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Abstract

This study used reanalysis and lidar observations to investigate nocturnal downslope
wind events in the Taklimakan desert, revealing their vertical structure, influencing factors,
climatology, and impacts on boundary layer dynamics and dust emissions. 125 events
were detected along the northern slope of the Kunlun Mountains, impacting Minfeng. Due
to its weakness after onset, downslope flow is deflected horizontally when it encounters
the opposing synoptic winds. The continued radiative cooling, dense air drainage, and
adiabatic warming intensify downslope flow as the night progresses, causing it to gradually
sink and overcome the opposing synoptic winds. Downslope wind events typically occur
between an hour before and two hours after sunset, with the strongest occurring at or
before sunset due to the longer period of radiative cooling and the coincidence with
early evening instability conditions. Strong events occur under weak stability conditions
as a stable atmosphere with a strong inversion layer can inhibit sinking motion. Most
events, even the strongest ones, occur under dry conditions due to enhanced radiative
cooling. Mechanical turbulence occurs when downslope flow hits the surface, whereas
thermal turbulence occurs when warmer, downslope air weakens the lower atmosphere’s
temperature inversion. Downslope wind events significantly raise dust emissions in the
Taklimakan desert.

Keywords: slope winds; nocturnal downslope flow; atmospheric boundary layer; dust
emissions; Taklimakan desert; coherent Doppler wind lidar

1. Introduction

The Taklimakan desert, which is the world’s 2nd-largest shifting sand desert covering
an area of 337,000 km? and dunes reaching a height of about 91 m, is a main source of dust
aerosols in East Asia [1]. It is a part of the Tarim Basin in southwestern Xinjiang, Northwest
China, and is surrounded by the Kunlun Mountains to the south, the Gobi Desert to the east,
the Tianshan Mountains to the north, and the Pamir Mountains to the west, as shown in
Figure 1. Due to severe winds, arid weather, and enormous volumes of dunes, Taklimakan
desert dust storms are regular natural phenomena, especially in spring. Taklimakan desert
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dust aerosols can be lifted into the high atmosphere and carried vast distances eastward,
affecting the air quality of numerous locations [2,3]. During dust events, particulate matter
concentrations increase significantly, as demonstrated by Xie et al. [4] in Beijing and Liang
et al. [5] in Taiwan. Zong et al. [6] also revealed that dust is predominant in the Taklimakan
desert, with dust layers reaching a height of 4-5 km.

75°F 78°F 81°E 84°F 87°F 90°F 93°F

45°N-

42°N-

39°N+

Elevation (m)

~45°N

r42°N

T Tarim Basin {
,,,,,,,,,,,,,,,, Taklimakan Desert .. | £39oN

36°N- i F36°N
‘ 3 N
0 100200 400 600
e : 1 Kilometers
72°E 75°E 78°E 81°E 84°E 87°E 90°E 93°E

Figure 1. The study area and its topography.

Wind is the primary driver of dust aerosols, playing a crucial role in shaping arid
and semi-arid environments. Diurnal mountain winds, also known as thermally driven
slope winds, are common local winds in mountainous regions that occur due to the diurnal
cycle of incoming solar radiation during the day and radiative loss during the night, which
causes horizontal differences in temperature between the air above the heated or cooled
slope and the air in the basin [7,8]. During the day, the sun heats the slope’s surface, forcing
the air above it to warm, become less dense, and rise, resulting in upslope (Anabatic)
winds. During the night, the slope rapidly loses heat by radiative cooling, forcing the
air above it to cool, get denser, and fall by gravity, resulting in downslope (katabatic)
winds. The thermally driven slope winds are characterized by two daily transition phases:
in the evening and morning. The evening transition from upslope to downslope occurs
between late afternoon and early evening, shortly after sunset. It happens when outgoing
longwave radiation surpasses incoming shortwave radiation, causing the surface to cool
and triggering a downward sensible heat flux that removes heat from the air above the
surface. The morning transition from downslope to upslope occurs in the early morning,
shortly after sunrise. It happens when incoming solar radiation surpasses longwave
radiation loss, breaking up the temperature inversion and transferring heat upward from
the surface to the air above it [9-11]. The atmospheric boundary layer’s thermal and
dynamic structure is significantly influenced by the slope flows [12,13].

Nighttime katabatic winds are local phenomena, occurring on a smaller scale, such as
a hill or a slope, and do not always require mountain peaks. The fundamental element is
the cooling of air along a slope, which increases its density and causes it to flow downhill,
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driven by gravity [14]. Katabatic winds develop early after sunset, under clear skies and
quiet synoptic conditions, at depths ranging from a few tens to a few hundred metres, within
a developing temperature inversion, and with wind speeds increasing from the ground
to 2-6 m s~ ! before decreasing again from the jet to the top of the inversion [15-18]. They
are weak and deep over gentle slopes [19], but strong and shallow over steep slopes [20].
Considering the whole mountain scale, the formation of a localized high-pressure system
at mountain peaks throughout the night can also induce katabatic downslope winds. More
rapid cooling of the air at the top of the mountain compared to that at lower elevations
causes a pressure gradient, pushing the cold, dense air downhill. These local thermal
pressure gradients are caused by differential cooling. The nightly downslope winds, which
are generated by gravity and pressure gradient forces and have considerable impacts on
the atmospheric boundary layer of large regions at the mountain’s foot, are investigated in
this paper. Arrillaga et al. [21] studied the locally produced, thermally driven downslope
winds, considering their source, relationship to boundary-layer turbulence, and effect on
the variability of CO, in the Guadarrama Mountains in the central Iberian Peninsula, Spain,
during the summer of 2017. Wenta and Cassano [22] used observations from the Aerosonde
unmanned aircraft system, numerical modelling, and the Antarctic Weather Station to
investigate the effects of katabatic wind events over the Terra Nova Bay Polynya between
18 and 25 September 2012, on the atmospheric boundary layer and surface conditions.

