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Mineral dust contributes to more than half of the global aerosol loading. However, the radiative impacts of dust
aerosols on planetary boundary layer (PBL) structure have not been explored sufficiently. During a typical dust
storm event over Tarim Basin, dust aerosols exhibit a well-mixed distribution during the daytime in spite of a
shallow layer of dust particles accumulated at higher altitudes. By contrast, nocturnal dust plumes are located
near the surface due to stable stratification. We demonstrate that these differentiated vertical distributions
determine the spatial heterogeneity of dust loading, radiative fluxes and PBL height variations. Dust aerosols
cause daytime PBL suppression and nighttime PBL promotion through modulating surface and atmospheric
radiative budgets. Specifically, dust-induced cooling effect within PBL directly inhibits the daytime PBL devel-
opment. PBL suppression effect is then amplified by entrainment processes resulting in excessively low PBL
height, especially for dust particles below but near the PBL top. Dust plumes weaken updrafts from PBL and
downdrafts of the free atmosphere, which further reduce the entrainment mixing through attenuating horizontal
and vertical advection, and eventually amplify PBL suppression. At night, near-surface dust aerosols stimulate a
warm and unstable lower atmosphere, generate warm advection heating and promote the PBL development. Our
study highlights the importance of specifying entrainment parameters and nighttime advection activities in
quantifying the dust-PBL interactions.

(Yumimoto et al., 2009; Ge et al., 2014; Guo et al., 2017; Hu et al.,
2020). Dust particles over the TB can be easily accumulated and lifted to

1. Introduction

Mineral dust contributes to more than half of the global aerosol
loading (Knippertz and Todd, 2012; Choobari et al., 2014; Guan et al.,
2019). High concentration of dust aerosols generates negative socio-
economic effects because they increase traffic accident rates, agriculture
degradation and health risks (Merrifield et al., 2013; Aili and Oanh,
2015; Middleton et al., 2019). East Asia is one of the largest regions of
dust source worldwide as a result of massive dust emission from Takli-
makan Deserts in Tarim Basin (TB) (Chen et al., 2017a; Maki et al.,
2019). Strong dust outbreaks in the Taklimakan Deserts occur with the
highest frequency in spring, and can persist for several days to weeks

higher than 3 km due to the near-surface convergence flows and
obstruction of complex terrains, as TB is surrounded by the Tianshan
Mountains, the Kunlun Mountains, the Pamir Plateau and the Tibetan
Plateau (Nan and Wang, 2018; Pan et al., 2020; Zhao et al., 2020).
Suspended dust particles impose pronounced perturbations in radiation
balance through attenuating solar radiation and regulating infrared ra-
diation (Fu et al., 2009; Li et al., 2020; Wang et al., 2020a; Xu et al.,
2020). Especially under the influences of unique basin topography and
intense surface heating, prolonged dust residence time causes extremely
strong interactions with planetary boundary layer (PBL) processes
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through dust radiative effect in the TB (Liu et al., 2016; Li et al., 2019;
Tan et al., 2022).

Inherent impacts of dust radiative forcing on PBL evolution has led to
a shallower daytime PBL and considerably exacerbated air pollution in
the TB region and along the transport pathways of the East Asian
Continent, the Pacific Ocean and even the Greenland (Bory et al., 2003;
Liu et al., 2019a; Yumimoto et al., 2019). Turbulent motion in the
daytime is suppressed because of dust scattering and absorbing effects
on solar radiation, which increases the stratification stability and in-
hibits PBL development (McGrath-Spangler et al., 2015; Huang et al.,
2018, 2020; Wang et al., 2021). While deficient energy input plays a key
role in PBL suppression, it is by no means the sole mechanism depicting
dust-PBL interactions, which are affected by various dynamic processes.
Moreover, dust aerosols are reported to pose longwave radiative forcing
reaching up to 30-40 W-m~2 for East Asian source region (Alam et al.,
2014; Han et al., 2015). However, the feedbacks between dust-induced
longwave radiation effect and PBL development, especially for
nocturnal PBL, are still unknown. It brings knowledge gaps in estimating
impacts of dust radiative forcing on meteorological parameters and air
quality at hourly and diurnal scales (Zhang et al., 2010; Sawyer and Li,
2013; Miao et al., 2017).

