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Abstract. The cyclic processes of aerosol evolution have a profound impact on regional climate, water resources
and ecosystems. However, studies on diurnal variations of aerosol vertical distribution in typical ecologically
sensitive areas remain scarce due to limited availability of high-resolution profiles. This study first identifies
the elevated aerosol layer (EAL) embedded within the daytime mixed layer over the Hexi Corridor, northwest
China, defined as a high-concentration layer above the surface but within the mixed layer. Based on intensive
observation campaigns conducted in 2010 and 2012, we analyze the diurnal variation, formation mechanisms,
air quality and radiative effects of EALs. The results show that EALs frequently occur at altitudes of 0.6-2km
during daytime. Excluding dust events, the occurrence frequencies were 82 % and 44 % at Dunhuang and Min-
qin, respectively; the layers were more frequently dust-influenced at Dunhuang and fine-mode/anthropogenic-
aerosol-influenced at Minqin. Driven by a thermodynamic coupling effect characterized by positive anomalies
in potential temperature and negative anomalies in relative humidity, aerosols accumulate at the bottom of the
stable stratification. Thus, a simplified conceptual model for prediction is proposed. The peak Extinction-derived
PM¢-equivalent mass concentration within EAL (203.3 & 106.6 uygm~>) at ~ 1.2km is five times higher than
that at surface (40.8 + 30.4 pgm~3). Furthermore, the EALSs enhance the atmospheric shortwave heating rate (up
to 0.7 Kd~"), indicating a potential impact on regional snowmelt/glacier retreat. These findings suggest that the
aerosol vertical evolution should receive greater consideration in air pollution prevention, ecosystem protection,
water resource management, and wind/solar-energy utilization in ecologically sensitive areas, particularly over
complex terrains, rather than focusing solely on surface air pollution.
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1 Introduction

Aerosols exert significant environmental and climatic im-
pacts. Aerosol properties exhibit substantial variability
across temporal and spatial scales; it is crucial to accurately
characterise the three-dimensional spatiotemporal distribu-
tion of aerosols (Park and Allen, 2015; Manavi et al., 2025).
The vertical distribution of aerosols is a primary factor mod-
ulating their radiative effects (Huang et al., 2014; Sun et al.,
2018; Guo et al., 2022; Derepentigny, 2024; Che et al., 2024),
as it directly determines their interactions with solar and out-
going longwave radiation (Liu et al., 2019; Fountoulakis et
al., 2022). It also governs the deposition of light-absorbing
aerosols such as dust and black carbon in high-mountain
snowpacks, thereby regulating snow albedo reduction and ac-
celerating glacial snowmelt in high-altitude regions (Sarangi
et al., 2020). In addition, the vertical distribution of aerosols
serves as an important indicator for assessing regional pollu-
tion levels and tracing emission sources (Huige et al., 2021;
Pace et al., 2015). Furthermore, it can influence atmospheric
stability, thereby affecting the development of turbulence and
cloud formation (Petrovic et al., 2017; Su et al., 2020b; Li et
al., 2021a; Liang et al., 2022).

To date, substantial progress has been made in understand-
ing aerosol diurnal variations, which can generally be clas-
sified into two categories: the diurnal cycle of ground-level
air pollutants (Jia et al.,, 2018; Huszar et al., 2020; Shiv-
kumar et al., 2022; Wang et al., 2021; Diya et al., 2024),
and the diurnal variation of column-integrated aerosol op-
tical properties (Reddy et al., 2015; Smirnov et al., 2002;
Song et al., 2018). The vertical distribution of aerosols es-
tablishes a strong linkage between ground-level aerosol con-
centrations and column-integrated aerosol properties. It ex-
hibits pronounced diurnal variability, driven by synoptic-
scale systems and atmospheric boundary layer (ABL) evo-
lution. Compared with the abundance of ground-level obser-
vations and column-integrated aerosol properties measure-
ments, continuous, high-resolution observations of aerosol
vertical distribution remain scarce. This observational imbal-
ance limits our ability to connect surface aerosol variations
with column-integrated optical properties through the inter-
mediate vertical structure, particularly on diurnal timescales
(Li et al., 2020; Cheng et al., 2020; Yorks et al., 2023; Bellini
et al., 2025). Aerosols are primarily concentrated within the
ABL; the diurnal cycle of the ABL constitutes the funda-
mental dynamical regime and dominant framework govern-
ing the diurnal evolution of aerosol vertical structure (Su
et al., 2020b; Hara et al., 2022; Zhang et al., 2023b; Song
et al., 2024). Local circulations, such as sea-land breezes
and mountain—valley winds, drive diurnally reversing verti-
cal transport, thereby governing aerosol layering, accumula-
tion, and migration through modulation of vertical diffusion
and transport processes throughout the day (Boselli et al.,
2009; Zhang et al., 2023a). Inversion layers form a stable
stratification structure whose diurnal evolution directly con-
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trols the intensity of atmospheric vertical exchange and the
extent of aerosol trapping (Li et al., 2022; Liu et al., 2024,
Parajuli et al., 2020), while turbulent mixing serves as the pri-
mary physical mechanism governing aerosol vertical trans-
port and redistribution (Li et al., 2019; Noh et al., 2013).
Meanwhile, diurnal variability in anthropogenic emissions
intensity, as well as the altitude and strength of long-range
transport, significantly influences aerosol vertical structure
(Du et al., 2020; Cheng et al., 2020; Xiang et al., 2021;
Yim and Huang, 2023). In addition, the interactions between
aerosol and boundary layer, particularly the radiative effects
of absorbing particles, can induce positive feedback mech-
anisms that alter stratification stability and suppress bound-
ary layer development (Prasad et al., 2022; Su et al., 2020b),
thereby modulating aerosol vertical structure. Although sub-
stantial progress has been made in understanding the diurnal
variation of aerosol vertical distributions, important knowl-
edge gaps remain. These gaps are particularly pronounced
in arid and semi-arid regions with complex terrain, where
high-resolution profile observations are scarce and the diur-
nal characteristics of boundary-layer aerosol vertical struc-
ture remain largely unexplored (Yorks et al., 2023; Parajuli et
al., 2020). Consequently, the thermodynamic and dynamical
mechanisms governing these variations, together with their
regional air-quality and radiative impacts, remain poorly un-
derstood (Su et al., 2020b).

The Hexi Corridor is located adjacent to the northeast-
ern margin of the Qinghai—Tibet Plateau and the surround-
ing deserts and Gobi regions. It serves as an ecological bar-
rier in the arid and semi-arid regions of Northwest China.
On the one hand, it strongly restricts the geographical ex-
pansion of deserts, forming the first line of defense against
sand encroachment and desertification in inland Northwest
China. On the other hand, it plays a critical role in protect-
ing the scarce and valuable water resources of Northwest
China, serving as a core lifeline for maintaining ecological
balance in arid regions and ensuring water security for both
human livelihoods and ecosystems. As the source region of
several inland rivers, the Qilian Mountains within the Hexi
Corridor act as a key regulator of regional water availability
and ecosystem sustainability through orographic precipita-
tion and glacial meltwater supply. Absorbing aerosols, such
as dust and black carbon, when transported and deposited
onto glaciers and snow cover in high-mountain regions, ac-
celerate ablation by reducing surface albedo, thereby directly
impacting water resource storage and security (Ramanathan
et al., 2007; Sarangi et al., 2020; Hou et al., 2018). Addition-
ally, aerosols significantly influence the microphysical pro-
cesses and precipitation efficiency of mountainous clouds,
potentially altering local precipitation patterns (Chen et al.,
2011; Jian et al., 2025; Zhao et al., 2024). Therefore, con-
ducting aerosol research in such regions is of great signif-
icance for environmental sustainability and ecological pro-
tection. In addition, significant efforts have been made in re-
cent years to strengthen the construction of a regional three-
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dimensional observation network over the Hexi Corridor re-
gion (Huang et al., 2024; Yang et al., 2025); however, the
diurnal cycle of aerosol vertical distribution and its regional
impacts have not yet received sufficient attention.

