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Abstract

:

The vertical profile of equivalent black carbon (eBC) concentrations has been measured together with the temperature up to 130 m above ground level at several locations. A hexacopter was deployed for the measurement of eBC, and the temperature on typical days in winter, spring, summer and early autumn. We observed high eBC concentrations between 10 m and 90 m above ground level, which was related to the vertical distribution of temperature. We examined that the measurement noise could be reduced by using a box-average scheme. Furthermore, the negative values at low eBC concentration could be removed for an averaging time of 30 min or longer.
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1. Introduction


Monitoring air quality, using small sensors onboard a drone is very complicated, not only for constraints, such as power consumption, weight and propeller effect, but also because of sensor dependence on the pollution sources [1]. The aerosol light absorption of black carbon (BC) is an important measure to quantify the solar radiation toward the earth. In addition, BC is related to environmental climate change, as well as the air quality. At pristine sites, such as remote mountains, small amount of light absorbing aerosols have the potential for thawing permanent snow. The interactions of BC with the atmosphere and light strongly depend on the distribution of BC in the atmosphere. Usually, BC concentration is measured on the ground by a filter-based technique in the form of the equivalent BC (eBC) concentration, which derives mass concentrations associated with absorption coefficient. Light absorption by BC can be measured by a multiangle absorption photometer (MAAP) or an aethalometer which basically use Beer-Lambert law for quantification [2,3]. Among them, the MAAP is effective in that it corrects scattering artifacts. However, the MAAP still suffers from high noise when the aerosol concentration is low. To overcome the shortcomings of any filter-based techniques, corrections have been made by applying various schemes [4,5,6,7,8]. In this situation, it is needed to ascertain the eBC concentration at tens of meters above ground level (agl) because the atmosphere at low altitude is highly related to the air quality on the ground level. Vertical measurement of eBC concentration, using balloons, have already been studied by other research groups [9,10]. The elevation of a balloon, however, may be affected by air drift caused by the turbulence of wind; therefore, it would be difficult to detect BC at the exact position along the vertical axis of elevation. There are several studies for vertical profiles of air pollutants measured using a fixed-wing unmanned aerial vehicle (FW-UAV) [11,12]. However, measurements using FW-UAVs are dangerous near the ground level where most people live. Therefore, measurements of BC using a hexacopter are conducted in this study to investigate short-range vertical profiles of BC starting from the ground level to about 100 m in altitude.



Drones offer a new approach to large scale air pollution elimination that will be able to autonomously monitor and remove pollutants that are already in existence in the environment [13]. Drones can offer a high resolution spatiotemporal sampling, which is not feasible with manned aircraft. Some drone systems are more flexible than others, with the ability to carry multiple sensors and operate at different flight modes (hybrid rotary/fixed wing designs) [1]. Even more, a drone is used to measure a plume of volcanic degassing with the help of arrays for the measurement of multiple gas species such as CO2, SO2 and H2O [14]. Liu et al. (2020) performed vertical profile measurements of PM2.5 and BC by using a hexacopter unmanned aerial vehicle (UAV) for 23 days in the course of 2 months in 2018 in Macau, China and reported that higher particle concentrations, but less pronounced vertical variations were observed in February than those in March [15]. Another study shows that a multi-rotor drone, carrying a remote-controlled whole air sampling device, collects aerial samples with high sample integrity and preservation conditions [16]. A particle collection system was installed on a multicopter UAV for in situ measurement of the concentration of aerosol particles such as pollen grains and spores in the atmospheric boundary layer (ABL) [17]. The utility of a quadrotor unmanned aircraft system (UAS) was explored as a sampling platform to measure vertical and horizontal concentration gradients of trace gases and aerosol particles at high spatial resolution (1 m) within the mixed layer (0−100 m) [18]. A drone provides a lightweight, low-cost and easy controllable system for bioaerosol research too [19].



As we surveyed, drones are used to measure atmospheric pollutants in a high altitude where the concentrations are probably lower than those in the ground level. In addition, it is likely that the noise level of measurement becomes high at low eBC concentration. Therefore, it is needed to reduce such noise for better analysis.



In this study, we demonstrate the vertical profiles of eBC concentrations and temperatures at low altitude from the ground level in typical days selected during winter, spring, summer and early autumn. To reduce the noise of eBC measurement, we suggest a simple way to estimate an averaging time which is physically reasonable.




