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Abstract

:

Quantifying the level of CO2, the main greenhouse gas (GHG), is essential for research on regional and global climate change, especially in the densely populated North China Plain with its severe CO2 emissions. In this study, 12 airborne flights were managed and conducted during the autumn–winter period of 2018–2019 in downtown Shijiazhuang and its surrounding areas, which are representative of the typical urban conditions in the North China Plain, to explore the spatial and temporal distributions of CO2. The results showed that the measured columnar averages of CO2 ranged between 399.9 ± 1.5 and 443.8 ± 31.8 ppm; the average of the 12 flights was 412.1 ppm, slightly higher than the globally averaged 410.5 ± 0.20 ppm and the 2 background concentrations of 411.6 ± 2.1 ppm and 411.4 ± 0.2 ppm in low-latitude Mauna Loa and middle-latitude Waliguan in 2019, indicating the potential influences of anthropogenic activities. The typical stratification of the planetary boundary layer (PBLH), residual layer (RL), and elevated inversion layer (IL) was crucial in constraining the high CO2 concentrations. This illustrated that the warming effect of CO2 within the PBLH may also have some influences on regulating the thermal structure of the low troposphere. Based on a backward trajectory analysis, it was evidenced that there were three different categories of air masses for autumn and one category for winter. Both trajectories in the PBL, i.e., below 1000 m, from the local and southern areas with tremendous anthropogenic emissions (autumn) and from the western regions (winter) led to comparatively high levels of CO2, but the mid-tropospheric CO2 concentrations above 1000 m were commonly homogeneously distributed, with higher levels appearing in winter because the concentration in the free troposphere followed the global seasonal pattern, with a summer minimum and winter maximum as a result of the seasonality of the net CO2 exchange and the balance between photosynthesis and respiration. These results provide an in-depth understanding of the vertical concentrations of tropospheric CO2 in the North China Plain, which will offer scientific references for the evaluation of carbon accounting and carbon emissions.
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1. Introduction


Greenhouse gases (GHGs) are well-known worldwide to considerably increase air temperatures by absorbing long-wave radiation and inducing a warming effect on the Earth’s climate, thereby attracting widespread concern from both international scientists and governments. Accurate measurements of their concentrations and flux are, therefore, of great urgency in order to evaluate their contributions to the regulation of the global temperature. Among the wide variety of GHGs, carbon dioxide (CO2) is regarded as the most important due to its effect on the global radiation balance and its contributions to global warming [1,2,3,4]; it accounts for about 66% of the total radiative forcing induced by the increasing amounts of GHGs [5]. According to statistics, the global average CO2 concentration before industrialization (circa 1750) was around 280 ppm [6]. Due to influences from intense human activities and severe anthropogenic emissions, there has always been an upward trend for the global CO2 concentration, and in 2022, this was 150% of the pre-industrial level, i.e., 420 ppm [7]. These changes are believed to be closely linked to the overuse of fossil fuels [8,9] and changes in land use [10,11].