In this study, the phenomenon of elevated aerosol lay-
ers embedded within the daytime mixed layer were fo-
cused, which has hardly been reported before, to investigate
their identification, occurrence, vertical characteristics, as-
sociated meteorological conditions, and potential air-quality
and shortwave radiative effects based on two intensive obser-
vation periods conducted in 2010 at Minqin and in 2012 at
Dunhuang over the Hexi Corridor, an ecologically sensitive
arid and semi-arid complex-terrain region. Section 2 intro-
duces the study sites and methodologies. Section 3 analyses
the characteristics of diurnal variation in aerosol vertical dis-
tribution, explores the underlying mechanisms, and evaluates
the associated radiative and environmental effects. Finally,
the conclusions are presented in Sect. 4.

2 Data and methods

2.1 Field campaigns

This study utilises data from intensive field observations
conducted using the mobile facilities of the Semi-Arid Cli-
mate and Environment Observatory of Lanzhou Univer-
sity (SACOL) (Fig. 1) at Minqin (38.607°N, 102.959°E,
1373ma.s.l.) from April to June 2010 and at Dunhuang
(40.492° N, 94.955°E, 1061 m a.s.1.) from April to June 2012
in the Hexi Corridor region. The mobile facilities were
equipped with a suite of instruments to measure key atmo-
spheric parameters, including atmospheric radiation, aerosol
scattering and absorption coefficients, aerosol optical depth,
mass concentration, and aerosol vertical distribution. Dun-
huang is located at the westernmost end of the Hexi Corridor,
adjacent to the Kumtag Desert to the west, approximately
450km downwind of the Taklimakan Desert, bordering the
Badain Jaran Desert to the east, and close to the Qilian Moun-
tains to the south. Owing to its unique geographical location,
distinctive underlying surface characteristics, extreme arid-
ity, and strong prevailing winds, dust storms frequently oc-
cur in this region during spring. The observation site was lo-
cated approximately 45 km northeast of Dunhuang City and
was surrounded by farmland, Gobi Desert, and saline—alkali
land. Minqin is located in the northeastern part of the Hexi
Corridor, at the convergence zone of the Badain Jaran and
Tengger Deserts, and is close to the Qilian Mountains to the
southwest, making it highly susceptible to aeolian processes.
The region is characterised by a temperate continental hyper-
arid climate. Dust events also occur frequently during spring-
time. The observation site was surrounded by sand dunes
interspersed with small patches of farmland, representing a
typical desert—oasis transition zone (Zhou et al., 2018).
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2.2 Observation Instruments
2.2.1 Micro-Pulse Lidar (MPL)

The micro-pulse lidar (MPL-4B; manufactured by Sigma
Space Corporation) is a safe, compact, and maintenance-free
system with a wavelength of 527 nm, a temporal resolution
of 1 min, a spatial resolution of 30 m, an emission energy of
6-8 W, a pulse repetition frequency of 2500 Hz and a blind
zone of 600 m. MPL observations are corrected and prepro-
cessed using the algorithm proposed in previous studies (Xie
etal., 2017; Zhou et al., 2018). Subsequently, aerosol optical
properties, including the extinction coefficient, backscatter-
ing coefficient, particle depolarization ratio, cloud top and
base heights, and cloud thermodynamic phase, are retrieved.

To identify elevated aerosol layers in this study, the fol-
lowing discrimination procedure was adopted: observations
between 13:00 and 21:00 Beijing Time (the period of fre-
quent occurrence of elevated aerosol layers) were selected
for analysis; consistent with previous dust aerosol identifica-
tion criteria, a depolarization ratio greater than 0.20 was used
as the threshold for identifying dust aerosols (Zhou et al.,
2018, 2021). For both sites, if the proportion of observations
identified as dust aerosols exceeded 50 % on a given day, that
day was classified as a dust event and subsequently excluded
from further analysis. For the remaining non-dust observa-
tions, elevated aerosol layers were identified based on the
spatiotemporal continuity of the positive-gradient structure
in the aerosol extinction coefficient profiles. In this study, a
“continuous positive gradient” refers to a fitted aerosol ex-
tinction coefficient profile that increases persistently with
height from the first valid value above the lidar blind zone
to the altitude of the aerosol-layer peak, with this increas-
ing structure required to be continuous in both height and
time. If the proportion of observations satisfying this contin-
uous positive-gradient criterion within this time window ex-
ceeded 20 %, an elevated aerosol layer was considered to be
present. The selection of the 50 % and 20 % thresholds was
based on the stability of event classification. Specifically, dif-
ferent threshold combinations were systematically evaluated,
and the variability of the resulting classifications was anal-
ysed, as shown in Fig. S1 in the Supplement. The optimal
combination — defined as that which minimized classification
fluctuations and maximized consistency — was ultimately se-
lected as the determination criterion.

Additionally, to estimate the Extinction-derived PMjg-
equivalent mass concentration of elevated aerosol layers at
higher altitudes, a site-specific empirical relationship was es-
tablished between ground-level PMg observations and the
aerosol extinction coefficient in the lowest two bins of verti-
cal profiles (near 600 m). The 1 min MPL-derived extinction
coefficients were matched with the 5 min ground-level PM g
observations at the corresponding observation times during
the intensive observation period. As shown in Fig. S2 in
the Supplement, a significant positive correlation was found
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Figure 1. Observation locations of Dunhuang (DH) and Mingin (MQ), their surrounding areas, and photographs of the mobile facilities.
HYSPLIT backward trajectories are shown, and the red lines in the right panel represent the selected cases in Dunhuang and Mingin.

between PM;p mass concentration and the aerosol extinc-
tion coefficient («) (r = 0.80, n = 4357). A linear regression
based on these collocated observations yielded the following
empirical equation:

PM;g = 914.65 x o — 56.26 (1)

where « is the aerosol extinction coefficient in km~!, and
PM; represents the PMjo-equivalent mass concentration es-
timated from aerosol extinction coefficients using an empiri-

cal relationship, expressed in ugm—>.

2.2.2 Other Data and Tools

The aerosol optical depth (AOD) and Angstrém exponent
(AE) used in this study were retrieved from a Cimel CE-318
sun photometer, a passive remote-sensing instrument manu-
factured by CIMEL (France), designed to measure both di-
rect solar and diffuse sky radiation. This instrument serves
as the standard platform within the AERONET (Aerosol
Robotic Network) observation network (Holben et al., 1998).
The CE-318 is equipped with multiple spectral channels (e.g.
440, 670, 870, 936, and 1020nm) and performs automated
sun-tracking and sky-scanning measurements at 15 min inter-
vals. Single-scattering albedo (SSA) and the asymmetry fac-
tor (ASY) were also retrieved from the AERONET database
(Marsli et al., 2025). The SSA and ASY represent statisti-
cally averaged aerosol optical properties derived from Level
1.5 AERONET products based on observations at the Dun-
huang and Mingqin sites.