While local temperature differences caused by nighttime surface cooling drive thermal
downslope winds, large-scale weather patterns, especially synoptic pressure systems, drive
synoptically forced downslope winds. The regulating mechanisms of the synoptically
forced downslope winds include the interaction of synoptic flow with a topographic
barrier that causes descending flow over its lee side [23]. The substantial cross-barrier
flow is accompanied by condensation of moisture into clouds and precipitation on the
windward slope and adiabatic warming on the leeward slope [24,25]. The synoptically
forced downslope winds are not included in this paper; however, previous studies have
examined them, such as Abatzoglou et al. [26], who studied them globally using reanalysis
data from 1979 to 2018, as well as Shestakova et al. [27], who studied them in the Russian
Arctic using reanalysis and observational data during the late 20th and early 21st centuries.
Furthermore, Takimoto [28] investigated the downslope winds of Mount Rokko in Kobe
City, Japan, utilizing wind and temperature observations collected between November
2017 and February 2018.

Previous research has demonstrated the role of northeasterly synoptic winds entering
the Taklimakan desert through its eastern open in generating turbulence and dust storms.
Elshora et al. [29], who analyzed a series of severe dust storms in the Taklimakan desert
between 16 and 27 March 2022, found that northeasterly synoptic winds had a substantial
role in the formation of these dust storms. However, researchers have not thoroughly
examined the impacts of regular nighttime downslope wind events on atmospheric bound-
ary layer characteristics and dust emissions. The existence of the Tianshan Mountains
in the north, the Pamir Mountains in the west, and the Kunlun Mountains in the south
causes it to receive frequent downslope wind events. With the majority of Taklimakan
desert dust events occurring in its southern regions [30], specifically Minfeng City [31], this
study focuses on detecting nighttime downslope wind events over the northern slope of the
Kunlun Mountains, which have a substantial influence on Minfeng’s atmospheric boundary
layer. The Kunlun Mountains, which stretch from Tajikistan’s Pamir Mountains to southern
Xinjiang and Qinghai in China, are one of Asia’s largest mountain ranges, covering more
than 3000 km. The chain forms the northern boundary of the Tibetan Plateau south of
the Tarim Basin, with a peak of 7167 m. This study thoroughly investigates nighttime
downslope wind events over the northern slope of the Kunlun Mountains to unveil: their
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vertical structure; factors affecting their severity; climatology of their characteristics; and
their impact on surface heat flux and turbulence. It also uses a ground-based coherent
Doppler wind lidar (CDWL) to observe the nighttime downslope wind events, their effects
on turbulence, and their interaction with synoptic conditions. The impacts of these night-
time downslope wind events on boundary layer dynamics and dust emissions are explored
at Minfeng using the vertical profiles of a ground-based CDWL along with the temporal
distribution of MERRA-2 dust emissions.

2. Materials and Methods

This study relied primarily on ERA5 reanalysis data to investigate the nighttime
downslope flows over the northern slope of the Kunlun Mountains and how they affect
the atmosphere of Minfeng. ERAS, produced by the European Centre for Medium-Range
Weather Forecasts (ECMWFE), is the fifth-generation reanalysis of the global climate and
weather with a spatial resolution of 0.25° x 0.25° and a temporal resolution of 1 h [32]. ERA5
is commonly used to study the regional wind field, and Huang et al. [33] demonstrated its
outstanding performance in the Taklimakan desert. The “ERA5 hourly data on single levels
from 1940 to present” dataset was used to access the 10 m horizontal wind components
required to calculate the speed (m s~ 1) and direction (°) of the wind, mean sea level pressure
(hPa), 2 m temperature (K), and surface sensible heat flux (SSHE, W m~2). The “ERA5
hourly data on pressure levels from 1940 to present” dataset was used to access the wind
components (m s~ 1), vertical velocity (Pa s7h), temperature (K), and specific humidity (g
kg~ !). The ERA5 meteorological data was obtained from the Copernicus climate data store
website “https:/ /cds.climate.copernicus.eu/ (accessed on 10 May 2024)”.

Firstly, the mean sea level pressure and 10 m horizontal wind throughout China during
the night of 2022 were used to analyze the nighttime synoptic conditions and the wind
patterns that affect Minfeng. Nighttime refers to the period from 22:00 to 07:00 local time.
After that, the nighttime downslope wind events were identified based on three locations: at
Minfeng, over the slope, and above the mountain. First, Minfeng must experience southerly
winds that are roughly perpendicular to the mountain range axis (between 135 and 225°),
for at least 5 continuous hours without gaps during the night. Second, each selected event
must have continuous downward vertical velocity over the slope. Third, the average of
the surface winds above the mountaintop level for the whole duration of each selected
event must be southerly (between 135 and 225°). Figure 2 shows the nighttime downslope
wind events detection area, including the locations and elevations of the Minfeng, slope,
and mountaintop dataset grid points. Data from these grid points were used to compute
the parameters of the detection criteria. Based on these criteria, a total of 125 downslope
wind events were identified. Further details of the identification procedure and supporting
figures (Figure A1) are provided in Appendix A.

The vertical structure of nighttime downslope flow was investigated using a lon-
gitudinal cross-section passing through Minfeng showing the vertical velocity and the
longitudinal component of the horizontal wind in two scenarios: (1) using all nighttime
data, which represents the downslope flow’s initial weakness and gradual intensification;
and (2) using only selected downslope wind events data, which represents the hours of the
intensified downslope flow. ERA5 data at multiple pressure levels were obtained for all
nighttime hours in 2022 as well as for all hours corresponding to the selected events. Based
on the downward vertical velocities over the slope, the selected nighttime downslope wind
events were classified into three categories: weak (<0.4 Pa s~1), moderate (0.4 to 0.8 Pa
s~1), and strong (>0.8 Pa s~!). The frequency of these categorized events was calculated
and analyzed for different levels of the: (1) onset time relative to sunset, considering the
onset time as the moment when the direction of vertical velocity over the slope begins to
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change from upward to downward; (2) temperature gradient between the mountaintop
and the desert surface; (3) static stability (K km~1) over the peak and slope of the mountain
at the moment of onset, calculated as the potential temperature gradient with respect to the
height; and (4) specific humidity over the peak and slope of the mountain. This study also
examined the climatology of selected nighttime downslope wind event characteristics, such
as temperature and pressure gradients, downward vertical velocities over the slope, and
surface wind speeds and thermal stratifications (K) at Minfeng. In addition, the impacts
of nighttime downslope flow on surface heat flux and turbulence were analyzed using
scattering plots between vertical velocity over the slope and SSHF at Minfeng, as well
as between wind speed and turbulent kinetic energy (TKE) (m? s72) over the surface at
Minfeng for various downslope flow intensities. The ECMWEF convention for vertical fluxes
is positive downwards. TKE indicates the energy associated with turbulent air motion and
is commonly calculated using the variance of wind speed components [34].
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Figure 2. The nighttime downslope wind events detection area, including the locations and elevations
of the Minfeng (black), slope (red), and mountaintop (green) dataset grid points; the coloured lines
indicate the 2, 3, and 4 km contour lines.

