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Abstract

:

Accurate monitoring of atmospheric carbon dioxide (CO2) is of great significance for studying the carbon cycle. Compared to ground observational sites, airborne observations cover a wider area, which help in effectively monitoring the distribution of CO2 sources and sinks. In this study, an airborne campaign was carried out in June and July 2021 to measure the atmospheric CO2 concentration over a desert site, Dunhuang, located in western China. The dry-air column-averaged CO2 mole fraction (XCO2) inversion results obtained from the Atmospheric Carbon Dioxide Lidar (ACDL) system were compared with the Orbiting Carbon Observatory 2 (OCO-2) retrievals, portable Fourier Transform Spectrometer (EM27/SUN) measurement results, and with the XCO2 estimates derived using the airborne Ultraportable Greenhouse Gas Analyzer (UGGA) and the Copernicus Atmosphere Monitoring Service (CAMS) model measurements. Moreover, the vertical CO2 profiles obtained from the OCO-2 and the CAMS datasets were also compared with the airborne UGGA measurements. OCO-2 and CAMS CO2 measurements showed a vertical distribution pattern similar to that of the aircraft-based measurements of atmospheric CO2. In addition, the relationship of atmospheric CO2 with the aerosol optical depth (AOD) was also determined and the results showed a strong and positive correlation between the two variables.






Keywords:


airborne observations; in situ measurement; carbon dioxide; aerosol












1. Introduction


Atmospheric carbon dioxide (CO2) is the most important anthropogenic greenhouse gas due to its significant contribution to global warming and climate change [1,2]. It plays a notable role in hydrology, sea ice melting, sea-level rise, and atmospheric temperature changes [3,4,5]. A continuous increase in the atmospheric CO2 concentration has been observed since the industrial revolution and this increment is largely contributed by anthropogenic activities such as fossil fuel burning, land-use changes, and cement production [6,7,8]. Knowledge of CO2 sinks, sources, and transport flux is critical for developing strategies aimed at stabilizing CO2 emissions and it requires continuous monitoring and assessment of atmospheric CO2 using current techniques and improved technologies [9]. Several ground stations, such as the stations within the Global Atmospheric Watch (GAW) network [10] and the Total Carbon Column Observing Network (TCCON) sites [11], are monitoring the atmospheric CO2 with great precision, however, these ground-based observations have some limitations [12,13]. For instance, the observations obtained from the GAW stations are representative of only lower atmosphere and both GAW and TCCON sites are not uniformly distributed and have limited spatial coverage [14]. Another source of monitoring atmospheric CO2 is space-borne observations. Satellites provide the most effective way to monitor atmospheric CO2 with great spatiotemporal resolutions [15]. Several satellites including the Greenhouse gases Observing SATellite (GOSAT) [16,17], the Orbiting Carbon Observatory 2 (OCO-2) [18,19], TanSat [20], GOSAT-2 [21], and OCO-3 [22] are orbiting around the Earth and are exclusively monitoring the concentration of atmospheric CO2. These satellites record the spectral radiance variation of sunlight reflected from the Earth’s surface through their passive spectrometers. The satellite-derived CO2 retrievals may contain larger uncertainties due to the presence of clouds, aerosols, and other artefacts [23]. Therefore, continuous evaluation of satellite-derived CO2 estimates is crucial when using multiple satellite CO2 measurements for joint flux inversion, and for establishing an accurate long-term atmospheric CO2 data record.



Passive spectrometers that rely on sunlight produce some spatiotemporal limitations such as the absence of nighttime and seasonal high-latitude measurements and retrieval errors due to clouds, aerosols, and complex terrains with rapidly changing surface reflectivity and elevation [9]. Several studies suggested that these limitations could be reduced by active remote sensing based on the Light Detection and Ranging (LIDAR) techniques [24,25,26,27]. The sensors used for active remote sensing provide their own radiation sources, which can be turned into target-specific absorption features of atmospheric molecule using the differential absorption lidar (DIAL) technique. An Integrated Path Differential Absorption (IPDA) lidar is a special DIAL that provides a weighted average measurement of the gas [9]. The IPDA lidar systems have been used by several researchers to monitor the concentration of CO2 in the atmosphere [26,28,29,30]. Several research institutes and organizations have carried out the feasibility and sensitivity analyses of space-borne monitoring of atmospheric CO2 using lidar systems. Under the Active Sensing of CO2 Emissions over Nights, Days, and Seasons (ASCENDS) mission, the National Aeronautics and Space Administration (NASA) involved several groups to develop IPDA lidar systems for monitoring atmospheric CO2 [31]. The objective of the ASCENDS mission included measuring the atmospheric CO2 a precision and accuracy of <0.3 ppm and 1.2 ppm, respectively, over Rail Road Valley using a space-based lidar system [32]. The NASA Langley Research Center (LaRC) significantly contributed to maturing high-energy pulsed lasers for CO2 and wind lidar transmitters based on a 2-µm laser technology [33]. Adopting the IPDA lidar technique, the German Aerospace Agency (DLR) also developed a 1.57-µm lidar system for monitoring atmospheric CO2 and the results from the developed instrument have been discussed in previous studies [34,35]. Following the United States and Germany, China has also developed its own DIAL system for monitoring atmospheric CO2. The initial results obtained from the newly developed Chinese lidar have been discussed in recent studies [29,36].



