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Abstract. The vertical distribution of carbonaceous aerosols critically influences planetary boundary layer
structure and regional climate. However, high-resolution vertical data remain scarce over the Chinese Loess
Plateau. To address this gap, coordinated observations of carbonaceous aerosols and meteorological variables
were conducted in the Loess Plateau using tethered balloon-borne instruments during two field campaigns in
July 2023 and 2024. The average near-surface concentrations of equivalent black carbon (eBC) and ultraviolet-
absorbing particulate matter (UVPM) in Pingliang were 0.84 and 1.24 µgm−3, respectively. Vertically, carbona-
ceous aerosol concentrations generally decreased with height. A comparison of the vertical profiles of eBC,
UVPM, VTKE (mechanical turbulence), and potential temperature showed that during the early morning and
nighttime, when convective activity was weak, UVPM concentrations in the upper atmosphere were higher than
those of eBC. This pattern is primarily attributed to nucleation processes involving gaseous precursors during
nighttime. Analysis of the roles of dynamic and thermodynamic processes indicated that thermodynamic pro-
cesses dominated aerosol vertical transport in the near-surface layer, while enhanced dynamic processes at higher
altitudes facilitated horizontal dispersion of pollutants. Air masses from the south of the observation site con-
tributed significantly to UVPM levels. As air mass altitude decreased, the influence of local sources became
more pronounced. Overall, this study demonstrated the regulatory mechanism of daytime and nighttime thermo-
dynamic and dynamic impacts on the vertical distribution of air pollutants.

1 Introduction

Carbonaceous aerosols, particulate matter generated from
fossil fuel combustion and biomass burning, directly impact
the Earth–atmosphere energy budget by absorbing solar ra-
diation. Their primary components are organic carbon (OC)
and black carbon (BC). Organic carbon (OC) can be broadly

classified into primary organic carbon (POC) and secondary
organic carbon (SOC). The primary organic carbon origi-
nates directly from sources such as biomass burning, vehicle
exhaust, and industrial emissions, whereas SOC is formed
through the oxidation of volatile organic compounds (VOCs)
via photochemical and dark reaction pathways. Due to its
complex chemical composition and the strong ultraviolet
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light absorption of certain organic fractions, which are re-
ferred to as brown carbon (BrC), OC introduces substan-
tial uncertainty into climate impact assessments (Kroll et al.,
2011). Black carbon, characterized by strong solar radia-
tion absorption, represents the second-largest anthropogenic
climate factor after CO2 (Bond et al., 2013; Ramanathan
and Carmichael, 2008). Near the base of the stratosphere,
BC’s direct radiative forcing can be approximately ten times
stronger than at the surface (Samset and Myhre, 2011). Con-
sequently, its vertical position within the atmosphere signif-
icantly influences atmospheric stratification (Zhang et al.,
2017; Zhao et al., 2021). Within the surface layer, BC can
heat the lower atmosphere, enhancing convection and pro-
moting planetary boundary layer (PBL) development. At
higher altitudes, however, BC heats the atmosphere while si-
multaneously reducing solar radiation reaching the surface,
leading to increased atmospheric stability. This suppresses
the PBL development and exacerbates air pollution (Ding
et al., 2016; Petäjä et al., 2016; Wang et al., 2018a).

Over complex terrain, valley wind systems and
orographically-induced turbulence can transport surface-
emitted BC to higher elevations, where it accumulates within
temperature inversion layers. Absorptive BC further heats
the atmosphere, suppressing the development of the PBL
and altering its height and stability (Zhao et al., 2023a).
Additionally, BC modifies cloud microphysical properties,
influencing cloud formation, dissipation, and precipitation,
thereby affecting regional and global climate systems
(Panicker et al., 2014; Wendisch et al., 2008). Over recent
decades, the radiative forcing and climate effects of BC have
been extensively studied. Published estimates of BC’s direct
radiative forcing range between 0.25–0.90 Wm−2 (Allen and
Landuyt, 2014), yet these values are subject to considerable
uncertainty. A primary source of this uncertainty is the
significant spatiotemporal heterogeneity of BC at the global
scale, stemming from regional combustion processes and
its short atmospheric lifetime. Consequently, using default
model BC profiles to simulate radiative forcing introduces
substantial errors (Hodnebrog et al., 2014). Reported
studies indicate that differences in BC vertical distribution
contribute approximately 20 %–40 % to the uncertainty in
calculations of BC’s top-of-atmosphere radiative forcing
(Chen et al., 2022; Zarzycki and Bond, 2010). Therefore,
accurately characterizing the true vertical distribution of BC
in the atmosphere is crucial for the precise assessment of its
regional and global climate effects.

However, acquiring accurate BC vertical profiles re-
mains a significant challenge for researchers globally. Cur-
rent observation methods include: Tethered balloons (Guan
et al., 2022; Lata et al., 2023; Wang et al., 2021a; Zhao
et al., 2023a), Aircraft measurements (Moorthy et al., 2004;
Schwarz et al., 2017), Uncrewed Aerial Vehicles (UAVs)
(Liu et al., 2020; Wang et al., 2021b; Wu et al., 2021), Cable
cars (Zawadzka et al., 2017), Meteorological towers (Wang
et al., 2018a; Xie et al., 2019), Topography-dependent in-

situ observations (Zhao et al., 2019, 2022). Notably, aircraft
measurements face operational constraints in complex ter-
rain due to high costs and requirements for expansive landing
areas. UAVs, cable cars, and meteorological towers are lim-
ited by maximum achievable altitudes – most UAVs typically
reach only ∼ 500 m, while cable cars and towers cover even
lower vertical ranges. Though topography-dependent obser-
vations are widely applied in complex terrain, their coarse
spatial resolution cannot resolve true vertical distributions
of atmospheric constituents. Additionally, while lidar remote
sensing enables continuous profiling (Miffre et al., 2015), its
accuracy remains inferior to in-situ techniques. In contrast,
tethered-balloon systems mitigate these key constraints by
providing high-resolution BC profiles within the PBL. This
approach has been widely applied in various regions across
the globe, including Europe, the Arctic, the United States,
and South Asia, as well as several key regions in China, such
as the North China Plain, the Sichuan Basin, and the Yangtze
River Delta (Bisht et al., 2016; Mazzola et al., 2016; Gua-
genti et al., 2025; Ran et al., 2016; Samad et al., 2020; Wang
et al., 2018a; Zhao et al., 2023a).

