Consequently, studies conducted within
this region hold significant potential for deepening our under-
standing of the intricate interplay between circulation, topog-
raphy, and meteorological phenomena, with far-reaching
implications for food security.

Du et al. (2014) identified Northeastern China as one of
the LLJ-active regions in China during the early summer
months (May-July). Intriguingly, these LLIJs frequently coin-
cide with elevated terrain and exhibit considerable diurnal
variations, suggesting a complex interaction between LLJ
dynamics and the regional topographical features. However,
our understanding of LLJs within this region remains incom-
plete, particularly during the cold season, where previous stud-
ies are notably lacking. Moreover, the thermodynamic and
dynamic mechanisms underpinning the formation and vari-
ability of LLJs in both warm and cold seasons are not fully
understood. These constitute the two primary scientific prob-
lems our paper aims to address.

To address the above-mentioned questions, we employ
reanalysis data from ERAS5 spanning the years 1957 to
2021, with the goal of dissecting the occurrences, spatiotem-
poral distributions, and diurnal variations of LLIJs in North-
eastern China during both warm and cold seasons. The
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Fig. 1. The distribution of topography (m, shading) in
Northeastern China with the names of major landforms labeled
in text. The red (blue) box represents the high-frequency LLJ
region in the warm (cold) season. The two triangles represent
the peak and the eastern slope of the Da Hinggan Ling
Moutains, while the square represents the foothills.

remainder of this paper is organized as follows. The methodol-
ogy and data framework are described in section 2. In section
3, an in-depth analysis is conducted on the temporal and spa-
tial distributions of LLJs over Northeastern China. Section 4
sheds light on the intricate mechanisms underpinning LLJ for-
mation and development. Finally, a summary is provided in
section 5.

2. Data and methodology

2.1. Data

The data utilized in this study is the hourly ERAS reanaly-
sis data provided by the fifth generation ECMWEF reanalysis
for the global climate and weather. The data has a temporal
coverage from 1957, with a preliminary back extension cover-
ing 1957-78 and a final release plus timely updates covering
1979 onwards. The ERAS reanalysis data boasts a fine hori-
zontal resolution of 0.25 degrees and a comprehensive verti-
cal profile, with 37 pressure levels ranging from 1000 to
1 hPa. This dataset is comprehensive enough to encompass
the entire Northeastern China region, from 35° to 55°N and
from 115° to 135°E (Fig. 1) covering the warm season
(June—September) and cold season (December—March) over
the period 1957-2021.

2.2. Criteria for identifying LLJs

In this study, we employed a definition of LLJs consistent
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with previous studies (Bonner, 1968; Muifioz et al., 2008;
Rife et al., 2010). The definition of an LLJ was established
by the following criteria: (1) a minimum wind speed of not
less than 10 m s~! below a pressure level of 600 hPa and (2)
a decrease in wind speed of at least 5 m s~! per 1000 m from
the level of maximum wind speed to the level of minimum
wind speed. To identify the distribution of LLJs in Northeast-
ern China, the height at which the maximum horizontal
wind velocity was recorded as the LLJ’s vertical position,
and the wind profile at each data grid was identified as an
event. According to the distribution of LLIJs, further eluci-
dated in section 3.1.1, two high-frequency LLJ regions were
captured (indicated by the red and blue boxes in Fig. 1, in
the warm and cold seasons, respectively). Based on this, we
define the LLJ days according to the following criteria: as
long as there is one LLJ within the two regions and on the
pressure layer with the highest occurrence rate of LLlJs, it
will be considered an LLJ day, else it will be considered a
non-LLJ day.

2.3. Harmonic analysis

A multiple linear superposition method, proposed by
Duet al. (2014), was adopted to investigate the statistical sig-
nificance of the LLJ diurnal cycle. Essentially, this is a mathe-
matical technique used to decompose complex periodic sig-
nals into a sum of simpler sinusoidal functions. This method
is particularly useful in analyzing cyclical phenomena, such
as diurnal cycles or seasonal variations, in various fields
like meteorology, oceanography, and other geophysical sci-
ences. The harmonics represent different periodic compo-
nents or oscillations present in a time series, the 24-hour
and 12-hour harmonics are of particular importance in the con-
text of meteorological and climatological studies, as they rep-
resent the daily and semi-daily variations in atmospheric pro-
cesses.