China is the largest CO2 emitting nation, with an approximately 30% contribution to the overall growth in the global carbon budget over the past 15 years [37]. The Chinese Government is aggressively working to reduce the CO2 emission per unit GDP by 60–65% relative to 2005 levels, and peak carbon emissions overall, by 2030 [14]. Continuous monitoring of atmospheric CO2 and evaluation of how well these reduction policies are working is hindered by larger uncertainties in the current datasets [38]. Therefore, it is necessary to evaluate the current CO2 datasets against precise and accurate measurements and monitor the atmospheric CO2 with improved technologies.



In this study, a combined ground-based and airborne experiment was carried out over a desert site, Dunhuang, located in western China. Airborne observations were measured using an IPDA lidar and a commercial instrument the UGGA, whereas, at the same time, the ground-based measurements of atmospheric CO2 were carried out using a portable Fourier Transform Spectrometer (EM27/SUN) and a separate UGGA. The results obtained from the airborne instruments were compared to ground-based measurements. Furthermore, the OCO-2 dataset was also validated against the ground-based and airborne measurements. In addition, the relationship between the atmospheric CO2 and the aerosols was also determined. The details about the airborne campaign and instrumentation, datasets, and ground-based site and instrumentation are given in Section 2. The results are discussed in Section 3 and the conclusions are given in Section 4.




2. Materials and Methods


China has developed an IPDA-based atmospheric carbon dioxide lidar (ACDL) system for monitoring atmospheric CO2 [28,29,30,36]. The ACDL has working wavelengths of 532, 1064, and 1572 nm. The 1572 nm channel is used for the IPDA technique to measure atmospheric CO2, whereas the 532 and 1064 nm channels are used to detect aerosols and clouds. More details about the ACDL are given in our previous study [29]. A series of airborne campaigns was planned to evaluate the performance of the ACDL system. The first airborne experiment was carried out in March 2019 over the Shanhaiguan area, located in northeast China. The observations were carried out over different types of surfaces including mountains, ocean, and urban areas and the results were compared with in situ and satellite measurements. The results of the first airborne campaign have been discussed in several studies [29,36]. This second airborne experiment was carried out to study the distribution of atmospheric CO2 and performance evaluation of the ACDL over a desert site in summer. The details about the experiment site, aircraft, and ground site instrumentations are given in the following.



2.1. Aircraft Instrumentation


The aircraft used in the airborne experiment was the B-602K, which had a maximum cruising speed of 514 km/h. The aircraft was equipped with the ACDL system and a UGGA to measure the concentration of atmospheric CO2. The airborne equipment is shown in Figure 1. The ACDL system consisted of a laser transmitter, instrument control, environmental control, and a Light Detection and Ranging (LIDAR) transceiver subsystem. The description of each of the ACDL subsystems is provided in a previous study [29]. Furthermore, the UGGA was also installed on the aircraft and a 1/4-inch Teflon pipe was used to connect it with the external atmosphere. The UGGA uses a laser absorption technology known as the off-axis Integrated Cavity Output Spectroscopy (ICOS) to measure trace gas concentration in dry mole fraction with a high precision of <0.30 ppm for CO2 and <2 ppb for CH4 (UGGA user manual; model 915-0011; Los Gatos Research, San Jose, CA, USA). More technical information about the off-axis ICOS spectroscopy is provided in previous studies [39,40].




2.2. Ground Site


During the observation experiment, four ground stations were deployed at the experimental site. According to the observation requirements, different types of equipment were installed and configured at the ground stations. The four ground stations included the Dunhuang Meteorological Bureau, the Akesai Meteorological Bureau, the Guazhou Meteorological Bureau, and the Chinese Radiometric Calibration Site (CRCS). The locations of the ground stations are shown in Figure 2 and more details about the instruments installed at each of the stations are provided in Table 1.



The CRCS station was equipped with various instruments including atmospheric CO2 monitoring equipment such as EM27/SUN spectrometer and portable UGGA. Atmospheric CO2 monitoring instruments were installed over the CRCS station due to several reasons; (1) the CRCS ground station was located on a stable alluvial fan whose surface consisted of cemented gravel, some black or grey stones, and sand without any vegetation. It had the least human activity with no obvious anthropogenic emission sources. (2) The aircraft performed spiral and U-shaped flights at different altitudes over the CRCS ground station to obtain the vertical profiles of atmospheric CO2. It was convenient to compare and verify the observation results of airborne observations against the ground-based measurements. Furthermore, the other stations were deployed in the path of the airborne flight and instruments were installed at these stations to obtain the aerosol and meteorological data.




2.3. Flight Campaign


The airborne campaign was carried out from 11 to 19 July 2021 over a desert site, Dunhuang, located in western China. The objectives of the campaign included gaining a better understanding of the distribution characteristics of atmospheric CO2 in the desert area of western China in the summer and a performance evaluation of the ACDL system over a desert site. Flight paths of the airborne campaign are shown in Figure 3 and relevant details are given in Table 2.