The measurement of atmospheric CO2 concentrations and the quantification of emissions based on an inverse modeling approach are powerful means of assessing and verifying CO2 emissions [12,13,14]. At present, multiple platforms have been designed and developed to observe both the concentrations and emissions of CO2. For example, the international FLUXNET uses the eddy covariance technique to measure the cycling of carbon, water, and energy between the biosphere and atmosphere, and global emission datasets of carbon species have been collected [15,16,17]. In situ measurements with GHG instruments have also been adopted worldwide to determine CO2 concentrations at the ground level [18,19,20]. Additionally, satellite remote sensing is an advanced technology for observing global carbon distributions, but it can only be used to detect columnar information because of the limitations of its technological development [21,22]. Vertical observations serve as a great supplementary means of both in situ ground measurement and columnar remote sensing with satellites. Currently, three approaches are commonly used to measure vertical profiles, i.e., gradient towers, tethered balloons, and aircraft [23]. A gradient tower provides excellent accessibility for monitoring the near-surface concentrations of CO2 in a continuous time series, but it has deficiencies in flexibility and heights beyond 400 m [24,25,26]. Tethered balloons offer an excellent vertical resolution for sampling, although they are often difficult to control [27,28]. Aircraft observations have advantages in both the design of flight paths and obtaining high-vertical-resolution atmospheric species [29,30], making them the most advanced means of vertical detection for scientists worldwide. For example, aircraft measurements have been widely applied in European cities, such as Rome, London, and Paris, to observe the concentrations of greenhouse gases [31]. The U.S. National Oceanic and Atmospheric Administration (NOAA) launched the Global Greenhouse Gas Reference Network’s aircraft program to measure air samples for the later analysis of carbon dioxide (CO2), carbon monoxide (CO), nitrous oxide (N2O), methane (CH4), molecular hydrogen (H2), and sulfur hexafluoride (SF6), as well as isotopes of CO2 and CH4 and multiple halo- and hydrocarbons. Extensive aircraft profile observations have been organized and managed in North America, in addition to a few flights in the Pacific Ocean, South America, and Outer Mongolia [32]. Above eastern Amazonia, vertical profiles of CO2 were collected from 2000 to January 2010 to help determine the regional-scale (~105–106 km2) fluxes of carbon-cycle-related greenhouse gases in Brazil [33].



Though it is one of the countries with the greatest amounts of CO2 emissions in the world, aircraft CO2 observations in China have rarely been reported. Especially for the North China Plain, a place with a high population density, developed industrial output, and advanced social economies, systematic measurements of CO2 and concurrent thermodynamic profiles are urgently needed to account for carbon emissions. In this regard, 12 flights were designed and conducted to assess a representative carbon source—the industrial and populated Shijiazhuang City in the North China Plain—during the autumn and winter seasons of 2018 and 2019. The results deepen the understanding of the vertical distribution of CO2 in the North China Plain. Not only are valuable CO2 datasets for climate models provided but scientific references for policymaking to meet the requirements of carbon peaks and carbon neutrality put forward by the Chinese government in 2020 are also offered.




2. Methodology


2.1. Flight Regions—Shijiazhuang City


Shijiazhuang City (118.2° E, 39.5° N) is located in the south of the North China Plain and at the foot of the Taihang Mountains, as shown in Figure 1. As the capital city of Hebei Province, Shijiazhuang on the North China Plain ranks third in China in terms of urban agglomeration, after Beijing and Tianjin, and it is characterized by its high energy consumption, tremendous anthropogenic activity, and large amounts of carbon emissions. All of these characteristics make it a significant anthropogenic carbon source on the North China Plain. For example, according to statistics, the CO2 emissions in Shijiazhuang are around 90.00 million tons [34]. Considering the functional orientation, economic and social development, resources, and environment of the region of the North China Plain, it is necessary to take Shijiazhuang City as representative of typical industrial and populated areas on the North China Plain to study the spatio-temporal CO2 distributions.




2.2. Aircraft Measurements


In this study, a King Air–350 aircraft (Augsburg Air Service GmbH, Augsburg, Bavaria, Germany) managed by the Hebei Weather Modification Office was equipped with a cavity ring-down spectroscopy (CRDS) greenhouse gas analyzer (PICARRO company, Santa Clara, CA, USA) and related equipment for measuring tropospheric CO2. This type of aircraft had a cruising speed of 220 km/h, a maximum flying height of 7000 m, a maximum flight time of 8 h, and a non-airtight cabin. The accuracy of the CRDS greenhouse gas analyzer for atmospheric CO2 was 0.1 ppm, and the time resolution was 2.7 s. A Beidou navigation system mounted on the aircraft collected information on the longitude, latitude, altitude, and flight speed during flight. All of the equipment was regularly maintained and calibrated before every measurement flight.



