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Abstract:



In this study, we report on airborne Differential Optical Absorption Spectroscopy (DOAS) observations of tropospheric NO2 using an Ultralight Trike (ULT) and associated flux calculations. The instrument onboard the ULT was developed for measuring the tropospheric NO2 Vertical Column Density (VCD) and it was operated for several days between 2011 and 2014, in the South-East of Romania. Collocated measurements were performed using a car-DOAS instrument. Most of the airborne and mobile ground-based measurements were performed close to an industrial platform located nearby Galati city (45.43° N, 28.03° E). We found a correlation of R = 0.71 between tropospheric NO2 VCDs deduced from airborne DOAS observations and mobile ground-based DOAS observations. We also present a comparison between stratospheric NO2 Slant Column Density (SCD) derived from the Dutch OMI NO2 (DOMINO) satellite data product and stratospheric SCDs obtained from ground and airborne measurements. The airborne DOAS observations performed on 13 August 2014 were used to quantify the NO2 flux originating from an industrial platform located nearby Galati city. Measurements during a flight above the industrial plume showed a maximum tropospheric NO2 VCD of (1.41 ± 0.27) × 1016 molecules/cm2 and an associated NO2 flux of (3.45 ± 0.89) × 10−3 kg/s.
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1. Introduction


Nitrogen dioxide (NO2) is a chemical gaseous compound with an important role in the Earth’s atmosphere. NO2 is a key trace element in the chemistry of ozone, since it is involved in the catalytic destruction of ozone in the stratosphere [1], while in the troposphere its photolysis leads directly to the formation of ozone (O3) in the presence of VOCs (volatile organic compounds). NO2 is released in the atmosphere from natural sources (soil, lightning, solar cosmic rays) and anthropogenic emissions (fossil fuels and biomass burning, industrial activities). Long-term exposure to NO2 may affect the respiratory system and lead to coronary diseases. NO2 can lead to acidification of the aquatic ecosystem following the oxidation to HNO3.



The Differential Optical Absorption Spectroscopy (DOAS) technique [2] has been used for NO2 atmospheric measurements since the early 1970s [3,4]. Nowadays, besides ground-based zenith sky measurements, DOAS techniques have developed into Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) observations [5]. The mobile DOAS technique was recently used on several platforms such as: cars [6,7], airplanes [8,9,10], Unmanned Aerial Vehicles (UAVs) [11] or satellites [12,13,14,15,16].



Airborne observations have a number of important advantages for atmospheric research such as: the flexibility during the flights and the possibility to access remote areas such as oceans, deserts, rural or areas without roads.



The ULMs (Ultralight Motorized) are airborne platforms with an important scientific potential for atmospheric research. So far, ULMs have been used to study the ultraviolet actinic radiation flux [17], formaldehyde distribution [18], aerosol profiles [19], SO2, NO2 and ozone distribution [20,21,22,23].



This work highlights the capability of a low-cost system (ULT-DOAS) used for measurements of tropospheric NO2 VCD and associated flux calculations. This study presents airborne DOAS observations of tropospheric NO2 using an Ultralight Trike (ULT) and associated flux calculations. The work presented here was motivated by the need to further assess the intrapixel variability of NO2 detected by UV-VIS DOAS instruments onboard satellites. This work comes in the context of a validation programme of the future Atmospheric Sentinels, starting with the Sentinel-5 Precursor to be launched in summer 2017. A similar system based on DOAS onboard the ULM was used during the Airborne Romanian Measurements of Aerosols and Trace gases (AROMAT) campaign, held in Romania in August 2015 [24]. The AROMAT campaign was conducted under the aegis of the European Space Agency (ESA) in the framework of a series of ESA field campaigns.




2. Methodology


2.1. Experimental and Instrumental Descriptions


The mobile DOAS observations were performed onboard of an Ultralight Trike (ULT), in the South-East of Romania (Figure 1) during several days between 2011 and 2014. All measurements were performed under clear-sky conditions (see Table 1). The Mobile DOAS system used for measurements will be described in the following as the ULT-DOAS system. The measurements took place in an area around Galati (located at 45.43° N, 28.03° E), Braila (45.26° N, 27.95° E), and close to the industrial areas of Slobozia (44.56° N, 27.35° E). Note that an operational steel mill factory is located in the vicinity of Galati, while Slobozia was chosen due to the presence of a fertilizer factory. Due to security concerns, direct flights above the cities or industrial platforms were not performed. Most of the airborne DOAS observations were performed in nadir geometry. Details about the ULT-DOAS measurements are presented in Table 1.


