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 14 

Abstract. The vertical distribution of carbonaceous aerosols critically influences 15 

planetary boundary layer structure and regional climate. However, high-resolution 16 

vertical data remain scarce over the Chinese Loess Plateau. To address this gap, 17 

coordinated observations of carbonaceous aerosols and meteorological variables were 18 

conducted in the Loess Plateau using tethered balloon-borne instruments during two 19 

field campaigns in July 2023 and 2024. The average near-surface concentrations of 20 

equivalent black carbon (eBC) and ultraviolet-absorbing particulate matter (UVPM) 21 

in Pingliang were 0.84 μg m⁻3 and 1.24 μg m⁻3, respectively. Vertically, carbonaceous 22 

aerosol concentrations generally decreased with height. A comparison of the vertical 23 

profiles of eBC, UVPM, VTKE (mechanical turbulence), and potential temperature 24 

showed that during the early morning and nighttime, when convective activity was 25 

weak, UVPM concentrations in the upper atmosphere were higher than those of eBC. 26 

This pattern is primarily attributed to nucleation processes involving gaseous 27 
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precursors during nighttime. Analysis of the roles of dynamic and thermodynamic 28 

processes indicated that thermodynamic processes dominated aerosol vertical 29 

transport in the near-surface layer, while enhanced dynamic processes at higher 30 

altitudes facilitated horizontal dispersion of pollutants. Air masses from the south of 31 

the observation site contributed significantly to UVPM levels. As air mass altitude 32 

decreased, the influence of local sources became more pronounced. Overall, this study 33 

demonstrated the regulatory mechanism of daytime and nighttime thermodynamic and 34 

dynamic impacts on the vertical distribution of air pollutants. 35 

 36 

1 Introduction 37 

Carbonaceous aerosols, particulate matter generated from fossil fuel combustion and 38 

biomass burning, directly impact the Earth-atmosphere energy budget by absorbing 39 

solar radiation. Their primary components are organic carbon (OC) and black carbon 40 

(BC). Organic carbon (OC) can be broadly classified into primary organic carbon 41 

(POC) and secondary organic carbon (SOC). The primary organic carbon originates 42 

directly from sources such as biomass burning, vehicle exhaust, and industrial 43 

emissions, whereas SOC is formed through the oxidation of volatile organic 44 

compounds (VOCs) via photochemical and dark reaction pathways. Due to its 45 

complex chemical composition and the strong ultraviolet light absorption of certain 46 

organic fractions, which are referred to as brown carbon (BrC), OC introduces 47 

substantial uncertainty into climate impact assessments (Kroll et al., 2011). Black 48 

carbon, characterized by strong solar radiation absorption, represents the second-49 

largest anthropogenic climate factor after CO2 (Bond et al., 2013; Ramanathan & 50 

Carmichael, 2008). Near the base of the stratosphere, BC’s direct radiative forcing can 51 

be approximately ten times stronger than at the surface (Samset & Myhre, 2011). 52 

Consequently, its vertical position within the atmosphere significantly influences 53 

atmospheric stratification (Zhang et al., 2017; Zhao et al., 2021). Within the surface 54 

layer, BC can heat the lower atmosphere, enhancing convection and promoting 55 

planetary boundary layer (PBL) development. At higher altitudes, however, BC heats 56 
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the atmosphere while simultaneously reducing solar radiation reaching the surface, 57 

leading to increased atmospheric stability. This suppresses the PBL development and 58 

exacerbates air pollution (Ding et al., 2016; Petäjä et al., 2016; Wang et al., 2018a). 59 

 60 

Over complex terrain, valley wind systems and orographically-induced turbulence can 61 

transport surface-emitted BC to higher elevations, where it accumulates within 62 

temperature inversion layers. Absorptive BC further heats the atmosphere, 63 

suppressing the development of the PBL and altering its height and stability (Zhao et 64 

al., 2023a). Additionally, BC modifies cloud microphysical properties, influencing 65 

cloud formation, dissipation, and precipitation, thereby affecting regional and global 66 

climate systems (Panicker et al., 2014; Wendisch et al., 2008). Over recent decades, 67 

the radiative forcing and climate effects of BC have been extensively studied. 68 

Published estimates of BC's direct radiative forcing range between 0.25 – 0.90 W m⁻2 69 

(Allen & Landuyt, 2014), yet these values are subject to considerable uncertainty. A 70 

primary source of this uncertainty is the significant spatiotemporal heterogeneity of 71 

BC at the global scale, stemming from regional combustion processes and its short 72 

atmospheric lifetime. Consequently, using default model BC profiles to simulate 73 

radiative forcing introduces substantial errors (Hodnebrog et al., 2014). Reported 74 

studies indicate that differences in BC vertical distribution contribute approximately 75 

20 – 40% to the uncertainty in calculations of BC's top-of-atmosphere radiative 76 

forcing (Chen et al., 2022; Zarzycki & Bond, 2010). Therefore, accurately 77 

characterizing the true vertical distribution of BC in the atmosphere is crucial for the 78 

precise assessment of its regional and global climate effects. 79 

 80 

However, acquiring accurate BC vertical profiles remains a significant challenge for 81 

researchers globally. Current observation methods include: Tethered balloons (Guan et 82 

al., 2022; Lata et al., 2023; Wang et al., 2021a; Zhao et al., 2023a), Aircraft 83 

measurements (Moorthy et al., 2004; Schwarz et al., 2017), Unmanned Aerial 84 

Vehicles (UAVs) (Liu et al., 2020; Wang et al., 2021b; Wu et al., 2021), Cable cars 85 

(Zawadzka et al., 2017), Meteorological towers (Wang et al., 2018b; Xie et al., 2019), 86 



4 
 

Topography-dependent in-situ observations (Zhao et al., 2019; 2022). Notably, aircraft 87 

measurements face operational constraints in complex terrain due to high costs and 88 

requirements for expansive landing areas. UAVs, cable cars, and meteorological 89 

towers are limited by maximum achievable altitudes – most UAVs typically reach 90 

only ~500 m, while cable cars and towers cover even lower vertical ranges. Though 91 

topography-dependent observations are widely applied in complex terrain, their 92 

coarse spatial resolution cannot resolve true vertical distributions of atmospheric 93 

constituents. Additionally, while lidar remote sensing enables continuous profiling 94 

(Miffre et al., 2015), its accuracy remains inferior to in-situ techniques. In contrast, 95 

tethered-balloon systems mitigate these key constraints by providing high-resolution 96 