The dependency of the magnitude of dust radiative forcing on its
vertical distributions and optical properties is under debate (Huang
et al., 2009; Ge et al., 2010; Zhao et al., 2010; Liu et al., 2011). It is
usually agreed that dust aerosols exert cooling effect on the underlying
surface in the daytime because of less downward shortwave radiation
(Haywood et al., 2003; Satheesh et al., 2007; McFarlane et al., 2009).
However, the signs of dust-induced radiative effect can be reversed at
the top of atmosphere (TOA), which also modulates the intensity of
radiative budget and PBL processes (Pérez et al., 2006; Jish Prakash
et al., 2015; Kong et al., 2022). The contrary TOA radiative forcing
values depend on distinct dust vertical heights, dust-layer depths, and
optical parameters (Wang et al., 2010; Zhao et al., 2011; Xin et al.,
2016). Dust aerosols lofted to higher elevations over the Asian region are
identified to be more absorptive than those in Africa (Costa et al., 2006;
Ge et al., 2010). The relatively high absorbing efficiency of solar radi-
ation by dust aerosols is found to reshape the atmospheric thermal
structure and further complicate the interactions between dynamic
fields, including monsoon circulation, heat waves, deep convection
among others (Lau et al., 2006; Min et al., 2009; Cowan et al., 2020).
Observational evidence also shows that vertical distribution of
absorbing aerosols, e.g., dust aerosols, can regulate radiation transfer
discriminatively and result in spatially varying PBL characteristics
(Johnson et al., 2008; Bravo-Aranda et al., 2015; Bucci et al., 2018).
Given the tremendous dust emissions in Taklimakan Deserts and the
broader impacts on regional climate and socioeconomic systems, further
analysis is needed to identify the spatial and temporal variability of dust
radiative perturbations and its impacts on PBL evolution.

Unlike considerable attention paid to anthropogenic emissions of
black carbon aerosols and their substantial impacts on PBL meteorology
and climate change at regional and global scales (Redemann et al., 2021;
Doherty et al., 2022), dust aerosols as another major fraction of
absorbing aerosols have not been explored sufficiently in the radiative
impacts on PBL structure (Xie et al., 2018; Marsden et al., 2019). In
particular, the radiative effect of dust aerosols involving various vertical
distributions and high absorbing efficiency on the boundary layer dy-
namics warrants further investigation over TB. Here, we employ the
Weather Research and Forecasting model with Chemistry module (WRF-
Chem) to conduct multiple experiments of a typical dust storm event in
Taklimakan Desert over TB and to investigate how dust radiative effect
regulates PBL processes. The objectives of this study are to (1) evaluate
the impacts of dust aerosols on daytime and nighttime radiative budgets
and PBL development, (2) identify the decisive factors in the daytime
and nighttime dust-PBL interactions, and (3) explore the physical
mechanism of dust radiative effect on PBL evolution and its implications
for air pollution control.
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2. Data and methods
2.1. Observation-based dust storm case

Cold frontal systems and strong surface wind are two dominant
drivers for the formation of severe dust events in Eastern Asia (Jia et al.,
2015; Ge et al., 2016; Wang et al., 2020b). We selected a springtime dust
storm episode from April 27 to May 1, 2015 over Tarim Basin for this
study. During this dust storm episode, large-scale upper-level deep
troughs (500 hPa) associated with surface active cold front swept
northeastwards from the Ural Mountains to TB. Subsequently, cold air
from the western Siberian intruded obliquely and persisted over Tarim
Basin. Due to the large air pressure gradient built by the cold front,
vigorous near-surface wind blew at the junction of high and low pressure
systems. Dust aerosols, which were triggered by the integrated effects of
low-pressure systems and intensified flows, invaded the Tarim Basin and
suspended in the atmosphere for days (Meng et al., 2019).

In this dust storm event, meteorological fields and dust aerosol dis-
tribution were measured at five observational stations located in the
center and four lateral sides of TB, i.e., Kashi (KSH), Akesu (AKS), Kuerle
(KEL), Tazhong (TZH) and Hetian (HT) stations (Fig. 1b). While hourly
ground-level air temperature, wind speed and wind direction data were
recorded at all five sites, hourly PM; concentrations were obtained only
at TZH and KSH stations. Vertical profiles of potential temperature and
wind speed were observed at all sites, except the TZH station, by CFL-03
wind profiler radar from the radar wind profiler network of China (Liu
et al., 2020).

2.2. Model configuration and experiment design

We applied WRF-Chem (version 3.9.1.1) to simulate this dust storm
event. Three two-way nested domains were employed with horizontal
resolution of 36, 12, and 4 km and corresponding grid cells of 200 x 200,
199 x 229, and 367 x 187, respectively (Fig. 1a). The outermost domain
(D01) spanned over Eastern Asia, while TB was in the innermost domain
(D03) surrounded by the Tianshan Mountains, the Pamir Plateau and the
Tibetan Plateau. The detailed topography of intermediate domain (D02)
and D03 was shown in Fig. 1b. There were 76 vertical layers with
terrain-following coordinates from surface to 100-hPa level. Approxi-
mately 36-42 layers stretched within 3000 m to better resolve the PBL
vertical structure.