Pingliang City, situated in eastern Gansu Province, lies at
the convergence of Shaanxi, Gansu, and Ningxia provinces.
As a significant component of the Loess Plateau and a ma-
jor agricultural zone in Northwest China, understanding its
climatic–environmental mechanisms is crucial for improv-
ing meteorological forecasting accuracy and formulating ef-
fective pollution control strategies. The region’s complex
topography facilitates the transport of urban pollutants to
higher-elevation loess tablelands via valley wind circula-
tions, enabling dispersion during transit. Furthermore, influ-
enced by the towering Liupan Mountains, Pingliang exhibits
pronounced vertical climatic heterogeneity, resulting in in-
tricate feedback mechanisms between the PBL and aerosols.
Current research reveals scarce data on the vertical distribu-
tion of BC from fossil fuel combustion, biomass burning, and
mineral dust activities in this region. To address this gap, we
conducted detailed vertical profile observations using teth-
ered balloon-borne instrumentation over typical loess table-
land areas during July 2023 and July 2024. This study aims to
supplement the deficiency in local BC aerosol observations,
establish a database for assessing aerosol climate effects on
the Loess Plateau, and ultimately provide scientific founda-
tions for pollution control strategies.

2 Materials and methods

2.1 Observation methods and data sources

Field observations were conducted at the Pingliang Land
Surface Processes and Severe Weather Research Station,
Chinese Academy of Sciences, during two intensive cam-
paigns from 15–24 July 2023 and 17–30 July 2024. The sta-
tion is located in Baimiao Township, Pingliang City, Gansu,
with geographic coordinates detailed in Fig. 1. The near-
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surface meteorological parameters and air pollutant concen-
trations for Pingliang City are displayed in Fig. S1 in the Sup-
plement. This includes the concentrations of PM10, PM2.5,
CO, SO2, NO2, and O3 during the study periods. Meteo-
rological data were obtained from near-surface observations
at the station, and air quality measurements originated from
the Pingliang Environmental Monitoring Station (Station ID:
2656A; http://eia-data.com/, last access: 23 June 2025). Re-
sults indicate that southeasterly or northwesterly winds pre-
vailed during the observation periods, with wind speeds typi-
cally below 1 ms−1. The mean temperature was 20.76 °C and
mean relative humidity was 76.84 %. Air quality in Pingliang
remained generally good except during sporadic dust pollu-
tion events.

2.1.1 Tethered balloon platform

Vertical profiling was primarily conducted using instrumen-
tation suspended from a tethered balloon system. The sys-
tem comprised a 10 m3 helium-filled balloon, a tether line,
and an electrically powered winch that actively regulated
both ascent and descent rates. Buoyancy provided initial lift,
while the winch precisely controlled vertical maneuvering.
Instruments were mounted 30 m below the balloon to mini-
mize direct atmospheric disturbance. A MicroAeth® MA350
aerosol monitor measured vertical distributions of carbona-
ceous aerosols, and an iMet-4 radiosonde (iMet, USA) ac-
quired temperature and humidity profiles. Observations were
conducted at 3 h intervals from 05:00 to 23:00 LT (05:00,
08:00, 11:00, 14:00, 17:00, 20:00, 23:00 LT) daily. Opera-
tions were suspended during adverse conditions (e.g., strong
winds or precipitation). Complementary vertical wind pro-
files were obtained using Doppler Beam Steering (DBS)
mode of a Leosphere Windcube 200 s lidar. Each balloon
sounding lasted approximately 30–60 min, during which at-
mospheric conditions remained relatively stable, allowing
both ascent and descent paths to characterize vertical struc-
tures. A total of 24 and 39 soundings were completed during
summer 2023 and 2024, respectively (Fig. S2 in the Supple-
ment shows the observation frequency by time period), yield-
ing 126 vertical atmospheric profiles.

2.1.2 Carbonaceous aerosol mass concentrations

The MicroAeth® MA350 determines carbonaceous aerosol
concentration based on the Beer–Lambert law, quantifying
light absorption by carbonaceous particles deposited on a
PTFE filter at multiple wavelengths. The instrument em-
ploys five laser wavelengths: 375 nm (UV), 470 nm (Blue),
528 nm (Green), 625 nm (Red), and 880 nm (IR). Carbon
concentrations measured at 880 nm are considered to rep-
resent the equivalent black carbon concentration (denoted
as eBC) (Zhao et al., 2023a), whereas those measured at
375 nm correspond to ultraviolet-absorbing particulate mat-
ter (UVPM), which includes primary brown carbon and

black carbon emitted from sources such as biomass burn-
ing and coal combustion, as well as secondary brown carbon
formed through atmospheric oxidation processes (The rele-
vant introduction/details regarding the substance measured
at a wavelength of 375 nm can be referenced in the offi-
cial manual of the MicroAeth® MA Series MA300 instru-
ment, URL: https://aethlabs.com/products/ma300 (last ac-
cess: 13 November 2025). The Absorption Ångström Ex-
ponent (AAE), calculated from multi-wavelength measure-
ments, characterizes the wavelength dependence of carbona-
ceous aerosol absorption. During this study, the MA350 op-
erated at a flow rate of 150 mLmin−1 with a 5 s sampling in-
terval. Negative optical attenuation (ATN) values occasion-
ally occurred under low aerosol concentrations at high al-
titudes, which were corrected using the Optimized Noise-
reduction Averaging (ONA) algorithm (Hagler et al., 2011;
Guan et al., 2022).

2.2 Calculation of light absorption coefficient for
carbonaceous aerosols

The light absorption coefficient (bAbs) of black carbon was
calculated using the following Eq. (1):

bAbs =MAC(λ)×[C] , (1)

where MAC(λ) denotes the mass absorption cross-section
of carbonaceous aerosols at specific wavelengths. For the
MicroAeth® series instruments, the MAC values at 375, 470,
528, 625, and 880 nm are 24.07, 19.07, 17.03, 14.09, and
10.12 m2 g−1, respectively (Zhao et al., 2023a). The [C] rep-
resents the concentration of carbonaceous aerosol at different
wavelengths.