2. Materials and Methods


2.1. Measurement of eBC Concentration Using a Drone-Based BC Sensor at KOREATECH Campus


Figure 1 shows the drone used in this study and the snapshot of a program for drone control. A micro-aethalometer (microAeth AE51, AethLabs) weighing approximately 0.3 kg was used for the eBC measurements. The wavelength of the light source is 880 nm. BC was collected and analyzed on a filter strip consisting of a T60 Teflon coated borosilicate glass fiber media housed in a protective casing. To measure the vertical profile of eBC concentration, AE51 and a battery pack were loaded onto the hexacopter (DJI F550), which weighed approximately 2.0 kg in total and could aviate for about 13–15 min depending on weather condition with fully charged batteries. The hexacopter used in this study was modified and built for our experiments. Testo 174H was used to measure the temperature. Testo 174H uses a thermocouple as a probe. The range of measurement is −20 ℃ to 70 ℃. The resolution of temperature measurement is 0.1 °C.



While, a hexacopter can cover an altitude range from the ground to 600 m agl, a FW-UAV aircraft can cover an altitude range from 150 m above the ground to around 2000 m above sea level. The blade diameter of our hexacopter was 0.22 m. The empty weight and the takeoff weight were 0.5 kg, and 2.0 kg, respectively. The maximum operation altitude was about 1000 m. The maximum horizontal and vertical velocities were both 14 m/s. A Graupner MZ-24 controller was used for stable aviation. The control of ascent, descent and hovering is quite straightforward. Naza-M Assistant Software (v2.40) controlled our drone to make an automatic vertical ascent, hovering for a while and descent to the ground. When hovering at a certain position, our drone discharged the thrust equivalent to the weight of the drone at the measurement altitude. Instantaneous changes in wind direction and speed made the position of our drone shift momentarily, but it became stable shortly in a new posture with a help of a compensation scheme by the controller.



At the measurement altitude, our drone was hovering about 4–5 min to measure the eBC and the temperature, which were recorded every minute. The measurement was done in three ways depending on the battery status. First, the measurement height has been selected at random order. For example, the measurement was done at 10 m, 50 m, 20 m, 70 m and then 30 m, etc. This is defined as the random mode. Second, the measurement altitude increases from the ground to 130 m agl in sequence as the drone goes up and this is defined as the ascending mode. Third, the measurement altitude decreases from 130 m agl to the ground in sequence as the drone comes down, and this is defined as the descending mode.




2.2. Location of Measurement and Time Frame Together with Wind Velocity and Wind Direction


The eBC concentrations were measured at various altitudes in KOREATECH campus (36°45′59.4″ N 127°16′50.9″ E) for 5 days representing winter, spring, summer and early autumn. We selected February 28th as a representative day of a late winter. In spring, the measurement was done on April 30th. Summer has been getting longer recently, so we chose multiple days. In early summer, the measurement was done on May 27th and June 21st. To represent late summer and early autumn, the measurement was done on August 19th. The average wind speeds and directions were calculated from the 10 min released data obtained from the website of Korea Meteorological Administration (KMA, http://www.weather.go.kr/weather/observation/aws_table_popup.jsp).




2.3. Measuement at a Mountain


The eBC concentrations were measured at Eun Seok Mountain (36°46′58.5″ N 127°16′58.5″ E) near KOREATECH campus. A large grave tomb near the top of the Eun Seok Mountain (approximately at an altitude of 400 m) provides a safe place to land our hexacopter as shown in Figure 2a. Figure 2b shows that we elevated our hexacopter to 100 m higher than the height of the top of the Eun Seok Mountaion. Our hexacomper was used to check the level of eBC concentrations at a mountain where the altitude was 400–500 m. Even though the mountain was not considered to be high, we need to approximately estimate the level of the eBC concentration at a usual mountain site. At the measurement altitude, drone was hovering about 4–5 min to measure eBC concentrations, which were recorded every minute.