The fifth generation of European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis data (ERA5) (Hersbach et al., 2020)
provided the initial conditions and lateral boundary conditions of
meteorological variables at a horizontal resolution of 0.25° x 0.25° and
an interval of 6 h. The physical and chemical parameterization schemes
used in our domains were summarized in Table 1. All of the domains
were specified with the Morrison double-moment microphysics scheme
(Morrison et al., 2009) and the Kain-Fritsch cumulus parameterization
scheme (Kain, 2004). Goddard Chemistry Aerosol Radiation and
Transport (GOCART) mechanism was chosen for the aerosol and
chemistry module (Chin et al., 2002). GOCART dust emission scheme
embedded in WRF-Chem was also selected to calculate dust emission
flux based on dust erodibility fraction, surface wind speed and threshold
wind speed. The emitted dust aerosols were assumed to be spherical and
divided into eight discrete size bins (0.1-0.18 pm, 0.18-0.3 pm, 0.3-0.6
pm, 0.6-1.0 pm, 1-1.8 pm, 1.8-3 pm, 3-6 pm, and 6-10 pm in particle
radius) (Ginoux et al., 2001, 2004).

Radiation transfer procedure was simulated using Rapid Radiative
Transfer Model for General Circulation Models (RRTMG) shortwave and
longwave radiation schemes (lacono et al., 2000, 2003, 2008). The
refractive index of mineral dust for shortwave radiation was defined as
1.55 + 0.006i based on field observations of East Asian dust (Fukushima
et al., 2000; Stone et al., 2007; Logan et al., 2013). In the longwave
radiation, the refractive index of dust aerosols was strongly dependent
on wavelength, and the values were adopted for 16 longwave spectral
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Fig. 1. The WRF-Chem Model domain of three nested meshes with horizontal resolution of 36, 12 and 4 km marked with black (D01), red (D02) and white (D03)
rectangles (a), elevations of the intermediate (D02) and innermost (D03) domains with locations of five observation sites (AKS, TZH, KEL, HT and KSH) in purple dots
over the Tarim Basin (b), cross-section of satellite-retrieved dust distribution at 15:30 LST (c) and simulated dust concentration distribution at 16:00 LST along the
orbit path of CALIPSO on April 30, 2015 (d). The outermost domain (D01, Fig. 1a) spans over Eastern Asia and the Tarim Basin is in the innermost domain (D03,
Fig. 1b) surrounded by the Tianshan Mountains (TM in the north), the Pamir Plateau (PP in the west) and the Tibetan Plateau (TP in the south). The terrain height is
marked with brown colour in Figs. 1c-1d. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Configuration of the WRF-Chem simulation.

Model Configurations

Domains DO1 D02 D03
Resolution (km) 36 12 4

No. of grid points (lon x lat) 200 x 200 199 x 229 367 x 187
Vertical layers 76 76 76

Kain-Fritsch
Morrison double-moment scheme

Cumulus parameterization
Microphysics

Planetary boundary layer YSU
Shortwave radiation RRTMG
Longwave radiation RRTMG
Dust emission GOCART

bands according to the Optical Properties of Aerosols and Clouds dataset
(Hess et al., 1998; Zhao et al., 2010; Li et al., 2021). The boundary layer
evolution was simulated with the Yonsei University (YSU) PBL scheme
(Hong et al., 2006). YSU scheme with non-local mixing treatment was
identified to generate the best agreements with both WRF-Large Eddy
Simulation (WRF-LES) model (Wang et al., 2016) and lidar and balloon
observations (Hu et al., 2013) when daytime PBL development is
strongly dependent on entrainment process expression. YSU has in
recent years become one of most widely-used PBL schemes (e.g., Miao

etal., 2015; Sun et al., 2016; Zhu et al., 2018; Yang et al., 2019; Hu et al.,
2019). Reflected with higher mean correlation coefficients (Cr), lower
mean bias (MB), and lower root-mean-square errors (RMSE), the simu-
lation results with combination of the RRTMG radiation transfer
schemes and YSU PBL scheme agreed with all observations better than
that simulated with the other five scheme combinations (Tables S1-S3).
In particular, the RRTMG and YSU scheme combination better repro-
duced PM;( concentration and profiles of potential temperature and
wind speed (Tables S2-S3).