Additionally, the light absorption coefficient of carbona-
ceous aerosols can be expressed as:

bAbs(λ)= k× λ-AAE . (2)

In Eq. (2), k is a wavelength-independent constant, and
AAE represents the Absorption Ångström Exponent, which
characterizes the wavelength dependence of light absorption
of carbonaceous aerosols (Ångström, 1929). A higher AAE
value signifies that the aerosol absorption capacity decreases
more rapidly with increasing wavelength. By combining the
bAbs values derived from Eq. (1) with Eq. (2), vertical profiles
of AAE for carbonaceous aerosols were obtained.

2.3 Determination of planetary boundary layer height

Potential temperature (θ , in K), defined as the temperature
an air parcel would attain if adiabatically brought to a stan-
dard pressure level (Han et al., 2019; Seidel et al., 2010), is
calculated as Eq. (3):

θ = (T + 273.15)×
(
P0

P

) Rd
Cpd

, (3)
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Figure 1. Geographic location of the observation site. The map is a pure reproduction of Google Maps with added marks for our study
locations. Imagery © 2025 Baidu Maps, Map data © 2025 Baidu Maps. Publisher’s note: Please note that the above figure contains disputed
territories.

where T denotes measured air temperature (°C), P repre-
sents air pressure (hPa), P0 is the standard reference pres-
sure (1000 hPa), Rd signifies the gas constant for dry air
(287 Jkg−1 K−1), and Cpd corresponds to the specific heat of
dry air at constant pressure (1005 Jkg−1 K−1) (Gu and Tan,
2025).

Specific humidity (q, gg−1), defined as the ratio of water
vapor mass to the total mass of moist air (water vapor plus
dry air), is calculated using Eq. (4) (Gutzler, 1992),

q =
ε× e

P − 0.378× e
, (4)

where ε = 0.622, e represents vapor pressure, and P denotes
atmospheric pressure, with vapor pressure, e being derived
from Eq. (5) through relative humidity (RH) and air temper-
ature (T , °C) (Holzworth, 1964).

e = 6.105×RH× exp
(

17.7× T
237.7+ T

)
. (5)

Planetary boundary layer is the part of the atmosphere
closest to the planet’s surface, accounting for approximately
10 %–20 % of the troposphere. It is the lowest layer of the
troposphere directly influenced by surface forcing, with a
response time of less than one hour, playing a critical role
in the dispersion and transport of air pollutants. Within the
PBL, turbulent mixing processes homogenize air tempera-
ture and humidity, resulting in relatively uniform distribu-
tions of these properties. PBL height (PBLH) refers to the
thickness of the layer most significantly affected by the sur-
face. In other words, it is the vertical extent that surface

turbulent motion (caused by surface heating, friction, or to-
pography, etc.) can effectively influence (Emeis et al., 2008;
Seibert et al., 2000). This study employs two established
methodologies for determining the PBLH: the potential tem-
perature gradient method and the parcel method (Holzworth,
1964; Zhang et al., 2020). The potential temperature gra-
dient method was utilized for calculating the PBLH during
the nighttime and early morning hours (20:00, 23:00, 05:00,
and 08:00 LT), while the parcel method was applied specif-
ically for the daytime periods (11:00, 14:00, and 17:00 LT).
Detailed computational procedures for both approaches are
summarized in Table S1 in the Supplement.

2.4 Impacts of thermodynamic and dynamic processes
on vertical distribution of carbonaceous aerosols

To quantify the relative contributions of potential tempera-
ture gradient, mechanical turbulence index, horizontal wind
speed, and vertical wind speed to UVPM variations at dif-
ferent altitudes, we employed a random forest regression al-
gorithm. The model generated training subsets via bootstrap
sampling, with random feature subsets selected for optimal
splitting at each decision tree node. Observations were cat-
egorized into daytime (08:00, 11:00, 14:00, 17:00 LT) and
nighttime (20:00, 23:00, 05:00 LT) periods to compare the
dominant mechanisms governing aerosol vertical distribu-
tion. The mechanical turbulence index was calculated using
Eq. (6) (Zhao et al., 2023a).

VTKE = 0.5×
√
u2
+ v2
+w2 . (6)
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2.5 Identification of potential source regions

In this study, GDAS1 meteorological data (1°×1° resolution)
obtained from the NOAA FTP repository (ftp://arlftp.arlhq.
noaa.gov/pub/archives/gdas1, last access: 28 March 2025)
were utilized. These data were processed using the Me-
teoInfo software to calculate backward trajectories and per-
form cluster analysis (http://www.meteothink.org/, last ac-
cess: 30 March 2025). Subsequently, the potential source
contribution function (PSCF) and concentration weighted
trajectory (CWT) analysis toolkits within MeteoInfo were
employed to identify potential source regions and quantify
their relative contributions (Wang, 2014). To reduce the er-
ror caused by the small total number of trajectory samples, a
weighting factorWij was introduced, and the weighted PSCF
(WPSCF) and weighted CWT (WCWT) were finally cal-
culated. The detailed calculation processes for WPSCF and
WCWT are provided in Sect. S1 in the Supplement.

3 Results and discussions

3.1 Vertical profiles of carbonaceous aerosols

3.1.1 General characteristics of eBC

Observations indicate that near-surface mass concentrations
of eBC and UVPM averaged 0.84 and 1.24 µgm−3, re-
spectively. During the campaign, UVPM concentrations var-
ied between 0.05 and 6.78 µgm−3 across different altitudes,
whereas eBC ranged from 0.02 to 2.89 µgm−3. Compared
with previous studies conducted in other regions of China
(Table 1), the concentration of eBC observed in Pingliang
is lower than those reported in Beijing, Shanghai, Nanjing,
Chengdu, Shenzhen, Hengshui, the Beibu Gulf region, and
Lanzhou (Guan et al., 2022; Ran et al., 2016; Shi et al., 2021;
Wang et al., 2021a; Wu et al., 2021; Yang et al., 2023, 2022;
Zhao et al., 2023a). This discrepancy can be attributed to sev-
eral factors. Firstly, Pingliang is a relatively small city with
a permanent population of fewer than 2 million, whereas the
aforementioned cities have much larger urban populations.
Consequently, the total amount of air pollutants generated
from daily human activities in Pingliang may be compar-
atively lower than those in the aforementioned cities. Sec-
ondly, the observation site in Pingliang is situated at a higher
elevation than the urban center, thereby reducing the influ-
ence of direct urban emissions. In contrast, observation sites
in other cities are typically located in suburban areas that are
more directly affected by emissions from urban cores.