Figure 1. The main locations where airborne and/or ground-based mobile Differential Optical Absorption Spectroscopy (DOAS) observations were performed.
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Table 1. Coordinates and temporal coverage of the mobile DOAS measurements.







	
Day

	
Time Interval UTC *

	
Route of ULT-DOAS ** Measurements

	
NO2 Source Target






	
1 September 2011

	
8.31–9.45

	
Galati–Braila

	
Braila urban area




	
25 August 2012

	
7.53–8.89

	
Galati–Braila

	
Braila urban area




	
21 July 2014

	
9.51–10.96

	
Galati–Slobozia

	
Slobozia industrial area




	
13 August 2014

	
7.32–8.19

	
Galati

	
Galati industrial area








* Coordinated Universal Time. ** ULT-DOAS = Ultralight Trike-Differential Optical Absorption Spectroscopy.








Airborne-DOAS measurements were accompanied by car-DOAS measurements and static twilight observations on 21 July 2014. Static twilight DOAS measurements, used for determination of the NO2 content from the reference spectra, were performed in a rural area close to Galati city. The car-DOAS measurements were performed right before or after the experimental flights.



The aircraft used for all the flight experiments presented in this paper is a double-seated, open-cockpit ultralight aircraft, trike type (model Fanagoria 21, produced by Plovdiv Air Bulgaria). The flexible wing (Atlant-21, produced by Plovdiv Air Bulgaria) has an area of 16 m2. The ULT is powered by a Subaru EA81 engine with 75 HP. The cruise speed is 75 km/h and the maximum speed is 100 km/h relative to the ground. The aircraft has a maximum total weight at take-off of 450 kg.



The ULT-DOAS instrument consists of a compact Czerny-Turner spectrometer (AvaSpec-ULS2048XL-USB2, of 175 × 110 × 44 mm dimensions and 855 g weight) placed in the Ultralight Trike. Figure 2 presents the instrumental DOAS set-up. The spectral range of the spectrometer is 280–550 nm with 0.7 nm resolution (FWHM—Full Width at Half Maximum) with a focal length of 75 mm. The entrance slit is 50 μm and the grating is 1200 L/mm, blazed at 250 nm. The spectrometer is connected to the telescope through a 400 μm chrome-plated brass optical fiber. The telescope achieves a 2.3° field-of-view with fused silica collimating lenses. Each spectrum is recorded by a laptop and georeferenced by a GPS receiver. The spectrometer and the GPS receiver are powered by the laptop USB ports. The entire set-up is powered by 12 V of the ULT through an inverter. Each measurement is a 10-second average of 10 scans accumulations at an integration time between 50 and 150 ms.


Figure 2. Schematic of the ULT-DOAS measurement principle.
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This work is mostly based on nadir-DOAS observations but we also present zenith-sky observations onboard ULT for stratospheric NO2 measurements. The same DOAS system was used in the case of the zenith sky car-DOAS observations.




2.2. Determination of the NO2 Tropospheric Vertical Column and Flux Calculation


2.2.1. Retrieval of NO2 Slant Column


The analysis of the measured spectra was performed using the QDOAS software [25]. For the NO2 fit, the spectral window of 425–490 nm was used. The NO2 spectral analysis included five absorption cross sections: the NO2 cross sections at 298 K and 220K [26], the O3 cross section at 223 K [27], the O4 cross section [28] and a Ring spectrum [29]. A fifth-degree polynomial to account for scattering processes and broad-band absorption in the atmosphere was used in the DOAS analysis. The direct result of the spectral analysis is a differential slant column density (DSCD), which is the integrated trace gas concentration along the light path through the atmosphere. The DSCD is the difference between the slant column densities in the measured spectra (SCDmeas) and the Fraunhofer reference spectrum (SCDref). The NO2 amount in the Fraunhofer reference spectrum is unknown and its retrieval is important for the determination of the SCDmeas (Equation (1)).
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(1)





Figure 3 presents a typical DOAS fit using a spectrum recorded during the experiment close to the Galati steel factory, on 13 August 2014.