Three modes of flight were performed during the airborne observation experiment to get various kinds of data. (1) Long-term horizontal flight was carried out between the altitudes of 5 to 6 km to study the distribution characteristics of atmospheric CO2 in the troposphere. (2) U-shaped flight was performed at different heights over the CRCS ground station so that the lidar could obtain XCO2 information at different altitudes. (3) Spiral descent and ascent flight were also carried out over the CRCS station to get the vertical profiles of atmospheric CO2. This spiral flight mode can obtain the distribution characteristics of CO2 concentration at different altitudes, providing an important reference for validating the model and passive remote sensing measurement results. The U-shaped and spiral mode of flights was performed over the CRCS ground site so that results from the airborne observations could be compared with the ground-based atmospheric CO2 measurements. The U-shaped and spiral flight patterns on 11 July 2021 are shown in Figure 4. Restricted by the safe flight height, the aircraft could not land at a very low altitude for measurement. The minimum flight altitude was about 3 km.




2.4. Datasets


2.4.1. Airborne and Ground Station Data


A variety of data measured from the ground stations and airborne flights were used in this study. The major data obtained from the aircraft flights included the ACDL observations, which were used to estimate the XCO2 and in situ CO2 dry-air mole fraction of CO2 which were measured using the UGGA. However, some auxiliary data such as longitude, latitude, and altitude were also measured using the Inertial Navigation System (INS) installed on the aircraft. Furthermore, color photos of the surface were also obtained using a Complementary Metal Oxide Semiconductor (CMOS) camera (model: IDS ui-3360cp-c-hq Rev.2) with a resolution of 2048 × 1088 pixels, which was installed on the aircraft next to the lidar telescope. Ground-based XCO2 and in situ CO2 dry-air mole fraction of CO2 were obtained using the EM27/SUN spectrometer and UGGA, respectively, installed at the CRCS station. In addition, the aerosol optical depth and meteorological data were also measured using the instruments installed on various ground stations.




2.4.2. OCO-2 XCO2 Dataset


The Orbiting Carbon Observatory 2 (OCO-2) is a satellite launched by NASA on 2 July 2014 for the exclusive monitoring of atmospheric CO2 to get a better understanding of regional and global carbon cycles [18,19]. The sun-synchronous, near-polar satellite incorporates three high-resolution spectrometers making coincidental measurements of reflected sunlight in near-infrared CO2 near 1.61 and 2.06 µm and molecular oxygen (O2) A-Band at 0.76 µm with a temporal resolution of 16 days, allowing for the complete global coverage of XCO2 twice per month [41]. OCO-2 observations have been processed using various algorithms, however, the official OCO-2 XCO2 product is generated using the Atmospheric CO2 Observations from Space (ACOS) Full Physics (FP) retrieval algorithm [42,43]. OCO-2 XCO2 products have been continuously validated against the ground-based TCCON measurements and the results showed that the OCO-2 datasets were consistent and reliable for regional-scale monitoring of atmospheric CO2 [44,45]. In this study, we used the ACOS/OCO-2 XCO2 Level 2 Lite product v10r.




2.4.3. CAMS Model CO2 Dataset


The Copernicus Atmosphere Monitoring Service (CAMS) is an atmospheric analysis service providing spatiotemporal variations of atmospheric compositions including chemical species, aerosols, and greenhouse gases [46,47]. The CAMS analysis is produced using the ECMWF four-dimensional variational (4DVar) system [48] within the Integrated Forecasting System (IFS; version CY42r1 for 2016 and CY43r1 for 2017), which is one of the world’s leading operational global weather prediction systems [49]. Transport of tracers such as CO2 is carried out online by the IFS model concurrently with the meteorological forecast. In this study, we used the CAMS reanalysis product (v20r1) that provided the CO2 concentrations at a global scale with a spatial resolution of 1.9° × 3.8° (Lat × Lon) and a temporal resolution of 3 h. The referenced product provided the CO2 mole fractions at 39 vertical levels from the Earth’s surface to higher than 70 km. In this study, the model-derived CO2 mole fractions were spatiotemporally interpolated to the study area.





2.5. Data Analysis


The solar spectra measured by the EM27/SUN spectrometer were used to estimate the    X  C  O 2      using the PROFFAST software, similar to a previous study [50]. Furthermore, to estimate    X  C  O 2      from the airborne UGGA observations, the missing profiles were first extrapolated to the whole atmosphere using a method suggested by Ref. [44] and then    X  C  O 2      was estimated using Equation (1), which was given in previous studies [51,52]:


   X  C  O 2    =  X  C  O 2   a  +   ∑  j   h j   a j     (  t −  t a   )   j  ,  



(1)




where    X  C  O 2      is the    X  C  O 2      calculated from the aircraft measurement or model,    X  C  O 2   a    is the column-averaged dry air mole fraction for the a priori profile    t a   ,    h j    is the pressure weighting function,    a j    is the column averaging kernel, and  t  is the CO2 profile measured from the aircraft or model.    X  C  O 2      from the model measurements were also estimated using Equation (1). Moreover,    X  C  O 2      from the ACDL system were derived using the method given in Section 4.2 of our previous study [29].