BC profiles within the PBL. This approach has been widely applied in various regions 97 

across the globe, including Europe, the Arctic, the United States, and South Asia, as 98 

well as several key regions in China, such as the North China Plain, the Sichuan 99 

Basin, and the Yangtze River Delta (Bisht et al., 2016; Mazzola et al., 2016; Guagenti 100 

et al., 2025; Ran et al., 2016; Samad et al., 2020; Wang et al., 2018b; Zhao et al., 101 

2023a). 102 

 103 

Pingliang City, situated in eastern Gansu Province, lies at the convergence of Shaanxi, 104 

Gansu, and Ningxia provinces. As a significant component of the Loess Plateau and a 105 

major agricultural zone in Northwest China, understanding its climatic-environmental 106 

mechanisms is crucial for improving meteorological forecasting accuracy and 107 

formulating effective pollution control strategies. The region's complex topography 108 

facilitates the transport of urban pollutants to higher-elevation loess tablelands via 109 

valley wind circulations, enabling dispersion during transit. Furthermore, influenced 110 

by the towering Liupan Mountains, Pingliang exhibits pronounced vertical climatic 111 

heterogeneity, resulting in intricate feedback mechanisms between the PBL and 112 

aerosols. Current research reveals scarce data on the vertical distribution of BC from 113 

fossil fuel combustion, biomass burning, and mineral dust activities in this region. To 114 

address this gap, we conducted detailed vertical profile observations using tethered 115 

balloon-borne instrumentation over typical loess tableland areas during July 2023 and 116 
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July 2024. This study aims to supplement the deficiency in local BC aerosol 117 

observations, establish a database for assessing aerosol climate effects on the Loess 118 

Plateau, and ultimately provide scientific foundations for pollution control strategies. 119 

 120 

2 Materials and methods 121 

2.1 Observation methods and data sources 122 

Field observations were conducted at the Pingliang Land Surface Processes and 123 

Severe Weather Research Station, Chinese Academy of Sciences, during two intensive 124 

campaigns from 15 to 24 July 2023 and 17 to 30 July 2024. The station is located in 125 

Baimiao Township, Pingliang City, Gansu, with geographic coordinates detailed in 126 

Figure 1. The near-surface meteorological parameters and air pollutant concentrations 127 

for Pingliang City are displayed in Figure S1. This includes the concentrations of 128 

PM10, PM2.5, CO, SO2, NO2, and O3 during the study periods. Meteorological data 129 

were obtained from near-surface observations at the station, and air quality 130 

measurements originated from the Pingliang Environmental Monitoring Station 131 

(Station ID: 2656A; http://eia-data.com/). Results indicate that southeasterly or 132 

northwesterly winds prevailed during the observation periods, with wind speeds 133 

typically below 1 m s⁻1. The mean temperature was 20.76°C and mean relative 134 

humidity was 76.84%. Air quality in Pingliang remained generally good except during 135 

sporadic dust pollution events. 136 

http://eia-data.com/
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 137 

Figure 1. Geographic location of the observation site. The map is a pure reproduction of 138 

Google Maps with added marks for our study locations. Copyright © Google Maps. 139 

Publisher's note: Please note that the above figure contains disputed territories. 140 

 141 

2.1.1 Tethered balloon platform 142 

Vertical profiling was primarily conducted using instrumentation suspended from a 143 

tethered balloon system. The system comprised a 10 m3 helium-filled balloon, a tether 144 

line, and an electrically powered winch that actively regulated both ascent and descent 145 

rates. Buoyancy provided initial lift, while the winch precisely controlled vertical 146 

maneuvering. Instruments were mounted 30 m below the balloon to minimize direct 147 

atmospheric disturbance. A MicroAeth® MA350 aerosol monitor measured vertical 148 

distributions of carbonaceous aerosols, and an iMet-4 radiosonde (iMet, USA) 149 

acquired temperature and humidity profiles. Observations were conducted at 3-hour 150 

intervals from 05:00 to 23:00 LT (05:00, 08:00, 11:00, 14:00, 17:00, 20:00, 23:00 LT) 151 

daily. Operations were suspended during adverse conditions (e.g., strong winds or 152 

precipitation). Complementary vertical wind profiles were obtained using Doppler 153 

Beam Steering (DBS) mode of a Leosphere Windcube 200s lidar. Each balloon 154 

sounding lasted approximately 30 – 60 minutes, during which atmospheric conditions 155 

remained relatively stable, allowing both ascent and descent paths to characterize 156 

vertical structures. A total of 24 and 39 soundings were completed during summer 157 
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2023 and 2024 respectively (Figure S2 shows the observation frequency by time 158 

period), yielding 126 vertical atmospheric profiles. 159 

 160 

2.1.2 Carbonaceous aerosol mass concentrations 161 

The MicroAeth® MA350 determines carbonaceous aerosols concentration based on 162 

the Beer-Lambert law, quantifying light absorption by carbonaceous particles 163 

deposited on a PTFE filter at multiple wavelengths. The instrument employs five laser 164 

wavelengths: 375 nm (UV), 470 nm (Blue), 528 nm (Green), 625 nm (Red), and 880 165 

nm (IR). Carbon concentrations measured at 880 nm are considered to represent the 166 

equivalent black carbon concentration (denoted as eBC) (Zhao et al., 2023a), whereas 167 

those measured at 375 nm correspond to ultraviolet-absorbing particulate matter 168 

(UVPM), which includes primary brown carbon and black carbon emitted from 169 

sources such as biomass burning and coal combustion, as well as secondary brown 170 

carbon formed through atmospheric oxidation processes (The relevant 171 

introduction/details regarding the substance measured at a wavelength of 375 nm can 172 

be referenced in the official manual of the MicroAeth® MA Series MA300 173 

instrument. URL: https://aethlabs.com/products/ma300, last accessed: 13 November 174 

