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Abstract

:

Nighttime vertical profiles of ozone, PM2.5 and PM10 particulate matter, carbon monoxide, temperature, and humidity were collected by a copter-type unmanned aerial vehicle (UAV) over the city of Manaus, Brazil, in central Amazon during the dry season of 2018. The vertical profiles were analyzed to understand the structure of the urban nighttime boundary layer (NBL) and pollution within it. The ozone concentration, temperature, and humidity had an inflection between 225 and 350 m on most nights, representing the top of the urban NBL. The profile of carbon monoxide concentration correlated well with the local evening vehicular congestion of a modern transportation fleet, providing insight into the surface-atmosphere dynamics. In contrast, events of elevated PM2.5 and PM10 concentrations were not explained well by local urban emissions, but rather by back trajectories that intersected regional biomass burning. These results highlight the potential of the emerging technologies of sensor payloads on UAVs to provide new constraints and insights for understanding the pollution dynamics in nighttime boundary layers in urban regions.
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1. Introduction


In 1985 and 1987, the Amazon Boundary Layer Experiment (ABLE) provided important characterization of the structure of the atmospheric boundary layer in the Amazon region [1,2,3,4]. The ABLE focus was for the daytime, and less attention was given to the nighttime boundary layer (NBL). Investigations of the NBL in the Amazon are scarce, and the previous studies largely focused on the NBL over forest and pasture [5,6,7,8,9]. For the wet season, Guimarães et al. [10] reported on the NBL over an urban environment in the Amazon and found significant differences compared to the NBL over forests and pastures.



Santos [8] and Neves and Fisch [7] expressed the great importance, yet challenge, in studying the NBL and identifying its vertical structure. There are difficulties in describing and modeling the processes that define the NBL structure, such as processes that suppress or increase turbulence. To first order, radiative effects at night lead to the development of a temperature inversion in the atmospheric profile Stull [11]. Under ideal circumstances, this inversion is associated with calm conditions and little turbulence, and an isolated near-surface air mass called the nighttime boundary layer forms. The height and structure of the NBL are best identified under clear skies and over homogeneous terrain. Compared to the ideal scenario, moderate to strong winds above the NBL can induce shearing turbulence in the otherwise quiescent NBL and disrupt its structure in complex ways [5]. Atmospheric movements, such as gravity waves associated with heterogeneous terrains, can coexist with turbulence and can further complicate the structure of the NBL. These complex interacting effects warrant the collection of datasets for better understanding the NBL.



Seasonality is one important factor that affects the NBL in the Amazon. The extent and rate of nighttime cooling directly affects the height of the NBL. In the wet season compared to the dry season, less longwave radiative cooling occurs at night because there is more low-level cloudiness and there is greater absolute humidity in the overlying atmosphere [9,12]. Less cooling weakens the overhead temperature inversion, and the NBL is usually shallower and less stable in the wet season compared with the dry season. Thus, the study of the NBL in both seasons is important for understanding the NBL over urban landscapes, where factors such as anthropogenic emissions and radiative effects which reinforce the effects of heat islands, are not experienced over forest and pasture landscapes.



Another under-investigated factor is the urban environment. Cities cover a small percentage of land area, but are home to a large part of the human population, especially in the Amazon. Compared with forested regions, the urban landscape absorbs more heat during the day. Land surface permeability to water is also reduced so that evapotranspiration is substantially altered. These changes in the surface boundary conditions can strongly influence the structure of the overhead NBL. Moreover, the local roughness of houses and buildings is substantially different from that of the forest canopy, and interactions and propagation of shearing turbulence and injection can also strongly differ. As a result, whereas the average NBL heights in the Amazon are typically 150–280 m and 210–230 m during the wet season for forest and pasture environments, respectively [9,10], that NBL heights are higher and approach 300 m for the urban environment in the wet season. The higher NBL heights occur because the intensity of turbulence increases over the urban region in response to the altered physical parameters, as discussed above [13,14,15,16].



