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12 Abstracts.

13 The vertical distribution of reactive trace gases can greatly help understand the complex
14 atmospheric evolution under the joint impacts of surface emission, chemical removal,
15  and regional transport. Focusing on the core area of the North China Plain, aircraft-
16  based observations were conducted to reveal the vertical distributions of volatile
17  organic compounds (VOCs) measured by high-time resolution mass spectrometry.
18  Generally decreasing trends of VOC concentrations with altitudes were captured,
19  indicating strong surface source emissions and chemical removal within the planetary
20  boundary layer (PBL). Ethanol exhibited the highest concentration within the PBL with
21  an average of 46.7 ppbv and the largest ratio (16.5) between the average below and
22 above the PBL heights. The vertical-averaged VOCs above Baoding were greater than
23 those in Beijing by factors ranging from 1.2 to 3.5, suggesting richer precursors for
24 secondary pollutant formation in Baoding. Increases of several VOC species, including
25 styrene and acetonitrile, at high altitudes (>2500 m) were captured in Beijing.
26  Correlation analysis further revealed the significant influences of industrial and
27  biomass burning emissions. Our results highlight the critical role of both local
28  emissions and regional transport in shaping the VOC vertical distributions, which may
29  affect atmospheric organic chemistry across various atmospheric layers in the region.
30  Keywords: Vertical profiles; aircraft-based observation; volatile organic compounds
31
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32 1 Introduction
33 The North China Plain (NCP) stands as one of the most developed city clusters

34 in China, yet it is also a region of concern that suffers from severe air pollution (Zhao
35 et al, 2021;Yao et al., 2022;Le et al., 2020;Wang et al., 2023). Following the
36  implementation of the Action Plan on the Prevention and Control of Air Pollution, the
37  particulate matter concentrations in NCP have significantly declined, primarily due to
38  asharp reduction in anthropogenic emissions, however, ozone levels have not shown a
39  similar downward trend (Chen et al., 2020;Li et al., 2019a;Lu et al., 2019;Lu et al.,
40  2020). From 2013 to 2019, the annual maximum daily average of 8-h ozone (MDAS8O3)
41  concentrations increased significantly with a rate of 2.3 ppbv yr! in Beijing (Chen et
42 al.,, 2020), while during warm seasons (Apr. — Sep.), the average increasing rate reached
43 3.3 ppbv yr'! for NCP (Lu et al., 2020). Under the background of coordinated efforts to
44 reduce pollution and carbon emissions, the continuous improvement of ambient air
45  quality in the NCP region is under great pressure.

46 Volatile organic compounds (VOCs), as the key precursors of ozone and
47  secondary organic aerosols due to photochemical degradation, have been listed as one
48  of the key indicators for atmospheric environmental quality during the "14" Five-Year
49  Plan" period (Li et al., 2022b;Mao et al., 2021). The temporal variation, emission
50  characteristics, and environmental effect of VOCs have been extensively studied in the
51  NCP region through ground-based measurements, greatly enhancing the understanding
52 of the role in the formation of photochemical pollution (Yuan et al., 2012;Wang et al.,
53 2014;Li et al., 2019b;Zhao et al., 2021;Sun et al., 2018;Forster et al., 2023). However,
54  recent studies have also revealed the complex evolution of VOCs in the atmosphere
55  under the impact of meteorological conditions (Zhang et al., 2018;Shi et al., 2018) and
56 inter-city and regional transport (Liu et al., 2019;Zhao et al., 2021;Chang et al., 2019)
57  that cannot be thoroughly investigated based on ground measurements.

58 In the past few years, vertical observations have been carried out utilizing
59  observation towers (Zhang et al., 2020;Li et al., 2022a;Yang et al., 2024;Li et al., 2024),
60  tethered balloons (Zhang et al., 2019;Sangiorgi et al., 2011;Zhang et al., 2018),
61  unmanned aerial vehicles (UAVs) (Peng et al., 2015;Han et al., 2016;Vo et al., 2018),
62 and aircraft (Benish et al., 2020;Forster et al., 2023;Zhao et al., 2021; Wilde et al., 2021),
63  bringing the opportunity to study VOCs from a three-dimensional perspective.