2025). The Absorption Ångström Exponent (AAE), calculated from multi-wavelength 175 

measurements, characterizes the wavelength dependence of carbonaceous aerosol 176 

absorption. During this study, the MA350 operated at a flow rate of 150 mL min⁻¹ 177 

with a 5-second sampling interval. Negative optical attenuation (ATN) values 178 

occasionally occurred under low aerosol concentrations at high altitudes, which were 179 

corrected using the Optimized Noise-reduction Averaging (ONA) algorithm (Hagler et 180 

al., 2011; Guan et al., 2022). 181 

 182 

2.2 Calculation of light absorption coefficient for carbonaceous aerosols 183 

The light absorption coefficient (bAbs) of black carbon was calculated using the 184 

following Eq. (1): 185 

bAbs = MAC(λ)×[C]                                                 (1), 186 

where MAC(λ) denotes the mass absorption cross-section of carbonaceous aerosols at 187 
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specific wavelengths. For the MicroAeth® series instruments, the MAC values at 375 188 

nm, 470 nm, 528 nm, 625 nm, and 880 nm are 24.07 m2 g⁻1, 19.07 m2 g⁻1, 17.03 m2 189 

g⁻1, 14.09 m2 g⁻1, and 10.12 m2 g⁻1, respectively (Zhao et al., 2023a). The [C] 190 

represents the concentration of carbonaceous aerosol at different wavelengths. 191 

 192 

Additionally, the light absorption coefficient of carbonaceous aerosols can be 193 

expressed as: 194 

bAbs(λ) = k × λ
−AAE

                                                  (2). 195 

In Eq. (2), k is a wavelength-independent constant, and AAE represents the 196 

Absorption Ångström Exponent, which characterizes the wavelength dependence of 197 

light absorption of carbonaceous aerosols (Ångström, 1929). A higher AAE value 198 

signifies that the aerosol absorption capacity decreases more rapidly with increasing 199 

wavelength. By combining the bAbs values derived from Eq. (1) with Eq. (2), vertical 200 

profiles of AAE for carbonaceous aerosols were obtained. 201 

 202 

2.3 Determination of planetary boundary layer height 203 

Potential temperature (θ, in K), defined as the temperature an air parcel would attain if 204 

adiabatically brought to a standard pressure level (Han et al., 2019; Seidel et al., 205 

2010), is calculated as Eq. (3):  206 

θ = (T+273.15) × (
P0

P
)

Rd
Cpd                                               207 

(3), 208 

where T denotes measured air temperature (°C), P represents air pressure (hPa), P₀ is 209 

the standard reference pressure (1000 hPa), Rd signifies the gas constant for dry air 210 

(287 J kg⁻1 K⁻1), and Cpd corresponds to the specific heat of dry air at constant 211 

pressure (1005 J kg⁻1 K⁻1) (Gu et al., 2025). 212 

 213 

Specific humidity (q, g g⁻1), defined as the ratio of water vapor mass to the total mass 214 

of moist air (water vapor plus dry air), is calculated using Eq. (4) (Gutzler, 1992),  215 

q = 
ε×e

P − 0.378×e
                                                     (4), 216 
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where ε = 0.622, e represents vapor pressure, and P denotes atmospheric pressure, 217 

with vapor pressure, e being derived from Eq. (5) through relative humidity (RH) and 218 

air temperature (T, °C) (Holzworth, 1964). 219 

e = 6.105 × RH × exp(
17.7×T

237.7+T
)                                        (5). 220 

 221 

Planetary boundary layer is the part of the atmosphere closest to the planet's surface, 222 

accounting for approximately 10% – 20% of the troposphere. It is the lowest layer of 223 

the troposphere directly influenced by surface forcing, with a response time of less 224 

than one hour, playing a critical role in the dispersion and transport of air pollutants. 225 

Within the PBL, turbulent mixing processes homogenize air temperature and 226 

humidity, resulting in relatively uniform distributions of these properties. PBL height 227 

(PBLH) refers to the thickness of the layer most significantly affected by the surface. 228 

In other words, it is the vertical extent that surface turbulent motion (caused by 229 

surface heating, friction, or topography, etc.) can effectively influence (Emeis et al., 230 

2008; Seibert et al., 2000). This study employs two established methodologies for 231 

determining the PBLH: the potential temperature gradient method and the parcel 232 

method (Holzworth, 1964; Zhang et al., 2020). The potential temperature gradient 233 

method was utilized for calculating the PBLH during the nighttime and early morning 234 

hours (20:00, 23:00, 05:00, and 08:00 LT), while the parcel method was applied 235 

specifically for the daytime periods (11:00, 14:00, and 17:00 LT). Detailed 236 

computational procedures for both approaches are summarized in Supplementary 237 

Table S1. 238 

 239 

2.4 Impacts of thermodynamic and dynamic processes on vertical distribution of 240 

carbonaceous aerosols 241 

To quantify the relative contributions of potential temperature gradient, mechanical 242 

turbulence index, horizontal wind speed, and vertical wind speed to UVPM variations 243 

at different altitudes, we employed a random forest regression algorithm. The model 244 

generated training subsets via bootstrap sampling, with random feature subsets 245 
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selected for optimal splitting at each decision tree node. Observations were 246 

categorized into daytime (08:00, 11:00, 14:00, 17:00 LT) and nighttime (20:00, 23:00, 247 

05:00 LT) periods to compare the dominant mechanisms governing aerosol vertical 248 

distribution. The mechanical turbulence index was calculated using Eq. (6) (Zhao et 249 

al., 2023a). 250 

VTKE = 0.5 × √u2+v2+w2                                                (6). 251 

 252 

2.5 Identification of potential source regions 253 

In this study, GDAS1 meteorological data (1° × 1° resolution) obtained from the 254 

NOAA FTP repository (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1) were utilized. 255 

These data were processed using the MeteoInfo software to calculate backward 256 

trajectories and perform cluster analysis (http://www.meteothink.org/). Subsequently, 257 

the potential source contribution function (PSCF) and concentration weighted 258 

trajectory (CWT) analysis toolkits within MeteoInfo were employed to identify 259 

potential source regions and quantify their relative contributions (Wang, 2014). To 260 

reduce the error caused by the small total number of trajectory samples, a weighting 261 

factor Wij was introduced, and the weighted PSCF (WPSCF) and weighted CWT 262 

(WCWT) were finally calculated. The detailed calculation processes for WPSCF and 263 

WCWT are provided in Text 1 of the supplementary material. 264 

 265 

3 Results and discussions 266 

3.1 Vertical profiles of carbonaceous aerosols 267 

3.1.1 General characteristics of eBC 268 

Observations indicate that near-surface mass concentrations of eBC and UVPM 269 

averaged 0.84 μg m⁻3 and 1.24 μg m⁻3, respectively. During the campaign, UVPM 270 

concentrations varied between 0.05 and 6.78 μg m⁻3 across different altitudes, 271 

whereas eBC ranged from 0.02 to 2.89 μg m⁻3. Compared with previous studies 272 

conducted in other regions of China (Table 1), the concentration of eBC observed in 273 

