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Abstract: Airport emissions have received increased attention because of their impact on atmospheric
chemical processes, the microphysical properties of aerosols, and human health. At present, the
assessment methods for airport pollution emission mainly involve the use of the aircraft emission
database established by the International Civil Aviation Organization, but the emission behavior
of an engine installed on an aircraft may differ from that of an engine operated in a testbed. In
this study, we describe the development of a long-path differential optical absorption spectroscopy
(LP-DOAS) instrument for measuring aircraft emissions at an airport. From 15 October to 23 October
2019, a measurement campaign using the LP-DOAS instrument was conducted at Hefei Xinqiao
International Airport to investigate the regional concentrations of various trace gases in the airport’s
northern area and the variation characteristics of the gas concentrations during an aircraft’s taxiing
and take-off phases. The measured light path of the LP-DOAS passed through the aircraft taxiway
and the take-off runway concurrently. The aircraft’s take-off produced the maximum peak in NO2

average concentrations of approximately 25 ppbV and SO2 average concentrations of approximately
8 ppbV in measured area. Owing to the airport’s open space, the pollution concentrations decreased
rapidly, the overall levels of NO2 and SO2 concentrations in the airport area were very low, and
the maximum hourly average NO2 and SO2 concentrations during the observation period were
better than the Class 1 ambient air quality standards in China. Additionally, we discovered that
the NO2 and SO2 emissions from the Boeing 737–800 aircraft monitored in this experiment were
weakly and positively related to the age of the aircraft. This measurement established the security,
feasibility, fast and non-contact of the developed LP-DOAS instrument for monitoring airport regional
concentrations as well as NO2 and SO2 aircraft emissions during routine airport operations without
interfering with the normal operation of the airport.

Keywords: LP-DOAS; aircraft emissions; remote sensing; NO2; SO2

1. Introduction

With the rapid growth of the aviation industry, the number of commercial aircraft and
aircraft movements, and the amount of passenger throughput at airports are constantly
increasing. Around 2500 airports worldwide processed more than 4 billion passengers
in 2018, and the growing volume of commercial air traffic has raised concerns about the
impact of aircraft emissions on local and regional air quality near airports. Aircraft emit
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a variety of emissions during take-off, climb out, cruise, approach, and taxi, including
nitrogen oxides, carbon oxides, sulfur oxides, hydrocarbons, and particulate matter, all
of which can have a detrimental effect on human health and air quality [1]. For example,
nitrogen oxides (NOx = NO + NO2) are primarily emitted in urban environments by fossil
fuel combustion, biomass combustion, and soil emissions. NO contributes significantly to
atmospheric chemistry by rapidly reacting with ambient ozone or radicals to form NO2
on a minute scale, and NO2 is a key molecule in the formation of O3, acid deposition,
and secondary particulate pollution, with extensive effects on human health [2–5]. Sulfur
dioxide (SO2) is emitted into the atmosphere by both human and natural sources. It plays
a critical role in the aerosol system as a sulfate precursor and has an indirect effect on
acid deposition, and exposure to SO2 is associated with an increased risk of mortality and
morbidity [6,7]. Although the COVID-19 pandemic has reduced air traffic, air traffic is
expected to rebound in the coming years and continue to grow [8]. Therefore, aircraft
emissions of NOx, SO2, and other substances will have an effect on atmospheric chemical
processes, aerosol microphysical properties, and human health. Airport emissions have
received increased attention in recent years.

Numerous studies have focused on the ground-level effects of aircraft emissions be-
cause these emissions contribute significantly to air pollution near airports and residential
areas [9–15]. Currently, methods for assessing airport pollution emissions depend pri-
marily on the International Civil Aviation Organization’s aircraft emission database and
benchmark emission model [16–19]. The engine manufacturer provides emission indices
(EIs) for carbon monoxide (CO), nitrogen oxides (NO and NO2), unburned hydrocarbons
(UHC), and particulate matter (PM) for engines operating at four different thrust levels
(idle, approach, cruise, and take-off) in this database. These emission indices are based on
well-defined measurement procedures and conditions during aircraft engine certification.
Additionally, during the certification process, the International Civil Aviation Organiza-
tion (ICAO) obtains emission indices from a very limited number of newly manufactured
engines. However, the emission behavior of an engine installed on an aircraft may differ
from that of an engine operating on a testbed due to the fact that real-world operating
conditions vary. Furthermore, deviations from the certificated emission indices may occur
as a result of the impact of factors, such as the aircraft’s life expectancy, the engine type
(specific modifications, such as different combustion chambers) installed on the aircraft,
and meteorological conditions (temperature, humidity, and pressure of ambient air, which
can be different for certification conditions) [10,20]. According to a study by Carslaw et al.
(2008), NOx concentrations can vary by up to 41% between aircraft with the same airframe
and engine type [9]. Turgut and Rosen discovered significant differences in the emissions
of certain pollutants for aircraft with varying characteristics during a study conducted at
eight major busy airports [21].