Wang et al. (2019) conducted tethered-balloon measure-
ments of the vertical distribution of eBC over the Tibetan
Plateau and found even lower eBC concentrations than those
in the present study. Furthermore, the rate of decrease in
eBC concentrations with altitude was more pronounced at the
Plateau site compared to Pingliang. Overall, existing stud-
ies consistently indicate that eBC concentrations decrease
with increasing altitude. However, due to differences in ter-

Table 1. Statistics of near-surface eBC concentrations in many
cities.

City eBC concentrations References
(Research region) (µgm−3)

Pingliang 0.8 (average) This study
Beijing 2.0–6.0 Yang et al. (2022)
Shanghai 6.0–10.5 Wang et al. (2021a)
Nanjing 3.2 (average) Shi et al. (2021)
Chengdu 5.0–8.0 Zhao et al. (2023a)
Shenzhen 1.8–2.5 Wu et al. (2021)
Hengshui 5.2 (average) Ran et al. (2016)
Beibu Gulf region 2.3–4.0 Yang et al. (2023)
Lanzhou 3.0–6.0 Guan et al. (2022)

rain, PBLH, and atmospheric diffusion conditions, the verti-
cal profiles of eBC vary significantly among different sites.
For instance, in Shanghai, Wang et al. (2021a) reported a
sharp decline in eBC concentrations at around 600 m in the
morning, while in the afternoon, the decrease occurred at ap-
proximately 800 m due to stronger convective mixing. Over
the Tibetan Plateau, eBC concentrations dropped markedly
at altitudes as low as 100–200 m (Wang et al., 2019). Yang
et al. (2023) and Zhao et al. (2023a) reported elevated eBC
concentrations near 2000–2500 m, which they attributed to
the combined effects of upper-level subsidence and lower-
level updrafts. Similarly, Lu et al. (2019) and Chen et al.
(2022) observed elevated eBC concentrations in the 500–
800 m layer over Anhui and Beijing, respectively, primarily
influenced by the presence of upper-level temperature inver-
sions.

From a global perspectives, the near-surface eBC concen-
tration in Delhi, India, was reported to be approximately
30.00 µgm−3, which is substantially higher than those ob-
served in China and Europe (Bisht et al., 2016). In contrast,
near-surface eBC concentrations in Stuttgart, Germany, and
Milan, Italy, were found to be comparable to those in Shen-
zhen, China, at around 2.00–3.00 µgm−3. These values are
lower than those reported in other Chinese cities such as
Shanghai, Nanjing, Chengdu, Hengshui, and Lanzhou, but
still higher than the concentrations observed in this study
(Ferrero et al., 2011; Samad et al., 2020). In the Arctic re-
gion, due to limited anthropogenic influence, near-surface
eBC concentrations are generally lower than those observed
both over the Tibetan Plateau in China and in the Loess
Plateau region investigated in this study (Ferrero et al., 2016).

3.1.2 Diurnal variations of eBC and UVPM profiles

Figures S3 and S4 in the Supplement respectively depict the
trends and correlations of the ascent and descent profiles for
eBC and UVPM. The results indicate that the ascent and
descent profiles at 05:00, 20:00, and 23:00 LT in this study
exhibit similar trends, and thus they can both be treated as
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independent observational profiles for analysis. For observa-
tions at 08:00, 11:00, 14:00 and 17:00 LT, only the ascent
data were used for analysis. Figure 2 shows the averaged
profiles for all sampling periods during the observation cam-
paign, the red solid line and its shaded envelope denote the
mean and standard deviation of eBC, while the blue solid
line and its shaded envelope denote the mean and standard
deviation of UVPM. Because eBC mass concentration in the
upper atmosphere is extremely low (below the instrument’s
normal limit of detection), optical measurements often yield
negative results, which are corrected when the ONA method
is used for data quality control. Furthermore, owing to the
relatively high wind speeds in the upper atmosphere, our
measurements in the early afternoon were typically unable
to reach the PBLH.

Vertical profiles of eBC and UVPM concentrations reveal
a consistent decrease with increasing altitude, with the most
pronounced gradient observed in the near-surface layer. A
comparative analysis of their vertical profiles reveals that
during periods of weak convective activity, such as early
morning and nighttime (i.e., 05:00, 20:00, and 23:00 LT),
UVPM concentrations aloft generally exceed those of eBC
(the significance test of the UVPM–eBC differences is pro-
vided in Fig. S5 in the Supplement), while near the surface
the two species show much smaller differences. To further in-
vestigate the underlying causes, we estimated the concentra-
tion of secondary UVPM (UVPMsec) using the least-squares
method described by Wu and Yu (2016), based on the ra-
tio of UVPM to eBC. Figure 3 presents the mean diurnal
variations in vertical distributions of the ratios of UVPMsec
to total UVPM, and of UVPMsec to eBC. From 17:00 to
05:00 LT, the UVPMsec/UVPM and UVPMsec/ eBC ratios
aloft increase markedly, indicating that the elevated UVPM
during this period is more strongly influenced by secondary
sources. As time progresses, the region characterized by high
ratios gradually approaches the ground surface and eventu-
ally disappears by 08:00 LT.

The enhanced contribution of secondary sources aloft
may be attributed to the increasingly stable stratification
after 17:00 LT, which suppresses vertical mixing and in-
hibits the upward transport of both eBC and UVPM. In
contrast, gaseous precursors of UVPMsec (i.e., VOCs) can
accumulate above the PBL. Under relatively clean atmo-
spheric conditions with limited condensation sinks, noctur-
nal chemistry dominated by NO−3 radicals, together with
low ambient temperatures, favors the formation of sec-
ondary organic aerosols through gas-to-particle partition-
ing and temperature-dependent condensation (Han and Jang,
2023; Kuang et al., 2025; Kulmala et al., 2022; Morgan et al.,
2009; Wang et al., 2023; Zhao et al., 2023b). After sunrise
(around 06:00 LT in summer at this site), enhanced solar ra-
diation promotes convective mixing and weakens the noctur-
nal inversion at the top of the PBL. Consequently, UVPMsec-
enriched air masses retained within the residual layer are en-
trained downward into the growing daytime PBL, thereby re-

ducing the concentration gradient between UVPM and eBC
within the PBL (Zhao et al., 2023a). In addition, increased
human activities and strengthened thermal convection after
sunrise lead to larger primary emissions throughout the at-
mospheric column, causing carbonaceous aerosols to be in-
creasingly dominated by primary components. Because the
PBL is still developing at 08:00 LT, the near-surface concen-
trations of UVPM and eBC are higher than those observed
at 05:00 LT. As thermal convection intensifies, the decline
in near-surface UVPM and eBC slows between 11:00 and
14:00 LT. Between 14:00 and 17:00 LT, strong convective
mixing results in an approximately uniform vertical distribu-
tion of both eBC and UVPM from the surface up to∼ 800 m.