Pingliang is lower than those reported in Beijing, Shanghai, Nanjing, Chengdu, 274 
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Shenzhen, Hengshui, the Beibu Gulf region, and Lanzhou (Guan et al., 2022; Ran et 275 

al., 2016; Shi et al., 2021; Wang et al., 2021a; Wu et al., 2021; Yang et al., 2023; Yang 276 

et al., 2022; Zhao et al., 2023a). This discrepancy can be attributed to several factors. 277 

Firstly, Pingliang is a relatively small city with a permanent population of fewer than 278 

2 million, whereas the aforementioned cities have much larger urban populations. 279 

Consequently, the total amount of air pollutants generated from daily human activities 280 

in Pingliang may be comparatively lower than those in the aforementioned cities. 281 

Secondly, the observation site in Pingliang is situated at a higher elevation than the 282 

urban center, thereby reducing the influence of direct urban emissions. In contrast, 283 

observation sites in other cities are typically located in suburban areas that are more 284 

directly affected by emissions from urban cores. 285 

 286 

Wang et al. (2019) conducted tethered-balloon measurements of the vertical 287 

distribution of eBC over the Tibetan Plateau and found even lower eBC 288 

concentrations than those in the present study. Furthermore, the rate of decrease in 289 

eBC concentrations with altitude was more pronounced at the Plateau site compared 290 

to Pingliang. Overall, existing studies consistently indicate that eBC concentrations 291 

decrease with increasing altitude. However, due to differences in terrain, PBLH, and 292 

atmospheric diffusion conditions, the vertical profiles of eBC vary significantly 293 

among different sites. For instance, in Shanghai, Wang et al. (2021a) reported a sharp 294 

decline in eBC concentrations at around 600 m in the morning, while in the afternoon, 295 

the decrease occurred at approximately 800 m due to stronger convective mixing. 296 

Over the Tibetan Plateau, eBC concentrations dropped markedly at altitudes as low as 297 

100 – 200 m (Wang et al., 2019). Yang et al. (2023) and Zhao et al. (2023a) reported 298 

elevated eBC concentrations near 2000 – 2500 m, which they attributed to the 299 

combined effects of upper-level subsidence and lower-level updrafts. Similarly, Lu et 300 

al. (2019) and Chen et al. (2022) observed elevated eBC concentrations in the 500 – 301 

800 m layer over Anhui and Beijing, respectively, primarily influenced by the 302 

presence of upper-level temperature inversions. 303 

 304 
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Table 1 Statistics of near-surface eBC concentrations in many cities. 305 

City (Research region) eBC concentrations (μg m⁻3) References 

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 

 306 

From the global perspectives, the near-surface eBC concentration in Delhi, India, was 307 

reported to be approximately 30.00 μg m⁻3, which is substantially higher than those 308 

observed in China and Europe (Bisht et al., 2016). In contrast, near-surface eBC 309 

concentrations in Stuttgart, Germany, and Milan, Italy, were found to be comparable 310 

to those in Shenzhen, China, at around 2.00 – 3.00 μg m⁻3. These values are lower 311 

than those reported in other Chinese cities such as Shanghai, Nanjing, Chengdu, 312 

Hengshui, and Lanzhou, but still higher than the concentrations observed in this study 313 

(Ferrero et al., 2011; Samad et al., 2020). In the Arctic region, due to limited 314 

anthropogenic influence, near-surface eBC concentrations are generally lower than 315 

those observed both over the Tibetan Plateau in China and in the Loess Plateau region 316 

investigated in this study (Ferrero et al., 2016). 317 

 318 

3.1.2 Diurnal variations of eBC and UVPM profiles 319 

Figures S3 and S4 respectively depict the trends and correlations of the ascent and 320 

descent profiles for eBC and UVPM. The results indicate that the ascent and descent 321 

profiles at 5:00, 20:00, and 23:00 in this study exhibit similar trends, and thus they 322 

can both be treated as independent observational profiles for analysis. For 323 

observations at 8:00, 11:00, 14:00 and 17:00, only the ascent data were used for 324 

analysis. Figure 2 shows the averaged profiles for all sampling periods during the 325 
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observation campaign, the red solid line and its shaded envelope denote the mean and 326 

standard deviation of eBC, while the blue solid line and its shaded envelope denote 327 

the mean and standard deviation of UVPM. Because eBC mass concentration in the 328 

upper atmosphere is extremely low (below the instrument's normal limit of detection), 329 

optical measurements often yield negative results, which are corrected when the ONA 330 

method is used for data quality control. Furthermore, owing to the relatively high 331 

wind speeds in the upper atmosphere, our measurements in the early afternoon were 332 

typically unable to reach the PBLH. 333 

 334 

Vertical profiles of eBC and UVPM concentrations reveal a consistent decrease with 335 

increasing altitude, with the most pronounced gradient observed in the near-surface 336 

layer. A comparative analysis of their vertical profiles reveals that during periods of 337 

weak convective activity, such as early morning and nighttime (i.e., 05:00, 20:00, and 338 

23:00 LT), UVPM concentrations aloft generally exceed those of eBC (the 339 

significance test of the UVPM–eBC differences is provided in Figure S5), while near 340 

the surface the two species show much smaller differences. To further investigate the 341 

underlying causes, we estimated the concentration of secondary UVPM (UVPMsec) 342 

using the least-squares method described by Wu et al. (2016), based on the ratio of 343 

UVPM to eBC. Figure 3 presents the mean diurnal variations in vertical distributions 344 

of the ratios of UVPMsec to total UVPM, and of UVPMsec to eBC. From 17:00 to 345 

05:00 LT, the UVPMsec/UVPM and UVPMsec/eBC ratios aloft increase markedly, 346 

indicating that the elevated UVPM during this period is more strongly influenced by 347 

secondary sources. As time progresses, the region characterized by high ratios 348 

gradually approaches the ground surface and eventually disappears by 08:00 LT. 349 