3. Results


3.1. Diurnal Variations of Atmospheric CO2


The diurnal variations of atmospheric CO2 were measured over the CRCS ground station using the portable EM27/SUN spectrometer and UGGA. The hourly-averaged diurnal XCO2 estimated from the EM27/SUN spectrometer observations and in situ CO2 measurements obtained from the UGGA, respectively, are shown in Figure 5 and Figure 6.



The EM27/SUN was operating on sunny days from 26 June to 19 July 2021, whereas, UGGA operated from 2 July to 19 July 2021. To maintain the quality of the results, the observations influenced by bad weather were discarded. The highest daily mean XCO2 concentration of 414.63 ± 0.11 ppm was reported on 26 June 2021 and this concentration decreased and reached the minimum (411.06 ± 0.30 ppm) on 7 July 2021. It started to increase again, reaching the second peak (413.97 ± 0.40 ppm) on 12 July 2021, and after that it started decreasing again. Similar results were observed from UGGA in situ measurements. The daily mean concentration of atmospheric CO2 was lower (404.93 ± 1.20 ppm) on 5 July 2021 and then it started increasing and reached the peak (408.35 ± 0.18 ppm) on 13 July 2021 and, after that, it started decreasing again. On the morning of 5 July 2021, the wind direction at Dunhuang was northerly. As can be seen from the geographic location in Figure 2, there is a large desert uninhabited area to the north of the CRCS ground station, so the CO2 released by the respiration of animals and plants at night cannot be transported to the CRCS ground station. In addition, the weather was sunny on 5 July 2021. After sunrise, plants in the surrounding oases (in and around Dunhuang City) start photosynthesizing and begin to consume the CO2 accumulated in the atmosphere overnight. So, the CO2 in the morning on 5 July 2021 has a big reduction. The hourly-averaged concentrations of atmospheric CO2 obtained from the EM27/SUN spectrometer (Figure 5) and the UGGA (Figure 6) showed a sinusoidal pattern. The results are in agreement with a previous study [12]. The atmospheric CO2 concentration gradually decreased from 8:00 h to 9:00 h (17 July 2021) or to 10:00 h (11, 16, and 18 July 2021). After that the value reversed and started to rise, reaching the first peak at 13:00 h or 14:00 h (Solar noontime of ~13:45 h at Dunhuang). After 13:00 h, the concentration of CO2 began to decrease again during the period until 17:00 h, and after that, it rose again after 17:00 h. In addition to the disturbance of human activities, light and temperature are also among the main factors that significantly contribute to this change. For instance, after sunrise, plants in the surrounding oases (in and around Dunhuang City) start photosynthesizing and begin to consume the CO2 accumulated in the atmosphere overnight. However, as the ambient temperature increases (the ambient temperature in Dunhuang may exceed 30 °C after 11:00 in July), the plants in the oasis will close their stomata to prevent water evaporation and reduce photosynthesis efficiency [53]. At this time, human activities become more and more frequent, which eventually leads to an increase in the concentration of CO2 in the atmosphere. In the afternoon, due to the reduction of human activities caused by high temperature and the recovery of photosynthesis of nearby plants, the concentration of CO2 in the atmosphere decreases slightly again. After 17:00 h, the CO2 concentration in the atmosphere increases again due to the recovery of human activities and the reduction of plant photosynthesis.




3.2. Vertical Variations of Atmospheric CO2


The vertical CO2 profiles were obtained during the U-shaped and spiral modes of the flights using the portable UGGA installed on the aircraft. The portable UGGA was calibrated against the standard gases before each flight experiment. The concentration of the standard gas used in this calibration was 382.15 ppm. The measurements of the standard CO2 concentration were carried out for a period of 3 min before and after the calibration of the instrument and the results are shown in Figure 7. It is evident from the results that the UGGA showed improved results after the calibration.



The vertical distribution of atmospheric CO2 measured using the portable UGGA is shown in Figure 8. The referenced figure is distributed into two sections. The first section (a) shows the CO2 concentration for several days against time and height. The descents and ascents of the aircraft are marked with orange and blue shadings, respectively. The highest mean CO2 concentration with a value of 413.49 ± 3.97 ppm was observed on 18 July 2021 and its maximum value reached 421.63 ppm at a height of around 6 km. However, the smallest mean CO2 concentration reported on 19 July 2021 had a value of 406.73 ± 1.18 ppm. The smallest value was observed near the surface. Figure 8b shows 10 s-averaged atmospheric CO2 mole fractions against height for several days. The vertical profiles of atmospheric CO2 for each day are shown in grey color. All of the CO2 vertical profiles are averaged to get an overall distribution trend and the results are shown as blue scatter points in Figure 8b. The results from Figure 8 show that the concentration of atmospheric CO2 is low near the surface and it gradually increases with the progression in the altitude. Restricted by the minimum flight safety altitude of the aircraft, atmospheric CO2 vertical structure was not measured to the ground. However, at an altitude is 2.91 km, the averaged CO2 concentration was 405.28 ppm and at an altitude of 5.11 km, the averaged CO2 concentration was 411.48 ppm. Generally, the concentration of atmospheric CO2 is higher near the surface. The contradiction observed in these results might be due to several reasons; (1) the experimental site had very limited human activity and no anthropogenic emissions, which significantly contributes to atmospheric CO2 concentration, and (2) the photosynthesis of vegetation in the near-surface Dunhuang area and nearby oasis may have led to a low CO2 concentration near the surface.