A downslope wind event that occurred at night on 17 March 2022, was analyzed
using the vertical profiles of a ground-based CDWL in Minfeng (82.691°E, 37.068°N).
Using carrier-to-noise ratio (CNR, dB), horizontal wind speed (m s~!), wind direction (°),
and vertical speed (m s~!), the movement of downslope winds was thoroughly recorded,
starting from its initial weakness to its intensification and reaching the surface. The field
experiment was conducted from July 2021 to May 2023. This lidar uses Doppler frequency
shifts to detect wind along the line of sight. The velocity azimuth display scanning approach
keeps a constant elevation angle of 70° while the laser beam scans several points at different
yaw angles from 0° to 360° with an angle of approximately 12° between each pair and a
scanning cycle of 1 min. The maximum theoretical range is 13 km, and the detection height
is dynamically determined by the atmospheric aerosol distribution, typically exceeding 6
km for cloud observations. It has a 200-bin range, with resolutions of 30 m for the first 100
bins, 60 m for the second 50 bins, and 150 m for the third 50 bins [35,36]. The instrument
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was installed at the Minfeng County Meteorological Bureau, located within the county
seat (urban setting, county radius ~ 3 km). This study used a threshold CNR of —18 dB to
exclude less accurate data. A horizontal wind direction of 0° shows wind flowing towards
the north, which increases clockwise. Positive vertical wind speed implies a downward
direction. For this downslope wind event, the spatial distribution of the mean sea level
pressure, 10 m horizontal wind, and downward vertical velocity at 650 hPa were studied
two times: after the onset of the downslope flow and after it intensified and reached
the surface. The significant influence of the opposing synoptic winds on the downslope
wind pattern was revealed by investigating the vertical profiles of Minfeng’s CDWL under
various synoptic conditions: (a) persistent strong synoptic conditions overnight on 28
March 2022, (b) persistent weak synoptic conditions overnight on 14 August 2022, and
(c) strong synoptic conditions early at night on 21 April 2022.

The impacts of Taklimakan desert wind patterns on boundary layer dynamics and
dust emissions were investigated during 12-18 May 2022, using the vertical profiles of
Minfeng’s CDWL obtained with the same scanning approach mentioned earlier, along
with the temporal distribution of MERRA-2 dust emissions (kg m~2 s~ !). The Modern-Era
Retrospective analysis for Research and Applications version 2 (MERRA-2) is the most
current satellite-era global atmospheric reanalysis from NASA’s Global Modelling and
Assimilation Office (GMAO), covering the period 1980-the present at a 0.5° x 0.625°
spatial resolution. The dust emissions dataset includes five size bins—bin001, bin002,
bin003, bin004, and bin005—which correspond to dust particles with radius of 0.1-1, 1-1.8,
1.8-3, 3-6, and 6-10 um, respectively [37]. Total dust emissions were calculated as the
sum of emissions from all five size bins. The MERRA-2 dust emissions utilized in this
study were obtained from the GES DISC website “https:/ /disc.gsfc.nasa.gov/ (accessed on
8 August 2025)”.

3. Results and Discussion
3.1. Nighttime Synoptic Conditions

The nighttime synoptic conditions were examined to illustrate the wind patterns that
impact Minfeng. The mean sea level pressure (hPa) and 10 m horizontal wind (m s71)
across the Taklimakan desert during the night in 2022 are shown in Figure 3. Minfeng is
influenced by a northeasterly synoptic wind pattern, which is caused by the steep pressure
gradient between the high-pressure system in the north (~1023 hPa) and the Taklimakan
desert trough (~1014 hPa). The high-pressure system, which affects wide areas in southern
Russia, eastern Kazakhstan, Mongolia, Inner Mongolia, and northern Xinjiang, develops
intense winds that penetrate the Taklimakan desert through the eastern gap between
its mountains.

High pressure also appears above the Taklimakan desert mountains (~1025 hPa),
causing the trough to serve as a wind convergence zone, with winds arriving from all
directions. During the night, the land cools radiatively through the emission of longwave
radiation into the sky. Because the highlands and mountain slopes cool faster than the
desert surface, the air above the mountain becomes denser and, as a result, higher in
pressure compared to that over the desert surface. This localized thermal pressure gradient,
in addition to the influence of gravity, generates a force that causes the denser and higher-
pressure air to flow downslopes, affecting Minfeng with a southerly wind pattern. The
low-pressure area in the middle of the Tibetan plateau gathers wind from the high-pressure
area over its southern side. In addition, there is no large-scale wind that may be directed
towards the Tibetan plateau’s southern slope, resulting in synoptical downslope flow over
its northern slope, implying that the nighttime downslope wind events detected at Minfeng
are thermally driven as a result of the temperature and pressure differences between the
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Figure 3. The mean sea level pressure (hPa, shading) overlapped by 10 m horizontal wind (m s~!,
vectors) across the Taklimakan desert during the night in 2022 with (a) 1° wind field resolution and

(b) 0.25° wind field resolution; the blue star indicates Minfeng.

3.2. Characterization of Downslope Flow

Figure 4 shows a longitudinal cross-section passing through Minfeng and illustrating
the vertical structure of the nighttime downslope flow by using the vertical velocity (Pas™1)
and the longitudinal component of the horizontal wind (m s~!) from both all nighttime
data and selected downslope wind events data.