 350 

The enhanced contribution of secondary sources aloft may be attributed to the 351 

increasingly stable stratification after 17:00 LT, which suppresses vertical mixing and 352 

inhibits the upward transport of both eBC and UVPM. In contrast, gaseous precursors 353 

of UVPMsec (i.e., VOCs) can accumulate above the PBL. Under relatively clean 354 

atmospheric conditions with limited condensation sinks, nocturnal chemistry 355 
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dominated by NO3
– radicals, together with low ambient temperatures, favors the 356 

formation of secondary organic aerosols through gas-to-particle partitioning and 357 

temperature-dependent condensation (Han & Jang, 2023; Kuang et al., 2025; 358 

Kulmala, 2022; Morgan et al., 2009; Wang et al., 2023; Zhao et al., 2023b). After 359 

sunrise (around 06:00 LT in summer at this site), enhanced solar radiation promotes 360 

convective mixing and weakens the nocturnal inversion at the top of the PBL. 361 

Consequently, UVPMsec-enriched air masses retained within the residual layer are 362 

entrained downward into the growing daytime PBL, thereby reducing the 363 

concentration gradient between UVPM and eBC within the PBL (Zhao et al., 2023a). 364 

In addition, increased human activities and strengthened thermal convection after 365 

sunrise lead to larger primary emissions throughout the atmospheric column, causing 366 

carbonaceous aerosols to be increasingly dominated by primary components. Because 367 

the PBL is still developing at 08:00 LT, the near-surface concentrations of UVPM and 368 

eBC are higher than those observed at 05:00 LT. As thermal convection intensifies, the 369 

decline in near-surface UVPM and eBC slows between 11:00 and 14:00 LT. Between 370 

14:00 and 17:00 LT, strong convective mixing results in an approximately uniform 371 

vertical distribution of both eBC and UVPM from the surface up to ~800 m. 372 

 373 

Figure 2. Averaged diurnal variation in profiles of the eBC and UVPM concentration during 374 

the field campaign. The red and blue lines represent eBC and UVPM concentrations, 375 

respectively, while the red and blue shaded areas denote the standard deviation of eBC and 376 



15 
 

UVPM, respectively. The light orange shaded area represents the difference between UVPM 377 

and eBC. 378 

 379 

Figure 3. Mean diurnal variations in vertical distribution of a) UVPMsec/UVPM and b) 380 

UVPMsec/eBC ratios during the field campaign. 381 

 382 

To better characterize vertical structure of UVPM and eBC within the stable PBL, the 383 

observed profiles were classified into four types, each exhibiting distinct features 384 

(Details of the method can be found in Text 2 of the Supplementary Material). 385 

Regarding the profile clustering presented in Figure 4, the classification was 386 

performed by analyzing the vertical change rates (or slopes) of the UVPM and eBC 387 

concentrations. These profiles were grouped into four distinct categories: Uniformly 388 

decreasing (Cluster 1), Non-uniformly decreasing (Cluster 2), Double-inflection point 389 

(Cluster 3), and Continuous increasing (Cluster 4). In Cluster 1, eBC and UVPM 390 

decrease almost uniformly with altitude at a rate of approximately 0.51 μg m⁻3 km⁻1 391 

up to 1000 m. Cluster 2 also shows comparable near‐surface concentrations of both 392 

species, but with a rapid decline of about 1.23 μg m⁻3 km⁻1 below 250 m followed by 393 

a more gradual decrease above, reflecting a stronger nocturnal inversion that inhibits 394 

upward diffusion. Cluster 3 profiles, typically observed at 05:00, 08:00, and 20:00 LT 395 

under intense inversions, display a modest decrease of approximately 0.10 μg m⁻3 396 

km⁻1 from the surface to 100 m, an unexpected increase in eBC and UVPM between 397 

100 and 600 m (attributable to pollutant accumulation and upward mixing within the 398 

deep neutral residual layer; Kulmala et al., 2023), and a decline above 600 m. In 399 



16 
 

Cluster 4, concentrations remain nearly constant below 200 m but rise with height 400 

above this level, likely due to a weak neutral stratification between 200 and 400 m. 401 

Because these observations coincided with strong upper‐level winds, measurements 402 

above approximately 400 m were curtailed to protect instrumentation, leaving open 403 

the question of whether Cluster 4 would exhibit a high‐altitude decrease similar to 404 

Cluster 3. 405 

 406 

Figure 4. Cluster analysis of UVPM and eBC concentration profiles during the field 407 

campaign. The blue, red, and green lines represent the profiles of UVPM, eBC, and potential 408 

temperature, respectively, and the shaded areas in the corresponding colors denote their 409 

standard deviations. 410 

 411 

3.1.3 Diurnal variations of AAE profiles 412 

Figure S6 presents the variations of the light absorption coefficients of UVPM and 413 

eBC at different altitudes. Overall, both UVPM and eBC absorption coefficients 414 

decline steadily with increasing altitude, a pattern primarily controlled by the mass 415 

concentrations of carbonaceous aerosols. Moreover, the difference between the 416 

UVPM and eBC absorption coefficients diminishes with height, indicating that 417 

UVPM dominates light absorption by carbonaceous aerosols in the lower atmosphere, 418 

whereas eBC exerts a greater influence aloft, consistent with the findings of Qi et al. 419 

(2025). The AAE, which characterizes the wavelength dependence of the mass-420 

specific absorption by carbonaceous aerosols (calculation details are given in Figure 421 

S7), was calculated for the study period; the average diurnal AAE values are shown in 422 

Figure S8. Compared with Wu et al. (2021), the AAE of carbonaceous aerosols in 423 

Pingliang is substantially higher than that reported for Shenzhen (<1.00). We further 424 
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selected observations from representative pollution events to compare AAE under 425 

different environmental conditions (Figure 5, Detailed explanations regarding the 426 

selection of pollution events are provided in Text 3 of the supplementary material). 427 

During dust episodes, AAE increases markedly, by approximately 83% relative to 428 

dust-free conditions. Likewise, emissions from diesel vehicles yield higher AAE than 429 

periods without diesel vehicles contributions. 430 

 431 

Previous studies commonly employ a two‐component model to differentiate the 432 

Absorption Ångström Exponent of equivalent black carbon (AAEeBC) and brown 433 

carbon (AAEUVPM), fixing AAEeBC at 1 and thereby deriving AAEUVPM (Figure S9, the 434 

calculation methodology is provided in Text 4 of the supplementary material) (Chen et 435 

al., 2015; Chow et al., 2018). Elevated values of AAEUVPM are typically indicative of 436 

biomass burning and secondary aging processes (Olson et al., 2015; Gombi et al., 437 