Comparing these ICAO emissions indices to actual measurements is indeed critical
for evaluating the accuracy of airport air quality models. Masiol and Harrison summarized
the most meaningful studies on the characterization of aircraft emissions in both tests and
real operations [22]. Clearly, normal aircraft operations must be maintained throughout the
measurements, and passenger safety must be ensured in all circumstances. For this reason,
any approach to an aircraft is strictly prohibited. As a result, determining the true emission
characteristics of aircraft and other sources of pollution under actual operating conditions
is difficult, and accurately simulating and forecasting airport air quality is also difficult. To
overcome the limitations of the ICAO database, several measurement campaigns at various
airports have been conducted. We discovered that several studies have been published on
aircraft emissions during real operations. These studies used non-invasive instruments or
mobile laboratories located downwind of active runways. For instance, Popp et al. (1999)
measured the NO/CO2 emission ratios of commercial aircraft in use at Heathrow Airport
using the open path infrared and ultraviolet sensors developed for measuring on-road
motor vehicle emissions [23]. Schäfer et al. (2003) measured idling aircraft exhaust at major
European airports using non-intrusive spectroscopic methods, such as Fourier transform
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infrared spectrometry (FT-IR) and differential optical absorption spectroscopy (DOAS);
parallel open paths ranging in length from 80 m to 150 m were installed directly behind the
aircraft. The researchers discovered that the emission indices for NOx determined in their
work were lower than those in the ICAO’s emission database and that there was a high
degree of variation in the emission indices across aircraft families and engines with the
same engine type [10]. Herndon et al. (2004) used a dual tunable infrared laser differential
absorption spectroscopy instrument to measure NO and NO2 emissions from 30 individual
aircraft during taxiing and take-off, and each of the taxiway plumes was lower than the
ICAO certification value [11]. Schürmann et al. (2007) collected the data on NO, NO2,
CO, and CO2 emissions from idling aircraft using open path devices, and their findings
revealed discrepancies with the emission indices published in the ICAO database [24].
Carslaw et al. (2008) investigated the NOx emissions at London Heathrow and discovered
statistically significant differences in the emissions from identical engine types installed
on identical aircraft frames. Additionally, they noted that the values of the EIs (emission
indices) might have been significantly impacted by a lack of knowledge regarding certain
critical aircraft operational factors, such as the aircraft’s weight and thrust setting at take-
off [9]. Xia et al. (2009) quantified the compounds in engine exhaust gases using Fourier
transform infrared emission spectroscopy [25]. Han et al. (2019) monitored the VOCs
emissions in Beijing Capital Airport using solar occultation flux-Fourier transform infrared
spectroscopy [26]. However, the number of aircraft studied remains insufficient, and
numerous unanswered questions persist as a result of the diverse measurement strategies,
technologies and methods, compounds analyzed, and environments studied.

We conducted air observation experiments at Hefei Xinqiao International Airport to
further our understanding of aircraft emissions. In this study, we describe the development
of a long-path differential optical absorption spectroscopy (LP-DOAS) instrument for
measuring aircraft emissions at an airport, as well as the results of an experiment conducted
in October 2019 to measure commercial aircraft NO2 and SO2 emissions using optical remote
sensing. Plumes were measured from a variety of aircraft, including jets and turboprops.
To the author’s knowledge, this is the first time that the light path of LP-DOAS passing
through the aircraft taxiway and the take-off runway concurrently has been measured.

2. Materials and Methods
2.1. DOAS Instrument

Among the numerous available spectroscopic techniques, differential optical absorp-
tion spectroscopy (DOAS) has emerged as a popular method for measuring a wide variety
of trace gases. The elegance of active DOAS is that it enables the direct application of
the expanded Lambert Beer’s law to the calculation of trace gas concentrations using
only the absorption cross-section, without the need for field calibration. Active DOAS is
thus non-intrusive, highly accurate, and extremely sensitive when long light paths are
used [27]. Additionally, an important benefit of open-path DOAS is that no installations
are required near or behind the aircraft, and airport operations are unaffected during
measurement times.