=
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Figure 4. A longitudinal cross-section passing through Minfeng and illustrating the vertical structure
of the nighttime downslope flow by using the longitudinal component of the horizontal wind (m
s~ L, + northward, — southward) from (a) all nighttime data and (b) selected downslope wind events
data, as well as the vertical velocity (Pas~!, + downward, — upward) from (c) all nighttime data and
(d) selected downslope wind events data; the zero contour lines are indicated by the dashed lines;
Minfeng location is indicated by the blue arrow.
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During the night, the cold dense air over the mountain flows downhill and faces the
opposite northeasterly synoptic winds that enter the Taklimakan desert through its eastern
opening (Figure 4a—c). A portion of the downslope flow is deflected horizontally as it
encounters the opposing surface wind layer, allowing the southerly winds to ride over the
northeasterly winds. This phenomenon can be attributed to the idea that the thermally
driven downslope flow for the majority of the night is weaker than the opposing surface
synoptic wind. Also, the significant stable layer or temperature inversion over the desert
surface serves as a barrier separating the downslope flow over the opposing synoptic wind.
When a substantial temperature inversion forms above the surface, downslope flows often
descend into the elevated part of this inversion at the height where the flow’s buoyancy
matches that of the desert’s stratified air [38]. The horizontal extent and depth of this riding
depend on factors such as the strength of the temperature inversion, the severity of the
opposing synoptic wind, and the gradual intensification of the downslope flow. When
the opposing synoptic winds get stronger, directional shear, along with the associated
turbulence, can significantly affect the downslope flows [39,40].

While the downhill flow is initially weak, it gets more intense with time. The continu-
ing radiative cooling, as the night progresses, increases the temperature gradient between
the mountain slope and the desert surface, strengthening the downslope flow. Also, as
the night progresses, cooler air from mountain slopes continues to drain down, supplying
denser air to feed downslope flows. Furthermore, the air warms and is compressed adiabat-
ically as it moves downslope. The continuous downslope flow during the night contributes
to further warming of the descending air, which enhances the pressure gradient between
the warmer air at lower elevations and the cooler air at higher elevations and induces the
downslope flow. Park et al. [41] demonstrated that the increased pressure gradient force
due to adiabatic warming along the slope amplifies downslope flow and accelerates surface
winds. Moreover, Turner et al. [42] showed that strong downslope winds and adiabatic
compression lead to high-temperature events and warm pools. The vertical structure of the
nighttime downslope flow was further investigated using the selected downslope wind
events data, which represents the hours of the intensified downslope flow (Figure 4b—d).
Induced downward vertical velocities of 1.20 Pa s~! are observed over the slope. In addi-
tion, the intensified downslope flow reaches the surface and spreads horizontally, with a

maximum mean speed of 3.1 ms~!

, overcoming the opposing synoptic winds. To conclude,
the initial weak downslope winds are deflected and flow horizontally over the opposing
surface synoptic wind layer, but once they get intensified, they overcome these opposing

winds and reach the surface.

3.3. Factors Influencing the Severity of Downslope Wind Events

The selected nighttime downslope wind events were classified into three categories
depending on their downward vertical velocities over the slope: weak, moderate, and
strong. Figure 5 shows the frequency of downslope wind events in the three intensity
categories for different levels of the onset time relative to sunset (h), temperature gradient
(K), static stability (K km~1), and specific humidity (g kg’l). The onset time of downslope
wind events was calculated as the moment when the direction of vertical velocity over the
slope begins to change from upward to downward around sunset. An hour before sunset
to two hours after sunset was when most downslope wind events take place (Figure 5a).
Furthermore, strong events occurred at or before sunset, while weak events occurred
afterward. The earlier onset means a longer period of radiative cooling, which increases the
temperature gradient between the mountaintop and desert surface and leads to stronger
downslope flow. The earlier onset also causes the downslope flow to have more time
to develop and intensify throughout the night due to the greater accumulation of dense
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air descending the mountain slopes. In addition, the early onset may coincide with the
atmospheric instability conditions in the early evening, which are more favourable for
the formation of strong events. In the late evening, the downslope flows subside as the
atmosphere becomes more stable and horizontally stratified [43,44]. This supported the
findings of Arrillaga et al. [21], who found that intense downslope flows occur around 1.5 h
before sunset in the Guadarrama Mountains in the central Iberian Peninsula, Spain, during
the summer of 2017. The severity of downslope wind events is significantly influenced
by the temperature gradient between the mountaintop and the desert surface, with strong
and moderate events dominating in greater temperature gradients (Figure 5b). The higher
temperature gradient between the mountaintop and the desert surface causes a greater
density difference, allowing the denser, cooler air at the mountaintop to sink due to
gravitational force [45]. Colder air is denser and hence exerts higher pressure, creating a
steeper pressure gradient force and consequently stronger downslope wind events.
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Figure 5. The frequency of downslope wind events in the three intensity categories for different levels
of (a) the onset time relative to sunset (h), (b) temperature gradient (K), (c) static stability (K km™1),
and (d) specific humidity (g kg ™).

The atmospheric static stability over the peak and slope of the mountain at the moment
of onset substantially affects the severity of downslope flow, with strong events occurring
in weak static stability conditions (Figure 5c). In unstable conditions, the acceleration of
downslope flow caused by gravity and pressure gradients is more pronounced, leading the
downslope wind events to be more severe and turbulent. On the other hand, downslope
flow is weaker and less turbulent in stable conditions, which are often characterized by
a strong inversion layer that inhibits the sinking motion. Strong downslope flow is less
likely to form under these stable conditions because the airflow is often smoother and
more laminar, travelling in layers along the slope. This inverse relationship between
static stability and the intensity of downslope flow was also demonstrated by Zhong
and Whiteman [46]. The specific humidity over the peak and slope of the mountain also
affects the severity of downslope flow, with the highest number of events occurring in
dry conditions (Figure 5d). Furthermore, in these dry conditions, strong downslope wind
events occurred, which can be attributed to the enhanced radiative cooling that strengthens
the temperature gradient. It is well known that under humid conditions, moisture in the air
may condense and release latent heat, slowing the cooling process. Also, higher humidity
levels can increase atmospheric stability and inhibit the rapid acceleration of downslope
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flow. Certain regions have varied humidity levels, such as the dry Colorado Plateau [47,48]
or the humid Alps [49] and West Sumatra [50], which influence how intense the downslope
flow is.