64  Compared to other vertical observation techniques, aircraft platforms offer distinct
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65  advantages, including the capability of covering larger spatial areas, carrying heavy
66  instrument payloads, and performing both vertical and horizontal observations at higher
67  altitudes (Kwak et al., 2020;Zhao et al., 2021;Dieu Hien et al., 2019). The advantages
68  of aircraft measurement make it an irreplaceable role in scientific research and practical
69  applications. While aircraft-based research has been conducted intensively in the
70  United States and Europe with high temporal resolution instruments (Fisher et al.,
71  2016;Karion et al., 2015;Ren et al., 2018), only a handful of similar aircraft flights have
72 been conducted equipped with online instruments that measure inorganic pollutants and
73 aerosols in China (Zhao et al., 2021;Liu et al., 2018). Limited aircraft-based VOC
74  measurements in China typically applied the collection of canister samples followed by
75  detection by gas chromatography techniques in the laboratory (Xue et al., 2011;Benish
76 et al., 2020;Liu et al., 2013). However, the vertical distribution of VOCs in the NCP
77  region is still unclear due to the scarcity of offline samples, hindering the ability to
78  accurately assess the impacts of local emissions and air mass transport on VOC levels.
79 This study analyses aircraft-based observation results over the Beijing and
80  Baoding area, the two core cities of the NCP region. A proton transfer reaction time-
81  of-flight mass spectrometer (PTR-ToF-MS) was equipped on the platform to monitor
82  VOC concentrations with high time resolution across altitudes. Combined with
83  correlation analysis of VOC pairs, possible sources and origins of VOCs within the
84  planetary boundary layer (PBL) and the atmosphere above it were discussed, pointing
85  out the important roles of local urban emissions and regional transport.

86 2 Methods

87 2.1 Aircraft flight routes

88 A King Air 350ER aircraft (Hawker Beechcraft) was deployed and five flights
89  were conducted between Sep. 9" and 15" in 2017, and an additional flight on July 14,
90  2019. The flight trajectories are summarized in Table 1 and illustrated in Figure 1. The
91  aircraft was based at Shahe Airport (40°8'24" N, 116°19'48" E) in Changping District,
92  Beijing, surrounded by villages, factories, and educational institutions. Four of the
93  flights in 2017 (Sep. 9", 12, 13™ and 15™) focused on the Beijing area, while the
94  remaining two flights (Sep. 14", 2017, and Jul. 14" 2019) followed southwest
95  trajectories over the forest area before turning southeast to the Baoding area and
96  returning to Shahe Airport. During each flight, the aircraft maintained level flight at a

97  given altitude before ascending or descending to the next predetermined flight level.
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98  The step intervals between altitudes were consistently maintained within approximately

99 150 to 200 meters.
100 2.2 VOC sample and meteorological data collection
101 A PTR-ToF-MS (PTR-ToF-MS-8000, Ionicon Analytik GmbH, Austria) was
102 applied onboard to measure VOC concentrations during each flight. The time-of-flight
103 mass spectrometry has been proven to have the capability of measuring VOCs at high
104  time resolution over broad mass spectra (Wu et al., 2020a;Yuan et al., 2017). Ambient
105  air was introduced into the sampling device and then subsampled by the PTR-ToF-MS
106  using Polytetrafluoroethylene (PTFE) tubing. With a voyage speed of ~250 km/h of the
107  aircraft, VOC concentrations were measured every 5 s, resulting in a spatial resolution
108  of ~70 m. The PTR-ToF-MS was operated with a drift pressure of 2.2 mbar, E/N 135
109  Td, and reactor temperature of 60 °C. The raw spectral data of PTR-ToF-MS were
110 processed using the Ionicon Data Analyzer (IDA, V2.0.1.0), including mass calibration,
111 peak detection, peak fitting, and etc. The sensitivities of PTR-ToF-MS for various VOC
112 species were calibrated with commercial standard gas (Apel-Riemer, Environmental
113 Inc., USA). A total of 15 VOC species are reported in this study and listed in Table S1.
114 Based on the multi-level tests in the laboratory, the impacts of humidity on VOC
115  sensitivities were evaluated to be less than 10% for the reported VOC species, so no
116  correction was conducted. In addition, the aircraft platform also carried instruments that
117  recorded the meteorological parameters (AIMMS-20, Aventech Research Inc.),
118  including temperature, relative humidity, and pressure. A global positioning system
119  (GPS) was equipped to record the aircraft's position. All instruments were thoroughly
120  inspected and air-tightly checked before each flight to ensure the quality and reliability
121 of data. To minimize the impact of aircraft exhaust emissions on VOC measurement,
122 the data measured during the first 2 minutes after the engine started were excluded from
123 the profile data.
124 2.3 Height of planetary boundary layer
125 In this study, the height of planetary boundary layer (HPBL) was determined by
126 the air parcel method (Zhao et al., 2020;Zhao et al., 2019), which was considered to be
127  more accurate and less deviated by human subjective judgment compared with the
128  visual observation method and data simulation method (Zhang et al., 2019). The air