We conducted two parallel experiments of the same model configu-
rations and parameterization schemes, except that the aerosol radiative
forcing (ARF) was turned on in the control run (Ctl) and turned off in the
No-ARF run (No-ARF), to evaluate the dust radiative effects on daytime
and nighttime PBL development. Each simulation run from 08:00 local
standard time (LST, 8 h ahead of coordinated universal time) on April 24
to 20:00 LST on May 1, 2015, leaving the first 48 h as model spin-up
period. Rather high peak values of dust emission fluxes and dust
loading were detected from the daytime on April 28 to the early-
morning on April 29. We then analyzed the PBL evolution on April 28
and April 29 when dust-PBL interactions were the strongest.
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2.3. Simulation evaluation and improvement

To evaluate model performance in reproducing this dust storm event,
we compared hourly meteorological observation data, PM;o concen-
tration and vertical profiles from our Ctl experiment with the observa-
tions and simulations by Meng et al. (2019). In addition to designing
finer domains and higher vertical resolution in our experiments than
that in Meng’s settings, we chose RRTMG shortwave and longwave
schemes and YSU PBL scheme to better resolve the impacts of dust
radiative effect on PBL processes. Our results improved simulations of
meteorological and aerosol fields compared with Meng’s results, in
which 2-m air temperature was underestimated, and 10-m wind speed
and PM; concentration were substantially overestimated (Figs. S1-S2).
These three variables have interior relationships in the circulation sys-
tem. Low wind speed restricts wind-forced movement of soil dust par-
ticles, and eventually results in less suspending dust aerosols. Reduced
PM; concentration is responsible for higher near-surface temperature
by more surface heat flux due to weakened dust light attenuation.
Moreover, the reproducibility of wind speed was still challenging in both
Meng’s and our simulations. Although our results were better in
capturing meteorological elements and particle concentration, some
biases still existed, because our experiment design, even with finer
spatial and vertical grid spacing, can not fully eliminate the limitation in
the representation of topographic effects (Meng et al., 2019).

Potential temperature and wind speed profiles are critical to char-
acterize the PBL structure and dust aerosol distribution pattern. Further
inspection of vertical profiles showed that the time series and magnitude
of potential temperature and wind speed better agreed with the radar
data than that in Meng et al. (2019) (Fig. S2). A summary of perfor-
mance statistics was given in Tables S4-S5 to demonstrate the im-
provements in our simulation. Higher correlation coefficients (Cr),
lower mean bias (MB), and lower root-mean-square errors (RMSE)
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values indicated that our simulation output was better in reproducing
temporal and spatial variations of synoptic conditions and pollution
concentration. These improvements enabled our experiment results to
be reasonably used to investigate the dust-PBL interactions.

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tion (CALIPSO) level 2 cloud and aerosol discrimination data products
provide the vertical structure of aerosol subtypes at regional and global
scales (Winker et al., 2006; Huang et al., 2009). CALIPSO overpassed TB
from 15:32 to 15:34 LST on April 30. We compared the cross-sectional
distribution of simulated dust concentration at 16:00 LST with CALI-
PSO aerosol typing along the overpass section (Figs. 1c-1d). In general,
the CALIPSO retrieved dust plumes extending up to about 6 km above
sea level were reproduced by our numerical simulation.

Dust radiative effect in this study is quantified within each physical
scheme/process including the Planetary Boundary Layer (PBL), Radia-
tive (Ra), Advection (Ad) and Cumulus (Cu) heating rates. PBL heating
rate is calculated as vertical gradients of sensible heat flux in the YSU
PBL scheme, and Ra heating rate from RRTMG radiation schemes in-
cludes the contribution of shortwave and longwave fluxes. The Ad
heating rate consists of both horizontal and vertical advection terms in
the scalar advection module. Cu heating rate is extracted from cumulus
schemes and remains zero during this dust storm event without cumulus
effect.

3. Results and discussion

3.1. Opposite effects of dust on day-night boundary layer development
During the dust event, two high-value centers of dust loading were

located in the east and middle of TB in the daytime, and dust plumes

were accumulated with higher concentrations in a wider area of the
southeast margin (Fig. 2a). Dust aerosols lowered the daytime surface