Ground-level meteorological parameters, including air
temperature, relative humidity, air pressure, wind speed, and
wind direction, were measured using an automatic meteoro-
logical station (model WXT520; Vaisala, Vantaa, Finland).
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The instrument was mounted on top of a mobile platform at
an approximate height of 4 m above ground level. Raw data
averaged at 1 min intervals were used in this study.

PMjp mass concentration was continuously monitored
using an ambient particulate monitor with a resolution of
0.1 ugm™3. This instrument operates based on the princi-
ple of a tapered element oscillating microbalance (TEOM;
model RP1400a, Rupprecht and Patashnick Company) with a
flow rate of 16.7 Lmin~! (Patashnick and Rupprecht, 1991).
In this study, instances in which negative PMy concentra-
tion values occurred due to heating of the sampling stream
(50°C) and the partial loss of volatile and semi-volatile
aerosol compounds were excluded. These negative values ac-
counted for less than 1 % of the total dataset (Bi et al., 2017;
Zhou et al., 2018).

Meteorological conditions and the formation mechanisms
of elevated aerosol layers were characterised and analysed
using the ERAS reanalysis dataset (available at https://cds.
climate.copernicus.eu/, last access: 15 October 2025), a high-
resolution global atmospheric reanalysis product developed
by the European Centre for Medium-Range Weather Fore-
casts (ECMWF). This comprehensive dataset, spanning from
1979 to the present, with an hourly temporal resolution (1 h)
and a spatial resolution of 0.25° x 0.25°, provides 37 vertical
pressure levels ranging from 1000 to 1 hPa and includes key
meteorological parameters such as temperature, pressure,
wind fields, relative humidity, and cloud cover (Nogueira,
2020; Albergel et al., 2018).

To trace air mass source regions, the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model
was employed. This modelling system, developed by the
Air Resources Laboratory (ARL) of the National Oceanic

https://doi.org/10.5194/acp-26-11111-2026


https://cds.climate.copernicus.eu/
https://cds.climate.copernicus.eu/

Z. Lin et al.: Elevated aerosol layers within the mixed layer over northwest China

and Atmospheric Administration (NOAA), is widely used
to simulate the transport and dispersion of aerosols, gases,
and other atmospheric constituents. It integrates the advan-
tages of both Lagrangian particle models and Eulerian grid-
based models, thereby enabling the simulation of atmo-
spheric transport processes across a wide range of spatial
scales, from local to global (Stein et al., 2016).

To quantify the radiative effects of elevated aerosol lay-
ers, this study employed the Santa Barbara DISORT At-
mospheric Radiative Transfer (SBDART) model, which is
grounded in well-established radiative transfer theory and is
widely used in remote sensing applications and atmospheric
energy budget analyses (Ricchiazzi et al., 1998). In this
study, the model input parameters were constrained using
multiple observational datasets to improve the accuracy of ra-
diative forcing simulations. These inputs include shortwave
(0.3-2.8 um) radiative flux, surface albedo, and site loca-
tion data obtained from an automatic meteorological station.
Additional aerosol optical properties, including aerosol opti-
cal depth and Angstr('jm exponent, along with water vapour
parameters, were retrieved from a CE-318 sun photometer.
Aerosol and atmospheric vertical profiles, including air den-
sity, specific humidity, temperature, and ozone, were derived
from lidar observations and reanalysis datasets (ERAS and
MERRA?2), with the latter additionally providing hourly at-
mospheric profiles. Furthermore, total column ozone was re-
trieved from the Ozone Monitoring Instrument. These dy-
namically constrained inputs resulted in excellent model per-
formance, as evidenced by the high coefficients of deter-
mination between simulated and observed radiation compo-
nents. Specifically, the coefficients of determination (R?) be-
tween simulated and observed direct and diffuse radiation
were 0.999 and 0.982, respectively (not shown here), thereby
confirming the robustness of the model configuration. (Li et
al., 2025)

Here, the shortwave radiative forcing (SRF) and shortwave
heating rate are calculated under clear-sky conditions (Jangid
et al., 2024). Following the formulations of Li et al. (2025),
Egs. (2)-(6) can be expressed as follows:

AF=F | —F1¢ @
where AF denotes the net downward radiative flux.

SRE(TOA) = A F*™°(TOA) — AF™(TOA) 3)
SRF(SFC) = A F*™°l(SEC) — A F™(SFC) “)
SRF(ATM) = SRF(TOA) — SRF(SFC) 5)

TOA, SFC, and ATM denote the top of the atmosphere, the
surface, and the atmospheric column, respectively. The la-
bels “aerosol” and “no” indicate conditions with and without
aerosols, respectively.

ASHR(z) = SHR(Z)aerOSO] _ SHR(Z)HO (6)

where ASHR(z) denotes the aerosol shortwave heating rate
at height z.
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3 Results and discussion

3.1 Overview of field observations

First, the meteorological background during both intensive
observation periods is shown in Fig. 2. It can be seen that
both sites are influenced by the westerlies at the 500 hPa
level. At the 700 and 850 hPa levels, the influence of com-
plex topography becomes evident. The wind direction at both
sites aligns with the orientation of the Qilian Mountains,
with airflow predominantly from northwest to southeast. Ar-
eas surrounding the Qilian Mountains and the Hexi Corri-
dor exhibit relatively high potential temperatures, suggesting
enhanced thermal buoyancy. Under weakly stable or poten-
tially unstable stratification, such thermodynamic conditions
can favour the development of vertical motion (Houze, 2004;
Li et al., 2017). At the Dunhuang site, wind speeds are rel-
atively high, generally exhibiting a north-to-south flow pat-
tern. In contrast, wind speeds at the Minqin site are lower,
and the low-level flow field near the site shows weak conver-
gence that may favour ascent. Overall, the mean meteorolog-
ical fields suggest that parts of the Hexi Corridor experienced
conditions favourable for upward motion and aerosol trans-
port during the campaigns.

The complex mountainous terrain also generates distinct
patterns in the local distribution of wind speed and di-
rection. Concurrently, the extensive surrounding desert sur-
faces serve as major aerosol sources, profoundly influenc-
ing local aerosol composition and speciation. As shown in
Fig. 3, northeasterly and southwesterly winds prevail at the
Dunhuang site, with an average wind speed of 3.5ms™!.
Aerosols are likely derived mainly from dust originating
from the Gobi Desert and sandy areas surrounding the obser-
vation site, as well as from the Kumtag Desert to the south-
west (Luo et al., 2022). At the Mingin site, southeasterly
winds dominate, with an average wind speed of 3.2ms™!.
Aerosols are likely primarily derived from dust originating
from the Tengger Desert to the southeast or the Badain Jaran
Desert to the northwest (Yang et al., 2024). The prevailing
wind directions of both sites not only exhibit higher fre-
quencies of occurrence but are also associated with relatively
higher wind speeds, which are closely related to wind chan-
nelling effects induced by topographic undulations (Dang et
al., 2024).