129 parcel method determines the HPBL based on the vertical profile change of the potential
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130 temperature (Toe) during the adiabatic process when the air mass reaches the reference

131  pressure (1000 hPa). The calculation formula of Ty is:

R

Rq
132 Ty = T(%)cpd

133 where P is the air pressure, T is the temperature under different air pressures, and Ra/Cpd
134 is taken as 0.286 in this study (Zhang et al., 2018). The vertical profiles of
135 meteorological factors are shown in Figure S1. The HPBL during each ascending and
136  descending stage is listed in Table S2. A 10% uncertainty is determined based on
137  previous studies (Zhao et al., 2019;Zhang et al., 2014;Vogelezang and Holtslag, 1996).

138 3 Results and discussion

139 3.1 The characteristics of VOC vertical distributions in Beijing

140 The ambient air quality data of criteria pollutants (ozone, NO2, SOz, CO, PM2 3,
141  and PMjo) of Changping Town station, the nearest national air quality monitoring
142 station to the Shahe Airport, were collected from the China National Environmental
143 Monitoring Center (CNEMC) and presented in Figure 2. According to the Level-II
144 NAQS thresholds, pollution events in Beijing with PM» 5 exceedances on Sep. 9, 10,
145  and 14" and ozone exceedances on Sep. 13™ were noticed. The vertical profiles of
146  relative humidity (RH), temperature (T), and Ty in Figure S1 provide meteorological
147  information for each flight. Monotonic trends for T and T¢ were recorded. T decreased
148  with altitude, while Ty had opposite trends. In contrast, RH showed a more complex,
149  non-monotonic trend with altitude, with great variations found across different aerial
150  surveys, reflecting the complexity of the boundary layer structure.

151 Five flights were conducted over Beijing in Sep. 2017. The averaged
152 concentrations of all 15 VOC species ranged from 25.9 + 13.4 ppb to 52.1 + 57.7 ppb
153 (Table S3). As illustrated in Figure 3, the VOC concentrations within the PBL (Table
154  S4) were compared with previous measurements in urban Beijing (Squires et al.,
155  2020;Yuan et al., 2012). The concentrations of aromatic species below the PBL in this
156  study were comparable to those measured in 2010 (Figure 3b), with data points
157  clustering along the 1:1 line. For the OVOC species, the differences remained within
158  or close to twofold variations. By contrast, compared with the 2017 measurement, the
159  aromatic species measured in this study were higher by factors ranging from 3.2 to 6.2
160  (Figure 3c). Measurements in 2017 were made at the IAP meteorology tower
161  represented the VOC concentrations driven by traffic-related emissions in the center of

162 urban Beijing (Squires et al., 2020), while the VOC measured in aerial surveys in this
6
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163  study might be under the impact of industrial emissions from the suburban region,
164  especially at lower altitudes. Most OVOC species measured across both campaigns
165  showed good agreement within twofold variability, except methyl ethyl ketone (MEK),
166  which exhibited a factor of 5.7 higher in this study. As one of the common ingredients
167  in industrial solvents, MEK can be emitted through multiple industrial processes (Wu
168 et al., 2020b;Wang et al., 2024) and higher concentrations in this study are likely
169 attributable to the nearby industrial emissions. Regarding the biogenic species, isoprene,
170 methyl vinyl ketone and methacrolein (MVK&MACR), and monoterpenes measured
171  in this study were consistently higher than those reported in the other two campaigns,
172 probably due to the enhanced biogenic emissions from the suburban region surrounded
173 by mountain vegetation (Figure 1).