3. LLJ distribution

3.1. Spatial distribution

3.1.1.

The average horizontal distributions of the LLJ occur-
rence rate in Northeastern China during the warm and cold
seasons of 1957 to 2021 are depicted in Fig. 2. In the warm
season, a significant incidence of LLJs is observed over rela-
tively flat regions in the central part of Northeastern China,
with an occurrence rate exceeding 12% (the red box in
Fig. 2a). In the cold season, the leeward slopes of almost all
mountain ranges represent relatively high-frequency areas
for LLJs; nevertheless, the highest LLJ occurrence was
located within a strip along the leeside of the Da Hinggan
Ling

Mountains, with the maximum occurrence rate exceed-
ing 28%. Based on this distribution pattern, we can isolate
two high-frequency LLJ regions in Northeast China, one dur-
ing the warm season (Area 1, red box in Fig. 2) and the

Horizontal distributions of LLJ occurrences
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Fig. 2. Horizontal frequency distributions of LLJs (%, shading) during the (a) warm season and (b) cold season in
Northeastern China. The dark brown contour lines represent terrain height (m, interval: 250 m). The red and blue
boxes indicate the two high-frequency LLJ regions (i.e., Area 1 and Area 2) that are the same as those in Fig. 1.
other during the cold season (Area 2, blue box in Fig. 2). Cold Season

Regarding wind direction (Fig. 3), LLJs are predomi-
nantly southwesterly (including southerly and westerly) in
the warm season, with over 50% of the LLJs in this direc-
tion. By contrast, during the cold season, the jet direction is
predominantly northwesterly (including northerly and west-
erly), with over 60% of the LLIJs in this direction.

3.1.2.  Vertical distribution of LLJ occurrences

Figure 4 presents the occurrence of LLJs in different lay-
ers and vertical profiles of the daily mean wind of LLIJs
days in the two high-frequency LLJ regions. Analysis
reveals that the peak of LLJ occurrence occurs at the 925 hPa
in Area 1 during the warm season. In comparison, during
the cold season, the layer experiencing the most frequent
LLJs in Area 2 is higher, around 875 hPa. By selecting the
characteristic pressure level with the most frequent LLJ occur-
rence in each area, the characteristic pressure levels are deter-
mined to be 925 hPa for Area 1 during the warm season and
875 hPa for Area 2 during the cold season. In the following
sections, we will focus on these two layers to further
explore the characteristics of LLJs in Northeast China.

3.2. Temporal distribution

Figure 5 presents the diurnal variations of the occurrence
rate of LLJs in Area 1 and Area 2. By fitting the diurnal varia-
tions of the LLJ occurrence rate with a multiple linear super-
position method (i.e., the two lines in Fig. 5), as described
in section 2.3, we measure the goodness of the fit in terms
of coefficient of determination [R? =1 — (SSR/SST)], where
SSR and SST are the regression and total variance. The contri-
bution of the LLJ rate over a 24-hour to the entire harmonic

—Warm Season

Fig. 3. Wind direction distributions (%) of LLJs over Area 1
during the warm season (orange line) and Area 2 during the
cold season (blue line).

pattern exceed 0.95 in both the warm and cold seasons, indi-
cating that LLJs experienced considerable diurnal cycles.

In the warm season, peak LLJ occurrence in Area 1
appeared at midnight at LST (Local Standard Time = UTC
+ 8 hours), while in the valley, it appeared in the afternoon
between 1300 and 1500 LST. In the cold season, the major
peak of LLJ occurrence in Area 2 appeared at 2200 LST,
which was slightly earlier than in the warm season, while in
the valleys, the peak appeared later in the afternoon between
1400 and 1600 LST (Fig. 5). The above conclusions are con-
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Fig. 4. The number of LLJs at different layers (histogram) and vertical profiles of daily mean wind (m s-!, red lines),
2200-0000 LST and 2100-2300 LST mean wind (m s~!, black solid lines), and 1400-1600 LST mean wind (m s~!,
black dashed lines) of LLJ days averaged over (a) Area 1 in the warm season and (b) Area 2 in the cold season.

sistent with previous studies, which show that LLJs primarily
occur at midnight and are relatively inactive during the after-
noon (Du et al., 2014; Zhang et al., 2018). Interestingly, how-
ever, a sub-peak around 1000 LST was found during the
cold season. The formation of this sub-peak was found to be
a byproduct of the interaction of the flow with the topogra-
phy, which will be illustrated in section 4.4.