The evolution of aerosol vertical distribution and column
properties over Dunhuang is presented in Fig. 4. In Fig. 4a
and b, high normalised relative backscatter and high depo-
larization ratios indicate elevated dust aerosol loading, in-
cluding dust events (Zhou et al., 2021, 2024). Dust events
frequently occurred before 4 May. Thereafter, although dust
events still occurred, their intensity and duration were signif-
icantly reduced. Instead, more distinct diurnal variations in
aerosol vertical distribution are observed. These vertical dis-
tributions exhibit high normalised relative backscatter but a
broader range of depolarization ratios, indicating that not all
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Figure 2. Mean meteorological fields during the two intensive observation periods (Dunhuang: 1 April-10 June 2012; Minqgin: 21 April—
15 June 2010), with geopotential height contours. The white regions indicate elevated mountainous terrain.
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Figure 3. Surface wind speed and wind direction during the intensive observation periods at Dunhuang from 1 April to 10 June 2012 (left)

and Minqin from 21 April to 15 June 2010 (right).

observations correspond to dust particles. The maximum nor-
malised relative backscatter is located at approximately 1 km,
indicating the presence of elevated aerosol layers. According
to the method described in Sect. 2.2.1, the occurrence fre-
quency of elevated aerosol layers is approximately 82 % dur-
ing the experimental period, excluding dust events. As shown
in Fig. 4c, most of these events occurred after 10 May. Ow-
ing to the limited availability of CE-318 observations dur-

Atmos. Chem. Phys., 26, 11111-11133, 2026

ing the experiment, aerosol column properties were derived
by column-integrating the aerosol extinction coefficient re-
trieved from lidar to calculate AOD, following the approach
used in our previous study (Zhou et al., 2021). The correla-
tion coefficient between the two AOD datasets is 0.86, with a
root-mean-square error of 0.18. This indicates the reliability
of AOD retrieved from lidar in the absence of CE-318 obser-
vations. AOD values during elevated aerosol layer episodes
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were considerably lower than those during dust events, and
the variability in AOD during each episode remained rela-
tively consistent. To a certain extent, the depolarization ratio
can characterise the coarse- and fine-mode particle fractions.
For example, on 5 and 11 April, lower depolarization ratios
correspond to higher Angstrom exponent (AE) values, indi-
cating that the elevated aerosol layers contain a larger frac-
tion of fine-mode particles (Huang et al., 2025). Similar pat-
terns are observed on 14 May and 7-8 June. However, rela-
tively high depolarization ratios observed on 18 and 23 May,
indicate the presence of mixed aerosol types containing dust
components.

Similarly, Fig. 5 provides an overview of aerosol evolu-
tion over Minqin. A notable contrast is observed compared
with Dunhuang, despite the consistency of observation sea-
son. High dust loading was also observed at Mingin; how-
ever, dust events were less intense but more frequent and
temporally dispersed than those at Dunhuang, occurring in-
termittently throughout the experiment, with the highest fre-
quency in May. In contrast to the lower values observed at
Dunhuang, depolarization ratios remained consistently high
at Mingin. This indicates that concentrations of coarse-mode
particles (e.g., dust aerosols) were comparatively higher at
Mingqin during the observation period. For elevated aerosol
layers (excluding dust days), the occurrence frequency at
Minqin was only 44 %, with such events primarily concen-
trated in June (Fig. 5¢). Moreover, the overall height of ele-
vated aerosol layers at Minqin was lower than that at Dun-
huang, and their intensity was also weaker. The correlation
coefficient between AOD values retrieved by lidar and CE-
318 was 0.70, with a root-mean-square error of 0.06. No-
tably, the AE was relatively high in June, when elevated
aerosol layer events were frequent. In particular, the mean
AE reached 0.6 during elevated aerosol layer events, indicat-
ing the dominance of fine-mode aerosols during this period.

3.2 Diurnal variation

To provide a more intuitive representation of the diurnal vari-
ations in aerosol vertical structure at the two sites, hourly av-
eraged extinction coefficient profiles at specific times during
the experimental periods are presented in Fig. 6. Within the
vertical range of 0.6-2 km a.g.1. at Dunhuang, the aerosol ex-
tinction coefficient exhibited a weak decreasing trend from
22:00 to 12:00 BJT the following day. However, from 14:00
to 20:00, a distinct nose-shaped structure appeared, with
a peak near 1.26kma.g.l., reaching a maximum value of
approximately 0.27 km~! at around 18:00 BIT. Even when
dust-influenced profiles were included in the averaging, a
pronounced nose-shaped vertical distribution pattern was
still observed. This indicates that elevated aerosol layers oc-
curred more frequently and with greater intensity during the
afternoon period. In contrast, the low frequency of elevated
aerosol layers, coupled with the influence of dust events, re-
sulted in the mean aerosol extinction coefficient profile at
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Mingin not exhibiting a distinct nose-shaped structure. Nev-
ertheless, diurnal variation characteristics were still evident:
the extinction coefficient was significantly higher from 10:00
to 18:00 than at night below 2 km a.g 1., particularly between
10:00 and 12:00, when the extinction coefficient in the lower
altitude exceeded 0.4 km™', indicating a significant increase
in aerosol loading within 2km. The depolarization ratio in
the lower altitude exhibited a similar trend, remaining mostly
below 0.3 at both sites, with slightly higher values at Minqin.
This earlier occurrence of the peak at Mingin may be partly
related to geographical differences between the two regions,
including the longitudinal difference and the resulting local-
time effect, which can influence the timing of boundary layer
development. Overall, these averaged profiles indicate that
daytime boundary layer evolution plays an important role in
regulating the vertical redistribution of aerosols, providing
the basis for the representative case analyses discussed be-
low.

Furthermore, two representative cases at both sites are
presented to illustrate the diurnal variation of aerosol ver-
tical distribution and the associated thermal and dynamical
factors, particularly during periods when elevated aerosol
layers occur. As shown in Fig. 7a and b, except during
the period of full daytime boundary layer development (ap-
proximately 14:00-20:00 BJT), the aerosol extinction coef-
ficient at Dunhuang was relatively low (mean: 0.14km™"),
while the depolarization ratio remained high (mean: 0.21),
indicating relatively low aerosol loading with a substantial
dust contribution. When elevated aerosol layers were present
from 15:00 to 20:00 BJT, a high aerosol extinction coeffi-
cient (~0.27km™") was observed at approximately 1km,
while the depolarization ratio decreased to 0.17, suggesting
an increased contribution of non-spherical dust mixed with
finer or less-depolarizing particles. During this period, AOD
at 440 nm ranged between 0.15 and 0.26, and AE at 440-
870nm ranged between 0.3 and 0.5. Meanwhile, SSA ex-
hibited a distinct wavelength dependence characteristic of
dust-dominated aerosols (Dubovik et al., 2002; Tutsak and
Kocak, 2020), with lower values at 440 nm and higher val-
ues at longer wavelengths (not shown here). In addition,
the weakened potential temperature gradient within the day-
time boundary layer indicates reduced static stability and en-
hanced vertical mixing, which favoured the upward transport
of aerosols from the lower atmosphere. The stable stratifi-
cation near the boundary layer top further limited upward
dispersion, thereby promoting aerosol accumulation and the
formation of the elevated aerosol layer. As illustrated in
Fig. 7c, the prevalence of southwesterly winds during el-
evated aerosol layer episodes suggests that aerosols were
likely associated with desert source regions to the south-
west. This is consistent with the backward trajectories of air
masses presented in Fig. 1. In Fig. 7d, elevated aerosol layer
episodes were accompanied by a rapid increase in surface
temperature, reaching the daily maximum, while pressure
and relative humidity decreased sharply. These concurrent
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changes in aerosol vertical structure and near-surface mete-
orological conditions indicate that daytime thermodynamic
processes played an important role in the formation of the
elevated aerosol layer.