Figure 3. Example of a DOAS fit realized with the QDOAS software; the analyzed spectrum was recorded close to Galati, on 13 August 2014. Black line corresponds to molecular cross sections scaled to the detected absorptions in the measured spectrum (red line).
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The Slant Column Density (SCD) is converted to a Vertical Column Density (VCD) by means of an Air Mass Factor (AMF), which is defined as the ratio between SCD and VCD (Equation (2))
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(2)




where τSCD and τVCD are the optical thickness for the slant column (SCD) and vertical column (VCD), respectively.



Since the measured spectra contain information about both stratospheric and tropospheric NO2 content, the SCDmeas can be written as:
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(3)







The above equations can be further simplified assuming that SCDref is dominated by stratospheric NO2. Using this assumption, the stratospheric contributions can be canceled by the NO2 amount in the reference spectrum (Equation (4)) [8].
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(4)





The assumption presented above is valid if the reference spectrum (needed for the spectral evaluation) is recorded at noon, in an area with a very low NO2 content and if SCDstrato does not vary in time. The Fraunhofer reference spectrum could also be a zenith-sky spectrum recorded at high altitude over the boundary layer [30]. However, in this work the tropospheric NO2 VCD is based on calculations using Equation (3).




2.2.2. Deduction of the SCDref and VCDstrato


To avoid systematic errors due to the use of multiple reference spectra, only one spectrum will be used for the spectral analysis of all DOAS observations presented in this paper.



The NO2 amount in the reference spectrum was calculated using a photo-chemically modified Langley plot [6,31]. The SCDref corresponds to a zenith spectrum recorded at noon, in a clean rural area close to Galati city. The spectrum was recorded on 13 August 2014 (9.70 UTC and solar zenith angle (SZA) = 31.55°).



The photo-chemically modified Langley plot was applied for the twilight sunrise observations performed on 21 July 2014. By applying the Langley plot method, we calculated the SCDref as 4.1 × 1015 molecules/cm2 of NO2.



The stratospheric contribution used for the retrieval of the VCDtropo is derived from the assimilated vertical stratospheric columns simulated by Dutch OMI NO2 (DOMINO). Table 2 shows the satellite overpass data sets that were used for the retrieval algorithm presented in this work.



Table 2. OMI satellite overpasses data sets.







	
Day

	
Orbit Nr.

	
Overpass Time

UTC

	
Stratospheric VCD

[×1015 molecules/cm2]






	
1 September 2011

	
37,923

	
11:04:28

	
3.76




	
25 August 2012

	
43,151

	
11:11:07

	
3.75




	
21 July 2014

	
53,272

	
11:17:36

	
4.14




	
13 August 2014

	
53,607

	
11:23:47

	
3.74








VCD = Vertical Column Density.








Figure 4A presents the SCD determined at twilight sunrise on 21 July 2014 compared with the SCDstrato derived from the DOMINO Level 2 product [32] scaled with a chemically modified AMF calculated by PSCBOX [33,34]. More details about the retrieval of the SCDstrato using twilight observations and model simulations are presented in [6]. A good agreement between the two types of SCDstrato determinations is obtained, which gives confidence in the stratospheric SCD measured by our static DOAS observations.


Figure 4. Comparisons between measured SCD using various methods of determination and stratospheric SCD derived from OMI (21 July 2014); (A) Comparison between SCD determined from ground-based (GB) observations and stratospheric SCD derived from DOMINO; (B) Comparison between SCD determined from CAR-DOAS (black dots) and ULT-DOAS (red dots) and stratospheric SCD derived from DOMINO.
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Figure 4B shows the SCDstrato derived from DOMINO compared with the SCDs determined by car-DOAS zenith-sky observations and ULT-DOAS measurements performed in the zenith geometry, for the same day of 21 July 2014. From this plot, one can see that the car-DOAS measurements are dominated by tropospheric NO2 while the zenith-sky ULT-DOAS observation presents a low amount of NO2 close to the stratospheric NO2 SCD derived from OMI. This is due to the fact that zenith-sky ULT-DOAS observations are performed above the NO2 plume or above the planetary boundary layer.




2.2.3. Radiative Transfer Calculation


In order to determine the VCD, the SCD retrieved with the DOAS method has to be converted using an appropriate AMF. The geometric approximation for the airborne DOAS observations assumes a simple reflection of the sunlight on the earth’s surface. In this case (neglecting the earth’s sphericity) the nadir AMF can be described as a function of the solar zenith angle (SZA) as:
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(5)







Since the ULT-DOAS measurements were performed in the open atmosphere using scattered sunlight radiation, the radiative transfer during the observations needs to be modeled to interpret the retrieved data. In this work, the AMF was calculated using the radiative transfer model (RTM) UVspec/DISORT [35], which is a fully spherical model. This RTM has been validated using six other different codes [34].