3. Results and Discussion


3.1. eBC Concentrations and Temperatures in Winter, Spring, Summer and Early Autumn


Data shown in Figure 3 are examples of typical characteristics of diurnal evolution of eBC concentrations measured at various altitudes in April 30th, 2017. The eBC concentrations were measured to be noisy in the morning and noon though less noisy in the evening. Most of high spikes around 9:35, 9:50, 10:45, 10:50, 11: 45, 11:55, 12:25, 12:40 and 12:55, as shown in the morning (Figure 3a,b), turned out to be measured on the ground level while batteries were manually being changed. In this case, the peak concentrations were similar to the eBC concentration on the ground. In the morning, the eBC concentration was observed highest at the ground level. In the evening, however, the eBC concentration at the ground level was similar to or less than the eBC concentrations at altitudes from 10 m to 130 m.



We measured eBC concentrations on 28 February 2017 to represent the BC situation in winter at KOREATECH campus as shown in Figure 4a. The average eBC concentrations alongside the vertical altitude for 3 cases was 2.9 ± 1.6 μg/m3, which is higher than usual eBC concentrations (~1.5 μg/m3) at this area through spring to autumn [20]. In terms of the measurement timing, eBC concentrations measured in the morning were highest among other eBC concentrations measured in the evening or in the late morning. More specifically, eBC concentrations measured in the late morning is the lowest. The eBC concentration decreased as the altitude increased up to around 60 m, and then it increased up to 90 m. It seems that the temperature change around at 60 m high influenced the movement of air mass so that BC has been trapped between 60 m and 90 m high. In other words, high BC concentrations at h = 70–90 m could be related to the temperature inversion (at h = 50–60 m), which blocked transfer from midair to the ground as can be seen in Figure 4b. Average wind speed and direction during the measurements on 28 February 2017 were 2.5 m/s and 294°, respectively. Moderate wind speed seems to partly affect the high eBC concentration on the ground level.



Figure 4c shows eBC concentrations measured on April 30th to reflect the BC situation in spring. Similar to the result in winter, eBC concentrations were highest on the ground, especially in the morning. Average eBC concentrations from 10 m to 130 m, however, were 1.89 ± 0.48 μg/m3, showing less fluctuated than the vertical eBC concentrations measured in winter. The eBC concentrations measured in the morning were higher than those measured in the late morning, which is similar to the situation of the eBC concentration in winter. Note that the temperature scale ranges from 10 to 35 °C, which is 5 °C higher than the temperature scale range in winter as shown in Figure 4d. Average wind speed and direction during the measurements on 30 April 2017 were 7.3 m/s and 224°, respectively.



We measured eBC concentrations on 27 May to represent the BC situation in early summer as shown in Figure 4e. The level of eBC concentrations were mostly low. As opposed to the results in winter and spring (Figure 4a,c), eBC concentrations on the ground were highest when measured in the late morning. The average eBC concentrations from an altitude of 10 m to 130 m were 0.93 ± 0.68 μg/m3. The eBC concentrations measured in the morning on the ground were lower than those measured in the late morning, which is contrary to the eBC situation in winter. Figure 4f shows the temperature inversion at an altitude from 20 m to 40 m in the morning and in the late morning. The inversion blocks the transfer from the ground to high altitude, thus the air mass on the ground is stagnant, causing the high eBC concentration on the ground. It is interesting to note that no vertical temperature gradient was observed at night. Average wind speed and direction during the measurements on 27 May 2017 were 2.7 m/s and 280°, respectively. Moderate wind speed seems to partly affect the high eBC concentration on the ground level similarly to the case of winter.



Figure 4g shows eBC concentrations measured on 21 June show the BC situation in the middle of summer. The temperature was highest as can be seen in Figure 4h. The temperature inversion around h = 30–60 m in the morning seems to cause the high BC at h = 40 m. The level of eBC concentrations were low except at 40 m in the morning. Temperature profiles after 19:00 were more stable than those before noon. The eBC concentrations was similar regardless of the time when the measurements were done. Average eBC concentrations from the ground to 130 m were 1.01 ± 0.49 μg/m3. The temperature profile shows the temperature inversion from an altitude of 30 m to 60 m in the morning and from an altitude of 30 m to 40 m close to noon. The high eBC concentration at 40 m in the morning is associated with the temperature inversion. It is thought that BC particles generated at the ground were elevated up to 40 m and the stable layer created between 30 m and 60 m due to the temperature inversion prevented the BC from being lifted above 40 m. Average wind speed and direction during the measurements on 21 June 2017 were 6.7 m/s and 263°, respectively.