Along the HYSPLIT backward trajectories, vertical cross-
sections of relative humidity and potential temperature re-
veal that the elevated transport and accumulation of aerosols
over the Dunhuang region were closely associated with day-
time thermodynamic evolution within the boundary layer.
For the case shown in Fig. 8, three representative time points
were selected to examine the evolution of the thermodynamic
structure, representing the pre-event (10:00 BJT), during-
event (16:00 BJT) and post-event (22:00 BJT) stages of the
elevated aerosol layer episode. During these three stages, rel-
ative humidity in the lower atmosphere remained approxi-
mately 10 % (Fig. 8a—c), consistent with the surface obser-
vations shown in Fig. 7d. Such dry lower-atmospheric con-
ditions favoured enhanced daytime sensible heating, while
the strong surface thermal contrasts between the low-altitude
desert areas and the surrounding terrain further promoted
thermally driven vertical motion and the upward transport of
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aerosols (Mazza and Chen, 2025; Pal et al., 2025; Wen et
al., 2025). To better characterise the elevated aerosol layer,
the meteorological field near 650 hPa is analysed (Fig. 8d—
f). At this level, westerly winds persisted, and the geopo-
tential height field showed a relatively smooth north—south
gradient. No prominent synoptic disturbance or strong con-
vective system directly affected the Dunhuang region during
this event. These characteristics indicate that the upper part
of the boundary layer environment was relatively stable. Un-
der such meteorological conditions, stable stratification can
effectively suppress vertical air motion and limit the further
upward dispersion of aerosols (Haeffelin et al., 2024; Hu et
al., 2024; Zhong et al., 2018).

Before the elevated aerosol layer episode, although the po-
tential temperature at 800 hPa in the vicinity of the Dunhuang
region remained relatively low, a thermal gradient had al-
ready developed between the desert areas to the west of the
site and those to the east (Fig. 8g). In addition, the potential
temperature gradient over the Dunhuang region was large,
with gently sloping isentropic surfaces indicating stable strat-
ification, which impeded the upward transport of aerosols

https://doi.org/10.5194/acp-26-11111-2026
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and confined them to the lower atmosphere (Li et al., 2021b).
As time progressed, intense daytime solar radiation strongly
heated the surface in low-altitude areas, where the low heat
capacity of the underlying surface allowed rapid warming.
This caused substantial increases in surface potential temper-
ature, resulting in upward-bulging isentropic surfaces and a
sharp decrease in the potential temperature gradient. Mean-
while, ascending airflows developed under the influence of
thermal buoyancy (De Wekker et al., 2018), facilitating the
upward transport of aerosols in the lower atmosphere. Dur-
ing the formation of the elevated aerosol layer, the lower at-
mosphere transitioned from stable to unstable or weakly sta-
ble stratification, with enhanced vertical mixing observed at
mean heights of approximately 0.3-1.3 km a.g.1. (Fig. 8b), al-
though the thickness of this layer varied considerably (Jin et
al., 2022). This thermodynamic structure favoured the up-
ward transport of aerosols. Upon reaching the overlying sta-
ble stratification, the lifted air parcels encountered negative
buoyancy and tended toward hydrostatic equilibrium (Ser-
afin et al., 2018), thereby inhibiting further vertical motion.
As aresult, aerosols accumulated within the altitude range of
0.6-2km a.g.1. and tended to concentrate near the base of the
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stable stratification. This finding is consistent with those re-
ported in other regions (Su et al., 2020a; Meng et al., 2025).
Following the elevated aerosol layer episode, surface cooling
occurred as solar heating diminished. Despite the persistence
of relatively high potential temperatures at this moment, isen-
tropic surfaces gradually flattened and atmospheric stratifi-
cation progressively returned to a stable state (Fig. 8c). In
combination with relatively strong wind speeds within this
altitude layer (Fig. 8i), these meteorological conditions facil-
itated the rapid dissipation of the elevated aerosol layer.
Furthermore, as illustrated in Fig. 8g—i, terrain-induced
local circulations near the Qilian Mountains may modulate
the horizontal diffusion and transport of elevated aerosol
layers. During daytime, differential heating between low-
altitude desert areas and the surrounding mountainous terrain
can induce upslope or valley winds, favouring aerosol trans-
port from low-altitude regions toward the mountains under
suitable background wind conditions (Cacciani et al., 2018;
Serafin et al., 2018). However, for the case illustrated in
Fig. 8, southwesterly winds prevailed during the formation of
the elevated aerosol layer, indicating that the transport path-
way was not directed toward the Qilian Mountains. There-

Atmos. Chem. Phys., 26, 11111-11133, 2026
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fore, the influence of this particular EAL event on the Qilian
Mountains was likely limited. This case-specific result does
not exclude the possibility of regional impacts under other
wind regimes. Nevertheless, as shown in Fig. 3, northeasterly
winds also occurred frequently at the Dunhuang site. Under
such conditions, daytime mountain—valley circulations may
facilitate the transport of elevated aerosol layers from the
Dunhuang region toward the Qilian Mountains. This process
may contribute to localized pollution and has potential impli-
cations for snow/glacier environments in the Qilian Moun-
tains (Hou et al., 2018).

Similar to the Dunhuang case shown in Fig. 7, a distinct
elevated aerosol layer was observed at Minqgin on 14 June
2010 (Fig. 9). Consistent with the observations at Dun-
huang, the average aerosol extinction coefficient at Minqin
remained relatively low (~ 0.08 km~!) for most of the ob-
servation period, except during the fully developed bound-
ary layer stage (14:00-20:00 BJT), when it increased sig-
nificantly to 0.23km™~'. However, the depolarization ratio
at Minqin showed minimal variation throughout the obser-
vation period and remained low, with a value of approxi-
mately 0.09. This indicates that the elevated aerosol layer
was primarily composed of spherical or weakly depolar-
izing particles, suggesting a larger contribution from fine-
mode and/or anthropogenic aerosols than in the Dunhuang

Atmos. Chem. Phys., 26, 11111-11133, 2026

case. Based on the optical properties, during the elevated
aerosol layer episode, AOD at 440 nm ranged from 0.08 to
0.14, and AE at 440-870 nm ranged from 0.65 to 0.75. In
parallel, SSA exhibited a spectral pattern more consistent
with fine-mode and anthropogenic aerosol contributions than
with dust-dominated aerosols (Dubovik et al., 2002; Tut-
sak and Kogak, 2020): values at all four wavelengths (440,
675, 870, and 1020 nm) were comparable (0.86-0.92), with
no pronounced gradient between short and long wavelengths
(not shown here). Together with the low depolarization ra-
tio and relatively higher AE, this SSA feature suggests that
the Mingin elevated aerosol layer was more strongly in-
fluenced by fine-mode and anthropogenic aerosols than the
Dunhuang case. Similar to Fig. 7, the case presented here
represents only one example and does not imply that elevated
aerosol layers at both sites are dominated by a single aerosol
type. Combined with Figs. 4 and 5, it can be observed that
both dust-influenced and fine-mode/anthropogenic-aerosol-

influenced elevated layers occurred at both sites during the

experimental periods, with differences likely arising from

variations in dust aerosol content. Although not exclusively

dominated by a single type, certain aerosol types exhibit

higher occurrence frequencies and greater representativeness
in each region. Compared with the Dunhuang case, the Min-
qin case therefore provides a contrasting example in terms
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Figure 7. Time series of aerosol vertical distribution and meteorological parameters at Dunhuang on 21 April 2012. (a) Time-height cross-
sections of aerosol extinction coefficient and (b) depolarization ratio derived from MPL lidar, with potential temperature contours (black
lines) and boundary layer height (red lines) from ERAS. (¢) Wind vectors measured by an automatic meteorological station (model WXT520),

and (d) temperature, relative humidity, and pressure.