The general assumptions made for the radiative transfer calculation using the RTM UVspec/DISORT are introduced in Table 3.



Table 3. Input parameters used for the radiative transfer model (RTM) calculations.







	
Trace Gas

	
Nitrogen Dioxide






	
wavelength

	
440 nm




	
flight altitude

	
1000 m

	
1500 m




	
albedo

	
0.1




	
visibility

	
1 km

	
5 km

	
20 km




	
line of sight

	
0°










Results of AMF simulations for the nadir flight performed on 13 August 2014, using the input parameters presented in Table 3, are displayed in Figure 5. The geometric AMF for the nadir view is also shown. The visibility parameter accounts for the effect of aerosols.


Figure 5. AMF simulations obtained from RTM calculations using UVspec/DISORT for various input parameters, for 13 August 2014. AMF = Air Mass Factor.
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3. Results and Discussions


The airborne DOAS observations were designed to determine the distribution of tropospheric NO2 from the South-East of Romania from urban, industrial and rural areas and associated flux.



The first flights were performed on 1 September 2011 and 25 August 2012, and aimed at measuring the NO2 around the industrial area of Galati city and from Braila city. The flight performed on 21 July 2014 aimed to measure the NO2 emitted by a fertilizer factory located nearby Slobozia city; unfortunately, during the DOAS flight the fertilizer factory was not operational. Figure 6 presents the horizontal distribution of the tropospheric NO2 determined in nadir geometry for 1 September 2011, while Figure 7 depicts the results during a similar flight, but on 25 August 2012. During this experiment, the plume from the industrial platform was not fully crossed by the optical instrument onboard the ULT. The wind was northerly resulting in local increases of the NO2 amount detected by the spectrometer. The maximum tropospheric NO2 VCD detected during this experiment was (1.1 ± 0.24) × 1016 molecules/cm2 while the minimum tropospheric NO2 VCD was (2.1 ± 0.81) × 1015 molecules/cm2.


Figure 6. Map of tropospheric NO2 VCD determined on 1 September 2011 using ULT-DOAS observations.
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Figure 7. Map of tropospheric NO2VCD determined on 25 August 2012 using ULT-DOAS observations.
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The trajectory of the flight on 13 August 2014 gave us the opportunity of calculating the NO2 flux emissions around the industrial area of Galati city. This was not possible for the other flights because encircling the NO2 source was not authorized.



On 1 September 2011, the NO2 amount was low relative to the other day. The flight comprised almost two complete circles around Braila; however, the NO2 displayed no clear variation. The horizontal distribution of NO2 was quite homogenous over Braila city on this day.



A double experiment was performed on 13 August 2014, using both a ULT-DOAS and a car-based DOAS system. The mobile ground-based DOAS observations were performed using the same equipment during 9.75–10 UTC, while the ULT-DOAS observations were performed during 7.30–8.15 UTC.



Figure 8 shows the tropospheric NO2 VCD derived along the trajectory of the ULT-DOAS measurements. The right plot shows a photograph of the plume crossed by the ULT flights. During the same day, approximately 1 h after the acquisition of the ULT-DOAS measurements, a zenith-sky car-DOAS system was used to sample the NO2 plume at the same location as the ULT-DOAS observations. We assume that the quantity of the NO2 emitted by the steel factory was almost constant during the airborne and car-DOAS system.


Figure 8. The tropospheric NO2 VCD along the flight trajectory using the ULT-DOAS system on 13 August 2014 (left); Photography of the NO2 plume determined on the same day (right).
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Figure 9 presents the NO2 VCD derived from the nadir airborne DOAS observations performed over the industrial area of Galati city compared with zenith-sky ground-based mobile DOAS measurements performed over the same area in the same day (13 August 2014). In these figures, we show the original SCDs (A) and the retrieved tropospheric NO2 VCD (B). Figure 9A shows that the DSCDs determined from the ULT-DOAS system are ~30% higher than the DSCDs determined using car-DOAS observations. This difference is attributed to the different observation geometries. After appropriate AMF calculation (see Section 2.2.2), both observations show close results.