Corsmeier et al. [17], Aneja et al. [18], Salmond and McKendry [19] for different worldwide locations and Guimarães et al. [10] for Amazonia showed the possibility of using the vertical structure of ozone concentration to study and characterize the NBL. The ozone concentration in a fair-weather day in Amazonia follows a well-established cycle [20,21]. Ozone is produced by photochemical processes throughout the day, starting with sunrise. In the absence of pollution, emissions of nitric oxide (NO) from tropical soils and volatile organic compounds (VOCs) from the tropical forest are important precursors to the photochemical reactions throughout Amazonia [22,23]. Subsequently, after sunset and throughout the night, the ozone concentration strongly decreases because atmospheric production falls off and dry deposition processes to the land surface dominate. The ozone concentration near Earth’s surface can drop below the detection level of commonly employed instruments.



This nighttime ozone behavior means that vertical profiles of ozone concentration can be used to investigate the NBL structure [10]. During conditions of atmospheric stability, the temperature inversion capping the NBL isolates ozone in the surface region from ozone at higher altitudes. Ozone deposition to surface and atmospheric reactions with NO decrease ozone concentration in this isolated air mass. Any occurrence of relatively high ozone concentrations in the vertical structure of the air mass thus implicates the occurrence of ozone intrusions from higher altitudes and reveals the structure of the NBL, including possible turbulent injections. In addition to ozone concentration, other gaseous or particulate pollutants, such as carbon dioxide, methane, nitrogen oxides, and aerosol particles, can be used as tracers for NBL height and structure depending on local factors of emission and loss of these species [24,25,26,27,28,29,30].



For the wet season, Guimarães et al. [10] reported results of the nighttime boundary layer over an urban region. Ozone sensors equipped to an unmanned aerial vehicle (UAV) were used for data collection. The UAV platform enabled data collection with temporal and spatial resolution in the vertical structure [31,32,33,34,35,36,37]. In addition to the classic structure reviewed by Stull [11], Guimarães et al. [10] reported two additional classes of atmospheric profiles that largely correlated with nighttime cloud cover.



In this paper, results from flights in the dry season are presented, and differences between the two seasons were analyzed. Moreover, compared with Guimarães et al. [10] for which ozone concentration, temperature, and relative humidity were collected, a broader range of species concentrations was collected in this study. Profiles of carbon monoxide and particulate matter (PM2.5 and PM10) were simultaneously collected. These species are markers of urban pollution and biomass burning, both of which can have continuous nighttime surface sources. By comparison, ozone derives from an overhead reservoir that undergoes dry deposition at the surface throughout the night. Thus, process-wise, the two sets of species strongly complement one another.




2. Experiment


A hexacopter UAV (DJI Matrice 600 Professional Grade, Figure S4) was used for the measurements. A description of the UAV platform is presented in Guimarães et al. [10]. Briefly, the UAV had maximum flight times of 35 min without payload and 25 min with mounted instrumentation (0.5–1.0 kg). The maximum ascending and descending speeds were 5 and 3 m s−1, respectively. Geofencing by the manufacturer limited flight height to 500 m above local ground. The UAV was equipped with Global Positioning System (GPS). Latitude, longitude, altitude, and flight speed were recorded during flights.



UAV flights were performed on the campus of the School of Technology at the Amazonas State University (3.0918° S, 60.0175° W). The campus is centrally located in Manaus. The campus is surrounded by a forested region that transitions into urbanized residential and commercial areas surrounding the campus (Figure 1). Manaus is the largest and most populous city in Amazonas state in Brazil. It has more than 2 million residents, and its urbanized land area is more than 200 km2.