In the autumn and winter seasons of 2018–2019, a total of 12 spiral flights were performed above Shijiazhuang City, as shown in Table 1 and Figure 2, with 8 consecutive flights (Flight 01 on 8 September 2018, Flights 02 and 03 on 9 September 2018, Flights 04 and 05 on 10 September 2018, Flight 06 in 12 September 2018, and Flights 07 and 08 on 14 September) in autumn and 4 flights (Flight 09 on 8 January 2019, Flight 10 on 9 January 2019, Flight 11 on 11 January 2019, and Flight 12 on 12 January 2019) in winter. The durations of Flight 01 to Flight 12 were 11:06–12:46, 08:14–11:10, 12:56–14:49, 05:09–07:49, 11:17–13:12, 12:12–12:44, 03:13–06:10, 10:53–14:13, 11:00–18:06, 03:25–04:58, 02:47–06:24, and 05:48–09:21, with corresponding vertical ranges of 1200–5500 m, 0–5100 m, 600–5000 m, 0–4600 m, 600–2800 m, 0–2800 m, 0–5200 m, 0–5000 m, 0–5400 m, 0–5100 m, 0–5300 m, and 1100–5000 m.




2.3. Data Processing


2.3.1. Screening of Invalid Data


During the flight, data anomalies caused by atmospheric turbulence and special weather conditions were marked and removed. These data were not involved in the analysis.




2.3.2. Correction of the Detention Time


During the observations, the air samples entered an air intake hole at the top of the sampling head of the aircraft and entered the CRDS instrument through a certain length of air intake pipe to generate data. The sample time recorded with the equipment lagged behind the real sampling time. According to the calculation of the pipeline’s volume and the sampling flow, the detention time was 10 s, and the normal cruising speed of the aircraft was about 60 m/s. If the error was not corrected, the error reached as high as 600 m. Therefore, the detention time needed to be corrected when the geographic information from the GPS corresponded to the observed concentrations.




2.3.3. Calibration of the CRDS Instrument


In order to ensure the accuracy of the collected data, the airborne CRDS greenhouse gas analyzer was calibrated with a standard gas that was traceable to the Central Calibration Laboratory (CCL) of the World Meteorological Organization (WMO) before the flight, and the observation data were corrected according to the results of the calibration with standard gases. The observational CO2 could be traced to the standard scales of WMO X2007 and WMO X2014A.




2.3.4. Data Processing


According to changes in the altitude detected by the aircraft, the concentrations of CO2 in the vertical direction were averaged every 10 m to obtain the vertical profile for both the ascending and descending stages of the flights.





2.4. TrajStat Model for the Calculation of the Backward Trajectory


TrajStat (Trajectory Statistics) is a kind of Lagrange particle diffusion model that was originally developed based on the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (http://ready.arl.noaa.gov/HYSPLIT.php, accessed on 28 September 2023) [35]. TrajStat has a geographic information system (GIS), the user-friendly GUI of which makes it much more visually convenient and intuitive for users to calculate backward/forward trajectories and estimate the potential sources of air pollutants based on a potential source contribution function (PSCF) or concentration weighted trajectory (CWT). In this study, an archival dataset of 1° × 1° Global Data Assimilation System (GDAS) data from 2018–2019 was downloaded from the website of the National Centers for Environmental Prediction (NCEP) (https://www.ready.noaa.gov/archives.php, accessed on 28 September 2023) and used to calculate a 72 h backward trajectory [36]. In order to explore the impacts of different heights on transport, we set the arrival points at 500 m, 1000 m, 2000 m, 3000 m, and 4000 m above Shijiazhuang city, respectively.