4. Formation and development mechanisms

4.1. Large-scale environment

Figures 6a and ¢ compare the large-scale environment
of LLJ days between warm and cold seasons. The large-
scale forcing over northeastern China is more intense during
the cold season, evidenced by the denser isobars and
isotherms in Fig. 6¢. The high-frequency LLJ region is situ-
ated in front of a short-wave trough in the warm season; how-
ever, it is located at the rear of a short-wave trough in the
cold season. The large-scale circulation between LLJ days
(Figs. 6a, c) and non-LLJ days (Figs. 6b, d) are also com-
pared. For both seasons, the large-scale forcing on LLJ days
is more intense than that on non-LLJ days. As mentioned ear-
lier, the high-frequency LLJ region is in front of a short-
wave trough in the warm season; however, the condition is
reversed for non-LLJ days. By contrast, the distinction of cir-
culation patterns between LLJ and non-LLJ days becomes
less pronounced for the cold season, indicating a more subtle
influence of atmospheric circulation patterns on LLJ forma-
tion during this period.

The distinct circulation patterns result in different back-
ground winds on the height of the jet core and, therefore, dif-
ferent behaviors of LLJs between warm and cold seasons.
Specifically, the wind direction is primarily westerly to
southerly (westerly to northerly) in the warm (cold) season,
which primally results in the observed differences in wind
direction for LLJs in the two seasons (Fig. 3). The more

1.5

Occurrence Frequency (%)

08 12 16 20 00 04
Time (LST)

Fig. 5. Diurnal variation of LLJ occurrence frequency during
the warm (red) and cold (blue) seasons. Histograms indicate
statistical results, while the lines represent fitting results from
harmonic analysis.

intense large-scale forcing in the cold season results in more
robust low-level winds during that period. In quantitative
terms, the mean wind speeds of LLJ days at the core of the
LLIJs are about 3.6 m s~! in Area 1 during the warm season
and 7.7 m s7! in Area 2 during the cold season (red lines in
Figs. 4a and b). As a result of the intense background circula-
tion during the cold season, LLJs experience higher wind
speeds than their warm season counterparts.

Regulated by the diurnal variation of the large-scale circu-
lations (not shown), the maximum mean wind speed of
LLJs at night is greater than that during the day (Fig. 4).
The wind speed also increases (decreases) more quickly at
night than during the day below (above) the core of the LLJ,
visualized in the more nose-like structure of the nighttime
wind profiles, especially for LLJs in the warm season. The
vertical wind shear is a critical factor in the definition of
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LLJs, and thus, this change in the wind profile is conducive
to the formation of the nocturnal LLJ events. The above-men-
tioned findings highlight the significant effect of large-scale
circulation patterns on LLJs over Northeastern China.

4.2. Topography-flow interaction

As shown in Fig. 1, Northeastern China is situated
within a unique geographical setting, characterized by the
presence of mountains on all four sides: the Da Hinggan
Ling Mountains lie to the west, the Changbai Mountain
Range to the east, the Yanshan Mountain Range to the
south, and the Xiao Hinggan Ling Mountains to the north.
These mountains jointly regulate the formation and behavior
of LLJs in Northeastern China. In the warm season, these
mountains collectively create a channeling effect for the south-
westerly background winds, as illustrated by the robust south-
westerly flow between the Changbai and the Da Hinggan
Ling ranges in Fig. 6; thus, they are conducive to the forma-
tion of a southwesterly LLJ. In the cold season, the LLJs
exhibit more topographic dependency, as indicated by the rela-
tively high concentration of LLJs over almost every eastern
slope of these mountain ranges (Fig. 2b). Nevertheless, the
eastern slope of the Da Hinggan Ling Mountains experiences
the most frequent, as well as the broadest LLJ occurrence.
Therefore, in the following subsection, we will discuss

exactly how the topography modulates LLJ formation in
this region.