To better characterize the vertical structure of UVPM and
eBC within the stable PBL, the observed profiles were clas-
sified into four types, each exhibiting distinct features (De-
tails of the method can be found in Sect. S2 in the Supple-
ment). Regarding the profile clustering presented in Fig. 4,
the classification was performed by analyzing the vertical
change rates (or slopes) of the UVPM and eBC concen-
trations. These profiles were grouped into four distinct cat-
egories: Uniformly decreasing (Cluster 1), Non-uniformly
decreasing (Cluster 2), Double-inflection point (Cluster 3),
and Continuous increasing (Cluster 4). In Cluster 1, eBC
and UVPM decrease almost uniformly with altitude at a rate
of approximately 0.51 µgm−3 km−1 up to 1000 m. Cluster 2
also shows comparable near-surface concentrations of both
species, but with a rapid decline of about 1.23 µgm−3 km−1

below 250 m followed by a more gradual decrease above, re-
flecting a stronger nocturnal inversion that inhibits upward
diffusion. Cluster 3 profiles, typically observed at 05:00,
08:00, and 20:00 LT under intense inversions, display a mod-
est decrease of approximately 0.10 µgm−3 km−1 from the
surface to 100 m, an unexpected increase in eBC and UVPM
between 100 and 600 m (attributable to pollutant accumu-
lation and upward mixing within the deep neutral residual
layer; Kulmala et al., 2023), and a decline above 600 m.
In Cluster 4, concentrations remain nearly constant below
200 m but rise with height above this level, likely due to a
weak neutral stratification between 200 and 400 m. Because
these observations coincided with strong upper-level winds,
measurements above approximately 400 m were curtailed to
protect instrumentation, leaving open the question of whether
Cluster 4 would exhibit a high-altitude decrease similar to
Cluster 3.

3.1.3 Diurnal variations of AAE profiles

Figure S6 in the Supplement presents the variations of the
light absorption coefficients of UVPM and eBC at differ-
ent altitudes. Overall, both UVPM and eBC absorption co-
efficients decline steadily with increasing altitude, a pattern
primarily controlled by the mass concentrations of carbona-
ceous aerosols. Moreover, the difference between the UVPM
and eBC absorption coefficients diminishes with height, in-
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Figure 2. Averaged diurnal variation in profiles of the eBC and UVPM concentration during the field campaign. The red and blue lines
represent eBC and UVPM concentrations, respectively, while the red and blue shaded areas denote the standard deviation of eBC and
UVPM, respectively. The light orange shaded area represents the difference between UVPM and eBC.

Figure 3. Mean diurnal variations in vertical distribution of (a) UVPMsec/UVPM and (b) UVPMsec/ eBC ratios during the field campaign.

dicating that UVPM dominates light absorption by carbona-
ceous aerosols in the lower atmosphere, whereas eBC exerts
a greater influence aloft, consistent with the findings of Qi
et al. (2025). The AAE, which characterizes the wavelength
dependence of the mass-specific absorption by carbonaceous
aerosols (calculation details are given in Fig. S7 in the Sup-
plement), was calculated for the study period; the average
diurnal AAE values are shown in Fig. S8 in the Supple-
ment. Compared with Wu et al. (2021), the AAE of carbona-
ceous aerosols in Pingliang is substantially higher than that
reported for Shenzhen (< 1.00). We further selected obser-
vations from representative pollution events to compare AAE
under different environmental conditions (Fig. 5, detailed ex-
planations regarding the selection of pollution events are pro-
vided in Sect. S3 in the Supplement). During dust episodes,
AAE increases markedly, by approximately 83 % relative to
dust-free conditions. Likewise, emissions from diesel vehi-

cles yield higher AAE than periods without diesel vehicle
contributions.

Previous studies commonly employ a two-component
model to differentiate the Absorption Ångström Expo-
nent of equivalent black carbon (AAEeBC) and brown car-
bon (AAEUVPM), fixing AAEeBC at 1 and thereby deriv-
ing AAEUVPM (Fig. S9 in the Supplement, the calcula-
tion methodology is provided in Sect. S4 in the Supple-
ment) (Chen et al., 2015; Chow et al., 2018). Elevated val-
ues of AAEUVPM are typically indicative of biomass burn-
ing and secondary aging processes (Olson et al., 2015;
Gombi et al., 2025). The diurnal AAEUVPM profiles shown in
Fig. S9 reveal pronounced contributions from secondary or-
ganic aerosol formation or from mixed emissions of biomass
and fossil fuels at our observation site. Overall, daytime
AAEUVPM values exceed those recorded at night and in the
early morning, reflecting the stronger photochemical activ-
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Figure 4. Cluster analysis of UVPM and eBC concentration profiles during the field campaign. The blue, red, and green lines represent
the profiles of UVPM, eBC, and potential temperature, respectively, and the shaded areas in the corresponding colors denote their standard
deviations.

Figure 5. AAE profiles under different pollution conditions (Diesel
vehicle emissions, after diesel vehicle emissions, no dust pollution,
and dust pollution occurred at 20:00 LT on 17 July 2024; 23:00 LT
on 17 July 2024; 08:00 LT on 20 July 2024; 08:00 LT on 21 July
2024, respectively).

ity during daylight hours that promotes carbonaceous aerosol
aging.