The vertical CO2 profiles obtained from OCO-2 and CAMS model datasets were also validated against airborne in situ CO2 observations. CAMS CO2 measurements were spatiotemporally interpolated to the experiment location and time. In the case of OCO-2, the data closer to the experimental site were observed on 16 and 18 July 2021, which was used in the study. OCO-2 satellite was passed closer to the experiment site at 14:53 and 14:41 h (CST) on 16 and 18 July 2021, respectively. The locations of OCO-2 and CAMS measurements closer to the experimental site and the vertical CO2 profiles obtained from these two datasets are shown in Figure 9 and Figure 10, respectively.



OCO-2 and CAMS CO2 vertical profiles were compared against in situ CO2 observations and the results are shown in Figure 11. Both OCO-2 and CAMS datasets also showed a lower atmospheric CO2 concentration near the surface and a comparatively higher concentration at higher altitudes exhibiting a similarity with airborne in situ observations. However, some differences were observed in the magnitudes of satellite and model datasets against in situ observations. Both satellite and model datasets were overestimated relative to in situ observations. Mustafa [14] compared the CO2 vertical profiles obtained from the OCO-2 dataset and reported an overestimation over Qinhuangdao, China. CAMS CO2 measurements were comparatively more overestimated, and this overestimation might be due to differences in spatial resolution and the presence of uncertainties in the input datasets that drive the model. Furthermore, the change in averaged CO2 concentration with respect to the pressure was also calculated for the datasets (Figure 11b) and the change rates of, 0.031, 0.025, and 0.004 ppm/hPa were observed for in situ, satellite, and model datasets, respectively.




3.3. XCO2 Estimation and Comparison


XCO2 results retrieved using the ACDL observations were compared to those obtained from a satellite, OCO-2, a model, CAMS, and airborne UGGA in situ measurements. The comparison results are given in Table 3. From the comparison results in Table 3, it can be seen that the XCO2 value of the IPDA lidar inversion is the smallest. The XCO2 result retrieved by the airborne UGGA during the spiral on 16 July 2021 is 1.71 ppm larger than the IPDA lidar result. The XCO2 value calculated by the CAMS mode is the largest and the XCO2 values on 16 July and 18 July 2021 are 416.03 ppm and 416.04 ppm, respectively. XCO2 retrieved by CAMS were comparatively more overestimated and this overestimation might be due to differences in spatial resolution. The difference between the ground-based EM27/SUN and OCO-2 measurements is 2.04 ppm on 18 July 2021. The previous research showed that at an altitude of about 3 km, the XCO2 results retrieved from the airborne in situ measurements are approximately 4 ppm larger than the airborne IPDA lidar measurements during the Science Flight 1 (SF1) in 2014 [54].




3.4. Relationship between XCO2 and Aerosols


The backscatter profiles and the aerosol optical depth (AOD)—although not used directly in the XCO2 retrieval—provide an important context for interpreting the retrieved XCO2 measurements. These variables can be used to identify clouds for retrieving partial column XCO2 to cloud tops [27]. Moreover, they also provide help in identifying and profiling smoke plumes from wildfires and assessing their impact on XCO2 [55]. In this section, we have determined the relationship of atmospheric XCO2 concentration with the aerosol optical depth using ground-based and airborne observations.



The XCO2 and the AOD were derived using the observations obtained from the EM27/SUN spectrometer and solar photometer CE318, which were installed at the CRCS ground station. Observations for four days, 11 July, 12 July, 16 July, and 18 July 2021, were used in this analysis. The relationship between the two variables was studied by carrying out trend and correlation analyses. The results from the trends and correlation between the AOD and XCO2 concentration for several days are given in Figure 12, Figure 13, Figure 14 and Figure 15.



The results from the referenced figures show a direct relationship between the two variables by exhibiting similar variation trends and strong and positive correlation coefficients. The lowest (r = 0.85) and the highest (r = 0.98) correlations between the diurnal XCO2 and AOD were observed on 12 July and 18 July 2021, respectively. The results from Figure 12, Figure 13, Figure 14 and Figure 15 show that higher values of XCO2 and AOD were observed during the day, from 11:00 to 15:00 h, and the values of these variables started decreasing after that. These diurnal changes can be associated with anthropogenic activities, which are lower in the mornings and evenings and higher during other times of the day. Furthermore, the boundary layer also contributes to the stronger relationship between AOD and XCO2 because the pollutants and the greenhouse gases cannot escape through the boundary layer. The microorganism activity, which increases with the temperature, contributes to atmospheric CO2 and polluting variables and it might also have a contribution to the higher values of AOD and XCO2 during the daytime.