To investigate the interaction between the Da Hinggan
Ling Mountains and the northwesterly low-level winds, the
distribution of the circulation and potential temperature in
the cross-section represented by the blue line in Fig. 2 was
checked at 2000 LST (i.e., the peak hour of LLJ velocity) dur-
ing the cold season. In this cross-section, a significant
enhancement of the northwesterly winds was captured on
the leeside of the Da Hinggan Ling Mountains (Fig. 7).
From the view of fluid dynamics, windward steep topography
serves as a barrier. The condition that determines whether
an air parcel could rise up and over a mountain is determined
by the Froude number [Fr, Eq. (1)], adimensionless parameter
that balances the kinetic energy represented by the wind
speed (U) against the potential energy represented by the prod-
uct of the Brunt-Viisild frequency (N) and the height of the
mountain (H,,). If Fr is greater than 1, the flow will pass
over the mountain, whereas if it is less than 1, the flow will
be blocked by the mountain. When air flows over a moun-
tain, it can be divided into two distinct types: subcritical and
supercritical flow (Durran, 1990). Supercritical flow occurs
when the flow velocity exceeds the gravity wave speed in
the fluid, while subcritical flow occurs when the flow velocity
is less than the gravity wave speed, resulting in a low
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For airflow in the cross-section represented by the blue
line in Fig. 2, the red line in Fig. 7 presents how Fr varies
with longitude at 875 hPa. The results show that Fr slowly
increased but remained less than 1 at times before the moun-
tain but began to exceed 1 after passing the first mountain
peak. Upon crossing the second mountain peak, Fr increases
rapidly, leading to supercritical flow. Under this condition,
the air accelerates as it descends; consequently, leeside
enhancement occurs and promotes the formation of an LLJ.
As the flow reaches the base of the mountain, it may
encounter a sudden change in topography, causing Fr to grad-
ually decrease to below 1, causing the flow to decelerate
and transition from supercritical to subcritical flow (Fig. 7).
This transition is known as a hydraulic jump (Durran, 1990;
Kong et al., 2020), which can be thought of as a sudden rise
in fluid height, accompanied by a sharp decrease in the down-
stream flow velocity. Based on this analysis, the interaction
between flow and topography resulted in leeside supercritical
flow as well as the narrow strip of high LLJ occurrence over
the east slope of the Da Hinggan Ling Mountains during the
cold season.

4.3. Diurnal variations

As described in section 3.2, both cold-season and warm-
season LLJs experience obvious diurnal variations, and,
intriguingly, the phases of the two variation patterns are differ-
ent. To diagnose the underlying cause of the two diurnal varia-
tion patterns and their differences, the variation of horizontal
wind speed within the two high-frequency LLJ regions is
checked (Fig. 8). For the warm season, the horizontal winds
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Fig. 8. Variations of the mean wind speed at 925 hPa in Area 1
during the warm season (red line) and at 875 hPa in Area 2
during the cold season (blue line).

are relatively stagnant around 1000 LST; after that, due to
the continual acceleration, the wind speed reaches its maxi-
mum at 0200 LST and provides a favorable condition for
the formation of the peak of LLJ occurrence around 0000
LST (Fig. 5). For the cold season, two wind speed peaks are
captured at 0800 and 2000 LST, while the minimum wind
speed occurs around 1400 LST. The cold-season wind
speed variation corresponds to the double-peak pattern of
LLJ occurrence during the same period (Fig. 5).

Notably, the time of maximum LLJ occurrence frequency
does not exactly correspond to the time of maximum wind
speed (Figs. 5 and 8). This is because both wind speed and
wind shear (i.e., the difference between the wind speed of
the jet core and the upper and lower layers) are criteria for
LLJ identification (as described in section 2.2); further noting
that the time it takes for the shear to reach its maximum can
modulate the occurrence of the LLJ and account for this
time difference. However, how the winds in other layers
vary with time is not the subject of this study; hereinafter,
from the perspective of different wind components, we will
focus on the layer of the LLJ core and explain why the diurnal
variation patterns exist.

43.1.