3. Results


3.1. The Tropospheric Distribution of CO2 on the North China Plain


The spatio-temporal distributions of CO2 (ppm) during the measurements of the 12 flights are shown in Figure 3. The individual vertical averages of CO2 concentrations for the 12 flights were 399.9 ± 1.5 ppm, 404.4 ± 6.7 ppm, 404.9 ± 9.1 ppm, 405.0 ± 9.3 ppm, 400.9 ± 9.6 ppm, 428.8 ± 37.2 ppm, 414.6 ± 18.0 ppm, 413.4 ± 17.4 ppm, 409.4 ± 12.9 ppm, 410.6 ± 9.9 ppm, 443.8 ± 31.8 ppm, and 409.8 ± 6.1 ppm, respectively. We compared the measurements with in situ measurements of the global-scale average and those from atmospheric background stations, such as Mauna Loa at low latitude (Hawaii, HI, USA), Waliguan at middle latitude (Qinghai, China), and Shangdianzi (North China Plain). The global average concentration of CO2 was estimated to be 410.5 ± 0.20 ppm in 2019, which was slightly lower than the two background concentrations of 411.6 ± 2.1 ppm and 411.4 ± 0.2 ppm in Mauna Loa and Waliguan. The similar levels in the two stations reflect the background concentration in the free atmosphere with a large scale of uniform mixing. However, at Shangdianzi station, which is regarded as representative of the near-surface CO2 concentration in the North China Plain, the concentration of 420.2 ± 0.3 ppm was 2.36% higher than the global level and 2.11% higher than the background levels at Mauna Loa and Waliguan, indicating the severe level of anthropogenic emissions in this mega-agglomeration. In addition, the level in Shangdianzi was also found to lie between the aircraft-observed vertical averages of 399.9 and 443.8 ppm. In addition to these in situ measurements, satellite remote sensing was also capable of obtaining the columnar mean concentrations, and they were 408.0 ± 2.2 ppm and 409.8 ± 2.0 ppm for both the world and China in 2019. The levels were similar with to those of 409.4 ± 12.9 ppm, 410.6 ± 9.9 ppm, and 409.8 ± 6.1 ppm measured on 7, 8, and 12 January 2019.




3.2. The Impact of Tropospheric Thermal Stratification on the Vertical CO2


On the basis of concurrent thermodynamic measurements of temperature and pressure, the potential temperature θ was retrieved and plotted along with the CO2 concentration (Figure 4). The three layers of these θ profiles, i.e., the inversion layer (IL, blue), planetary boundary layer (PBL, black), and nighttime residual layer (RL, black), are highlighted in the panels of Figure 4. In consideration of the absence of observations of the low troposphere on Flights 01 (8 September 2018), 03 (9 September 2018), 05 (10 September 2018), and 12 (12 January 2019), the PBL heights (PBLHs) were only estimated for the other eight flights, and there was no shortage of observations. To ensure comparability, the profile data were averaged into 100 m altitude bins, and the value in every given bin was the mean of all points in that range.



The PBLHs were approximately 800 m, 300 m (night, and 1100 m for the RL height), 1200 m, 300 m (night, and 900 m for the RL height), 700 m, 600 m, 600 m, and 600 m on Flights 02, 04, 06, 07, 08, 09, 10, and 11. The average CO2 concentrations below the PBLH were 403.4 ppm, 423.8 ppm (429.6 ppm below the RLH), 453.2 ppm, 443.8 ppm (436.7 ppm), and 450.5 ppm for autumn, and they were 414.9 ppm, 440.6 ppm, and 477.4 ppm for winter. Above the PBLH, these values were 406.6 ppm, 411.3 ppm (406.4 ppm), 433.5 ppm, 408.8 ppm (434.5 ppm), and 405.8 ppm in autumn and 407.8 ppm, 409.8 ppm, and 449.7 ppm in winter. According to the statistics, it was found that the mean CO2 concentrations below the PBLH were −0.79%, 3.04% (5.73%), 4.54%, 8.56% (0.51%), and 11.02% higher than those above the PBLH in autumn and 1.74%, 7.52%, and 6.16% higher than those above the PBLH in winter. Therefore, except for the case of Flight 01 (i.e., 8 September 2018), the CO2 concentration was significantly higher within the PBL, showing that the PBLH and RLH were particularly important in constraining the CO2 and may contribute to the more powerful atmospheric heating effects.



Another important stratification in the atmosphere is the IL—especially the elevated IL—as it induces similar constraining effects to those of the PBL [37], as shown in Figure 4a,c,e,l. The elevated IL is generally accompanied by strong stability, so it is also feasible for high levels of CO2 concentrations to be captured. Therefore, it can be concluded that both the PBLH (RLH) and ILH are likely to be very crucial in determining the vertical distributions of CO2, leading to some potential influences on the thermal structures of the troposphere. This is also particularly important in the field of the PBL physico-chemical process [38,39,40].