3.4. Climatology of Downslope Wind Events

Figure 6 depicts monthly variations in selected nighttime downslope wind events and
their corresponding characteristics, including temperature (K) and pressure (hPa) gradients,
downward vertical velocities over the slope (Pa s~ 1), and surface wind speeds (m s~1)and
thermal stratifications (K) at Minfeng. The temperature gradient between the mountaintop
and the desert surface is impacted by radiative cooling. Mountaintop cools faster than the
desert surface due to increased radiative heat loss, which results in a greater temperature
gradient. The monthly distribution of the pressure gradients is highly correlated with
that of the temperature gradients, with a correlation coefficient of 0.79. Pressure gradients
are largely caused by temperature variations; when air cools across mountain slopes, it
gets denser and sinks, resulting in higher pressure at higher elevations compared to lower
elevations. The highest pressure gradients detected in warmer months (from March to
September) can be attributed to stronger radiative cooling at higher elevations during
clear and calm nights. On the other hand, the lowest pressure gradients detected in
colder months (from December to February) can be attributed to increased cloud cover,
reduced radiative cooling, and stronger atmospheric stability. Bailey et al. [51] attributed
the weak downslope flow to insufficient radiative cooling in the presence of clouds during
their experiment in the Saguache Mountain Valley, Colorado, USA, on 19 July 2018. The
nighttime downslope wind events caused by these pressure gradients and the gravitational
force have a significant impact on the surface wind speeds at Minfeng. While the highest
impact was observed in June, with a mean wind speed of 4.16 m s~!, the lowest impact
was observed in December and January, with mean wind speeds of 2.02 and 2.11 m s !
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Figure 6. The monthly variations in (a) selected nighttime downslope wind events and surface wind
speeds at Minfeng (m s~ 1), (b) downward vertical velocities over the slope (Pa s~ 1) and surface
thermal stratifications at Minfeng (K), and (c) temperature (K) and pressure (hPa) gradients.
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The weak downward vertical velocities over the slope seen in August, September,
and October can be attributed to the later onset of the downslope flow in these months,
with all detected events beginning at or after sunset (Table A1). This was consistent with
the findings of Nadeau et al. [52], who observed a later onset of 1.5 h after sunset in
their summer field campaign in the Swiss Alps from July to September 2010 to monitor
the evening transition of slope flows. Moreover, August showed the lowest number of
nighttime downslope wind events, with only two detected, which can be associated with
the influence of opposing synoptic winds that peak in August. The opposing synoptic
winds at the desert surface can cause upward flow over the slope, potentially countering
the downward flow of downslope winds. The highest temperatures in August can reduce
the density of surface air, allowing it to be easily pushed upslope by opposing synoptic
winds. In addition, the impact of the opposing synoptic winds on the downward vertical
velocity over the slope can be controlled by the surface thermal stratification at the desert
level. The surface thermal stratification at Minfeng and the downward vertical velocity
over the slope showed a moderate correlation of 0.46. When the thermal stratification at the
desert level is strong, it can effectively reduce the upward motion caused by the opposing
synoptic winds, allowing more pronounced downward vertical velocities over the slope.
In contrast, when the thermal stratification is weak, the upward motion caused by the
opposing synoptic winds can disrupt the downslope flow, resulting in weaker downward
vertical velocities over the slope. August, with the lowest surface thermal stratification
of 0.81 K, had the lowest downward vertical velocity over the slope of 0.10 Pa s~!, which
consequently reduces the frequency of downslope wind events in this month.

3.5. Turbulence Caused by Downslope Wind Events

Figure 7 depicts scattering plots of the relationships between vertical velocity over the
slope (Pa s~ !) and surface sensible heat flux (SSHF) at Minfeng (W m~2), as well as wind
speed (m s~ 1) and turbulent kinetic energy (TKE) (m? s~2) over the surface at Minfeng, for
various downslope flow intensities. The SSHF increases as the downward vertical velocity
over the slope increases, with mean values of 9.38, 11.76, and 19.33 W m~2 for weak
(0.27 Pa s~ 1), moderate (0.57 Pa s~!), and strong (0.92 Pa s ') downslope flow, respectively,
suggesting that nighttime downslope flow enhances the amount of transferred heat at
the surface. As air moves downslope, it undergoes adiabatic compression, resulting in a
rise in its temperature. When the warmer air reaches the relatively cooler desert surface,
the transfer of heat between the surface and the atmosphere is enhanced, and the SSHF
is increased [53,54]. Also, the surface wind caused by the downslope flow can increase
turbulent mixing, which consequently amplifies the SSHEF.

The mean wind speed and TKE over the surface at Minfeng caused by the downslope

1 and

wind events are 2.76 m s~ ! and 3.48 m? s~ 2 for weak downslope flow, 3.25 m s
3.91 m? s~2 for moderate downslope flow, and 3.85 m s~! and 4.63 m? s~2 for strong
downslope flow. Mechanical turbulence can be formed when the downslope flow hits the
desert surface with high surface winds. In addition, the mixing of the warmer, downslope
air with the cooler surface air can generate thermal turbulence through convective processes
when the warmer air rises and the cooler air above sinks. The reach of the warmer air to
the cooler surface weakens the temperature inversion and disrupts the stable stratification
of the lower atmosphere, allowing for induced mixing and turbulence. Evan [55] and
Pokharel et al. [56] showed the significant role of downslope winds in generating dust
storms by causing considerable surface wind shear and turbulence. Carvalho et al. [57]
illustrated how downslope flow-induced high winds and gusts contribute to critical fire
weather and aviation hazards.
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Figure 7. Scattering plots of the relationships between (a) vertical velocity over the slope (Pas™!)
and surface sensible heat flux at Minfeng (W m~2), as well as (b) wind speed (m s~1) and turbulent
kinetic energy over the surface at Minfeng (m? s~2), for various downslope flow intensities.