We observed eBC concentrations on August 19th as shown in Figure 4i to ascertain whether the BC situation in the late summer and early autumn is same as before or not. The temperature was still high as shown in Figure 4j. The temperature inversion near noon around h = 0–40 m seems to keep the air mass stagnant. The level of eBC concentrations were low due to intermittent drizzle. Sudden heavy shower and rain at night hindered us from operating the drone, thus there was no data at night. This exemplifies the unavailability of drone system for the atmospheric measurements in some weather conditions including strong wind or heavy rain. Temperature profiles in the late morning showed a weak temperature inversion but other cases did not. Average eBC concentrations from the ground to 130 m were 0.75 ± 0.48 μg/m3. The eBC concentration was the lowest among other cases. The temperature profile shows the temperature inversion from an altitude of 30 m to 60 m and from 90 m to 110 m in the late morning. Average wind speed and direction during the measurements on 19 August 2017 were 5.5 m/s and 87°, respectively.



As for the relationship between the eBC concentrations and the wind speed, eBC concentrations on the ground were low in strong wind days, while eBC concentrations on the ground were high in moderate wind days. Exceptionally, the eBC concentration on the ground on 30 April was high despite the strong wind.




3.2. Measurement of eBC Concentration at a Mountain (400 Meters agl)


At a mountain, the eBC concentrations were measured to be approximately 1 μg/m3 as shown in Figure 5. The eBC concentrations measured at 400 m agl were slightly different from those measured at 500 m agl but the difference was not so large. Therefore, it is not unreasonable to assume that the nominal eBC concentration at mountain area near KOREATECH campus is below 1 μg/m3. From the result of the measurement at a mountain, it is thought that the value could be regarded as a background eBC concentration.




3.3. Preliminary Remedy for Low eBC Concentration Case


The flight time of our hexacopter is about 13–15 min with a fully charged battery. It takes 1–2 min to translocate our drone from one place to another one. In addition, it takes 1–2 min to stabilize the position of our drone when the wind is strong. Therefore, it is very difficult to continuously measure the eBC concentrations at a certain place for a long time. Therefore, instead of utilizing a hexacopter, we examined the eBC concentrations continuously collected by a multi-angle absorption photometer at the ground level for the analysis of low eBC concentrations. We selected several cases where the concentration at the ground level is low in order to examine how noisy and unrealistic the value is. Low concentration cases include several days when the eBC concentrations were below 1 μg/m3 which was confirmed as a nominal concentration at mountain near KOREATECH. The precipitations and wind speed for CASE I, II, and III were shown in Table 1. The precipitation was present and the wind speed was high when eBC concentrations were very low.



Figure 6a–c show eBC concentrations of CASE I, CASE II, and CASE III, respectively. The eBC concentrations were mostly less than 1 μg/m3 and negative intermittently. For better comparison of low concentration cases to a typical case, a diurnal variation of the eBC concentration was displayed in Figure 6d. Morning rush hour and evening rush hour peaks were observed and the concentration increased to approximately 5 μg/m3, which was higher than a typical eBC concentration near KOREATECH.



CASE II was selected to investigate how to simply correct noisy and negative eBC concentrations. The simplest way to remove the noise is to do a box-averaging. We performed a box-averaging with 2 min and 5 min time window. As can be seen in Figure 7a, the 5 min averaging looks fair enough to consider that the noise is nominally reduced down to a discernable level. Consequently, a box-averaging for at least 5 min can remove noisiness. However, negative signals were still frequently observed in CASE II as shown in Figure 7b. The negative concentration seems partly due to a compensation scheme which forcedly displays zero concentration under nearly zero concentration condition [21]. In other words, negative values equivalent to positive values are alternately displayed so as to become zero at an extremely low concentration if averaged in time series. The absolute values of negative concentrations are reduced with an averaging time until it becomes zero. Therefore, it is reasonable to assume that negative concentration disappears at an ideal averaging time.