Nighttime
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Fig. 2. Daytime and nighttime dust column loading (a, f) and differences of surface temperature (b, g), PBL height (c, h), surface downward shortwave flux (d, i) and
surface heat flux (e, j) between Ctl and No-ARF experiments. Black solid lines outline the border of Tarim Basin. Fig. 2i is blank due to absence of solar radiation at
night. The lines AB in (a) and (f) were used as transects to exhibit the spatial heterogeneity of dust impacts on PBL structure and to identify its decisive factors shown

in Fig. 4, Fig. 5 and Fig. S5. The colorbar scales in Fig. 2e and Fig. 2j are different.
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temperature and suppressed the PBL development. The TB-averaged
surface temperature and PBL height reduced by 2.52 K and 164.36 m,
respectively (Figs. 2b-2c). Decreases in surface temperature and PBL
height were attributable to diminished shortwave flux reaching the
ground and reduced surface heat flux because dust particles impeded
incident solar radiation through scattering and absorbing effects
(Figs. 2d-2e and Fig. 3a), and concurrently trapped more shortwave
radiation in the atmosphere (Fig. 3b). The TB-averaged solar radiative
forcing values were — 50.82 W-m~2 at 14:00 LST in Fig. 3 (-37.35
W-m 2 during the daytime period from 09:00 to 20:00 LST in Fig. S3) at
the surface, and 58.44 W-m~2 (38.90 W-m~2) in the atmosphere, which
were comparable to observations near Taklimakan Desert or in the
downstream of TB (Ge et al., 2010; Xin et al., 2016). The magnitudes of
atmospheric radiative effect caused by dust aerosols in our study were
greater than the estimate of 38.79 W-m 2 over Dehradun (Patel and
Kumar, 2015) and the range of 28-45 W-m™2 over the Mediterranean
basin (Gkikas et al., 2018; Kaskaoutis et al., 2019), implying more
absorbing dust aerosols in the northwestern China (Costa et al., 2006;
Wang et al., 2009). Conversely, dust aerosols emitted more downward
infrared radiation due to effective absorption of solar radiation, regu-
lating a surplus in surface longwave radiation (Fig. 3c) and a deficit in
the atmospheric longwave radiative forcing (Fig. 3d). The surface
infrared radiative forcing modulated by dust aerosols in this dust storm
was about 17.90 W-m~2 (15.77 W-m’z), which is similar to simulated
values in Gobi deserts (Liu et al., 2016), but greater than 14.4 W-m2in
Central Mediterranean (Meloni et al., 2015) and 10 W-m 2 over Sal Is-
land (Hansell et al., 2010) as a consequence of lower dust concentra-
tions. The daytime perturbations of shortwave radiation were
approximately 2-3 times that of longwave radiation. It is noteworthy
that the prominent reduction region of surface temperature almost
coincided with the distribution of high-level dust loading and large dust
radiative forcing, while the strongest PBL suppression occurred in the
eastern open mouth of TB.

At night, dust aerosols advanced westward and formed a high-
concentration zone in the middle of the basin, whereas dust plumes in
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the eastern center were weakened (Fig. 2f). On the contrary to the
daytime, dust plumes increased surface heat flux in the nighttime, which
led to a warmer surface and enhanced PBL height growth in TB by 2.58 K
and 98.88 m on average, respectively (Figs. 2g-2j). Suspended dust
layers, as mainly composed of coarse particles, inevitably prohibited
outgoing terrestrial radiation, which thus increased the surface long-
wave radiation (Fig. 3e) and resulted in negative atmospheric longwave
radiative forcing (Fig. 3f). The nocturnal longwave radiative effect was
10.62 W-m™2 at 02:00 LST (10.66 W-m 2 during the nighttime period
from 21:00 to 08:00 LST in Fig. S3) at the surface. This longwave radi-
ative forcing was smaller than the values of 14-17 W-m ™2 during severe
Saharan dust storms of very high aerosol optical depths (AOD) (Heinold
et al., 2008; Francis et al., 2022). In similar to the daytime, significant
changes in nighttime PBL height were not entirely coincident with the
largest dust loading and radiation flux changes.

As aresult, dust-induced shortwave radiation variations prevailed in
the daytime, while longwave radiation adjustments due to dust aerosols
dominated at night. Such inverse surface and atmospheric radiative
forcing reallocation gave rise to alternating variations in surface heat
flux, and thereby opposite daytime and nighttime changes in surface
temperature and PBL development in response to dust aerosol accu-
mulation and distribution (Figs. 2-3 and S3-S4). The contrast effects of
dust aerosols on diurnal and nocturnal radiation fluxes are responsible
for differentiated responses of surface wind speeds, temperature gradi-
ents and the subsequent dust emissions. Weakened surface wind forces
less dust production over both source and downwind regions in the
daytime, while nocturnal dust emission is strengthened by stronger wind
speeds. Besides, such tendencies can be reversed at the edge of plumes in
the same dust event due to temperature gradients through thermal wind
effect (Rémy et al., 2015; Liu et al., 2016; Chen et al., 2017b). However,
these conclusions are limited to describing average changes of dust
radiative effects on meteorological variables. Little attention is paid to
the characteristics and mechanisms of spatial heterogeneity in dust-
related radiation effects and its interactions with PBL height variations.
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Fig. 3. Differences of daytime and nighttime shortwave (a-b) and longwave (c-d, e-f) radiative forcing at the surface (the upper panel) and in the atmosphere (the
lower panel) between Ctl and No-ARF experiments. Black solid lines outline the border of Tarim Basin.
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3.2. Amplified dust-PBL interactions by dust vertical distribution