3.3. The Backward Trajectories and Potential Influences of Transport


With the aim of investigating the potential influences of transport processes, we retrieved the backward trajectories at the arrival heights of 500 m, 1000 m, 2000 m, 3000 m, 4000 m, and 5000 m for each flight day using the advanced TrajStat model, as shown in Figure 5 and Figure 6. With the assistance of these backward air masses, the potential contributions of long-distance transport to the vertical distributions of CO2 were quantitatively assessed in each season.



	
Autumn (Figure 5a–h): The air masses were grouped into three different categories, i.e., group 1 containing Flights 01 (8 September 2018), 02 (9 September 2018), and 03 (9 September 2018); group 2 containing Flights 04 (10 September 2018) and 05 (10 September 2018); and group 3 containing Flights 06 (12 September 2018), 07 (14 September 2018), and 08 (14 September 2018). In the first category, the air masses all came from outer Mongolia and Russia, under the influence of which the vertical distributions of CO2 behaved with relatively small fluctuations or vertical homogeneity. Only the air masses arriving at 500 m and 1000 m were associated with the PBL during the transporting processes, i.e., the heights of these trajectories can be lower than 1000 m (Flights 01–03 in Figure 6a–c), but they have minimal influences on the vertical CO2 because of the lack of anthropogenic sources. In the second category, the air trajectories at 2000 m, 3000 m, 4000 m, and 5000 m were still from the western and northwestern regions, whereas the low-altitude trajectories at 500 m and 1000 m were almost all from local transport within the area of the North China Plain, lower than 1000 m for most of the time along the transport paths (Flights 04–05 in Figure 6d,e). In the last group, these air masses started to change directions, with air masses in the PBL coming from southern areas of the North China Plain—Shandong Province, Henan Province, and Jiangsu Province—and the air masses originated from the western and southern areas. Except for the two PBL trajectories transported below 1000 m (Flights 06–08 in Figure 6f–h), the air mass arriving at 2000 m also originated from the low altitude of about 440 m, which was very likely to contribute to the CO2 peak at around 2400 m (Flight 06 in Figure 4f). This evidenced that the vertical mixing during transport can account for some layers of high CO2 concentration aloft. Considering the latter two groups, as well as the vertical CO2 levels, we reached the conclusion that the PBL trajectories from the local area and the densely populated areas to the south all will increase the concentration of CO2 because of intensive anthropogenic emissions, but in general, the mid-tropospheric CO2 was homogeneously distributed, reflecting the seasonal atmospheric background state.



	
Winter (Figure 5i–l): The air trajectories for the five different heights on the four flight days all came from western origins. Similarly, the PBL trajectories from the western and northwestern areas contributed to the high CO2 levels below the height of 1000 m, although they only went as low as 1000 m within the backward 24 h (Flights 09–12 in Figure 6i–l). This phenomenon was closely associated with coal-burning emissions for winter heating in northern China. In the middle troposphere, the air masses had minimal influences on the CO2 levels, except for the case of Flight 09, in which the path that lifts air from below 1km at the start up to 4km at the receptor might partly explain the aloft inverted profile (Figure 4i).






In summary, there were consistently higher CO2 concentrations within the PBL regardless of the season, and there were homogeneous CO2 distributions throughout the middle troposphere. As shown in Table 2 and Figure 7, in autumn, the mean values for the altitudes of 0–500 m and 500–1000 m were 441.0 ppm and 425.0 ppm, with a minimal fluctuation of 401.7–408.3 ppm in the middle troposphere. In winter, the CO2 concentrations were 441.7 ppm (0–500 m) and 416.8 ppm (500–1000 m), whereas the level in the middle troposphere varied from 412.0 ppm to 419.2 ppm. As a consequence, we reached the conclusion that similar levels below the PBL were observed for the two seasons, but the mid-tropospheric CO2 concentration was significantly higher in winter than in autumn, which can be explained by the concentration in the free troposphere following the global seasonal pattern, with a summer minimum and winter maximum. It was driven by the seasonality of the net CO2 exchange and the balance between photosynthesis and respiration, but on a global scale, there was a latitudinal dependence.