As shown in Fig. 9, the wind anomalies at 925 hPa over
Area 1 experience a clockwise rotation, which promotes the
development of an LLJ between 2200 and 0400 LST when
anomalies generally align with the southwesterly background
wind. To understand this rotation, we first trace the source
of the wind anomalies. From the perspective of topographic
thermodynamics, a sloping terrain can alter the horizontal dis-
tribution of the surface solar heating rate and the nocturnal
cooling rate; therefore, the air temperature at the same altitude
is different over higher and lower terrain (Smith, 1979).
This inhomogeneity usually leads to mesoscale flows such
as slope and valley winds. In northeast China, the atmosphere
over mountains warms up faster after sunrise (Figs. 9e-g).

Warm season
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The rapid warming over mountains causes the positive tem-
perature anomalies to be significantly higher than those
over the plains. Under this condition, an up-valley wind,
which actually causes the wind anomalies, begins to take
shape, reaching its peak at 1500 LST. Controlled by this day-
time pattern, the wind anomalies in Area 1 are mainly easter-
lies. However, after sunset, the significant cooling effect
over mountains breaks the daytime thermal contrast pattern
(Figs. 9a—c); consequently, the valley winds lose the driving
force needed to sustain them, thus allowing the wind anoma-
lies start to rotate clockwise under the effect of an inertial
oscillation (Fig. 91). After midnight (Figs. 9b—d), the tempera-
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ture in northeast China turns into a negative anomaly, which
is more pronounced over the mountainous terrain; therefore,
the thermal contrast pattern is reversed compared to the after-
noon one. In Area 1, the westerly mountain winds take
shape and join the clockwise rotation until a new cycle of diur-
nal variation starts after midday.

ou ou Ou ou
E = (—I/la —Va—y)—W— +f(V—Vg)+F

0z
TEN ADV VER COR FRI 2)

The qualitative analysis above can be further substanti-
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Fig. 9. Diurnal wind anomalies (m s~!, vector) and temperature anomalies (K, shading) at 925 hPa at (a—h) 2100, 0000, 0300,
0600, 0900, 1200, 1500, and 1800 LST during the warm seasons. (i) The black (red) line represents the clockwise rotation of
wind anomalies (ageostrophic wind) at 925 hPa (m s!) averaged in Area 1 [red box in (a)]. The purple contour represents

terrain height (m, interval: 250 m).
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ated from the perspective of a momentum analysis (Eq. (2)),
similar to the approach outlined by Du et al. (2014). It is
worth noting that a coordinate transformation was used to
visually represent the effects of each term in the momentum
budget. Specifically, in Eq. (2), the x-direction was aligned
with the daily mean wind vector of LLJ days, and the y-direc-
tion was perpendicular to the x-direction and oriented
towards the left. The tendency (TEN) term, represented on
the left side of the equation, accounted for the local accelera-
tion. The right side of the equation is comprised four terms:
the horizontal advection (ADV), vertical advection (VER),
Coriolis force acting on the ageostrophic winds in the x direc-
tion (COR), and residual entities, including but not limited
to friction (FRI).

As shown in Fig. 10a, TEN is mainly regulated by
COR, indicating that the inertial oscillation of wind anomalies
(the ageostrophic wind is roughly equivalent to wind anoma-
lies, Fig. 91) is the main contributor to the diurnal variation.
In accordance with the continuous increase of COR after
0800 LST, TEN becomes positive after 1000 LST, providing
a slow acceleration to the atmosphere. After 1800 LST,
accompanied by the slight decrease of RES and the continu-
ous enhancement of COR, the magnitude of TEN increases,
pointing to a faster acceleration rate in the jet direction.

LOW-LEVEL JETS IN NORTHEASTERN CHINA
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Within this accelerating period, the peak LLJ formed at
0000 LST (Fig. 5). At around 0200 LST, TEN becomes nega-
tive, the acceleration effect disappears, and the wind speed
in the jet direction starts to decrease. Distinguishable from
the traditional inertial oscillation triggered by the sudden
decrease of friction after sunset, the magnitude of RES does
not change much (Fig. 10a). That is because the trigger here
is the break of valley wind in the late afternoon, as
described in the first paragraph of this section.