The impacts of dust radiative effect on PBL development are sensitive
to dust characteristics (e.g., total loading, vertical distribution and op-
tical properties) and surface properties, such as surface albedo and soil
moisture (Liu et al., 2011; Saleeby et al., 2019; Darvishi Boloorani et al.,
2021). Since TB is covered by deserts with almost uniform surface al-
bedo and low soil moisture, cross-sectional distributions of dust con-
centration and characteristics along the A-B lines for daytime (Fig. 2a)
and nighttime (Fig. 2f) were depicted to exhibit the spatial heteroge-
neity of dust impacts on PBL structure and to identify its decisive factors
(Fig. 4). Dust aerosols were dispersed throughout the PBL and estab-
lished a well-mixed vertical distribution in the daytime with the
exception of dust particles in a region transported into the higher alti-
tudes (at around 86.7-87.6°E in Fig. 4a). Two kinds of distinct charac-
teristics has been shown in the series of dust loading and PBL height
variations (Fig. 4b). In the transect from 82.5°E to 85.8°E, PBL devel-
opment showed a negative response to total dust concentration. Similar
dust loading in the transects of 85.8-86.7°E and 86.7-87.6°E also trig-
gered the suppression effect on PBL development, but with excessively
low PBL height at around 86.7-87.6°E. In general, heavy dust-laden air
was accompanied by more depressed daytime PBL height. However,
total dust concentration was unlikely a major driving force behind the
drastic encumbrance of PBL development. Moreover, optical properties
are not likely to induce the excessively low PBL height at around
86.7-87.6°E because variations of the Single Scattering Albedo (SSA)
and Asymmetry Factor (ASY) were small during this dust storm (Fig. 4e
and f). Hence, intense light attenuation of aerosols at high altitudes
(below but close to the PBL top) presumably resulted in a turning point
of the abruptly strengthened dust-PBL interactions at around 86.7°E
(Fig. 4a and c). This amplification effect on PBL suppression was also
detected in other studies when aerosols were located near the PBL top.
For example, based on 1939 samples from micropulse lidar measure-
ments around noontime in Beijing, the shallowest PBL with the weakest
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buoyancy were observed when the peak value of aerosol extinction co-
efficient was distributed right below the PBL top (Su et al., 2020). When
aerosols were located at the PBL top, both turbulent kinetic energy and
PBL height decreased steeply according to numerical simulations (Bar-
baro et al., 2013; Zhang et al., 2022). However, these observations or
simulations from sparse stations were unable to explain the dynamic
mechanism of amplification effect on PBL inhibition explicitly.

During the nighttime, variation of the total dust loading along the
transect was relatively low (6.5-8 g-m~2). Unlike daytime, nocturnal
dust aerosols were accumulated near the surface, and their concentra-
tion decreased with height because of stable atmospheric stratification
(Figs. 4g-4h). It is noteworthy that dust loading and optical properties
had no direct link to the pronounced PBL promotion along the transect
(Fig. 4h, k and 1). However, aerosols near the surface could prominently
promote the nighttime boundary layer growth. When dust concentration
increased in the near-surface layer, the boundary layer also became
deeper (the transect of 80.8-81.5°E in Figs. 4g-4h), and vice versa.
Therefore, aerosol vertical distribution tended to dramatically amplify
the interactions between dust radiative effect and PBL evolution in both
daytime and nighttime.

Our results highlight the importance of dust vertical distribution on
the daytime and nighttime PBL development. Since aerosol datasets
from routine monitoring stations and intensive field campaigns are
mostly based on near-surface measurements, light attenuation of upper-
level aerosols (especially during the dust storms or severe pollution
events) accounts for large underestimates in quantifying aerosol effects
on daytime PBL suppression (Wang et al., 2019, 2021), but is still
lacking. Moreover, nighttime measurements of meteorological variables
and dust characteristics are rare, which causes a research gap of dust-
PBL interactions involving observation analysis, model evaluation and
policy making. More vertical profiles from ground-based networks and
airborne platforms are urgently needed to accurately characterize the
dust distribution and PBL structure in order to improve the under-
standing of dust-PBL interactions.
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Fig. 4. Dust concentration (a, g), column dust loading (red lines in b, h), PBL height differences (blue lines in b, h) between Ctl and No-ARF experiments, extinction
coefficient (c, i), scattering coefficient (d, j), single scattering albedo (e, k) and asymmetry factor (f, 1) in the daytime and nighttime along the AB cross-sections. The
cross-sections from A to B are depicted in Fig. 2a and f for daytime and nighttime, respectively. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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3.3. Mechanisms of dust-driven opposite day-night boundary layer
development