4. Conclusions and Outlooks


4.1. Main Conclusions


In this study, vertical concentration profiles of the tropospheric CO2 over Shijiazhuang city in the North China Plain were measured on 12 aircraft flights during the autumn and winter of 2018 and 2019. The tropospheric distributions of CO2 and their relations with the atmospheric thermodynamic stratification were systemically reported for the first time. The conclusions are summarized as follows.



	(1)

	
The vertical averages measured with the aircraft were in a broad range from 399.9 to 443.8 ppm. This level was slightly higher than the background levels at low-latitude Mauna Loa and mid-latitude Waliguan, as well as the global columnar concentration measured with a satellite, indicating the severe anthropogenic emissions in this mega-agglomeration.




	(2)

	
Both the IL and PBL (or RL) were crucial in constraining the high CO2 concentrations. This implies that the long-wave heating effect of CO2 within the PBL may also play a non-negligible role in regulating the thermal structure of the low troposphere; in particular, during the nighttime, the atmospheric warming effect might reduce the occurrence of the surface stable boundary layer, which enhances the atmospheric diffusion.




	(3)

	
There were three different categories of air masses in autumn and one category in winter. The low-altitude PBL trajectories from both local areas and densely populated areas to the south in autumn increased the CO2 due to severe anthropogenic emissions, but in winter, the air masses in the PBL from western areas all contribute to an increase of CO2. Throughout the middle troposphere, the CO2 concentrations were usually homogeneously distributed regardless of their origins, but this heavily depended on the season. The high CO2 concentrations in winter can be explained by the concentration in the free troposphere following the global seasonal pattern of summertime lower values and wintertime high values. This was driven by the seasonality of the net CO2 exchange and the balance between photosynthesis and respiration, but on a global scale, there is a latitudinal dependence.








4.2. Outlooks and Discussion


In this study, only flights in regions of urban agglomerations on the North China Plain were conducted, but no measurements were conducted in carbon source areas, such as forests, grasslands, and mountains. This limits our understanding of the spatial distribution of CO2 in carbon source regions, as well as other ecosystems.



Referring to the Global Greenhouse Gas Reference Network’s aircraft program, which is managed by the NOAA, we recommend building a national-scale aircraft network across China to perform long-term, organized, and unified flight observations of not only GHGs, but also other chemical species in different ecosystems. These potentially valuable data are particularly important in constraining models of both weather and the environment.



In summary, the conclusions reached in this study offer scientific references and valuable datasets for the evaluation of carbon accounting and carbon emissions, as well as for driving and validating climate models. Furthermore, for future perspectives, we highlight the potential importance of increasing CO2 concentrations in regulating the PBL’s structures, particularly in the field of research on the atmospheric environment, such as in studies of aerosol–PBL interactions.
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Figure 1. (a) Map of the North China Plain with a blue star representing Shijiazhuang City. (b–d) Photos of downtown Shijiazhuang, the surrounding industrial zone, and the King Air-350 aircraft used in this study. 
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Figure 2. Flight paths for the 12 aircraft measurements during (a) Flight 01 (8 September 2018), (b) Flight 02 (9 September 2018), (c) Flight 03 (9 September 2018), (d) Flight 04 (10 September 2018), (e) Flight 05 (10 September 2018), (f) Flight 06 (12 September 2018), (g) Flight 07 (14 September 2018), (h) Flight 08 (14 September 2018), (i) Flight 09 (7 January 2019), (j) Flight 10 (8 January 2019), (k) Flight 11 (11 January 2019), and (l) Flight 12 (12 January 2019). The color code represents the path from takeoff (blue) to landing (red). 






Figure 2. Flight paths for the 12 aircraft measurements during (a) Flight 01 (8 September 2018), (b) Flight 02 (9 September 2018), (c) Flight 03 (9 September 2018), (d) Flight 04 (10 September 2018), (e) Flight 05 (10 September 2018), (f) Flight 06 (12 September 2018), (g) Flight 07 (14 September 2018), (h) Flight 08 (14 September 2018), (i) Flight 09 (7 January 2019), (j) Flight 10 (8 January 2019), (k) Flight 11 (11 January 2019), and (l) Flight 12 (12 January 2019). The color code represents the path from takeoff (blue) to landing (red).