2025). The diurnal AAEUVPM profiles shown in Figure S9 reveal pronounced 438 

contributions from secondary organic aerosol formation or from mixed emissions of 439 

biomass and fossil fuels at our observation site. Overall, daytime AAEUVPM values 440 

exceed those recorded at night and in the early morning, reflecting the stronger 441 

photochemical activity during daylight hours that promotes carbonaceous aerosol 442 

aging. 443 

 444 

Figure 5. AAE profiles under different pollution conditions (Diesel vehicle emissions, after 445 

diesel vehicle emissions, no dust pollution, and dust pollution occurred at 20:00 on July 17, 446 

2024; 23:00 on July 17, 2024; 08:00 on July 20, 2024; 08:00 on July 21, 2024, respectively). 447 
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 448 

3.2 Thermodynamic impacts on profiles of eBC and UVPM 449 

Diurnal evolution of the PBLH is one of the primary factors controlling aerosol 450 

vertical distribution and is essential for understanding feedback between the PBL 451 

meteorology and aerosols. Because PBLH evolves continuously, we selected a day 452 

with uninterrupted observations; however, owing to strong upper‐level winds, 453 

continuous carbonaceous aerosol profiles were obtained only on 27 July 2024 at seven 454 

time slots (Figure 6). Hence, this day serves as a case study for examining how 455 

diurnal PBL evolution influences aerosol vertical structure. The parcel method is well 456 

suited to convective conditions but cannot accurately resolve PBLH during early 457 

morning and nighttime (Holzworth, 1964), whereas it performs reliably under strong 458 

daytime convection. Using this approach, PBLH at 11:00 and 17:00 LT were 503 m 459 

and 459 m, respectively; at 14:00, measurement ceilings did not reach PBLH. By 460 

contrast, the potential temperature gradient method yields accurate estimates at night 461 

and in the early morning: PBLH at 05:00, 08:00, 20:00, and 23:00 LT were 255 m, 462 

181 m, 260 m, and 216 m, respectively. 463 

 464 

Analysis of the potential temperature profiles in Figure 6 indicates that at around 465 

05:00 LT the PBL top lay near 260 m. Below this altitude, both eBC and UVPM 466 

concentrations decrease slightly with height. The potential temperature profile further 467 

reveals a deep residual layer above the PBL top, where colder near‐surface air is 468 

trapped beneath warmer air aloft, creating a stable stratification that inhibits mixing 469 

within that layer and leads to increasing particle concentrations toward its base. In the 470 

transition to the free troposphere above the residual layer, comparatively low aerosol 471 

concentrations and enhanced turbulence promote further dilution, and beyond 472 

approximately 500 m eBC and UVPM again decline with height. By 08:00 LT the 473 

PBL remained near 200 m, and the vertical variation in aerosol concentrations 474 

mirrored the pattern observed at 05:00. With increasing solar insolation, however, 475 

surface heating intensified convection so that by 11:00 LT the PBL top had risen to 476 

roughly 500 m. During this stage, relatively small vertical gradients in eBC and 477 
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UVPM within the PBL indicate well‐mixed conditions. At 14:00 LT tethered‐balloon 478 

sampling did not reach the PBL top, but observations within the PBL show uniform 479 

aerosol distributions, preventing a direct assessment of PBLH effects on concentration 480 

profiles. The potential temperature gradients between 11:00 and 14:00 LT exhibit 481 

significant fluctuations, signaling unstable stratification favorable to vertical pollutant 482 

transport (Li, 2019). From 14:00 to 17:00 LT, as solar radiation waned and surface 483 

temperatures fell, the PBL top subsided to about 450 m. At this time, potential 484 

temperatures within the PBL remained lower than at the surface and displayed 485 

pronounced variability, reflecting continued unstable stratification and strong vertical 486 

mixing; eBC and UVPM maintained nearly uniform distributions. Above the PBL, a 487 

mixed layer approximately 300 m thick persisted; at its top, diminished turbulence 488 

inhibited aerosol dispersion, causing localized accumulation of eBC and UVPM (Ding 489 

et al., 2016). By 20:00 LT, sunset‐driven surface cooling weakened convection, a 490 

nocturnal temperature inversion developed near the ground, and calm winds led to 491 

pollutant accumulation at low altitudes. As surface temperatures continued to drop, 492 

vertical transport further diminished, confining aerosols below roughly 200 m by 493 

23:00 LT. 494 

 495 

Figure 6. Diurnal variations in profiles of eBC, UVPM and potential temperature on July 27, 496 

2024. The red line represents eBC, the blue line represents UVPM, and the green line 497 
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represents the potential temperature profile. The light orange shaded area represents the 498 

difference between UVPM and eBC. The black dashed lines represent the PBLH. 499 

 500 

3.3 Dynamic impacts on profiles of eBC and UVPM 501 

3.3.1 Impacts of long-range transport on carbonaceous aerosols 502 

Long‐range transport of air masses plays a crucial role in shaping the vertical 503 

distribution of air pollutants. Figure S10 presents the 500 m backward trajectories and 504 

their altitude profiles for air masses arriving at the site during the observation period, 505 

and Figure S11 presents temporal variation in the PBLH of the nearest urban area of 506 

Pingliang during the observation period. Figure S11 shows that, upon entering the 507 

Pingliang region, these air parcels generally descend to below PBLH, meaning that, in 508 

addition to pollutants carried within the air mass itself, emissions from surrounding 509 

urban areas also significantly impact the receptor site. Trajectory‐cluster analysis at 510 

100 m, 500 m, and 1000 m (Figure 7) reveals that, in summer, Pingliang is principally 511 

influenced by air masses originating from Inner Mongolia and Ningxia to the north, 512 

from Gansu–Qingyang and northern Shaanxi to the east, and from southern Shaanxi to 513 

the south. At 500 m and 1000 m, regional contributions from these directions are 514 

broadly similar, whereas at 100 m the proportion of short‐range flow from the 515 

southeast increases markedly. The shaded overlays in Figure 7 show the weighted 516 

potential source contribution function (WPSCF) and weighted concentration‐weighted 517 

trajectory (WCWT) results for UVPM. WPSCF indicates that air parcels from Inner 518 

Mongolia, Ningxia, Shanxi, and Shaanxi to the north, east, and south exert the 519 

greatest influence on the Pingliang site. Specifically, at 100 m the highest WPSCF 520 

values are located in the local Pingliang area and the Shaanxi–Gansu border region, 521 

while at 500 m parcels from central Shaanxi and the Shanxi–Henan–Shaanxi nexus 522 

dominate, followed by the tri‐provincial junction of Shaanxi, Gansu, and Sichuan. The 523 