The relationship of atmospheric CO2 with AOD was also studied using airborne measurements. For that purpose, XCO2 and AOD were estimated using the ACDL system. The airborne ACDL system can simultaneously observe the distribution characteristics of aerosol and CO2 concentrations over a larger area. More importantly, airborne observations can measure the variations over various types of surfaces simultaneously. The current airborne experiment was carried out over desert areas. However, the previous airborne experiment was carried out over various types of surfaces including urban areas, mountains, and ocean located in Shanhaiguan, China. Therefore, to get a better understanding of aerosol and atmospheric CO2 over different surfaces, the measurements obtained from the previous experiment were used in this study. The aerosol backscattering coefficient measured by the airborne ACDL system and the inversion results of XCO2 distribution are shown in Figure 16.



On 14 March 2019, the aircraft flew horizontally at an altitude of 6.8 km. In Figure 16, stages A–D represent the ocean, urban, mountain, and urban surface types, respectively. From the distribution of aerosol backscattering coefficients, it can be seen that there were clouds at a height of about 3.6 km after 11:32 h. Over the open ocean area (stage A), about 30 km away from the coastline, aerosols were mainly concentrated in the lower atmosphere, i.e., below 500 m in height. After 11:24, the aircraft began to fly from the far-sea area to the urban areas (stage B). Affected by human activities in the city, the atmospheric-planetary boundary layer gradually increased, and the aerosol backscattering coefficient became larger. Over the mountainous area (stage C), the aerosol backscattering coefficient was slightly lower than that of stage B. When the aircraft reached stage D, the measured aerosol backscattering coefficient became larger again. Correspondingly, the XCO2 value measured by the airborne ACDL was the smallest over the ocean (stage A). XCO2 gradually increased over the urban area (stage B) and reached the maximum value. To determine the consistency of AOD and XCO2 distributions, the aerosol optical parameters measured by the ACDL system were converted to AOD for comparison. Further, to remove the interference of cloud to AOD, only the results of stages A and B were selected for comparison, and the comparison results are shown in Figure 17.



Similar to the results obtained from the CRCS ground station measurements, airborne AOD and XCO2 also showed a good agreement across different surface types. The results from Figure 17 show that the values of XCO2 and AOD were the smallest over the ocean. The average value of XCO2 and AOD over the ocean was 415.8 ppm and 0.07, respectively. A gradual increase was observed in the values of both variables when the aircraft flew from the ocean to the urban area and reached the maximum values. The averaged XCO2 and AOD over the urban area were 432.05 ppm and 0.11, respectively.





4. Discussion


The hourly-averaged diurnal XCO2 estimated from the EM27/SUN spectrometer observations and in situ CO2 measurements obtained from the UGGA were analyzed. If the weather conditions are bad, our equipment will not be powered on for observation, so the effective data time periods under different weather conditions are different. The hourly-averaged concentrations of atmospheric CO2 obtained from the EM27/SUN spectrometer and the UGGA showed a sinusoidal pattern, similar to the observations (especially 26 and 28 March 2008) at the Jet Propulsion Laboratory (JPL) in the South Coast Air Basin (SCB) of California, USA [56]. In addition to the disturbance of human activities, light and temperature are also among the main factors that significantly contribute to this change. U-shaped and spiral flight were also carried out to obtain the distribution characteristics of CO2 concentration at different altitudes, providing an important reference for validating the model and passive remote sensing measurement results. The accurate detection of carbon sources and sinks is of great significance for the study of carbon transport and carbon cycle. Compared with ground station detection, airborne observation can realize the observation of a large area in a short time, and can cover a variety of surface types at the same time. It is one of the most effective ways of carbon source and sink detection. The results of atmospheric CO2 concentration measured by airborne UGGA during the plane’s horizontal flight at an altitude of 4.05 km on 19 July 2021 are shown in Figure 18. CO2 emission sources on the flight path, including power plants and cement plants, are marked with black upper triangle symbols.



It can be seen from the results in Figure 18 that the airborne observation can effectively detect the location of the carbon dioxide emission source. Table 4 records the information of carbon dioxide emission sources on the flight track of this airborne observation experiment. The detection of carbon sources and sinks has always been a hot topic in scientific research. On 16 April 2022, the atmospheric environment monitoring satellite (DQ1) was successfully launched from the Taiyuan Satellite Launch Center in Shanxi Province, China. DQ1 satellite is the first satellite with CO2 laser detection capability in the world, which can greatly improve the global carbon monitoring and air quality monitoring capabilities. In a future study, we will use the method of combining active and passive remote sensing satellite data products to analyze the distribution of carbon sources and sinks worldwide, providing contributions to the study of carbon transport and carbon cycle.