of aerosol optical properties, while showing a broadly simi-
lar daytime thermodynamic evolution. The weakened poten-
tial temperature gradient within the daytime boundary layer
indicates reduced static stability and enhanced vertical mix-
ing, favouring the upward transport of aerosols. As shown
in Fig. 9c, easterly winds prevailed during the aerosol layer
episode. This transport pathway is consistent with the back-
ward trajectories of air masses presented in Fig. 1. A similar
pattern of the diurnal variations in temperature, humidity, and
pressure is observed in Fig. 9d, suggesting that daytime ther-
modynamic processes also contributed to the formation of
the elevated aerosol layer at Minqin. Overall, the Minqin case
supports the common uplift-accumulation mechanism iden-
tified at Dunhuang, while highlighting site-dependent differ-
ences in aerosol optical characteristics under the broadly sim-
ilar modulation of mountain—valley circulations.

Consistent with the approach adopted for the Dunhuang
thermodynamic analysis in Fig. 8, three time points were se-
lected to represent the evolution of the thermodynamic struc-
ture, corresponding to the pre-event (09:00BJT), during-
event (16:00 BJT) and post-event (23:00 BJT) stages of the
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elevated aerosol layer episode in Fig. 10. This selection of
time points is based on the earlier initiation and later dissipa-
tion of the elevated aerosol layer in the Fig. 9 case compared
with that in Fig. 7. In general, elevated aerosol layers at Min-
gin were also associated with daytime thermal forcing, up-
ward aerosol transport, and terrain-induced circulation, sug-
gesting a broadly similar thermodynamic coupling mecha-
nism to that identified at Dunhuang. In contrast to Dunhuang,
a pronounced abrupt change in relative humidity occurred
at the upper boundary of the unstable stratification, with a
larger vertical extent and nearly constant height, where a per-
sistent high-relative-humidity zone was present (Fig. 10a—c).
This feature indicates that the upper boundary of the unsta-
ble layer at Minqgin was closely associated with a humid and
relatively stable layer. Rather than directly implying that wa-
ter vapour itself inhibited aerosol uplift, the coexistence of
enhanced relative humidity and stable stratification suggests
that this layer likely acted as a cap, limiting further upward
dispersion of aerosols (Zhong et al., 2018; Wang et al., 2020).

Analysis of the corresponding height layer at the 600 hPa
level (Fig. 10d-f) shows that, before the elevated aerosol

Atmos. Chem. Phys., 26, 11111-11133, 2026
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layer episode, potential temperature was relatively low, with
cold air masses dominating. The wind direction was pre-
dominantly northerly, and geopotential height increased from
northeast to southwest. Although a cyclone was located to
the southwest of the region, no prominent large-scale syn-
optic system or strong convective activity directly affected
the Minqin site. This indicates that atmospheric stratification
at this level was relatively stable, favouring aerosol confine-
ment below this layer. During elevated aerosol layer episode,
the site was situated near the boundary between cold and
warm air masses (Fig. 10e). This frontal transition zone led
to enhanced relative humidity at this level (Zhang et al.,
2007). During this process, warm, moist air ascended over

Atmos. Chem. Phys., 26, 11111-11133, 2026

the colder air mass, likely forming a frontal inversion that
suppressed vertical motion and inhibited atmospheric mix-
ing (Feng et al., 2023). Following the elevated aerosol layer
episode, warm and moist air masses became more influen-
tial over the site, and the high-relative-humidity layer per-
sisted near the upper boundary of the unstable layer. Ad-
ditionally, the mountain—valley circulation near the Qilian
Mountains was more evident in the Minqin case (Fig. 10g—i).
This terrain-induced circulation, together with the daytime
thermal forcing, may have facilitated the horizontal trans-
port of elevated aerosols toward the Qilian Mountains under
favourable background winds. Therefore, Fig. 10 indicates
that the Minqgin case shared the common daytime uplift—

https://doi.org/10.5194/acp-26-11111-2026



Z. Lin et al.: Elevated aerosol layers within the mixed layer over northwest China 11123
5.0 i . Ext-527
| AL AL L VR L B S B S TR 0.3
00 4.0
= 20 0.2
RS St ow o M W w
520 0.1
'&1 316 i ‘|‘L‘
(1)(6) ! 00’ + ‘vb\ M T 0.0
5.0, i, Dep
—— i L et 03
on 4.0
= 0.2
g30
520 0.1
T
0.0
g
b]
>
=]
=
=
~40 50 (860
O g =~
<30 W0z |ss8s
) =1 =
220 OE lgsog
£ 202 E
£10 105 18548
& £ &
0 . . ‘ ‘ ; ‘ ‘ 0% '852
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
Time (BJ)
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lines) and boundary layer height (red lines) from ERAS. (¢) Wind vectors measured by an automatic meteorological station (model WXT520),

and (d) temperature, relative humidity, and pressure.

accumulation mechanism observed at Dunhuang, but with a
stronger influence from the humid stable layer and terrain-
induced circulation.

As shown in Fig. 11, during cases when elevated aerosol
layers occurred at Dunhuang and Minqgin, the potential
temperature below 3km at both sites exhibited a posi-
tive anomaly of 3-5K (Fig. 11a—c and m-o), indicating a
warmer-than-average thermal state compared with the aver-
age boundary layer potential temperature (~ 310K) at the
two sites during the experiment period. Meanwhile, rela-
tive humidity below this altitude was generally 5 %—10 %
lower than the average value (~ 30 %) (Fig. 11d—f and p—
r), indicating distinctly dry and warm anomalous meteoro-
logical conditions in the lower atmosphere. Notably, dur-
ing cases at Minqin, positive relative humidity anomalies
of 5 %—15 % appeared above approximately 3 km, consistent
with those shown in Fig. 10a—c. This suggests that the re-
gion may be influenced by the interaction of cold and warm
air masses under some synoptic conditions. This vertical hu-
midity distribution is consistent with previous findings that
high-humidity conditions near the top of the boundary layer
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favour the retention and accumulation of aerosols within the
boundary layer (Altstidter et al., 2018). In contrast, when el-
evated aerosol layers did not occur, the potential temperature
at both sites showed a negative anomaly of 1-6 K (Fig. 11g—
i and s—u), and relative humidity was 5 %—25 % higher than
the average state (Fig. 11j-1 and v—x). To further support the
composite anomaly analysis, daily samples were statistically
compared under conditions with and without elevated aerosol
layers within the main height range and occurrence period of
elevated aerosol layers (Fig. S3 in the Supplement). The re-
sults show that daily potential temperature anomalies were
generally higher, whereas daily relative humidity anomalies
were generally lower, under conditions with elevated aerosol
layers at both Dunhuang and Mingqin sites. This is consistent
with the dry and warm anomalies revealed by the compos-
ite analysis. The non-parametric test results indicate statis-
tically distinguishable differences between the two groups,
with significance levels varying between variables and sites.
These daily statistics provide additional support that the dry
and warm thermodynamic conditions associated with ele-
vated aerosol layers are also evident in day-to-day variabil-
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ity. Based on these observations, the occurrence of elevated
aerosol layers was closely associated with boundary layer
temperature and humidity anomalies. Most elevated aerosol
layer events occurred under the anomalously dry and warm
conditions, characterised by positive potential temperature
anomalies and negative relative humidity anomalies. These
lower-atmospheric conditions were conducive to enhanced
sensible heating, reduced static stability, and stronger verti-
cal mixing within the daytime boundary layer. Consequently,
daytime thermal mixing and local thermally driven circula-
tions can promote the upward transport of aerosols from the
lower atmosphere. Meanwhile, the relatively low-humidity
air is characterized by a higher lifting condensation level (Lal