Heating rates calculated as convergence of radiation fluxes are
quantified to determine PBL processes. We discuss two types of net
heating rates below, Net scm and Net total heating rates. Net_scm
heating rate (sum of PBL and Ra heating rates) is usually used to di-
agnose the PBL evolution for idealized or sensitivity experiments
ignoring advection transport. The positive and negative Net_scm heating
rates represent the warming and cooling effect of PBL and Ra heating on
PBL development, respectively. However, Net_total heating rate takes
Ad heating rate into account and thus infers PBL dynamics in more
realistic cases. Therefore, the discrepancies between Net_scm and Net_-
total heating rates can be attributed to the modulation effect of total
advection term (sum of horizontal and vertical advection) on dust direct
warming or cooling effects.

During the daytime, both downward shortwave radiation and sur-
face heat flux were declined, which resulted in negative effects on PBL
heating (PBL heating rate) (Figs. 5a-5b) and thus weakened turbulence
motions. On the contrary to PBL heating, aerosols induced positive
radiative forcing (Ra heating rate) due to absorption of solar radiation
(Fig. 5¢). Advection heating rate was also altered with opposite re-
sponses within and right above the PBL, with the drastic response at
around 86.7-87.6°E (Fig. 5d). If advection processes were not taken into
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account, the Net_scm heating rate was negative within PBL (Fig. 5f),
indicating the direct cooling effect of dust aerosols on the boundary
layer evolution. The strongest suppression of this cooling effect was
detected when dust aerosols were distributed below but close to the PBL
top (at around 86.7-87.6°E, Fig. 5f and h), which was consistent with
results from WRF-Chem-Single Column Model (WRF-Chem-SCM)
sensitivity experiments (Zhang et al., 2022). Total advection term
further amplified the suppression on boundary layer development, and
the strength of amplification was related to dust vertical distribution.
When advection heating rate was included, a stronger suppression
(larger negative Net_total heating rate) was shown within PBL and
stronger enhancement (larger positive Net_total heating rate) right
above the PBL top. The most significant amplification remained at
around 86.7-87.6°E where dust aerosols were concentrated below but
close to the PBL top (Fig. 5g).

The conceptual model of the amplification effect of dust vertical
distribution on the daytime PBL suppression through total advection
term is shown in Fig. 6. Solar radiation heats the surface during the day
and initiates thermal convection. When thermal plumes penetrate into
the overlying free troposphere, the updrafts encounter the strong
inversion layer and deflect into horizontal momentum. Strong hori-
zontal and sinking motions are thus generated at the density interface
between the well-mixed turbulent layer and free atmosphere. Warm air
in the capping inversion layer dips below into the PBL and is scoured off
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aerosols at different heights (b, d) in the daytime (the upper panel) and nighttime (the lower panel).

by strong lateral motions. This process whereby stably stratified air from
the free troposphere is mixed with the turbulent PBL is entrainment,
which modifies the heat flux distribution and triggers the PBL growth
(Fig. 6a) (Sullivan et al., 1998). Dust aerosols attenuate the incident
solar radiation, which reduces surface heat flux, thereby causing the
decline in Net_scm heating rate within PBL and directly inhibiting the
development of the boundary layer. As the PBL top is lowered, the
cooling mechanism of the original entrainment zone disappears (Hu
et al., 2010). Therefore, a positive Net_scm heating rate dominates right
above the PBL top (Zhang et al., 2022). The cooling effect within PBL
and the heating effect above PBL enhance resistance in both upwelling
from PBL and downwelling from the free atmosphere. This resistance
further weakens entrainment processes through decreasing horizontal
and vertical advection and magnifies the vertical contrast of Net_total
heating rate, which ultimately enhances the suppression effect on PBL

development (Fig. 6b). Hence, dust aerosols exert the direct cooling
effect with a negative Net_scm heating rate and amplification effect with
entrainment mechanism on the PBL suppression. Meanwhile, the
strength of this amplification effect is related to aerosol vertical distri-
bution. Dust aerosols distributed right below the PBL top cause the
weakest entrainment mixing with warm and dry air from the free
troposphere and energize the strongest amplification effect on PBL
suppression.