Additionally, RH can affect carbonaceous aerosol mea-
surements by the MA200 or MA350 instruments. Water va-
por forms a thin film on the PTFE filter membrane, which
acts as a refractive index matching layer, enhancing light
transmittance and reducing the optical attenuation signal.
This results in a negative bias in the measured carbonaceous
aerosol light absorption coefficient and mass concentration
(Arnott et al., 2003; Düsing et al., 2019; Zieger et al., 2013).
To prevent measurement artifacts caused by elevated RH,
Arnott et al. (2003) reported that RH should be maintained
below 65 % during carbonaceous aerosol observations, while
the WMO/GAW Report No. 227 (WMO/GAW, 2016) pro-
posed a more stringent requirement of RH< 40 %. To miti-
gate RH effects on measurements, Düsing et al. (2019) de-
veloped an autoregressive moving average model with ex-
ogenous variables to correct observations obtained under

high RH conditions. This approach fits the instantaneous RH
changes and the exponential recovery behavior of the instru-
ment response to RH variations, thereby quantifying the RH-
induced bias in the measured carbonaceous aerosol light ab-
sorption coefficient. However, the authors explicitly recom-
mended against applying this correction scheme because it
requires different fitting parameters for different experimen-
tal conditions and the associated uncertainties remain incom-
pletely quantified. In this study, the sample RH measured
by the MA350 instrument ranged between 30 % and 60 %
(Fig. S1). Although some measurements were influenced by
relative humidity, the data can adequately capture the basic
characteristics of the vertical distribution of carbonaceous
aerosols over the Chinese Loess Plateau. To further improve
measurement accuracy, we strongly recommend that future
studies incorporate a drying system upstream of the measure-
ment instrument to minimize RH effects on the observations.

3.2 Thermodynamic impacts on profiles of eBC and
UVPM

Diurnal evolution of the PBLH is one of the primary factors
controlling aerosol vertical distribution and is essential for
understanding feedback between the PBL meteorology and
aerosols. Because PBLH evolves continuously, we selected
a day with uninterrupted observations; however, owing to
strong upper-level winds, continuous carbonaceous aerosol
profiles were obtained only on 27 July 2024 at seven time
slots (Fig. 6). Hence, this day serves as a case study for ex-
amining how diurnal PBL evolution influences aerosol ver-
tical structure. The parcel method is well suited to convec-
tive conditions but cannot accurately resolve PBLH during
early morning and nighttime (Holzworth, 1964), whereas it
performs reliably under strong daytime convection. Using
this approach, PBLH at 11:00 and 17:00 LT were 503 and
459 m, respectively; at 14:00 LT, measurement ceilings did
not reach PBLH. By contrast, the potential temperature gra-
dient method yields accurate estimates at night and in the
early morning: PBLH at 05:00, 08:00, 20:00, and 23:00 LT
were 255, 181, 260, and 216 m, respectively.

Atmos. Chem. Phys., 26, 12671–12687, 2026 https://doi.org/10.5194/acp-26-12671-2026



S. Qi et al.: Thermodynamic and dynamic controls on carbonaceous aerosol vertical distribution 12679

Figure 6. Diurnal variations in profiles of eBC, UVPM and potential temperature on 27 July 2024. The red line represents eBC, the blue
line represents UVPM, and the green line represents the potential temperature profile. The light orange shaded area represents the difference
between UVPM and eBC. The black dashed lines represent the PBLH.

Analysis of the potential temperature profiles in Fig. 6 in-
dicates that at around 05:00 LT the PBL top lay near 260 m.
Below this altitude, both eBC and UVPM concentrations de-
crease slightly with height. The potential temperature pro-
file further reveals a deep residual layer above the PBL top,
where colder near-surface air is trapped beneath warmer
air aloft, creating a stable stratification that inhibits mixing
within that layer and leads to increasing particle concentra-
tions toward its base. In the transition to the free troposphere
above the residual layer, comparatively low aerosol concen-
trations and enhanced turbulence promote further dilution,
and beyond approximately 500 m eBC and UVPM again de-
cline with height. By 08:00 LT the PBL remained near 200 m,
and the vertical variation in aerosol concentrations mirrored
the pattern observed at 05:00 LT. With increasing solar in-
solation, however, surface heating intensified convection so
that by 11:00 LT the PBL top had risen to roughly 500 m.
During this stage, relatively small vertical gradients in eBC
and UVPM within the PBL indicate well-mixed conditions.
At 14:00 LT tethered-balloon sampling did not reach the PBL
top, but observations within the PBL show uniform aerosol
distributions, preventing a direct assessment of PBLH effects
on concentration profiles. The potential temperature gradi-
ents between 11:00 and 14:00 LT exhibit significant fluctu-
ations, signaling unstable stratification favorable to vertical
pollutant transport (Li, 2019). From 14:00 to 17:00 LT, as so-
lar radiation waned and surface temperatures fell, the PBL
top subsided to about 450 m. At this time, potential tempera-
tures within the PBL remained lower than at the surface and

displayed pronounced variability, reflecting continued unsta-
ble stratification and strong vertical mixing; eBC and UVPM
maintained nearly uniform distributions. Above the PBL, a
mixed layer approximately 300 m thick persisted; at its top,
diminished turbulence inhibited aerosol dispersion, causing
localized accumulation of eBC and UVPM (Ding et al.,
2016). By 20:00 LT, sunset-driven surface cooling weakened
convection, a nocturnal temperature inversion developed near
the ground, and calm winds led to pollutant accumulation at
low altitudes. As surface temperatures continued to drop, ver-
tical transport further diminished, confining aerosols below
roughly 200 m by 23:00 LT.

3.3 Dynamic impacts on profiles of eBC and UVPM

3.3.1 Impacts of long-range transport on carbonaceous
aerosols

Long-range transport of air masses plays a crucial role in
shaping the vertical distribution of air pollutants. Figure S10
in the Supplement presents the 500 m backward trajectories
and their altitude profiles for air masses arriving at the site
during the observation period, and Fig. S11 in the Supple-
ment presents temporal variation in the PBLH of the near-
est urban area of Pingliang during the observation period.
Figure S11 shows that, upon entering the Pingliang region,
these air parcels generally descend to below PBLH, mean-
ing that, in addition to pollutants carried within the air mass
itself, emissions from surrounding urban areas also signif-
icantly impact the receptor site. Trajectory-cluster analysis
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at 100, 500, and 1000 m (Fig. 7) reveals that, in summer,
Pingliang is principally influenced by air masses originating
from Inner Mongolia and Ningxia to the north, from Gansu–
Qingyang and northern Shaanxi to the east, and from south-
ern Shaanxi to the south. At 500 and 1000 m, regional contri-
butions from these directions are broadly similar, whereas at
100 m the proportion of short-range flow from the southeast
increases markedly. The shaded overlays in Fig. 7 show the
weighted potential source contribution function (WPSCF)
and weighted concentration-weighted trajectory (WCWT)
results for UVPM. WPSCF indicates that air parcels from
Inner Mongolia, Ningxia, Shanxi, and Shaanxi to the north,
east, and south exert the greatest influence on the Pingliang
site. Specifically, at 100 m the highest WPSCF values are lo-
cated in the local Pingliang area and the Shaanxi–Gansu bor-
der region, while at 500 m parcels from central Shaanxi and
the Shanxi–Henan–Shaanxi nexus dominate, followed by the
tri-provincial junction of Shaanxi, Gansu, and Sichuan. The
WCWT analysis yields results similar to those of the WP-
SCF, but it additionally highlights that southern Shaanxi is
also an important source region of UVPM at the observation
site. Taken together, WPSCF and WCWT pinpoint southern
Shaanxi cities and local emissions around Pingliang as ma-
jor contributors to carbonaceous aerosol pollution, whereas
at higher altitudes UVPM is primarily transported from the
south.