3.6. Lidar-Based Detection of Downslope Flow

The vertical profiles of a CDWL can also be used to identify the vertical structure of
nighttime downslope flow and its impact on turbulence. A downslope wind event that
occurred at night on 17 March 2022, was investigated in this section. Figure 8 shows the
vertical profiles of CDWL in Minfeng between 19:00 on 17 March and 12:00 on 18 March
2022, including CNR (dB), horizontal wind speed (m s~ 1), wind direction (°), and vertical
speed (ms™1).

Between 19:00 and 22:00, northern and northeastern winds were observed over the
surface to an altitude of 2 km, representing the synoptic winds that enter the Taklimakan
desert from its eastern open. In addition, southern and southeastern winds were observed
above the opposing synoptic wind layer, covering the height above 2 km altitude, repre-
senting the winds coming from the downslope flow. This demonstrates the weakness of
the downslope flow after its onset, allowing it to be easily deflected horizontally when it
encounters the opposing synoptic wind layer. A gradual sinking of the southerly wind
layer was seen after 22:00, implying the intensification of the downslope flow with time
due to (1) the continuous radiative cooling, which increases the temperature gradient
between the mountain slope and the desert surface; (2) the continuous drainage of cooler
air from mountain slopes to feed downslope flows; and (3) the adiabatic compression and
warming of the descending air, which enhances the pressure gradient between the cooler
air at higher elevations and the warmer air at lower elevations. The northerly synoptic
wind layer over the surface showed higher wind speeds of around 12 m s~! starting from
22:00 until its disappearance at 2:00 when the downslope flow became more intense and
reached the surface. The wind shear generated by the shift in wind direction between
the northerly and southerly wind layers causes turbulence, particularly between 22:00
and 00:00, when the surface synoptic winds are at their highest speed. After reaching
the surface and overcoming the opposing synoptic winds, the downslope flow began to
spread horizontally, increasing in speed and height over time. Mechanical turbulence was
generated over the surface at 4:00 when the downslope flow hit the desert surface at a high
speed of roughly 15 m s~ . The southerly winds caused by the downslope flow persisted
at this high speed until 8:00 and continued to affect the surface until around 11:30 when
they began to disappear.
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Figure 8. The vertical profiles of CDWL in Minfeng between 19:00 on 17 March and 12:00 on 18 March
2022: (a) CNR (dB); (b) horizontal wind speed (m s~'); (c) wind direction (°); and (d) vertical speed
(ms~1).

The pressure and wind conditions at the onset of the downslope flow, when it was
weak, were compared to those when it strengthened and reached the surface. Figure 9
shows the spatial distribution of the mean sea level pressure (hPa), 10 m horizontal wind
(m s~!), and downward vertical velocity at 650 hPa (Pa s~!) at two times: after the onset of
the downslope flow at 21:00 on 17 March and after the reach of the downslope flow to the
surface at 3:00 on 18 March.

At the onset (Figure 9a—c), the pressure gradient between the mountaintop and the
desert surface at Minfeng was about 16 hPa, causing the downslope flow to be weak and
the opposing synoptic winds to prevail over the surface. Northeastern synoptic winds hit
Minfeng with a speed of around 3 m s~!. The increased height between the mountaintop
and the desert surface near 81°E, which increases the pressure gradient, led to a relatively
higher impact of the downslope flow in this region. However, due to the weakness of
the downslope flow after its onset and its deflection above the opposing synoptic winds,
downward vertical velocities of around 0.5 Pa s~ ! were seen quite far from the slope. As
the night progresses, the pressure gradient between the mountaintop and the desert surface
at Minfeng increases. It was around 24 hPa when the downslope flow reached the surface
and hit Minfeng with southeasterly winds at a speed of roughly 6 m s~! (Figure 9b-d).
As the downslope flow intensified and overcame the opposing synoptic winds, strong
downward vertical velocities of around 1.3 Pa s~! prevailed across the slope.
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Figure 9. The spatial distribution of (a,b) the mean sea level pressure (hPa, shading) overlapped
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(Pas~!, shading) after the onset of the downslope flow at 21:00 on 17 March and after the reach of
the downslope flow to the surface at 3:00 on 18 March; the black star indicates Minfeng.
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3.7. Interaction Between Downslope and Synoptic Wind Patterns

Investigating the vertical profiles of Minfeng’s CDWL under various synoptic condi-
tions reveals the significant influence of the opposing synoptic winds on the downslope
wind pattern. Figure 10 shows the vertical profiles of CDWL in Minfeng, including CNR
(dB), horizontal wind speed (m s~ 1), wind direction (°), and vertical speed (m s, during
(a) persistent strong synoptic conditions overnight on 28 March 2022, (b) persistent weak
synoptic conditions overnight on 14 August 2022, and (c) strong synoptic conditions early
at night on 21 April 2022.

On 28 March 2022, a strong synoptic wind event hit the Taklimakan desert with a
peak speed of 16 m s~! and persisted throughout the night, preventing the downslope flow
from reaching the surface. The downslope flow was deflected above the opposing synoptic
wind layer at an altitude of 4 km from its onset until around 3:30. Although the continuous
radiative cooling and drainage of cooler air as the night progresses, continuous intense
synoptic winds can alter the typical pattern of nighttime downslope flow by preventing it
from sinking. On 14 August 2022, weak synoptic conditions prevailed in the Taklimakan
desert throughout the night, allowing the nighttime downslope winds to flow smoothly
and without deflection. The downslope flow reached the surface early, around 22:30,
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accompanied by significant mechanical turbulence. The southerly downslope winds spread
over the surface, covering a height of 2 km and reaching their peak speed of 13 m s™!
at 06:00. On 21 April 2022, strong synoptic winds with a speed of 14 m s~! were seen
early at night within a height of 3 km, delaying the appearance of nighttime downslope
flow. As the synoptic winds weakened at around 00:30, the downslope winds began to
sink and increase in speed gradually. When the downslope winds peaked at 07:00, they
appeared at the surface and prevailed through 3 km. Based on these three case studies,

it is demonstrated that opposing synoptic winds have a major impact on the downslope

wind pattern.
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Figure 10. The vertical profiles of CDWL in Minfeng, including CNR (dB), horizontal wind speed
(ms~!), wind direction (°), and vertical speed (m s~ 1), during (a) persistent strong synoptic conditions
overnight on 28 March 2022, (b) persistent weak synoptic conditions overnight on 14 August 2022,
and (c) strong synoptic conditions early at night on 21 April 2022.