174 The characteristics of VOC vertical distributions were investigated through ten
175  profiles obtained across the five flights over Beijing in 2017. Composite profiles of
176  individual VOC species, as shown in Figure 4, revealed fundamental vertical
177  distribution patterns, with detailed profiles for each flight provided in Figures S2-S6.
178  Generally, decreasing trends with altitudes were observed for most VOC species, and
179  the largest concentration variations were noticed towards the surface due to the dynamic
180  change of surface emissions.

181 All aromatic hydrocarbons exhibited characteristic negative vertical gradients
182  with maximum concentrations at ground level (0.3-4.5 ppbv by average) and
183  progressive decreases through the PBL, except the anomalous profile of styrene
184  (Figure 4). Aromatic hydrocarbons primarily originate from vehicular and industrial
185  emissions. and their lifetime within the PBL can span several days. The dominance of
186  surface emissions explains their significantly higher concentrations near the ground
187  than those measured above the the PBL. As turbulent mixing transports air upward,
188  these compounds get oxidized with OH radicals, diminishing to near-zero levels at
189  higher altitudes with minimal variation. The ground levels of C8 aromatics were the
190  highest, reaching 4.5 ppbv on average. In contrast to other aromatic hydrocarbons,
191  styrene displayed a distinct increase with altitude above the PBL, peaking notably at
192 ~3500 m. Similar concentration enhancements at the same altitude were also observed
193  for methanol, acetonitrile, and acetaldehyde. This anomalous profile, potentially
194  associated with upper-air biomass burning plumes or long-range transported industrial

195  emissions, will be further explored in Section 3.3.
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196 OVOCs originate from both biogenic and anthropogenic sources and can also be
197  formed as secondary products during the oxidation of non-methane hydrocarbons,
198  complicating the interpretation of their vertical distributions (Yuan et al., 2012). Near
199  the surface, OVOC concentrations were substantially higher than those of aromatic
200  hydrocarbons. Across all flights, the vertical profiles of both alcohols and MEK
201  followed trends similar to aromatic hydrocarbons. Their vertical variations demonstrate
202  the impact of PBL dynamics, as evidenced by their pronounced vertical gradients
203  (Figure 4). During the flight on Sep. 12%, the HPBL over Beijing exhibited the largest
204  disparity between ascending and descending stages, with a difference of 700 m (Table
205  S2). As illustrated in Figure S3, when the HPBL increased from ~900 m to ~1600 m,
206  turbulent mixing transported ground methanol and ethanol upward, leading to a
207  significant increase in alcohol concentrations above 1000 m. In contrast to other
208  OVOCs, acetone and acetaldehyde displayed markedly greater variability above the
209  PBL on Sep. 12", Both compounds are known to form secondarily through atmospheric
210  oxidation (Holzinger et al., 2005;de Gouw et al., 2004;Wu et al., 2020a), which likely
211  contributes to their less uniform vertical distribution and larger variability at higher
212 altitudes.

213 For biogenic VOCs, isoprene and monoterpenes are both primarily emitted from
214 Dbiogenic sources, while MVK and MACR are secondary oxidation products of isoprene
215  (Canaval et al., 2020;Cappellin et al., 2019). Across all flight measurements, the vertical
216  distribution patterns of MVK and MACR were quite similar to those observed for
217  alcohols and most aromatic hydrocarbons. In contrast, the vertical profiles of isoprene
218  and monoterpenes varied significantly between flights. Decreasing trends with altitude
219  were found on Sep. 9" (Figure S2), Sep. 13" (Figure S4), and Sep. 14" (Figure S5).
220  On Sep. 12" (Figure S3), there were no significant vertical variations of isoprene and
221  monoterpenes across the altitudes. Notably, during the flight on Sep. 15" (Figure S6),
222 concentration enhancements can be seen at altitudes above 2000 m, suggesting a
223 potential contribution from atmospheric transport.