4.3.2. Cold season

Similar to the condition in the warm season, wind anoma-
lies at 875 hPa during the cold season are also regulated by
the diurnal variation of thermal contrast and experience a
clockwise rotation (Fig. 11); and COR is also the main con-
tributor to TEN in the momentum budget (Fig. 10b), indicat-
ing that the diurnal variation of wind components is primarily
influenced by the veering of wind anomalies. Unlike the
slight fluctuation of RES in the warm season (Fig. 10a), the
decrease in negative values for RES is considerable after
1400 LST in the cold season (Fig. 10b), which actually
helps to increase TEN in the afternoon. This result suggests
that a decrease in atmospheric turbulence may also promote
the development of an inertial oscillation in the cold season.
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Fig. 10. Diurnal variation of the individual terms in the horizontal momentum equation in the LLJ
direction for (a) warm season at 925 hPa in Area 1 and (b) cold season at 875 hPa in Area 2.
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Besides, there is still a noticeable difference between the
two diurnal variation patterns; that is, the phase of the inertial
oscillation in the cold season occurs much earlier than in the
warm season (Figs. 9 and 11). The causes of these differences
need to be carefully examined.

As previously mentioned, wind anomalies in both sea-
sons are primarily caused by mountain—valley circulations,
and the phase of this circulation is roughly determined by
the thermal contrast of the temperature anomalies between
mountainous and flat regions. Thus, the diurnal variation of
this thermal contrast is checked at 925 hPa (875 hPa) in the
warm (cold) season (Fig. 12). It is noteworthy that in the
ERADS reanalysis, the peak of the Da Hinggan Ling Mountains
(~1230 m) is higher (lower) than that of the layer at 925 hPa
(875 hPa). Thus, the east slope (~730 m ASL) and the peak
of the Da Hinggan Ling Mountains, indicated by the pink
and blue triangles in Fig. 1, respectively, are chosen to repre-
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sent mountainous regions in the warm season and cold sea-
son. Besides, for better comparability between different atmo-
spheric layers, normalization is applied for both seasons
(the dashed lines in Fig. 12).

Due to the shorter daylight duration in the cold season
(Fig. 12), the positive phase of thermal contrast is shorter
and quickly transitions into a negative phase after 1700
LST, three hours earlier than that for the warm season. Conse-
quently, the afternoon wind anomalies (i.e., the valley wind)
lose their driving force over a shorter period and enter an iner-
tial oscillation earlier in the cold season. Although the magni-
tude of the positive thermal contrast in the warm season
also decreases after 1200 LST, the long duration of the posi-
tive phase coupled with the slow decreasing trend results in
a delayed start to inertial oscillation. Besides, the period of
inertial oscillations can be calculated using the formula 7 =
27t/f = w/ Qsine (Du et al., 2015b). The average latitude for
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Fig. 11. Diurnal wind anomalies (m s~!, vector) and temperature anomalies (K, shading) at 875 hPa at (a—h)
0900, 1200, 1500, 1800, 0000, 0300, 2100, and 0600 LST, respectively, during the cold seasons. (i) The
black (red) line shows the clockwise rotation of wind anomalies (ageostrophic wind) at 875 hPa (m s1)
averaged in Area 2 [the blue box in (a)]. The purple contour represents terrain height (m, interval: 250 m).
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Fig. 12. Diurnal variation of the thermal contrast (°C, the solid lines and left axis) between the
atmosphere over the mountainous and foothill regions (triangles and the square in Fig. 1,
respectively). The dashed lines (right axis) show the same but for normalized results.

Area 1 in the warm season is 43.75°N, which translates into
a period T of approximately 17.5 hours. The ageostrophic
wind direction in the warm season begins turning from the
southeast at 1800 LST, and after about 7 hours, it turns
approximately 190 degrees. Around 0100 LST, the wind
direction aligns with the background southwest wind direc-
tion (Fig. 91). By contrast, for Area 2, the average latitude of
this region is 47.5°N, making the period of inertial oscillation
(about 16.4 hours) shorter than in Area 1. The ageostrophic
wind direction starts turning from the southwest wind at
1500 LST, and after about 4 hours, it turns approximately
90 degrees, so by around 2000 LST, the wind direction
becomes consistent with the background wind from the north-
west (Fig. 111). In conclusion, the differences in daylight dura-
tion, direction of background winds, and latitude of the two
high-frequency LLJ regions are considered to be the three
main causes for the different phases of inertial oscillation
between warm and cold seasons.