[image: Atmosphere 14 01835 g002]







[image: Atmosphere 14 01835 g003] 





Figure 3. Three-dimensional distribution of CO2 (ppm) measured during (a) Flight 01 (8 September 2018), (b) Flight 02 (9 September 2018), (c) Flight 03 (9 September 2018), (d) Flight 04 (10 September 2018), (e) Flight 05 (10 September 2018), (f) Flight 06 (12 September 2018), (g) Flight 07 (14 September 2018), (h) Flight 08 (14 September 2018), (i) Flight 09 (7 January 2019), (j) Flight 10 (8 January 2019), (k) Flight 11 (11 January 2019), and (l) Flight 12 (12 January 2019). 
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Figure 4. Vertically averaged levels of CO2 (ppm) and the potential temperature θ (K) in bins of 100 m for 12 flights: (a) Flight 01 (8 September 2018), (b) Flight 02 (9 September 2018), (c) Flight 03 (9 September 2018), (d) Flight 04 (10 September 2018), (e) Flight 05 (10 September 2018), (f) Flight 06 (12 September 2018), (g) Flight 07 (14 September 2018), (h) Flight 08 (14 September 2018), (i) Flight 09 (7 January 2019), (j) Flight 10 (08 January 2019), (k) Flight 11 (11 January 2019), and (l) Flight 12 (12 January 2019). Abbreviations: IL (inversion layer), RL (residual layer), and PBL (planetary boundary layer). 
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Figure 5. The backward trajectories in Shijiazhuang City on the 12 flight days. The different colors denote the arrival points of 500 m (red), 1000 m (purple), 2000 m (blue), 3000 m (green), 4000 m (yellow), and 5000 m (pink) in different flights of (a) Flight 01 (8 September 2018), (b) Flight 02 (9 September 2018), (c) Flight 03 (9 September 2018), (d) Flight 04 (10 September 2018), (e) Flight 05 (10 September 2018), (f) Flight 06 (12 September 2018), (g) Flight 07 (14 September 2018), (h) Flight 08 (14 September 2018), (i) Flight 09 (7 January 2019), (j) Flight 10 (08 January 2019), (k) Flight 11 (11 January 2019), and (l) Flight 12 (12 January 2019). 
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Figure 6. The heights of the 72 h backward trajectories in Shijiazhuang City on the 12 flight days of (a) Flight 01 (8 September 2018), (b) Flight 02 (9 September 2018), (c) Flight 03 (9 September 2018), (d) Flight 04 (10 September 2018), (e) Flight 05 (10 September 2018), (f) Flight 06 (12 September 2018), (g) Flight 07 (14 September 2018), (h) Flight 08 (14 September 2018), (i) Flight 09 (7 January 2019), (j) Flight 10 (08 January 2019), (k) Flight 11 (11 January 2019), and (l) Flight 12 (12 January 2019). The different colors denote the arrival points of 500 m (red), 1000 m (purple), 2000 m (blue), 3000 m (green), 4000 m (yellow), and 5000 m (pink). The dashed lines represent the ideal PBLH or RLH of 1000 m. PBLH: planetary boundary layer height; RLH: residual layer height. 
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Figure 7. The average values of CO2 at the different altitudes of 0–500 m, 500–1000 m, 1000–2000 m, 2000–3000 m, 3000–4000 m, and 4000–5000 m in (a) autumn and (b) winter. 
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Table 1. The measured profiles of a tropospheric greenhouse gas (CO2) in Shijiazhuang City in 2018–2019.
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Season

	
Flight ID

	
Date

	
Duration

	
Lat. Range

(°)

	
Lon. Range

(°)

	
Alt. Range

(m)

	
CO2 (ppm)

AVE ± STD

	
CO2 (ppm)