We performed the box-averaging with the time window of 2, 5, 10, 15, 20, 25, 30 and 60 min. We selected the minimum eBC concentration after averaging, then we attempted to find the time window where the negative signal completely disappears. We regarded the minimum eBC concentration as a reference value for comparison. Negative minimum eBC concentration disappeared for the first time when we performed box-averaging with 30 min of average time. Consequently, the best fit for the minimum eBC concentrations versus the averaging time was a power-law fit. Figure 8 shows the minimum eBC concentrations as a function of the averaging time together with a power-law curve fit equation. It was estimated from the equation that the minimum eBC concentration became positive at the averaging time of 28 min. Thus, 30 min of averaging time could reduce the noise and remove the negative concentration, which were observed for a low concentration condition.





4. Concluding Remarks


Simultaneous measurement of the eBC concentration and the temperature at the exact position of interest along a vertical axis using our drone system was carried out for the first time as far as the authors know. We have established a basis for measuring black carbon from the ground up to 130 m above ground level. The caveat of temperature measurement is that temperature gradient could be overestimated on an ascending mode in the evening and descending mode in the morning. The temperature gradient could be underestimated on the ascending mode in the morning. Nonetheless, the temperature information gives us the atmospheric lapse rates. The low concentration cases were selected for better explanation of the correction for eBC concentrations measured at clean area, such as a mountain. At low eBC concentration, signal was noisy and exhibited negative values from time to time. To remove the noise and negativity at low concentration, we performed very simple analysis such as a box-averaging. It is recommended that the averaging time be longer than 30 min for low concentration condition. Longer study needs if available to identify the characteristics of BC and the temperature for entire four seasons. Correction for scattering artifacts is underway as well.
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Figure 1. Hexacopter-based eBC and temperature measurement system: (a) Our hexacopter weighs 0.3 kg without payload. Six propellers generate the thrust force to aviate; (b) Diagram of vertical traverse of the measurement using the hexacopter; (c) Control software provided by the drone manufacturer shows the aviation state and geometrical information associated with the flight of measurement. 
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Figure 2. Measurement at a mountain: (a) Photo of a tomb near the top of Eun Seok Mountain; (b) The altitude of the tomb from the ground is approximately 400 m. The vertical profile of eBC from the tomb up to 100 m higher than the tomb has been measured. 
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Figure 3. Examples of vertical eBC concentration measurements. The short horizontal black bars in figures indicate the duration of eBC concentration measurements at each altitudes: (a) Measurement in the morning; (b) Measurement in the late morning; (c) Measurement in the evening; (d) Measurement at night. 
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Figure 4. Vertical profiles of eBC concentration and temperature at low altitude: (a) eBC concentrations in late winter; (b) Temperatures in late winter; (c) eBC concentrations in spring; (d) Temperatures in spring; (e) eBC concentrations in early summer; (f) Temperatures in early summer; (g) eBC concentrations in summer; (h) Temperatures in summer; (i) eBC concentrations in summer and early autumn; (j) Temperatures in summer and early autumn. 
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Figure 5. The eBC concentrations measured in Eun Seok Mountain. The three black horizontal lines indicate average eBC concentrations at 400 m agl, 500 m agl, and 500 m agl after battery change. 
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Figure 6. Several cases of low eBC concentrations measured at the ground level: (a) CASE I; (b) CASE II; (c) CASE III; (d) diurnal variation of eBC concentration for a normal day. 
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Figure 7. Box-averaging shows that the noise level of eBC concentrations measured at the ground level was reduced: (a) Averaging with longer time more effectively reduces noise; (b) Negative concentrations were observed in CASE II. 
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Figure 8. Minimum eBC concentrations as a function of averaging time. Power-law fitting describes the relationship between the minimum eBC concentration and the averaging time. 






Figure 8. Minimum eBC concentrations as a function of averaging time. Power-law fitting describes the relationship between the minimum eBC concentration and the averaging time.



[image: Applsci 10 05142 g008]







[image: Table] 





Table 1. Precipitation and wind speed for low eBC concentration cases.
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	Case (Date)
	Precipitation (mm) 1
	Wind Speed (m/s) 1





	CASE I (August 20)
	21
	1.0



	CASE II (August 23–24)
	6
	4.5



	CASE III (September 15–16)
	0
	6.0







1 Data were obtained from the website of Korea Meteorological Administration (http://www.kma.go.kr/weather/observation/aws_table_popup.jsp).
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