5. Conclusions


In this study, an airborne campaign was carried out in June and July 2021 over a desert site, Dunhuang, located in western China. The purpose of the experiment was to study the distribution characteristics of atmospheric CO2 and performance evaluation of a newly developed ACDL system over a desert site. At the same time, atmospheric CO2 was also measured using portable instruments installed at the CRCS ground station located in the desert. The airborne CO2 observations were carried out using the ACDL system and the UGGA. The UGGA could measure the in situ CO2 concentration and the XCO2 was estimated using the ACDL observations. At the CRCS ground site, a Fourier Transform Spectrometer, EM27/SUN and a UGGA (similar to the aircraft UGGA) were installed to measure the atmospheric CO2. The spectra observed by the EM27/SUN spectrometer were used to derive the XCO2. Furthermore, three more ground stations were deployed in the path of the aircraft and various instruments including the sun photometer were installed on those ground stations. XCO2 results retrieved using the ACDL observations were compared to those obtained from OCO-2 satellite, CAMS model, and in situ measurements. ACDL-based XCO2 results were underestimated compared to other datasets. Moreover, the vertical profiles obtained from satellite and model datasets were validated against the vertical profile measurements using the aircraft-based UGGA instruments. All the datasets showed a similarity in the vertical distribution of atmospheric CO2 with some differences in their magnitudes. The differences in the magnitude of satellite and model datasets were likely to be caused by the uncertainties in the input datasets that drive the estimating models. The vertical distribution over the desert site showed a lower concentration of atmospheric CO2 near the surface and it gradually increased with the progression in the altitude. This might be due to very low anthropogenic emissions over the experiment site and the CO2 uptake from the surrounding vegetation. In addition, the diurnal variations of atmospheric CO2 were also studied, and results showed that the atmospheric CO2 concentration gradually decreased from 8:00 h to 9:00 h or 10:00 h. After that the value reversed and started to rise, reaching the first peak at 13:00–14:00 h. Then, the concentration of CO2 began to decrease again during the period until 17:00 h. After that, it rose again after 17:00 h. Overall, the diurnal variations of atmospheric CO2 showed a sinusoidal pattern. Furthermore, the relation of atmospheric CO2 with the aerosol optical depth was studied using separately ground-based and airborne measurements. The two variables showed a similarity in trend and a strong and positive correlation coefficient. Limited ACDL data has been processed and analyzed in this study. Several airborne campaigns have been scheduled and, in the future, more results from the ACDL system and airborne observations will be presented.
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Figure 1. Pictures of the aircraft Instrumentation. (a) The ACDL system. (b) The control interfaces of some instruments. (c) The Ultraportable Greenhouse Gas Analyzer (UGGA). 
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Figure 2. Ground station layout. The solid pink line is the flight route on 19 July 2021. It is worth noting that the Chinese Radiometric Calibration Site (CRCS) (40.17°N, 94.25°E, ~1230 m a.s.l. (above sea level)) is located in the Gobi Desert and approximately 20 km west of Dunhuang city in west China (© Google Earth Pro). 
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Figure 3. The flight routes between 11 and 19 July 2021. (© Google Earth Pro). 
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Figure 4. U- shaped flight pattern (a) and spiral descent flight pattern (b). The black asterisk represents the CRCS ground station. 
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Figure 5. Diurnal variation of XCO2 measured by EM27/SUN at CRCS ground station. 
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Figure 6. Diurnal variation of CO2 concentration measured by UGGA at CRCS ground station. 
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Figure 7. The concentrations of CO2 measured by the UGGA before calibration (a) and the concentrations of CO2 measured by the UGGA after calibration (b). The black straight line is the concentration value of the standard gas. 
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Figure 8. The CO2 concentration distribution measured by airborne UGGA in July 2021 (a) and the CO2 concentration vertical structure (b). In Figure 8a, the time period when the aircraft’s flight altitude is decreasing is marked by orange shading. The time when the aircraft’s flight height is increasing is marked with light blue shading. In Figure 8b, the gray scatters represent the results at different heights for all CO2 concentrations marked with shading in Figure 8a. The blue scatter points represent the average of all grey scatter points at different heights. 






Figure 8. The CO2 concentration distribution measured by airborne UGGA in July 2021 (a) and the CO2 concentration vertical structure (b). In Figure 8a, the time period when the aircraft’s flight altitude is decreasing is marked by orange shading. The time when the aircraft’s flight height is increasing is marked with light blue shading. In Figure 8b, the gray scatters represent the results at different heights for all CO2 concentrations marked with shading in Figure 8a. The blue scatter points represent the average of all grey scatter points at different heights.



[image: Remotesensing 14 05224 g008]







[image: Remotesensing 14 05224 g009 550] 