Range






	
Autumn

	
Flight 01

	
8 September 2018

	
11:06–12:46

	
38.0–38.2

	
114.4–114.8

	
1200–5500

	
399.9 ± 1.5

	
396.9–404.4




	
Flight 02

	
9 September 2018

	
08:14–11:10

	
38.0–38.5

	
114.4–114.7

	
0–5100

	
404.4 ± 6.7

	
386.8–449.8




	
Flight 03

	
9 September 2018

	
12:56–14:49

	
38.0–38.2

	
114.4–114.7

	
600–5000

	
404.9 ± 9.1

	
383.1–451.5




	
Flight 04

	
10 September 2018

	
05:09–07:49

	
38.0–38.5

	
114.4–114.7

	
0–4600

	
405.0 ± 9.3

	
381.7–455.5




	
Flight 05

	
10 September 2018

	
11:17–13:12

	
38.0–38.3

	
114.4–114.7

	
600–2800

	
400.9 ± 9.6

	
376.3–441.9




	
Flight 06

	
12 September 2018

	
12:12–12:44

	
38.0–38.3

	
114.4–114.8

	
0–2800

	
428.8 ± 37.2

	
376.0–543.7




	
Flight 07

	
14 September 2018

	
03:13–06:10

	
38.0–38.4

	
114.4–114.8

	
0–5200

	
414.6 ± 18.0

	
394.8–523.1




	
Flight 08

	
14 September 2018

	
10:53–14:13

	
38.0–38.4

	
114.4–114.8

	
0–5000

	
413.4 ± 17.4

	
380.8–509.1




	
Winter

	
Flight 09

	
7 January 2019

	
11:00–18:06

	
38.0–38.4

	
114.4–114.7

	
0–5400

	
409.4 ± 12.9

	
377.7–457.2




	
Flight 10

	
8 January 2019

	
03:25–04:58

	
38.0–38.4

	
114.4–114.7

	
0–5100

	
410.6 ± 9.9

	
390.4–457.0




	
Flight 11

	
11 January 2019

	
02:47–06:24

	
38.0–38.4

	
114.4–114.9

	
0–5300

	
443.8 ± 31.8

	
403.9–555.0




	
Flight 12

	
12 January 2019

	
05:48–09:21

	
38.0–38.5

	
114.4–114.7

	
1100–5000

	
409.8 ± 6.1

	
380.5–438.5











 





Table 2. The average values of CO2 at different altitudes of 0–500 m, 500–1000 m, 1000–2000 m, 2000–3000 m, 3000–4000 m, and 4000–5000 m.
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	CO2
	
	DATE
	0–500 m
	500–1000 m
	1000–2000 m
	2000–3000 m
	3000–4000 m
	4000–5000 m





	Autumn
	Flight 01
	8 September 2018
	-
	-
	399.6
	398.5
	399.3
	400.7



	
	Flight 02
	9 September 2018
	418.3
	402.8
	404.7
	404.5
	407.8
	401.7



	
	Flight 03
	9 September 2018
	-
	403.7
	408.9
	410.1
	396.3
	401.5



	
	Flight 04
	10 September 2018
	426.2
	433.9
	411.0
	405.1
	402.2
	401.2



	
	Flight 05
	10 September 2018
	-
	405.1
	401.3
	396.0
	-
	-



	
	Flight 06
	12 September 2018
	442.1
	474.6
	420.7
	423.4
	-
	-



	
	Flight 07
	14 September 2018
	444.0
	435.1
	408.4
	405.2
	402.2
	404.9



	
	Flight 08
	14 September 2018
	474.1
	419.7
	412.1
	403.2
	407.3
	400.1



	
	Average
	
	441.0
	425.0
	408.3
	405.8
	402.5
	401.7



	Winter
	Flight 09
	7 January 2019
	422.1
	390.5
	400.9
	405.3
	409.8
	412.8



	
	Flight 10
	8 January 2019
	443.5
	437.8
	418.2
	407.2
	407.9
	406.9



	
	Flight 11
	11 January 2019
	459.6
	422.0
	441.9
	454.6
	453.7
	449.1



	
	Flight 12
	12 January 2019
	-
	-
	423.1
	409.8
	410.1
	409.1



	
	Average
	
	441.7
	416.8
	421.0
	419.2
	420.4
	419.5
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