Figure 9. Comparisons between ULT-DOAS and car-DOAS observations performed on 13 August 2014. (A) The results of the preliminary DOAS analysis (DSCDs) and (B) after determination of the vertical columns (VCDs).
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The ULT flight above the industrial plume led to the detection of a maximum tropospheric NO2 VCD of (1.41 ± 0.27) × 1016 molecules/cm2 while the car-DOAS observation shows a maximum tropospheric NO2 VCD of (1.36 ± 0.21) × 1016 molecules/cm2. Figure 10 displays the correlation between the tropospheric NO2 VCD retrieved by the ULT-DOAS and the car-DOAS instrument, where closest spatially coincident data were selected. A Pearson correlation coefficient R = 0.71 was obtained between ground mobile DOAS observations and airborne DOAS measurements.


Figure 10. Correlation between tropospheric VCDs measured by the ULT-DOAS and the car-DOAS instrument on 13 August 2014.
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NO2 Flux Calculation


The NO2 flux above the industrial platform located nearby Galati city was calculated by performing upwind and downwind measurements around the point source using ULT-DOAS observations on 13 August 2014. The calculation of the emission flux is based on the following parameters: the NO2 VCD determined from the transect over the plume, the wind speed and the wind factor correction, taking into account the angle between the flight direction and wind direction (Equation (6)), [20,36,37]:
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(6)




where VCDNO2 is the NO2 tropospheric vertical column, v is the wind speed, α the angle between wind direction and driving route, i is the observations index, and ∆si is the distance between two successive spectra.



The wind data used for the NO2 flux calculation rely on measurements of the automatic weather station (Davis Vantage Pro2) located in the campus university of Galati city (45.44° N, 28.05° E), while vertical wind profiles come from the Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) [38] model using archived dataset GDAS 0.5° × 0.5°. The weather station is located at 30 m height and acquires data every 30 min. Since no atmospheric sounding was possible during the experiments, the wind measured on the ground was scaled to the output of HYSPLIT model simulation at 1000 m altitude. During the period of the ULT-DOAS measurements, the mean NO2 emission flux was determined to be (3.45 ± 0.89) × 10−3 kg/s. A local environmental report indicates ~600 tons/year NOx emissions emitted by the steel factory [39]. Using a Leighton ratio (L = [NO]/[NO2]) of 0.3, we calculated that the steel factory has emitted a mean of ~10 × 10−3 kg/s of NO2. The difference between the two types of estimation may be attributed to the fact that the NOx emissions from the steel factory are dependent on the quantity of the steel produced, which can vary from one day to another. Also, the derived NO2 fluxes must be dealt with some care because of the probably incomplete NO to NO2 conversion [40].





4. Conclusions


Ultralight-trike DOAS observations were performed in the South-East of Romania during four days between 2011 and 2014. The first two flights were focused over Braila city, the third aimed at measurements of the NO2 plume emitted by a fertilizer factory near Slobozia city. Unfortunately, during the DOAS flight the fertilizer factory was not operational. The last flight, performed on 13 August 2014, was focused over the industrial area of Galati city. Nadir observations were performed around the industrial platform of Galati city aiming at measuring the tropospheric NO2 VCD around the source and at evaluating the associated NO2 flux. To retrieve the tropospheric NO2 VCD from ULT-DOAS observations, complementary ground- and space-based measurements were used.



We showed that the tropospheric NO2 VCD deduced from the ULT-DOAS observations are consistent with measurements performed from the ground using a zenith-sky car-DOAS system. Although two hours separated the two experiments, a correlation coefficient of R = 0.71 was found between the two results, a tropospheric NO2 VCD of (1.41 ± 0.27) × 1016 molecules/cm2 and an estimated associated flux of (3.45 ± 0.89) × 10−3 kg/s was measured close to the industrial area of Galati city on 13 August 2014, the only day that it was possible to determine the NO2 flux.



Also, we showed that the stratospheric SCD derived from ground-based and airborne measurements correlates well with stratospheric NO2 derived from observations by the OMI satellite sensor.



Based on this study, we conclude that the ULT is an efficient tool which allows determining with a high resolution the NO2 distribution around urban or industrial sources. Also, the ULT-DOAS system is a very efficient tool for measuring fluxes due to its flexibility during the flights and the possibility to access remote areas. The ULT-DOAS system might also constitute a promising tool for satellite validation and calibration under clear-sky conditions, especially for upcoming high-resolution sensors such as the TROPOMI/Sentinel-5 Precursor instrument to be launched in summer 2017.
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