3.8. Impact of Downslope Winds on Dust Emissions

The vertical profiles of Minfeng’s CDWL can be used to investigate the impact of night-
time downslope wind events on boundary layer dynamics and dust emissions. Figure 11
shows the vertical profiles of CDWL in Minfeng during 12-18 May 2022, including CNR
(dB), vertical speed (m s~ 1), horizontal wind speed (m s 1), and wind direction (°), along
with the temporal distribution of MERRA-2 dust emissions (kg m~2 s~ 1).
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Figure 11. The vertical profiles of CDWL in Minfeng during 12-18 May 2022: (a) CNR (dB);
(b) horizontal wind speed (m s~ 1); (¢) wind direction (°); and (d) vertical speed (m s, along with
(e) the temporal distribution of MERRA-2 dust emissions (kg m~2 s 1); the dashed boxes indicate
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May 12 exceeds the vertical scale and is shown separately in the circle.

At 00:00 on 12 May, a northeastern synoptic wind with a speed of 12 m s~! was
observed within a height of 3 km, delaying the appearance of nighttime downslope winds.
The dust emission at that time was 0.02 x 1078 kg m~2 s~!, and the lidar detection range
was ~4 km. When the synoptic winds weakened, the southerly downslope winds appeared
at the surface at 5:00, increasing in speed and height with time, and peaked at 9:00 with a
speed of 18 m s~!. This was accompanied by an increase in dust emissions to a peak of
2.65 x 1078 kg m~2 s~! at 11:00, leading to an intensified signal strength and a decrease in
detection range to ~2 km. After that, while dust emissions were gradually decreasing to
reach 0.09 x 1078 kg m~2 s~ ! at 22:00, a new southerly downslope wind event beginning
at 20:00 could increase dust emissions to 0.34 x 1078 kg m~2 s~! at 00:00 on 13 May. The
desert experienced southerly downslope winds of a speed of 16 m s~! at 21:00 on 13 May,
with low impact on dust emissions. Some northeasterly synoptic wind events of a speed
of 12 m s~ ! between 14 May, 15:00, and 16 May, 6:00 caused dust emissions to increase
and record peaks of 0.83 x 1078 kg m 2 s~ at 20:00 on 14 May and 1.14 x 10~% kg m 2
s~! at 19:00 on 15 May. The detection range gradually expanded to ~4 km with low CNR
values, before the appearance of southerly downslope winds of a speed of 16 m s~ ! at 6:00
on 16 May, which increased CNR values, reduced the detection range to 3 km, and raised
-2 4-1

dust emissions to 0.94 x 1078 kg m at 10:00. In weak synoptic conditions, southerly

downslope winds can prevail throughout the night, as happened on 17 May, in which dust
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emissions increased to 0.41 x 108 kg m~2 s~ 1 at 10:00. While, on the other hand, strong
synoptic conditions can prevent downslope flow from reaching the surface, as happened
on the night of 18 May, in which downslope winds rode over synoptic winds in the early
night and reached the surface at 7:00 after the weakness of synoptic winds, raising dust
emissions to 0.20 x 1078 kg m~2 s~! at 10:00. Considering this, synoptic and downslope
wind patterns greatly influence the Taklimakan desert’s air quality. It was demonstrated
that dust events frequently occur in the Taklimakan desert [58], with dust can be lifted up
to 5 km from the ground [59].

4. Conclusions

This study investigated nocturnal downslope wind events in the Taklimakan desert
to reveal their vertical structure, influencing factors, climatology, and impacts on bound-
ary layer dynamics and dust emissions. The nighttime synoptic conditions showed that
Minfeng experiences two wind patterns at night: (1) northeasterly winds from the synoptic
pressure gradient, and (2) southerly winds from the thermally downslope flow. The downs-
lope wind events of the northern slope of the Kunlun Mountains that impact Minfeng’s
atmospheric boundary layer were detected. 125 nighttime downslope wind events in 2022
were detected based on three criteria: at Minfeng, over the slope, and above the mountain.

The horizontal deflection of a portion of the downslope flows when they encounter
the opposing northeasterly synoptic wind layer, allowing the southerly winds to ride over
the northeasterly winds, demonstrated the initial weakness of the downslope flow. As the
night progresses, the downslope flow gradually strengthens due to continued radiative
cooling, dense air drainage, and adiabatic warming. As the downslope flows intensify, they
overcome the opposing synoptic winds and reach the surface, where they begin a horizontal
spread. The opposing synoptic wind conditions completely influence the downslope
flow pattern.

The majority of downslope wind events occur between an hour before to two hours
after sunset, with the strongest occurring at or before sunset due to the longer period of
radiative cooling and intensification, as well as the early evening atmospheric instability
conditions that are more conducive to the formation of strong events. Strong and moderate
events dominate at higher temperature gradients due to the larger difference in density
and pressure, which accelerates downslope flow. Strong events also occur in weak static
stability conditions, in which the acceleration of downslope flow is more pronounced.
Stable conditions with a strong inversion layer inhibit the sinking motion, and the airflow
is often smoother and more laminar, moving in layers down the hill. Furthermore, the
majority of events, including the strong ones, occur during dry conditions, which can be
attributed to enhanced radiative cooling that strengthens the temperature gradient. Air
moisture may slow the cooling process and increase atmospheric stability, which inhibits
the rapid acceleration of downslope flow.

Surface wind speeds at Minfeng increased in warmer months, particularly in June,
due to higher pressure gradients caused by stronger radiative cooling during clear and
calm nights, whereas they decreased in colder months, especially in December and Jan-
uary, due to lower pressure gradients caused by increased cloud cover, reduced radiative
cooling, and stronger atmospheric stability. However, the later onset of downslope flow
in August, September, and October caused weak downward vertical velocities over the
slope. Moreover, August had the fewest nighttime downslope wind events, which can be
attributed to the coincidence with the opposing synoptic wind peak, the highest tempera-
tures that reduce surface air density, and the lowest surface thermal stratification, resulting
in disruption of downslope flow and weakening of downward vertical velocities over
the slope.
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Nighttime downslope flow, which promotes heat transfer to the surface owing to
adiabatic warming, as well as the resulting surface wind, which increases turbulent mixing,
all contribute to an increase in surface sensible heat flux. While mechanical turbulence
can be generated when downslope flow hits the desert surface, thermal turbulence can be
generated when warmer, downslope air reaches the cooler surface, weakening temperature
inversion and disrupting stable stratification of the lower atmosphere, allowing for induced
mixing and turbulence.