Atmos. Chem. Phys., 26, 11111-11133, 2026

et al., 2024), which indicates that aerosol uplift under these
conditions is more closely related to dry thermal mixing than
to moist convective development. When the lifted aerosols
reach the stable stratification near the boundary layer top,
further vertical dispersion is suppressed, thereby favouring
aerosol accumulation and persistence aloft.

Overall, the representative cases and composite anomalies
indicate that elevated aerosol layer formation at both sites
was associated with a common daytime uplift—-accumulation
mechanism. Positive potential temperature anomalies and
negative relative humidity anomalies within the daytime
boundary layer favoured sensible heating, reduced static sta-
bility, and enhanced vertical mixing, while stable stratifica-
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Figure 11. Anomalies of potential temperature and relative humidity between the mean states during periods with and without elevated
aerosol layers and the summer climatological state at Dunhuang and Mingin.

tion near the boundary layer top limited further upward dis-
persion and promoted aerosol accumulation aloft. Terrain-
induced local circulations further modulated the horizontal
transport of the elevated aerosol layers. These results sug-
gest that the similar thermodynamic evolution observed in
the Dunhuang and Minqin cases reflects a common physical
process rather than two independent case-specific phenom-
ena. Based on these findings, a simplified conceptual pre-
diction model for elevated aerosol layers can be constructed,
with key early-warning indicators being positive anomalies
in boundary layer potential temperature and negative anoma-
lies in boundary layer relative humidity. When both indica-
tors are satisfied simultaneously, this can be identified as a
meteorological condition favourable for the occurrence of el-
evated aerosol layers, although additional long-term observa-
tions and model simulations are still needed to further evalu-
ate its predictive applicability.

During both experimental periods, PM¢ mass concentra-
tion observations were available only at Dunhuang. Here, the
conversion method described in Sect. 2 was used to assess
the air pollution levels of elevated aerosol layers. As shown
in Fig. 12, PM|q concentration at the near-surface and at the
peak of elevated aerosol layers are presented. The average
near-surface PM g concentration across all observations was
129.64212.0 ugm > during the entire experimental period.
During elevated aerosol layer episodes, the near-surface av-
erage PM( concentration decreased to 40.8 +30.4 uygm—3,
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whereas the average PM¢-equivalent mass concentration es-
timated from the aerosol extinction coefficient at the peak
of the elevated aerosol layers reached 203.3 + 106.6 ugm 3.
The peak PMjp-equivalent concentration is nearly five times
higher than that at the near-surface. This estimated concen-
tration approaches levels observed during severe haze events.
For instance, previous studies reported that a severe haze
event in Beijing, China recorded an average PM(y concen-
tration of 265.2 4 157.1 ugm™> (Wang et al., 2015). PM;q
concentrations during haze and dust events in South Korea
reached 163.9+£25.0ugm™> and 211.3 £57.5ugm™>3, re-
spectively (Jung et al., 2017; Seo et al., 2017). This clearly
indicates that even when surface pollution is low or negli-
gible, a highly concentrated pollutant aerosol layer may ex-
ist in the upper boundary layer. Although PM;( concentra-
tion observations are only available from Dunhuang, the pe-
riods of elevated aerosol layer occurrence during daytime
and their associated thermodynamic conditions are similar at
both sites, as shown in Figs. 7, 9 and 11. Therefore, it can be
inferred that such elevated aerosol layers may occur through-
out the Hexi Corridor region under similar meteorological
conditions, exerting a significant impact on the regional en-
vironment. These findings highlight that, when assessing air
quality and developing pollution control strategies, reliance
solely on surface-level monitoring is insufficient. Instead, el-
evated aerosol layers within the boundary layer should be
comprehensively considered, as their formation and disper-
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Figure 12. Boxplots of PM( concentrations during the experiment
at the Dunhuang site, including surface values for all days, surface
values during elevated aerosol layer (EAL) days, and peak values
within elevated aerosol layers. The red lines represent the median,
red dots indicate the mean values, the box edges denote the 25th
and 75th percentiles (Q1 and Q3), and the whiskers represent non-
outlier data points. Outliers (values beyond Q3+ 1.5 x IQR or below
Q1 — 1.5 x IQR) are marked with red crosses, with only the mini-
mum and maximum outliers labelled for clarity. Under a normal dis-
tribution, the whiskers encompass approximately 99 % of the data.

sion are closely related to surface pollutant level (Dong et
al., 2022).