During flights, the concentration of ozone was measured onboard the UAV. A commercial ozone sensor (Personal Ozone Monitor, 2B Technologies Inc., Boulder, CO, USA) was positioned on the top platform of the UAV. Over the course of the campaign, regular sensor calibration was carried out (Model 306, 2B Technologies Inc.). The detection limit of the sensor was 3 ppbv (2-sigma variation). The sensor measurement had an accuracy of the greater of 2 ppbv or 2% of the reading. The sampling flow rate to the sensor was 0.8 L min−1, and the concentration was measured every 10 s. Temperature and pressure were measured redundantly by this sensor and an additional one (HOBO U12 Series). A GPS module embedded in the sensor continuously recorded latitude, longitude, altitude, and time. This dataset provided a redundancy check to telemetry of the UAV navigation module. For data analysis, the ozone concentrations measured by the sensor were binned and averaged for every vertical interval of 15 m from the ground level up to a height of 500 m.



A laboratory-built sensor package was affixed to the bottom platform of the UAV. The sensor package measured concentrations of CO, CO2, SO2, PM2.5, and PM10 as well as temperature, relative humidity, and atmospheric pressure. The trace gases were detected by electrochemical sensors with ppbv detection sensitivity from Alphasense (Essex, UK). The particulate matter was characterized by an optical particle counter (OPC-N2, Alphasense). The sensor package operated and recorded the data every second. The sensors were calibrated at the National Taiwan University before and after the measurement campaign. After each UAV flight, the onboard sensor package was referenced to an identical package on the ground to ensure that the onboard sensors did not drift and functioned consistently.



The UAV flights were performed during the dry season from 13 September 2018 to 13 October 2018. During the study period, flights took place on 12 nights. On a typical night, eight flights were carried out every 30 min from 20:00 to 00:00 (local time (LT)). LT was 4 h earlier than Coordinated Universal Time (UTC). For each flight, the ascending speed was 0.5 m s−1, which minimized the influence of local turbulence and mixing from the UAV propellers [35,38]. In total, there were 84 flights, (Table S1), and the ozone sensor was active on all flights. The CO, CO2, SO2, PM2.5, and PM10 sensor package worked properly during 32 of these flights (4 nights).



In complement to the measurements, an atmospheric chemistry/transport model, called Lagrangian Integrated Trajectory of Single Particles HYbrid (HYSPLIT, version 4), was used in the analysis [39,40]. The objective was to simulate back trajectories at the point of UAV sampling to identify possible pollutant sources. The simulations were carried out for the near-surface layer from 0 to 500 m and back trajectories to 12 h. Biomass burning was identified from the Suomi-NPP satellite at a spatial resolution of 375 m [41]. The land use map from MapBiomas was used [42].




3. Results and Discussion


Observations of nighttime ozone concentration recorded by the UAV flights at different altitudes at the urban UEA campus in central Amazon are presented in Figure 2 for the wet and dry seasons. The vertical profiles are individually plotted in Figure S1 for each night. The data for the wet season were from Guimarães et al. [10] (Figure 2a), and the statistics of those observations were re-plotted in this study for comparison between the two seasons. The work of Guimarães et al. [10] was conducted at the same location and times of night as the present study. The data of the dry season of this study are plotted in Figure 2b.



The profiles of ozone concentration in the wet and dry seasons could be compared. The median of the ozone concentration close to the surface was <3 ppbv in the wet season, while in the dry season it was 6 ppbv. The median at the top of the NBL of 10 ppbv in the wet season doubled to 20 ppbv in the dry season. Likewise, the maximum concentration at the top of the NBL doubled from 20 ppbv in the wet season to 40 ppbv in the dry season. These differences are connected to the seasonality of ozone concentrations in the region [20]. Ozone is produced by photochemical cycles that involve sunlight, VOCs, and NOx [23]. In the dry season, the large-scale convective systems shift northward from most of Amazonia [43], leading to less cloud cover and greater solar irradiation [44,45]. Besides directly stimulating ozone production through more rapid photochemistry, greater solar radiation also enhances VOC emissions from the forest. In addition, there is an intensification of burning activities in the region that releases NOx [18]. All of these factors tend to increase ozone concentrations in the dry season. Even so, for both seasons, there is a decline of ozone concentration in the vertical profile from the top of the NBL to the land surface, and hence ozone is a good proxy for characterization of the NBL in both seasons.