WCWT analysis yields results similar to those of the WPSCF, but it additionally 524 

highlights that southern Shaanxi is also an important source region of UVPM at the 525 

observation site. Taken together, WPSCF and WCWT pinpoint southern Shaanxi 526 
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cities and local emissions around Pingliang as major contributors to carbonaceous 527 

aerosol pollution, whereas at higher altitudes UVPM is primarily transported from the 528 

south. 529 

 530 

Figure 7. Backward trajectory clustering and WPSCF analysis results of air masses at heights 531 

of a) 100 m, b) 500 m, and c) 1000 m during the observation period, respectively. WCWT 532 

analysis results of air masses at heights of d) 100 m, e) 500 m, and f) 1000 m during the 533 

observation period, respectively. 534 

 535 

3.3.2 Impacts of local sources on carbonaceous aerosols 536 

In addition to long-range transport, local wind speed and direction significantly 537 

modulate the vertical distribution of aerosols at the observation site. Conditional 538 

Probability Function (CPF) plots, which relate pollutant concentrations to wind 539 
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sectors and speeds, help elucidate these local transport and dispersion mechanisms. 540 

Figure 8 shows CPF diagrams for the 90th percentile of UVPM and eBC 541 

concentrations at 100 m, 500 m and 1000 m. The mean UVPM concentrations 542 

decrease with altitude, from 0.86 μg m–3 at 100 m, to 0.63 μg m–3 at 500 m, and to 543 

0.44 μg m–3 at 1000 m, indicating that extreme UVPM events become less probable at 544 

higher altitudes. At 100 m, elevated UVPM concentrations are associated with 545 

southerly, southwesterly, southeasterly, northerly, and northwesterly winds, reflecting 546 

the combined influence of urban emissions and local rural emissions surrounding the 547 

observation site. At 500 m, the influence of northwesterly, southwesterly and 548 

northerly sectors diminishes, while southerly winds remain the dominant driver of 549 

high UVPM, albeit with reduced effect. Southeasterly winds occasionally lead to 550 

relatively high UVPM values at both 100 m and 500 m altitude, although this 551 

occurrence is less frequent, which is consistent with the results of backward 552 

trajectories. We hypothesize that this variability may be associated with local and 553 

sporadic emissions from residents in the vicinity, as the observation site is located in a 554 

rural area with no stationary point sources. However, the specific cause cannot be 555 

definitively determined by the CPF alone. We will continue to analyze this 556 

phenomenon in subsequent observational studies to provide a clearer explanation. 557 

 558 

The analysis of eBC shows results similar to those of UVPM. The main difference is 559 

that at 500 m and 1000 m, southeasterly winds exert a slightly stronger influence on 560 

UVPM than on eBC. In addition, the relationships between UVPM (or eBC) and wind 561 

direction and speed at different altitudes indicate that carbonaceous aerosols at 100 m 562 

above the observation site are highly sensitive to almost all wind directions. This is 563 

primarily because pollutants at this height are strongly affected by local emissions 564 

from rural areas surrounding the site. In contrast, at 500 m and 1000 m, carbonaceous 565 

aerosol concentrations exhibit a pronounced association with southerly and 566 

southeasterly winds, while their dependence on other wind directions weakens. This 567 

indicates that transport from the south and southeast is the significant source of the 568 

carbonaceous aerosol burden above the observation site, a pattern that is also reflected 569 
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in the WPSCF and WCWT results shown in Figure 7. In addition, this may also be 570 

related to the fact that Pingliang urban area is located south of the observation site 571 

(Figure 1). 572 

 573 

Figure 8. Conditional probability function (CPF) diagrams of the 90th percentile of the UVPM 574 

and eBC concentrations with respect to wind speed and direction at the heights of 100 m, 500 575 

m and 1000 m above ground level. 576 

 577 

To better compare the thermodynamically driven and dynamically driven influences 578 

on pollutant vertical distribution, this section again focuses on 27 July 2024 to 579 

examine the effects of wind speed and mechanical turbulence. Figure 9 presents 580 

horizontal and vertical wind speeds together with mechanical turbulence measured by 581 

the Doppler wind lidar during the sampling periods on that day. At 05:00 LT, both 582 

horizontal and vertical wind speeds within the PBL were low, while mechanical 583 

turbulence was comparatively high, promoting efficient vertical mixing and producing 584 

a nearly uniform distribution of carbonaceous aerosol concentrations throughout the 585 

PBL (Figure 6). Above the residual layer, stronger vertical winds combined with 586 

weaker turbulence transported aerosols upward, causing UVPM and eBC 587 

concentrations to increase with height between 400 and 600 m. At 08:00 LT, the 588 

residual‐layer concentrations exhibited a pattern similar to that at 05:00, but stronger 589 



24 
 

vertical winds and reduced turbulence at the residual‐layer top led to a more 590 

pronounced concentration decrease above the layer (Figure 6). By late morning, 591 

enhanced vertical wind speeds within the PBL facilitated upward transport of 592 

pollutants. However, at both 11:00 and 14:00 LT the aerosol concentration profile 593 

remained relatively uniform, with only a slight decrease with height; this reflects the 594 

competing effects of thermal convection, which lifts near‐surface pollutants, and 595 

elevated turbulence aloft, which strengthens vertical exchange. At 17:00 LT, subsiding 596 

motions prevailed at 900 – 1200 m and mechanical turbulence index throughout the 597 

column was low, weakening vertical exchange and causing pollutants to accumulate 598 

near 800 m (Figure 6). By 20:00 LT, weak mechanical turbulence at the PBL top and 599 

widespread subsidence near the surface suppressed upward transport of carbonaceous 600 

aerosols; as a result, pollutant concentrations decreased sharply with height within the 601 

PBL, while above the PBL top horizontal and vertical winds aided dispersion, 602 

producing a continued decline in aerosol concentrations up to 800 m. 603 

 604 

 605 

Figure 9. a) Vertical wind speed, horizontal wind speed, and wind direction at heights of 100 – 606 

1500 m during different periods on July 27, 2024 (The direction of the arrow represents the 607 

wind vector direction, i.e., a rightward arrow represents a westerly wind). The height resolution 608 

for wind direction and speed is 50 m, and the length of the arrow represents the magnitude of 609 

the horizontal wind speed. The color of the arrows represents the vertical wind speed. b) VTKE 610 

values at different heights (calculated based on wind speed data within 5 min), where different 611 

colors represent different VTKE values. The black dashed line in the figure represents the PBLH 612 
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during the observation period. 613 