The lidar could significantly capture the horizontal flow of the downslope winds
above the opposing synoptic wind layer, as well as their gradual sinking and reach to the
surface. The lidar also detected turbulence induced by wind shear as a result of the shift
in wind direction between the northerly and southerly wind layers, as well as turbulence
generated when the downslope flow hit the desert surface at high speed. The downslope
flow spreads horizontally after reaching the surface, increasing in speed and height with
time and affecting the surface. Downslope winds substantially increase dust emissions and
deteriorate the air quality of the Taklimakan desert. During dust events, the lidar signal
strength increases, and the detection range decreases.
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Appendix A
Appendix A.1. Detection Criteria of Downslope Wind Events

Figure A1 shows wind roses: at Minfeng for all night hours; above the mountaintop
level for all night hours; and at Minfeng for the hours of the selected events, as well as
boxplots of the monthly vertical velocity distribution over the slope for all night hours.
Wind direction is expressed as the direction from which the wind originates, meaning
that 0° indicates a northerly wind. The wind rose at Minfeng for all night hours in 2022
(Figure Ala) reveals that the prevailing wind direction varies from 30° to 250°, illustrating
the northeasterly synoptic and southerly downslope wind patterns. The most frequent
winds typically originate from the south. This site commonly experiences weak to moderate
winds, with rare occurrences of intense winds. The first criterion for the detection of
downslope wind events is to find southerly winds (between 135 and 225°) at Minfeng
lasting for at least five continuous hours without gaps. 157 downslope wind events were
selected after applying the first criterion.

The rapid cooling of highlands and mountain slopes causes the air to become denser
and gravitationally pulled downward. The vertical velocity over the slope was calculated
as the data average of six grid points between 2 and 4 km contours, with the nearest
pressure level above each grid point’s elevation being used. The vertical resolution of ERA5
pressure levels is coarse; however, the objective of this study is not to resolve fine-scale
vertical structures but rather to derive a representative estimate of the vertical velocity
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over the slope region for event detection purposes. The monthly distribution of vertical
velocity over the slope for all night hours in 2022 (Figure Ald) shows that downward flow
prevails in all months except August, with median vertical velocities ranging from 0.201 to
0.425 Pa s~ 1. August shows prevailing upward flow, with a median vertical velocity of
—0.013 Pa 57!, due to the lower thermal stratification over the surface and higher tem-
peratures that reduce surface air density, allowing air to easily flow upslope under the
force of synoptic northeasterly winds. The upward vertical velocity outliers also indicate
the significant effect of the opposite synoptic northeasterly winds. On the other hand, the
most significant downward flow is observed in March, with median, 75th percentile, and
maximum vertical velocity values of 0.425, 0.705, and 1.481 Pa s}, respectively. The second
criterion for the detection of downslope wind events is to find continuous downward
vertical velocity over the slope for all hours of the 157 selected events. After removing
the hours of the upward flow, 27 events were modified, and 18 events were removed. 139
downslope wind events were selected after applying the first and second criteria. The
surface wind speed above the mountaintop level was calculated as the data average of
10 grid points. The wind rose at the mountaintop level for all night hours in 2022
(Figure A1b) reveals that the prevailing wind direction varies from 150° to 180°, illus-
trating the northward flow of the dense high-pressure air. The lower wind speeds at the
mountaintop level compared to those at Minfeng demonstrate that the nightly downhill
flow over the slope under gravitational force significantly intensifies the surface wind
speeds at Minfeng. The third criterion for the detection of downslope wind events is to
find southerly winds above the mountaintop level (between 135 and 225°) as an average of
the selected event hours. 14 events, with average winds not being southerly, were removed.
125 downslope wind events were selected after applying all three criteria. The surface
wind speeds at Minfeng during the hours of the 125 selected downslope wind events are
represented in the wind rose in Figure Alc.

The criteria used for identifying nocturnal downslope wind events in this study are
adapted based on both the physical characteristics of nocturnal downslope flows in the
Taklimakan desert and previous studies of similar downslope wind systems [21,26,27].
The combination of the three criteria (southerly surface winds at Minfeng, consistent
downward vertical velocity over the slope, and southerly winds above the mountaintop) is
developed to suit the unique topography and meteorological conditions of the Taklimakan
desert. The threshold of at least 5 continuous nighttime hours was selected to ensure that
only well-developed, sustained downslope events were included in the analysis, while
excluding short-lived or transitional flows that may not reflect true downslope processes.
This threshold balances the need for capturing representative events with maintaining
a sufficiently large sample size for climatological analysis. The wind direction range of
135-225° was chosen to represent southerly flow roughly perpendicular to the mountain
range, based on the orientation of the terrain near Minfeng. This range captures the
downslope drainage from the Kunlun Mountains toward the desert basin. The requirement
for consistent downward vertical velocity over the slope is based on the fundamental
dynamics of downslope flows, which are driven by gravitational drainage of cooled, dense
air. The inclusion of southerly flow above the mountaintop level helps confirm that the
observed surface flow is not part of a broader synoptic pattern but rather a distinct local
drainage event.
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Figure A1. Wind roses: (a) at Minfeng for all night hours; (b) above the mountaintop level for all night
hours; and (c) at Minfeng for the hours of the selected events, as well as (d) boxplots of the monthly
vertical velocity distribution over the slope for all night hours (+ downward; — upward; each box’s
central, bottom, and top lines correspond to the median, 25th, and 75th percentiles, respectively; the
whiskers extend to the minimum and maximum data points; while outliers are indicated as circles).

Appendix A.2. The Monthly Distribution of the Onset Time

Table Al. The monthly mean onset times relative to sunset of the downslope wind events.

Month Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Onset-Sunset 0 1 0 1 1 0 0 2 2 1 0 1
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