3.3.2 Impacts of local sources on carbonaceous
aerosols

In addition to long-range transport, local wind speed and
direction significantly modulate the vertical distribution of
aerosols at the observation site. Conditional Probability
Function (CPF) plots, which relate pollutant concentrations
to wind sectors and speeds, help elucidate these local trans-
port and dispersion mechanisms. Figure 8 shows CPF dia-
grams for the 90th percentile of UVPM and eBC concentra-
tions at 100, 500 and 1000 m. The mean UVPM concentra-
tions decrease with altitude, from 0.86 µgm−3 at 100 m, to
0.63 µgm−3 at 500 m, and to 0.44 µgm−3 at 1000 m, indi-
cating that extreme UVPM events become less probable at
higher altitudes. At 100 m, elevated UVPM concentrations
are associated with southerly, southwesterly, southeasterly,
northerly, and northwesterly winds, reflecting the combined
influence of urban emissions and local rural emissions sur-
rounding the observation site. At 500 m, the influence of
northwesterly, southwesterly and northerly sectors dimin-
ishes, while southerly winds remain the dominant driver of
high UVPM, albeit with reduced effect. Southeasterly winds
occasionally lead to relatively high UVPM values at both
100 and 500 m altitude, although this occurrence is less fre-
quent, which is consistent with the results of backward tra-
jectories. We hypothesize that this variability may be asso-
ciated with local and sporadic emissions from residents in
the vicinity, as the observation site is located in a rural area

with no stationary point sources. However, the specific cause
cannot be definitively determined by the CPF alone. We will
continue to analyze this phenomenon in subsequent observa-
tional studies to provide a clearer explanation.

The analysis of eBC shows results similar to those of
UVPM. The main difference is that at 500 and 1000 m, south-
easterly winds exert a slightly stronger influence on UVPM
than on eBC. In addition, the relationships between UVPM
(or eBC) and wind direction and speed at different altitudes
indicate that carbonaceous aerosols at 100 m above the ob-
servation site are highly sensitive to almost all wind direc-
tions. This is primarily because pollutants at this height are
strongly affected by local emissions from rural areas sur-
rounding the site. In contrast, at 500 and 1000 m, carbona-
ceous aerosol concentrations exhibit a pronounced associa-
tion with southerly and southeasterly winds, while their de-
pendence on other wind directions weakens. This indicates
that transport from the south and southeast is the significant
source of the carbonaceous aerosol burden above the obser-
vation site, a pattern that is also reflected in the WPSCF and
WCWT results shown in Fig. 7. In addition, this may also be
related to the fact that Pingliang urban area is located south
of the observation site (Fig. 1).

To better compare the thermodynamically driven and dy-
namically driven influences on pollutant vertical distribution,
this section again focuses on 27 July 2024 to examine the
effects of wind speed and mechanical turbulence. Figure 9
presents horizontal and vertical wind speeds together with
mechanical turbulence measured by the Doppler wind li-
dar during the sampling periods on that day. At 05:00 LT,
both horizontal and vertical wind speeds within the PBL
were low, while mechanical turbulence was comparatively
high, promoting efficient vertical mixing and producing a
nearly uniform distribution of carbonaceous aerosol concen-
trations throughout the PBL (Fig. 6). Above the residual
layer, stronger vertical winds combined with weaker tur-
bulence transported aerosols upward, causing UVPM and
eBC concentrations to increase with height between 400
and 600 m. At 08:00 LT, the residual-layer concentrations
exhibited a pattern similar to that at 05:00 LT, but stronger
vertical winds and reduced turbulence at the residual-layer
top led to a more pronounced concentration decrease above
the layer (Fig. 6). By late morning, enhanced vertical wind
speeds within the PBL facilitated upward transport of pollu-
tants. However, at both 11:00 and 14:00 LT the aerosol con-
centration profile remained relatively uniform, with only a
slight decrease with height; this reflects the competing ef-
fects of thermal convection, which lifts near-surface pollu-
tants, and elevated turbulence aloft, which strengthens ver-
tical exchange. At 17:00 LT, subsiding motions prevailed at
900–1200 m and mechanical turbulence index throughout the
column was low, weakening vertical exchange and causing
pollutants to accumulate near 800 m (Fig. 6). By 20:00 LT,
weak mechanical turbulence at the PBL top and widespread
subsidence near the surface suppressed upward transport of
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Figure 7. Backward trajectory clustering and WPSCF analysis results of air masses at heights of (a) 100 m, (b) 500 m, and (c) 1000 m
during the observation period, respectively. WCWT analysis results of air masses at heights of (d) 100 m, (e) 500 m, and (f) 1000 m during
the observation period, respectively.

carbonaceous aerosols; as a result, pollutant concentrations
decreased sharply with height within the PBL, while above
the PBL top horizontal and vertical winds aided dispersion,
producing a continued decline in aerosol concentrations up
to 800 m.