The NBL height was determined in part based on the profiles of ozone concentration, potential temperature, and relative humidity using the method presented in Guimarães et al. [10]. Inflection points in the profiles represent the top of the NBL. There is typically a steep slope of the increasing ozone concentration and relative humidity at the inflection point. Potential temperature can sometimes behave similarly, although there are more exceptions because of the urban heat island (see below). In addition, compared to Guimarães et al. [10], the present study had additional chemical information, and this information was also used to confirm the NBL height.



Figure 3 shows the box-whisker statistics plots of the height of the nighttime boundary layer during the dry season based on 84 flights. Whereas the average NBL heights in the Amazon are typically 180–330 m and 120–230 m during the dry season for forest and pasture environments, respectively [9], Figure 3 shows that the typical NBL heights approached 225–350 m for the urban environment in the dry season. As discussed in Guimarães et al. [10], the higher NBL heights can be related to the effects of the urban heat island. A high heat capacity of the urban canopy leads to increased accumulation of solar energy during the day. Moreover, reduced evapotranspiration because of landcover changes reduces cooling mechanisms relative to the forest. These combined factors intensify daytime heating of the surface and retain temperature through the night. The nighttime profile of potential temperature in some cases can be complicated by these factors, leading to uncertainties in estimates of the NBL height by potential temperature. By comparison, estimates of the NBL height by ozone concentration are not affected by the urban heat island, thus demonstrating the usefulness of this chemical proxy for characterizing the NBL.



The CO, PM2.5, and PM10 pollution sensors on the UAV provided an additional perspective on the structure of the nighttime boundary layer. Figure 4 plots examples of eight vertical profiles collected on the night of 29 September 2018. The profiles extended from land surface to an altitude of 500 m. The red line represents the median of the data at each altitude. The vertical profile of ozone concentration is well explained by entrainment of ozone-laden air above the NBL height and its dry deposition to the land surface, as described above. By comparison, the vertical profile of carbon monoxide has a different behavior. A typical background concentration for Amazonia is 80–120 ppbv [21]. The observed surface concentration on 29 September 2018 was 500 ppbv. The explanation for higher concentrations is CO emission from the urban vehicular fleet [46,47]. The concentration decreases to the regional background concentration of 100 ppbv by 200 m. The profiles of O3 and CO concentrations are thus the inverse of one another. Ozone has an overhead regional source and a surface sink, and carbon monoxide has a localized urban surface source that dilutes to the regional background concentration at altitude. The profiles are symmetric by a mirror plane, and both profiles separately indicated an NBL height on this night of 160–200 m, which was lower than typical during the study period (see above). A step profile in concentration is characteristic of quiescent nights [10]. By comparison, the gently sloped profiles of O3 and CO concentration in Figure 4 indicated a night of moderate downward injection and turbulence. In this regard, the two independent profiles provided a consistent conclusion. The vertical profiles of PM2.5 and PM10 plotted in Figure 4 indicated an absence of significant local pollution on this night. The consumer vehicular fleet active during nighttime congestion in Manaus is modern, and the direct emissions of PM2.5 and PM10 from this fleet are small (the daytime fleet includes heavy vehicles that emit soot from diesel engines).



Figure 5 plots vertical profiles of the same type as Figure 4 but for a different night on 27 September 2018. The symmetric relation by mirror plane between the vertical profiles of O3 and CO concentrations was again apparent (Figure 5). Compared with Figure 4, the NBL transition was more abrupt. This observation indicated a more quiescent night with little turbulent intrusion. In addition, there was a clear increase of NBL height over time. The NBL height increased from 150–170 m at 20:00 to 230–250 m at 21:00, and further to 270–280 m at 22:00. Across time, the vertical profiles evolved through replacement of one species with another. The three species, meaning ozone, CO, and PM, have largely independent sources, and thus each profile leads to an independently supported conclusion, and the overall conclusion can thus be regarded as thricely supported. This linked behavior and conclusion demonstrated the important capability of the UAV-based chemical sensing to probe the evolution and dynamics of the atmospheric boundary layer.