224 The averaged VOC concentrations measured below and above the PBL are
225  compared in the scatter plot shown in Figure 5. To account for the variation of HPBL,
226  data points above and below the grey area in Figure 4 were used to calculate the
227  averages and corresponding standard deviations. The averaged VOC concentrations
228  below the PBL were consistently higher than those above the PBL, reflecting the

229  combined effects of strong surface source emissions and the chemical oxidation process

8
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230  during vertical transport. Ethanol exhibited the highest concentration within the PBL
231  with an average of 46.7 ppbv and the largest ratio of 16.5 between below- and above-
232  PBL measurements. For the species with secondary formation, the data points of
233 acetaldehyde, acetone, and MEK lay within the 2-5 ratio range. Above the PBL, the
234  averaged concentrations of aromatic hydrocarbons were all smaller than 0.5 ppbv,
235  among which C8 aromatics showed the highest concentration within the PBL, greater
236  than the average above the PBL by a factor of 8.6, followed by toluene and benzene
237  with factors of 6.6 and 5.4, respectively. Notably, the data points of styrene and
238  monoterpenes clustered near the 1:1 ratio line, and occasionally, the concentrations
239  above the PBL could be higher than the ones within the PBL. Both species are primarily
240  emitted at the surface, so this pattern suggests the transport influence. For isoprene,
241 MVK and MACR, C9 aromatics, C10 aromatics, and acetonitrile, the average
242 concentrations below the PBL were approximately twice as high as those measured
243  above the PBL.

244 3.2 Differences in VOC vertical distribution in Beijing and Baoding
245 Two out of the six aerial surveys covered both the Beijing and Baoding areas.
246 The aerial survey on Sep.14™, 2017 maintained a constant altitude of ~3000 m over
247  Baoding, which prevented the collection of a vertical profile for Baoding. The flight
248  conducted on Jul. 14%, 2019 provided comprehensive vertical distribution data for both
249  cities through systematic altitude variations and therefore, was selected for the
250  comparative analysis of urban VOC profiles. As shown in Figure S7, the ascending
251  stage over Beijing was quite short (<10 mins), so the vertical profiles measured during
252 the descending stage at noon were selected to better represent the profiles in Beijing.
253 The spiral descending stage in Baoding was used in the comparative analysis as it had
254  well-designed altitude gradients.

255 The results of the comparison between the vertical VOC distributions of VOCs
256  in Beijing and Baoding are illustrated in Figure 6. The VOC profile over Beijing
257  exhibited notable concentration peaks around ~2500 m altitude, a feature previously
258  observed during the flight on Sep. 9%, 2017 (Figure S2). This anomaly will be discussed
259  in Section 3.3 through the ratio analysis. For Baoding, almost all the VOCs showed
260  increasing trends with altitude, except for MVK and MACR, benzene, and toluene, with
261  stable low levels above 1000 m altitude throughout the observation periods.

262  Unfortunately, the aerial survey didn’t capture the VOC surface measurements below
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263 500 m in Baoding, which prevented the comparison between the near-ground VOC
264  levels in both cities. Based on the ground monitoring data from local air quality
265  monitoring stations (Figure S8), pollution episodes with ozone exceeding the Level-I1
266  NAQS in both Beijing and Baoding were captured on Jul. 14™, 2019. Baoding exhibited
267 much higher ozone concentrations compared to Beijing, indicating more severe
268  photochemical pollution. Figure 7 presents the comparison between the averaged
269  vertical concentrations of VOCs in Beijing and Baoding during the same altitude range
270  (500-3000 m). Ethanol was found with the highest levels of VOCs measured in the air
271  above both cities (Figure 7a), 98 ppbv for Beijing and 153 ppbv for Baoding,
272 respectively. According to the scatter plot in Figure 7b, all the data points cluster
273 around the 1:2 line. The VOC concentrations in Baoding were higher than those in
274  Beijing by factors ranging from 1.2 to 3.5 with MEK showing the largest difference,
275  demonstrating consistent VOC enhancement patterns. This VOC enhancement implies
276  a greater precursor reservoir over Baoding, which may accelerate secondary pollutant
277  formation through chemical oxidation production and lead to more severe air pollution.
278 3.3 The contribution of regional emissions to VOC vertical profiles
279 Among six aerial surveys in 2017 and 2019, two distinct vertical distributions
280  were noticed, characterized by abrupt VOC concentration enhancements above the PBL.
281  For the aerial survey on Sep. 9", 2017, the vertical profile of styrene exhibited an
282  inverse gradient, with concentrations increasing from 0.2-0.3 ppbv at ground to peak
283 levels of 0.6-1.0 ppbv at ~3500 m altitude, as shown in Figure 8a. Above the ~3500 m
284  altitude, styrene concentration rapidly fell back to levels close to the detection limit by
285 4000 m. Similar increases at 3500 m were also noticed for methanol, acetonitrile,
286  acetaldehyde, benzene, and C9 aromatics. By plotting the ratios of averaged VOC levels
287  at altitudes of 2500-3500 m to the ones near the ground (0-500 m) in Figure 8b, only
288  styrene showed a ratio significantly larger than 1. This anomaly indicates that at
289  altitudes of 2500-3500 m, the VOC levels were influenced by air mass rich in styrene
290  transported from further regions.