 614 

To systematically investigate the mechanisms by which thermodynamic and dynamic 615 

processes influence the vertical distribution of carbonaceous aerosols, the observation 616 

periods were grouped into daytime (8:00, 11:00, 14:00 and 17:00 LT) and nighttime 617 

(20:00, 23:00 and 5:00 LT). A random forest nonlinear regression was applied to 618 

quantify the relative contributions of thermal forcing and dynamic forcing to the 619 

vertical concentration gradients of carbonaceous aerosols at different altitude layers 620 

(Figure 10). All regressions achieved coefficients of determination (R2) above 0.70, 621 

indicating good explanatory power. During daytime, these two processes exhibit clear 622 

vertical stratification. From the surface up to 600 m, thermal forcing dominates the 623 

evolution of aerosol concentration, whereas between 600 m and 1000 m horizontal 624 

wind speed is the primary driver. At night, the influence of thermal forcing is more 625 

complex. Between the surface and 300 m both thermal forcing and horizontal wind 626 

speed jointly govern vertical concentration variability. Between 300 m and 500 m, 627 

thermal forcing alone exerts decisive control, while above 500 m dynamic processes 628 

exert a much stronger influence than thermodynamic processes. Comparison with 629 

PBLH analyses shows that 300 m corresponds to the inversion top at night, where 630 

both thermodynamic and dynamic mechanisms contribute comparably to aerosol 631 

pollution. The layer from 300 m to 500 m largely coincides with the residual layer, 632 

which retains daytime turbulence characteristics and therefore responds more 633 

sensitively to thermal forcing. It should be noted that daytime measurements were 634 

taken at 08:00, 11:00 and 17:00 LT, a period when the PBL had not yet fully 635 

developed, so that 600 m approximately corresponds to the daytime PBL top. 636 

Consequently, the vertical distribution of carbonaceous aerosols within the daytime 637 

PBL is primarily governed by thermodynamic processes, in contrast to the combined 638 

dynamic and thermodynamic control that dominates within the nocturnal residual 639 

layer. A schematic of these regulatory mechanisms for aerosol vertical structure is 640 

presented in Figure 11. 641 

 642 
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Li et al. (2019) also found through radiosonde observations that during the daytime, 643 

thermodynamic processes induced unstable stratification within the PBL, resulting in 644 

well-mixed aerosols. In contrast, at night, the stable atmospheric stratification from 645 

the surface to 200 meters suppressed vertical dispersion of aerosols. Between 500 and 646 

1000 meters, the presence of a low-level jet significantly influenced the vertical 647 

distribution of aerosols. In addition, strong mechanical turbulence played a key role in 648 

facilitating aerosol dispersion near the top of the PBL (Sun et al., 2024). Their 649 

findings are consistent with the conclusions of this study. 650 

 651 

Figure 10. Results of feature importance analysis for the impacts of potential temperature 652 

gradient, mechanical turbulence, horizontal wind speed, and vertical wind speed on the 653 

UVPM gradient during a) nighttime and b) daytime, respectively. c) model goodness of fit 654 

(coefficients of determination, R2) in the calculation. 655 

 656 
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 657 

Figure 11. Schematic illustration of thermodynamic and dynamic impacts on aerosol vertical 658 

distribution. Within the figure, red circles denote eBC concentrations, whereas blue circles 659 

denote UVPM concentrations; the more rightward a circle’s position, the higher the 660 

corresponding concentration. 661 

 662 

4 Conclusions 663 

Pingliang City is situated on the Loess Plateau in northwestern China, where 664 

observational data on the vertical distribution of carbonaceous aerosols and 665 

meteorological parameters within the planetary boundary layer remain limited. To 666 

address this data gap, this study conducted detailed vertical profiling in a typical 667 

tableland region of the Loess Plateau using tethered balloons equipped with relevant 668 

observation instruments during July 2023 and July 2024. 669 

 670 

The study found that near-surface concentrations of equivalent black carbon (eBC) 671 

and ultraviolet-absorbing particulate matter (UVPM) in Pingliang were 0.84 μg m⁻3 672 

and 1.24 μg m⁻3, respectively. These concentrations are slightly lower than those 673 

reported for major Chinese cities including Beijing, Shanghai, Nanjing, Chengdu, 674 

Shenzhen, Hengshui, the Beibu Gulf region, and Lanzhou, as well as European cities 675 

such as Stuttgart in Germany and Milan in Italy. However, they are higher than the 676 
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eBC levels observed over the Tibetan Plateau and in the Arctic. A comparison of the 677 

vertical profiles of eBC and UVPM showed that during early morning and nighttime 678 

periods, when convective activity is relatively weak, UVPM concentrations in the 679 

upper atmosphere are generally higher than those of eBC. Near the surface, the 680 

difference between eBC and UVPM concentrations is relatively small. This 681 

phenomenon is likely related to the formation of new particles in the upper 682 

atmosphere through gas to particle conversion of gaseous pollutants. 683 

 684 

Analysis of thermodynamic and dynamic processes influencing the vertical 685 

distribution of carbonaceous aerosols shows that thermodynamic processes primarily 686 

govern vertical transport in the near-surface layer, while enhanced dynamic processes 687 

in the upper atmosphere promote horizontal dispersion of pollutants. The influence of 688 

thermodynamic and dynamic mechanisms on aerosol vertical profiles exhibits distinct 689 

stratification between daytime and nighttime. At various altitudes, air masses 690 

originating from the south are consistently associated with elevated UVPM 691 

concentrations. This pattern may be attributed to the combined influence of pollution 692 

sources located in the urban area to the south of the site and topographic differences 693 

along the north and south directions. 694 

 695 

Nevertheless, there are still some limitations in this study that should be addressed in 696 

future work. Firstly, observations under strong wind conditions in the upper air were 697 

not successfully conducted during the campaign. Secondly, the study primarily 698 

focused on a limited set of air pollutants. Future research will incorporate additional 699 

gaseous pollutants such as SO2, NO2, O3, and VOCs to enable a more comprehensive 700 

analysis of the chemical formation mechanisms and vertical distribution 701 

characteristics of aerosols. Furthermore, the filed campaign was conducted at only a 702 

site, and thus the feedback between aerosols and the PBL meteorology cannot be fully 703 

understood at whole Loess Plateau. The upcoming field campaign will be conducted 704 

at the other sites to better reveal the impact of thermodynamic and dynamic processes 705 

on the vertical profiles of air pollutants. 706 
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