There were several other differences between the two nights. The CO concentration was >1000 ppbv on 27 September 2018, which was more than double its value on 29 September 2018. Moreover, the vertical profiles of PM2.5 and PM10 concentrations differed strongly from one another between the two nights. On 29 September 2018, the vertical profiles of PM concentrations had little structure and provided no direct information about the NBL. On 27 September 2018, there was a high PM concentration near the surface. The implication was that the PM concentration and the elevated CO concentration came from a different source than the vehicular fleet. This source appeared to be biomass burning.



The HYSPLIT model was used to simulate atmospheric back trajectories for the near-surface layer from 0 to 500 m at the heights and times of UAV sampling corresponding to Figure 4 and Figure 5 (Figure S3). For 29 September 2018, the 12-h back trajectories were northeasterlies across the forest and a relatively few vicinal fires. For 27 September 2018, the back trajectories were southeasterlies across a farming region characterized by many fire spots. The back trajectories were consistent with the effect of regional biomass burning emissions as the explanation for the differences in the PM2.5 and PM10 concentrations between Figure 4 and Figure 5. The vertical profiles collected by the UAV indicated that this regional pollution stayed tightly contained within the NBL across the trajectory distance of tens of kilometers.




4. Conclusions


The results of this study highlighted the potential of the emerging technologies of sensor payloads on UAVs to provide new constraints and insights for understanding the pollution dynamics in nighttime boundary layers in urban regions. This study demonstrated the powerful efficacy of three different tracers from three different sources for mapping out the structure of the NBL. These tracers included regional ozone descending to the surface from overhead entrainment, carbon monoxide from transportation and biomass burning surface emissions, and particulate matter from long-distance Amazonian biomass burning. These datasets serve as new constraints that can test and improve high-resolution environmental models of NBL structure.
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Figure 1. Representative image of the study area in the city of Manaus, Brazil, in central Amazon. The urban region is crossed by rivers and interspersed with forests. Nighttime flights to collect vertical profiles took place on the campus of the Amazonas State University (marked as a red disc and labeled “UEA”) in the middle of the city. The green region in the inset shows the state of Amazonas, Brazil, in South America. 
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Figure 2. Box-whisker plots of the statistics of ozone concentration at different altitudes. Results are presented for the (a) wet and (b) dry seasons of 2018 (57 and 84 flights, respectively). The red line represents the median, the box edges show the quartiles, and the horizontal black lines indicate the minimum and maximum values, excluding outliers. Flights took place between 20:00 and 00:00 (local time (LT)). LT was 4 h earlier than UTC. The data of panel (a) are from Guimarães et al. [10]. 
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Figure 3. Box-whisker statistics plots of the height of the nighttime boundary layer during the dry season of 2018 based on (a) ozone concentration, (b) potential temperature, and (c) specific humidity (84 flights). The median (red line), quartiles (blue box edges), and the minimum and maximum values (black lines) are represented, excluding outliers. Flights took place between 20:00 and 00:00 (LT). Local time (LT) was 4 h earlier than UTC. 
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Figure 4. Vertical profiles of the concentrations of ozone, carbon monoxide, PM2.5, and PM10 from land surface to an altitude of 500 m for 8 flights on 29 September 2018 between 20:00 and 00:00 (LT). The red line represents the median of the data at each altitude. The dashed line represents the instrumental limit of detection for ozone (3 ppbv). Individual profiles are plotted in Figure S2. 
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Figure 5. Evolution of vertical profiles of the concentrations of ozone, carbon monoxide, PM2.5, and PM10 from land surface to an altitude of 500 m on 27 September 2018 from 20:00 to 22:00 (LT). 
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