The presence of elevated aerosol layers not only increases
air pollution levels over the Hexi Corridor region but also
exerts significant regional radiative effects. Simulated short-
wave radiative forcing results for two elevated aerosol layer
events — observed on 21 April 2012 at Dunhuang and on
14 June 2010 at Mingin — are presented (Fig. 13a). At the sur-
face (SFC), the average shortwave radiative forcing at Dun-
huang was —22.66 Wm™2, with a significantly larger mag-
nitude than that at Mingin (—13.60 Wm™2). This indicates
a stronger surface cooling effect induced by elevated aerosol
layers at Dunhuang. In addition, these effects reduce solar ra-
diation reaching the surface during daytime and can directly
affect the efficiency of photovoltaic power generation. This
value exceeds the shortwave radiative forcing at the SFC re-
ported for a moderate dust event (—19.5Wm~2) (Li et al.,
2025) and is comparable to the —23 Wm™2 observed dur-
ing dust events (Marsli et al., 2025). The value at Mingin
is stronger than that for a light dust event (—12.0 Wm™2)
reported by Li et al. (2025), and is comparable to min-
eral dust events (—13.65 Wm™2) reported by Barragan et al.
(2020). Radiative forcing at the top of atmosphere (TOA)
was negative at both sites, averaging —8.92 Wm™2 at Dun-
huang, with a larger magnitude than —4.49 Wm~2 at Min-
qin, which is close to the —4 W m~2 reported for dust events
(Marsli et al., 2025). This value is comparable to a mineral
dust event (—9.1 Wm™2) observed over the Iberian Penin-
sula (Barragan et al., 2020) but significantly higher than —2.7
and —4.0 Wm™2 during two other dust events at Dunhuang
recorded by Bi et al. (2014). These findings demonstrate
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that elevated aerosol layers exert a cooling effect in both re-
gions. Elevated aerosol layers at Dunhuang exert a more pro-
nounced effect on increasing the planetary albedo, thereby
producing a stronger suppression of the surface radiation
budget. Additionally, the average atmospheric (ATM) short-
wave radiative forcing at Dunhuang is 13.74 Wm™2, higher
than 9.10Wm™2 at Mingin. This suggests that elevated
aerosol layers at Dunhuang are more efficient at intercept-
ing and redistributing solar radiation, with atmospheric radia-
tive forcing higher than 5.1 Wm™2 reported for a dust event
(Bran et al., 2018), but lower than 16.94Wm™2 reported for
a mineral dust event over the Iberian Peninsula (Barragan et
al., 2020). Atmospheric (ATM) shortwave radiative forcing
reflects the energy absorbed by aerosols and converted into
heat within the atmosphere. The peak shortwave heating rate
(Jangid et al., 2024) reached 0.74 Kd~! at Dunhuang and
0.44Kd~! at Mingin, with the value at Dunhuang compa-
rable to the peak heating rate (~ 0.7 Kd~') reported for a
light dust event (Li et al., 2025). The mean shortwave heat-
ing rates (SHR) at both sites (0.23 Kd~! at Dunhuang and
0.14Kd~! at Mingin) were higher than those observed dur-
ing several dust events at Dunhuang (Bi et al., 2014) (e.g., 0.1
and 0.14 Kd~! on 9 and 10 April 2012, respectively), as well
as those recorded over Issyk-Kul Lake (0.08 Kd™!) (Gan et
al., 2026) and southern Portugal (0.11 Kd—1) (Valenzuela et
al., 2016). This indicates that elevated aerosol layers absorb
solar shortwave radiation, leading to significant atmospheric
heating. This may influence regional weather processes and
climate feedback mechanisms by altering the local thermal
structure and vertical stability (Huang et al., 2009).

Considering snow cover conditions in the Qilian Moun-
tains, seasonal snow is primarily distributed at altitudes of
3—4km (equivalent to 1.5-2.5kma.g.l.) (Guo et al., 2021),
which coincides with the altitude range of elevated aerosol
layers. After deposition in the Qilian Mountains, these pol-
lutants significantly reduce snow albedo, enabling the sur-
face to absorb more solar radiation. Simultaneously, as in-
dicated by the SHR of the elevated aerosol layer, the layer
itself maintains a relatively high temperature due to its ab-
sorption of shortwave radiation, and the resulting heat fur-
ther accelerates snowmelt. This combined effect may accel-
erates snowmelt and glacier retreat. Therefore, radiative forc-
ing associated with elevated aerosol layer may induce re-
gional warming in the Qilian Mountains, similar to the warm-
ing effect of brown clouds over the Indian Peninsula, which
accelerates snowmelt in the Himalayas (Ramanathan et al.,
2007). This is of considerable concern, as it is directly linked
to regional water security and storage. In addition, the Hexi
Corridor is also an important solar energy base, the elevated
aerosol layer weakens the solar radiation reaching the sur-
face during daytime, thereby directly affecting photovoltaic
power generation efficiency (Wang et al., 2026).
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Figure 13. Radiative effects of elevated aerosol layers. (a) Histograms of aerosol shortwave radiative forcing (SWRF) at Dunhuang and
Mingin, with red, orange, and blue bars representing the surface (SFC), atmosphere (ATM), and top of the atmosphere (TOA), respectively;

(b) vertical profiles of shortwave heating rate at Dunhuang and Mingin.

4 Conclusion

Based on intensive observation campaigns in 2010 and 2012
over the Hexi Corridor in Northwest China, this study first
reveals the occurrence of elevated aerosol layers within the
daytime mixed layer in this region and further examines
their vertical distribution characteristics, formation mecha-
nisms from a diurnal perspective, and environmental and ra-
diative effects. The results show that distinct elevated aerosol
layers occur at approximately 0.6-2km during daytime at
both Dunhuang and Mingin. Excluding dust events, the oc-
currence frequencies of elevated aerosol layers are approx-
imately 82 % and 44 % at Dunhuang and Minqin, respec-
tively, with peak occurrence concentrated in May and June.
EALs at Dunhuang were more frequently dust-influenced,
whereas those at Minqgin were more strongly influenced
by fine-mode and/or anthropogenic aerosols; both aerosol
types nevertheless occurred at both sites. The formation
of elevated aerosol layers is controlled by a coupled ther-
modynamic process: daytime surface heating reduces static
stability and enhances vertical mixing, facilitating the up-
ward transport and accumulation of aerosols at the base
of the stable layer. Under favorable wind regimes, daytime
mountain—valley circulations may further transport these el-
evated aerosol layers toward the adjacent Qilian Mountains.
Additionally, conditions at Minqgin are influenced by frontal
inversions and water vapour. Thus, a simplified conceptual
model for the prediction of elevated aerosol layer occurrence
is proposed, based on positive anomalies in potential tem-
perature and negative anomalies in relative humidity within
the boundary layer. Regarding environmental impacts, the
peak Extinction-derived PMjp-equivalent mass concentra-
tion within the elevated aerosol layer (203.3 + 106.6 ugm™>)
is approximately five times higher than that at the surface
(40.8 +30.4 ugm™3), indicating that reliance solely on sur-
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face observations would substantially underestimate the re-
gional pollution burden. Meanwhile, such layers enhance the
atmospheric shortwave heating rate by up to 0.7Kd~!, a
magnitude comparable to that associated with light dust load-
ing. Notably, the mean shortwave heating rates at both sites
are higher than those reported during several dust events at
Dunhuang. Furthermore, elevated aerosol layers are likely to
accelerate glacier retreat and snow melt by reducing snow/ice
albedo and enhancing radiative absorption, thereby posing a
potential threat to regional water resource security, particu-
larly under the influence of mountain—valley winds.

This study provides valuable observational evidence for
the existence of elevated aerosol layers in the Hexi Corri-
dor region, and underscores their relevance to regional air
pollution prevention and control, ecosystem protection in
complex terrains, and water resource security in ecologi-
cally sensitive areas of northwest China. It should be noted
that the intensive observations used in this study were con-
ducted in 2010 at Minqgin and in 2012 at Dunhuang. There-
fore, the occurrence frequencies, dominant aerosol types,
PMjp-equivalent mass concentrations, and radiative effects
reported here should be interpreted as representative of the
specific campaign periods rather than as a present-day clima-
tology of the Hexi Corridor. Over the past decade, changes
in anthropogenic emissions, dust activity, aerosol composi-
tion, land-surface conditions, and regional atmospheric envi-
ronments may have affected the occurrence and characteris-
tics of elevated aerosol layers. Nevertheless, the thermody-
namic mechanism identified in this study, including daytime
surface heating, dry lower-atmospheric conditions, upward
transport of near-surface aerosols, and accumulation below
stable stratification, is physically based and may remain ap-
plicable under similar meteorological and source conditions.
However, the limited observations remain insufficient for a
comprehensive understanding of the formation, maintenance,
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long-term evolution, and regional impacts of elevated aerosol
layers. Additional long-term field observations and model
simulations across other parts of the Hexi Corridor and the
adjacent Qilian Mountains are needed to further investigate
the present-day occurrence, long-term evolution, composi-
tion changes, and regional impacts of elevated aerosol layers.
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