291 We further conducted a correlation analysis with styrene and benzene, as they
292  can be co-emitted from common anthropogenic sources. The paired data points of
293 styrene and benzene are shown in Figure 8d, together with ratio ranges representing
294 industrial emissions (Jiang et al., 2023;Zhong et al., 2017), vehicular emissions (Wang
295  etal., 2022), and ratios measured in urban Beijing at the IAP tower (He et al., 2025).
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296  The data points were color-coded with altitude. An obvious transition between two
297  subsets of data can be seen as the altitude increases. The data points near the ground are
298  all lying between the lines representing the characteristic ratios of diesel vehicles (slope
299  =0.32) and gasoline vehicles (slope = 0.08) and are consistent with the ratio observed
300 at the Beijing IAP tower. This indicates the dominant contribution from vehicular
301  emissions for the VOCs near the ground. In contrast, the data points observed with
302  altitudes between 2500-3500 m are located in the characteristic ratio ranges related to
303  industrial emissions, which suggests that the VOCs within this altitude range were
304  greatly impacted by industrial emissions.

305 During the aerial survey on Jul. 14", 2019, the VOC vertical profiles in the
306 Beijing area (Figure 6) showed similar trends with elevated VOC concentrations above
307 2500 m for almost all the VOCs. Analyses were conducted for this aerial survey as
308 shown in Figure 9. The vertical levels of acetonitrile (Figure 9a), a widely applied
309 tracer for biomass burning, were well above the typical backgrounds of 0.1-0.3 ppbv
310  reported in previous studies (Wu et al., 2016;Wang et al., 2007). The ratios of averaged
311  VOC levels at higher altitudes (2500-3000 m) and lower altitudes (<500 m) were
312 plotted in Figure 9b. Unlike the ratios illustrated in Figure 8, most VOC species in the
313 aerial survey on Jul. 14" had ratios around 1 or even greater than 2 for MEK, C10
314  aromatics, C9 aromatics, and styrene, showing the impact of significant regional
315  transport. Elevated acetonitrile concentrations above the background might suggest
316  biomass burning contribution. However, using acetonitrile as the biomass burning
317  tracer in urban regions can be problematic (Huangfu et al., 2021;Coggon et al., 2016).
318  Other sources (e.g., vehicular emissions) also emit acetonitrile, potentially interfering
319  with the identification of dominant emission sources (Inomata et al., 2013;Valach et al.,
320  2014). Further correlation analysis was conducted between acetonitrile and benzene in
321  Figure 9d. Both are typical pollutants emitted from biomass burning and vehicular
322  emissions, therefore, the specific emission ratio of acetonitrile and benzene for both
323  sources can be used as references in the source analysis. We applied the ratio measured
324  in central Beijing to represent the typical ratio of vehicular emissions. Most of the data
325  points lie within the typical biomass burning ratio range and well above the typical ratio
326  of urban vehicular emissions (slope = 0.74). No clear height-dependent classification
327  can be found, which is distinguished from the analysis in Figure 8d.

328 The analysis of two distinct vertical distributions reveals that regional transport

329  of emissions, such as industrial and biomass burning, can significantly influence the

11
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330  VOC vertical profiles, and the associated chemical processes and environmental impact
331  deserve further investigation.