To systematically investigate the mechanisms by which
thermodynamic and dynamic processes influence the verti-
cal distribution of carbonaceous aerosols, the observation pe-
riods were grouped into daytime (08:00, 11:00, 14:00 and
17:00 LT) and nighttime (20:00, 23:00 and 05:00 LT). A ran-
dom forest nonlinear regression was applied to quantify the
relative contributions of thermal forcing and dynamic forc-
ing to the vertical concentration gradients of carbonaceous
aerosols at different altitude layers (Fig. 10). All regressions
achieved coefficients of determination (R2) above 0.70, in-
dicating good explanatory power. During daytime, these two

processes exhibit clear vertical stratification. From the sur-
face up to 600 m, thermal forcing dominates the evolution
of aerosol concentration, whereas between 600 and 1000 m
horizontal wind speed is the primary driver. At night, the
influence of thermal forcing is more complex. Between the
surface and 300 m both thermal forcing and horizontal wind
speed jointly govern vertical concentration variability. Be-
tween 300 and 500 m, thermal forcing alone exerts decisive
control, while above 500 m dynamic processes exert a much
stronger influence than thermodynamic processes. Compar-
ison with PBLH analyses shows that 300 m corresponds to
the inversion top at night, where both thermodynamic and
dynamic mechanisms contribute comparably to aerosol pol-
lution. The layer from 300 to 500 m largely coincides with
the residual layer, which retains daytime turbulence charac-
teristics and therefore responds more sensitively to thermal
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Figure 8. Conditional probability function (CPF) diagrams of the 90th percentile of the UVPM and eBC concentrations with respect to wind
speed and direction at the heights of 100, 500 and 1000 m above ground level.

Figure 9. (a) Vertical wind speed, horizontal wind speed, and wind direction at heights of 100–1500 m during different periods on 27 July
2024 (the direction of the arrow represents the wind vector direction, i.e., a rightward arrow represents a westerly wind). The height resolution
for wind direction and speed is 50 m, and the length of the arrow represents the magnitude of the horizontal wind speed. The color of the
arrows represents the vertical wind speed. (b) VTKE values at different heights (calculated based on wind speed data within 5 min), where
different colors represent different VTKE values. The black dashed line in the figure represents the PBLH during the observation period.

forcing. It should be noted that daytime measurements were
taken at 08:00, 11:00 and 17:00 LT, a period when the PBL
had not yet fully developed, so that 600 m approximately cor-
responds to the daytime PBL top. Consequently, the verti-
cal distribution of carbonaceous aerosols within the daytime
PBL is primarily governed by thermodynamic processes, in
contrast to the combined dynamic and thermodynamic con-
trol that dominates within the nocturnal residual layer. A

schematic of these regulatory mechanisms for aerosol ver-
tical structure is presented in Fig. 11.

Li et al. (2019) also found through radiosonde observa-
tions that during the daytime, thermodynamic processes in-
duced unstable stratification within the PBL, resulting in
well-mixed aerosols. In contrast, at night, the stable atmo-
spheric stratification from the surface to 200 m suppressed
vertical dispersion of aerosols. Between 500 and 1000 m, the
presence of a low-level jet significantly influenced the ver-
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Figure 10. Results of feature importance analysis for the impacts
of potential temperature gradient, mechanical turbulence, horizontal
wind speed, and vertical wind speed on the UVPM gradient during
(a) nighttime and (b) daytime, respectively. (c) model goodness of
fit (coefficients of determination, R2) in the calculation.

Figure 11. Schematic illustration of thermodynamic and dynamic
impacts on aerosol vertical distribution. Within the figure, red cir-
cles denote eBC concentrations, whereas blue circles denote UVPM
concentrations; the more rightward a circle’s position, the higher the
corresponding concentration.

tical distribution of aerosols. In addition, strong mechanical
turbulence played a key role in facilitating aerosol dispersion
near the top of the PBL (Sun et al., 2024). Their findings are
consistent with the conclusions of this study.

4 Conclusions

Pingliang City is situated on the Loess Plateau in northwest-
ern China, where observational data on the vertical distribu-
tion of carbonaceous aerosols and meteorological parame-
ters within the planetary boundary layer remain limited. To
address this data gap, this study conducted detailed vertical
profiling in a typical tableland region of the Loess Plateau
using tethered balloons equipped with relevant observation
instruments during July 2023 and July 2024.

The study found that near-surface concentrations of equiv-
alent black carbon (eBC) and ultraviolet-absorbing particu-
late matter (UVPM) in Pingliang were 0.84 and 1.24 µgm−3,
respectively. These concentrations are slightly lower than
those reported for major Chinese cities including Bei-
jing, Shanghai, Nanjing, Chengdu, Shenzhen, Hengshui, the
Beibu Gulf region, and Lanzhou, as well as European cities
such as Stuttgart in Germany and Milan in Italy. However,
they are higher than the eBC levels observed over the Ti-
betan Plateau and in the Arctic. A comparison of the vertical
profiles of eBC and UVPM showed that during early morn-
ing and nighttime periods, when convective activity is rela-
tively weak, UVPM concentrations in the upper atmosphere
are generally higher than those of eBC. Near the surface, the
difference between eBC and UVPM concentrations is rela-
tively small. This phenomenon is likely related to the forma-
tion of new particles in the upper atmosphere through gas to
particle conversion of gaseous pollutants.

Analysis of thermodynamic and dynamic processes in-
fluencing the vertical distribution of carbonaceous aerosols
shows that thermodynamic processes primarily govern ver-
tical transport in the near-surface layer, while enhanced dy-
namic processes in the upper atmosphere promote horizon-
tal dispersion of pollutants. The influence of thermodynamic
and dynamic mechanisms on aerosol vertical profiles ex-
hibits distinct stratification between daytime and nighttime.
At various altitudes, air masses originating from the south are
consistently associated with elevated UVPM concentrations.
This pattern may be attributed to the combined influence of
pollution sources located in the urban area to the south of the
site and topographic differences along the north and south
directions.

Nevertheless, there are still some limitations in this study
that should be addressed in future work. Firstly, observa-
tions under strong wind conditions in the upper air were not
successfully conducted during the campaign. Secondly, the
study primarily focused on a limited set of air pollutants.
Future research will incorporate additional gaseous pollu-
tants such as SO2, NO2, O3, and VOCs to enable a more
comprehensive analysis of the chemical formation mecha-
nisms and vertical distribution characteristics of aerosols.
Thirdly, elevated relative humidity can induce a negative bias
in the MA350 measurements of carbonaceous aerosol light
absorption coefficient. To improve measurement accuracy,
we strongly recommend that future observational studies in-
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corporate a drying system upstream of the measurement in-
strument to eliminate RH effects on the observations. Fur-
thermore, the field campaign was conducted at only a site,
and thus the feedback between aerosols and the PBL mete-
orology cannot be fully understood across the whole Loess
Plateau. The upcoming field campaign will be conducted at
the other sites to better reveal the impact of thermodynamic
and dynamic processes on the vertical profiles of air pollu-
tants.
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