Figure 9. The distribution of OCO-2 satellite orbits in the flight area (a) and the CO2 concentration vertical structure measured by the OCO-2 (b). In Figure 9a, there are two satellite orbits on 16 July and 18 July 2021 within the flight zone. The solid green line is the satellite orbit. The solid red line is the flight route of the plane on 16 July 2021. The green scatters represent the locations where the OCO-2 satellite data was sampled. In Figure 9b, the cyan solid lines represent the results at different heights for all CO2 concentrations marked with green scatters in Figure 9a. The blue scatter points represent the average of all cyan solid lines at different heights (© Google Earth Pro). 
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Figure 10. Distribution of the CAMS model data points in the flight area (a) and the CO2 concentration vertical structure calculated by the CAMS model (b). In Figure 10a, the green points represent the locations of the CAMS mode grid data. The solid pink line is the flight route of the plane on 19 July 2021. In Figure 10b, the gray scatters represent the results at different heights for all CO2 concentrations of point 1 in the figure, and each gray profile represents the calculation results at different times at point 1. The blue scatters represent the average of all grey scatter points at different heights (© Google Earth Pro). 
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Figure 11. Comparison of vertical structures of CO2 concentrations measured by airborne UGGA, OCO-2 satellite, and CAMS model (a) and the CO2 concentration lapse rate of the airborne UGGA, OCO-2 satellite, and CAMS model (b). The green scatter is the measurement result of the airborne UGGA. The solid blue line is the measurement result of the OCO-2 satellite. The pink solid line is the calculation result of the CAMS model. 
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Figure 12. Measurement results of XCO2 and AOD at the CRCS ground station on 11 July 2021 (a). The red dots represent the XCO2 results measured by EM27/SUN, and the black scatter points represent the AOD results measured by CE318. (b) The correlation analysis result of XCO2 and AOD. 
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Figure 13. Measurement results of XCO2 and AOD at the CRCS ground station on 12 July 2021 (a). The red dots represent the XCO2 results measured by EM27/SUN, and the black scatter points represent the AOD results measured by CE318. (b) The correlation analysis result of XCO2 and AOD. 
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Figure 14. Measurement results of XCO2 and AOD at the CRCS ground station on 16 July 2021 (a). The red dots represent the XCO2 results measured by EM27/SUN, and the black scatter points represent the AOD results measured by CE318. (b) The correlation analysis result of XCO2 and AOD. 
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Figure 15. Measurement results of XCO2 and AOD at the CRCS ground station on 18 July 2021 (a). The red dots represent the XCO2 results measured by EM27/SUN, and the black scatter points represent the AOD results measured by CE318. (b) The correlation analysis result of XCO2 and AOD. 






Figure 15. Measurement results of XCO2 and AOD at the CRCS ground station on 18 July 2021 (a). The red dots represent the XCO2 results measured by EM27/SUN, and the black scatter points represent the AOD results measured by CE318. (b) The correlation analysis result of XCO2 and AOD.



[image: Remotesensing 14 05224 g015]







[image: Remotesensing 14 05224 g016 550] 





Figure 16. Aerosol backscatter coefficient and XCO2 results measured by the airborne ACDL system on 14 March 2019. The flight altitude of the aircraft is represented by a solid white line, and the green scattered points are the inversion results of XCO2. The flight process is divided into ABCD four parts, corresponding to different surface types. The purple vertical line is the dividing line between different surface types. 
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Figure 17. Comparison of AOD and XCO2 measured by the airborne ACDL system in marine and urban areas on 14 March 2019. The blue scatters represent XCO2 and the black scatters represent AOD. The pink vertical line is the dividing line between the marine area and the urban area. 






Figure 17. Comparison of AOD and XCO2 measured by the airborne ACDL system in marine and urban areas on 14 March 2019. The blue scatters represent XCO2 and the black scatters represent AOD. The pink vertical line is the dividing line between the marine area and the urban area.



[image: Remotesensing 14 05224 g017]







[image: Remotesensing 14 05224 g018 550] 





Figure 18. Atmospheric CO2 concentration measured by airborne UGGA during the plane’s horizontal flight at an altitude of 4.05 km on 19 July 2021. The carbon dioxide emission sources on the flight track are marked with black upper triangle symbols. 
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Table 1. Layout of the ground stations.






Table 1. Layout of the ground stations.





	Ground Station
	Location (Lon, Lat)
	Instrument





	CRCS
	94.25, 40.17
	Sun spectrometer/EM27/SUN/Sun photometer/UGGA/ meteorological instrument/High spectral resolution lidar



	Dunhuang
	94.68, 40.15
	Coherent wind lidar/Sun spectrometer



	Guazhou
	95.78, 40.52
	Sun photometer/Mie lidar



	Akesai
	94.34, 9.63
	Sun photometer/Mie lidar/UGGA










[image: Table] 





Table 2. Details of the flights carried out during the airborne campaign.
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	Date
	Flight Time (BJT)
	Flight Altitude (km)





	11 July 2021
	7:57–13:40
	5.7



	16 July 2021
	8:34–12:54
	5.8



	17 July 2021
	7:44–11:46
	5.8



	18 July 2021
	7:57–12:20
	6.1



	19 July 2021
	8:34–13:00
	5.2
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Table 3. Comparison results of XCO2 data from IPDA lidar, airborne UGGA, CRCS ground station EM27/SUN, OCO-2 satellite, and CAMS model on 16 July and 18 July 2021.
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Date

	
IPDA Lidar (ppm)

	
Airborne UGGA (ppm)

	
EM27/SUN (ppm)

	
OCO-2 (ppm)

	
CAMS

(ppm)






	
16 July 2021

	
408.44

	
410.15 (spiral)

	
412.36

	
414.61

	
416.03




	
411.41 (landing)




	
18 July 2021

	
409.01

	
413.53 (spiral)

	
412.73

	
414.77

	
416.04




	
411.79 (landing)
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Table 4. CO2 emission source information on flight track.






Table 4. CO2 emission source information on flight track.





	Name
	Latitude/Degree
	Longitude/Degree





	Hengya Cement Plant1
	40.51
	95.78



	Dunsheng Cement Plant
	40.20
	94.42



	Yangguan Power Plant
	39.85
	94.19



	Hengya Cement Plant2
	39.59
	94.31
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