332 4 Conclusion

333 Aircraft-based observations were conducted to investigate the vertical
334  distribution of VOCs over Beijing and Baoding, two core cities in the NCP region.
335  According to the vertical profiles of VOC concentrations, near-surface VOC levels
336  were generally greater than those at higher altitudes, reflecting strong surface source
337 emissions and chemical removal. In Beijing, ethanol exhibited the highest
338  concentration within the PBL with an average of 46.7 ppbv and the largest vertical
339  gradient with a ratio of 16.5 between the below- and above-PBL averages.

340 The vertical profiles over Beijing and Baoding were compared. Vertical-
341  averaged VOCs above Baoding were generally greater than those in Beijing by factors
342  ranging from 1.2 to 3.5. Increasing trends of concentrations with altitude in Baoding
343 were observed for most VOC species, excluding MVK and MACR, benzene, and
344  toluene. This implies richer precursors available for the secondary pollutant formation
345  above Baoding.

346 Unlike the general vertical distributions, increases of VOC concentrations above
347 2500 m altitude were captured in Beijing. According to the ratio analysis, VOC levels
348  near the surface were mainly emitted from vehicular emissions or under the joint impact
349  of vehicular and biomass burning emissions. In contrast, the regional transport of
350 industrial and biomass burning emissions drove the distinct enhancement of VOC
351  concentration above the PBL.

352 This study presents vertical profiles of key VOC species up to ~4000 m in the
353 core area of the NCP region, yielding valuable insights into VOC distribution patterns
354  within the PBL and in the atmosphere above it. The observed concentration
355  enhancements underscore the substantial impact of regional transport in shaping
356  vertical distributions of VOCs. As these VOCs actively engage in the complex chemical
357  processes above the PBL, the secondary pollutant formation at the higher altitudes
358  necessitates further investigation.

359
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Route 6 - Jul. 14,2019

Figure 1. Flight trajectories during different aerial surveys in Sep. 2017 and Jul. 2019.

Figures were made by Meteolnfo software. The satellite images were downloaded from
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642  Figure 4. Averaged vertical profile (purple line) of VOCs in five aerial surveys above
643  the Beijing area in Sep. 2017 with error bar. The red dashed line is the average of the
644  HPBL, with the light red area showing the variation range of one standard deviation.
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652  Figure 6. Comparison of vertical profiles of VOCs in Beijing (in orange) and Baoding
653 (in blue) during the aerial survey on Jul. 14" 2019, with error bars. The data measured

654  during the descending stages above both cities were plotted.
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Figure 7. Comparison of averaged VOC vertical concentrations in Beijing and Baoding

during the aerial survey on Jul. 14", 2019. The data measured within the same altitude

range (500 m - 3000 m) were averaged. Ethanol concentrations were scaled down by a

factor of 10 to improve visualization in (a). The scatter plot was made in (b). Error bars

indicate the standard deviations. Reference lines are shown with shading to illustrate the
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Figure 8. Analysis of the vertical profiles of styrene (a) and benzene (c) during
ascending (in green) and descending (in purple) stages with error bars on Sep. 9", 2017.
(b) The ratios of each VOC species measured between 2500-3500 m and below 500 m.
(d) The correlation analysis between styrene and benzene using the profiles. All the
data points were color-coded with altitudes. The area with orange shadows represents
the ratio ranges of styrene and benzene in the surface coating industry (Zhong et al.,
2017). The area with purple shadows represents the ratio ranges in typical industrial
stack emissions (Jiang et al., 2023). The blue and dark red dashed lines represent ratios
of styrene and benzene for diesel and gasoline vehicular emissions, respectively (Wang
et al., 2024). The red dashed line represents the ratio measured in urban Beijing at the
IAP tower in 2021 (He et al., 2025).
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Figure 9. Analysis of the vertical profiles of acetonitrile (a) and benzene (c) with error
bars on Jul. 14", 2019. (b) The ratios of each VOC species measured between 2500-
3000 m and below 500 m. (d) The correlation analysis between acetonitrile and benzene
using the profiles. All the data points were color-coded with altitudes. The red dashed
lines represent ratios in urban Beijing at the IAP tower in 2021 (He et al., 2025). The
area with green shadow represents the ratio ranges of acetonitrile and benzene measured

in the biomass burning (BB) emissions, including wood, corncob, corn straw, and bean