4.4. Sub-peak of the cold-season LLJ

In the cold season, a sub-peak of LLJ occurrence takes
place around 1000 LST, which corresponds to the local maxi-
mum of wind speed at 0800 LST (Figs. 5 and 8). As shown
in Fig. 13a, the underlying cause of the sub-peak is the intensi-
fication of the wind anomalies at 875 hPa, which actually orig-
inates at 925 hPa. More specifically, before sunrise, at
925 hPa, high-pressure areas form in mountainous regions
due to the lower temperatures over the Da Hinggan Ling
Mountains, Yanshan, and Changbai Mountains (Fig. 13b).
Consequently, a weak low-pressure anomaly forms in the
plains, which drives northeasterlies on its western edge. Mean-
while, northwesterly downslope winds are ongoing. The con-
fluence of these northwesterly downslope winds with the
low-pressure-induced northwesterly winds enhances the
northerly wind component along the ridge of the Da Hinggan
Ling Mountains and, under the influence of fluid viscosity,
favors the formation of LLJ at 875 hPa.

This phenomenon also occurs in the warm season (not

shown); however, the enhanced northeasterly wind anomaly
is nearly in the opposite direction to the southwesterly LLJ.
Therefore, it cannot contribute to the formation of LLJs during
that period.

5. Conclusion

We employed hourly ERAS reanalysis data with 25-km
horizontal resolution and 14 vertical levels to delve into the
formation and development mechanisms of LLJs over North-
eastern China during warm and cold seasons from 1957 to
2021. Northeastern China exhibits two high-frequency
regions of LLJs: the central region during the warm season
and the leeward slopes of the Da Hinggan Ling Mountains
during the cold season. The heights, wind characteristics,
and diurnal cycles of the LLIJs differ in the two regions due
to the combined influences of background circulation and ter-
rain. The main findings are summarized as follows:

(1) Warm-season LLJs primarily flow northeastward
(Fig. 14a), with the core appearing at 925 hPa, influenced
by southwesterly background winds. In comparison, the
cold-season LLJs primarily flow southeastward (Fig. 14b),
core appearing at 875 hPa. Due to the stronger background
winds and terrain-induced supercritical flow, LLJs are more
frequent and robust in the cold season.

(2) The inertial oscillation and mountain—valley thermal
circulation are the main contributors to the formation and
the diurnal variations of LLJs in both seasons (Fig. 14). How-
ever, three key differences emerge: a) earlier sunset
advances the inertial oscillation in the cold season; b) higher
latitudes shorten inertial oscillation periods in the cold sea-
son; c¢) the smaller angle between the background wind and
anomalies align faster. These three factors jointly result in dis-
tinct oscillation phases, and also different peak hours of LLJ
occurrence between the cold and warm seasons.

(3) The uneven temperature distribution of the low-
level atmosphere over the complex terrain generates a low
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Fig. 13. Temporal circulation anomalies at 0800 LST in the cross-section represented by the blue line in (b) during
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pressure over the plain before sunrise.
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Fig. 14. Schematic of the main processes responsible for the formation of LLJs (red-orange arrows) in Northeastern
China during the (a) warm and (b) cold seasons. The black arrows represent the mountain—valley circulation at night;
red arrows indicate background wind (Vb); blue arrows indicate the ageostrophic wind (Va) at the starting time of
inertial oscillation and the time when Va aligns with Vb; the white arrow in (b) indicates the southward wind

anomaly that arises from the low pressure in the valley.

pressure in the valley before sunrise, which results in a south-
ward wind anomaly on the east slope of the Da Hinggan
Ling (Fig. 14b). This anomaly is accelerated by the
boundary-enhancing effect of the terrain, and under the influ-
ence of fluid viscosity, it indirectly leads to the sub-peak of
the LLJ at 875 hPa at 0800 LST during the cold season.
This study provides unprecedented insights into spatial
and temporal distribution patterns of LLJs over Northeastern
China, characterized by intricate terrain and circulation condi-
tions. It examines the formation mechanism of LLJs, poten-
tially applicable to global regions. LLJs play a significant

role in shaping local precipitation patterns by enhancing mois-
ture transport and convective activity. Upcoming research
endeavors will aim to decipher the specific mechanisms
through which LLJs influence precipitation events, thereby
advancing our understanding and predictive capabilities
regarding regional weather dynamics.
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