In the absence of solar radiation and insignificant PBL heating rate at
night (Figs. 5i-5j), both Ra and Net_scm heating rates imposed very weak
warming effect near the surface and cooling effect above PBL (Fig. 5k
and n), showing that dust aerosols blocked outgoing longwave radiation
from the surface and caused atmospheric longwave radiation deficit
simultaneously. Changes in Net_total heating rate were determined by
advection heating rate (Fig. 51 and o), especially the enhancement of
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advection heating near the surface. In the nighttime, surface net radia-
tion is regulated by upward longwave flux from the ground and atmo-
spheric counter radiation (Fig. 6¢). Dust aerosols intercept outgoing
longwave radiation and reheat the surface, which leads to a warmer and
more unstable near-surface atmospheric layer, and increases the low-
level wind speed accordingly (Fig. S5). The combined effect of higher
temperature and wind speed enhances the advection heating (Yue et al.,
2010; Rémy et al., 2015), resulting in stronger nocturnal intermittent
turbulence near the surface that promotes the development of boundary
layer (Fig. 6d). Therefore, advection processes related to dust vertical
distribution can also facilitate the impacts of dust radiative effect on
nocturnal PBL evolution. The most remarkable amplification region
occurs where dust aerosols are accumulated near the surface.

Our study reveals the amplification effect of entrainment and
advection processes associated with dust vertical distribution on the
dust-PBL interactions. If the total advection term is ignored in the day-
time, aerosol-PBL interactions result in PBL suppression together with a
deeper but less stable entrainment zone, which has been described in
several idealized experiments of aerosol radiative effect (Barbaro et al.,
2013; Liu et al., 2019b; Zhang et al., 2022). The paradox is that PBL
heights are supposed to increase in response to this weakening of
inversion-layer jump. As mentioned above, the single-point analysis of
the aerosol shortwave radiative effect on turbulence statistics cannot
reflect the complete dynamic mechanism. Our results complement this
explanation and demonstrate that the advection heating rate further
weakens the mixing between the PBL and free atmosphere, regardless of
the stability in the entrainment zone.

For atmospheric models, basic entrainment parameters, e.g.,
entrainment rate and entrainment flux ratios, are usually integrated as
linear relationship with surface fluxes due to lack of observational data.
Actually, the entrainment ratios are dependent on both stratification and
surface heat flux according to LES simulations. Heat flux profiles also
become more nonlinear as aerosol optical depth increases (Liu et al.,
2018). Therefore, a more comprehensive understanding is required in
observational and modeling studies to uncover the basic characteristics
of entrainment processes, especially under divergent aerosol loading
and vertical distribution conditions. Moreover, warm advection heating
is proposed as an important factor conducive to nocturnal PBL promo-
tion. In spite of a series of observational records from monitoring net-
works, the distribution and intensity of nighttime advection activities
associated with dust-PBL interactions are poorly understood or neglec-
ted. Hence, it is also crucial to accumulate enough datasets and theories
to gain insights into nocturnal characteristics and key processes.

4. Conclusions

Under the impact of unique basin topography, abundant dust aero-
sols from Taklimakan Desert are injected into high altitudes and persist
over Tarim Basin. We conduct numerical experiments of a springtime
dust event to explore dust radiative effect on PBL development and its
underlying mechanisms. We find that dust aerosols cause opposite
changes in surface and atmospheric radiative energy budgets for the
diurnal and nocturnal periods, which are responsible for the suppression
effect in the daytime and promotion effect at night on PBL development.
Besides, entrainment and advection are dominant mechanisms condu-
cive to dust-PBL interactions. During the daytime, the dust-induced
cooling effect due to diminished solar radiation directly inhibits the
PBL height. Meanwhile, the cooling effect within PBL and the warming
effect above PBL weaken entrainment mixing through decreasing hori-
zontal and vertical advection and further exert the amplification effect
on PBL suppression. When dust aerosols are below but close to the PBL
top, the strongest amplification effect is detected with the lowest PBL
height. At night, when dust plumes are concentrated near surface, the
warmer near-surface atmosphere with concurrently stronger wind sub-
stantially intensifies advection and Net total heating rates, which
eventually lead to the PBL height growth. We also demonstrate that this
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spatial heterogeneity between dust loading, radiation fluxes and PBL
height variations is sensitive to dust vertical distribution. Dust particles
concentrated below but close to PBL height in the daytime and near-
surface dust plumes during nighttime drives the most significant
amplification effect on the boundary layer evolution.

Our results highlight the importance of accurate parameterization of
entrainment and nocturnal advection monitoring in detecting charac-
teristics of dust vertical distribution and estimating its radiative effect on
PBL development. Meanwhile, we propose that further observational
studies providing vertical structures of dust aerosols are warranted to
sufficiently demonstrate the amplification effect of dust on day-night
opposite PBL development via altering the advection and entrainment
processes.
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