The principles and typical experimental setups of the DOAS technique have been
described in detail by Platt and Stutz [27], and this paper focuses on the developments
of the LP-DOAS instrument for aircraft emissions. The DOAS instrument used in this
study was based on previous work by our research group [28,29] and the instrument
was designed and improved with the intent of monitoring aircraft emissions at airports.
Airports are well-known for their stringent requirements and controls aimed at ensuring
the safety of civil aircraft and passengers, which is one of the primary reasons for the
scarcity of studies that measure actual aircraft emissions in real operational conditions.
As a result, the telescope and retroreflectors in this study had to be positioned in a few
locations around the perimeter of the Hefei Xinqiao International Airport, requiring the
measurement light path to be set outside or crossing the runway, and we were unable to
position our equipment directly behind the takeoff runway or between the taxiway and
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the runway. In comparison to the light path outside the runway, the light path across
the runway theoretically enabled the rapid acquisition of aircraft emission data with little
influence from meteorological factors. In our study, the optimal light path for LP-DOAS at
Hefei Xinqiao International Airport had to pass through the aircraft taxiway and take-off
runway concurrently. Moreover, we wanted to take a clear observation of the changing
process of the average concentration of pollutants at the airport. As a result, the long
path (1000 m), sensitive (ppbV level), rapid (seconds level), and accurate measurements
of the pollutant concentrations emitted by aircraft engines were required at Hefei Xinqiao
International Airport.

The LP-DOAS system was comprised of the following components: a light source, an
integrated transmitter/receiver telescope, an array of quartz corner cube retroreflectors, an
optical filter, a Y-type optical fiber, two spectrometer detectors, and a system control and
processing unit. A schematic of the LP-DOAS instrument is shown in Figure 1. The light
from the light source passed through a reflecting mirror to the telescope system’s primary
mirror, where it was collimated into parallel light for transmission to the distant array of
quartz corner cube retroreflectors. The light reflected back from the retroreflectors was
converged again by the primary mirror, reflected by another reflecting mirror, and finally
collected in the Y-shaped optical fiber. The light was transmitted via the Y-shaped optical
fiber to two spectrometer detectors that converted the light signals to electrical signals and
sent them to the computer for processing. Finally, the DOAS algorithm was used to invert
the absorption spectra. Spectrometer 1 (QE65 pro, Ocean Optics) had a spectral range of
200–310 nm and was primarily used to measure gases, such as SO2, O3, NO, C6H6, C7H8,
and C8H10. Spectrometer 2 (QE65 pro, Ocean Optics) had a spectral range of 400–500 nm
and was primarily used to measure NO2.
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Figure 1. Schematic of the LP-DOAS instrument.

A light source is a critical component of an LP-DOAS instrument because it determines
the instrument’s spectral range, which is directly related to the composition being measured,
and it has a significant impact on the instrument’s performance. The long-path DOAS
configuration is most frequently used in conjunction with broadband light sources, such
as xenon-arc lamps to determine trace gases, such as NO2, SO2, and O3. However, xenon
arc lamps frequently suffer from insufficient arc stability, affecting the optical coupling in
the fiber, the effective intensity, and the shape of the lamp’s spectral structures. Nasse et al.
(2019) compared various light sources for LP-DOAS and discovered that the use of novel
laser-driven light sources (LDLS) as light sources enabled improved light coupling with in-
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creased light throughput, increased transmission homogeneity, and improved suppression
of light in disturbed wavelength regions [30]. To achieve high temporal resolution in the
order of several seconds over long distances, it is critical to optimize the signal-to-noise
ratio and temporal resolution of the LP-DOAS system. As a result, we chose the novel
laser-driven light source (EQ-99X-FC, Energetiq, Wilmington, MA, USA) for our LP-DOAS
instrument’s light source. This light source combined the advantages of a high-power
xenon lamp with the long lifetime, high stability, and extremely small and stable plasma
spot of an infrared laser by supplying energy to the xenon plasma via an infrared laser.
Islam et al. (2013) provide additional details on the LDLS [31].

The primary mirror of the telescope was a parabolic aspheric design that eliminated spher-
ical aberrations and increased optical efficiency (diameter = 200 mm, focal length = 950 mm).
It was designed to match the fiber-optic output angle of the light source, allowing the
divergence angle of the light source to be controlled and the emitted light to be collimated
more precisely (better than 10 mrad). The reflecting mirrors were manufactured using K9
glass and had enhanced aluminum surfaces to improve reflectivity. Also, we integrated
an array of retroreflectors by combining nineteen 60 mm diameter quartz corner cube
retroreflectors to increase the surface area and reflectivity efficiency of the retroreflectors,
allowing for increased light reflection back into the telescope system.

Additionally, a slot was designed for the installation of the optical filters at the light
source’s outgoing end, with the goal of eliminating excess visible light from the light source
and minimizing the LP-DOAS instrument’s impact on other items, especially at night. It is
worth noting that the telescope benefited from a smaller emission diffusion angle, which
made observing the light extremely difficult during the daytime unless the observer was
directly adjacent to the reflectors. However, to ensure additional safety, the experiments
were conducted only during daylight hours, between 10:00 and 17:00 local time. As a result,
the optical filter was not required in this experiment.

2.2. Equipment Installation

Hefei Xinqiao International Airport (IATA: HFE, ICAO: ZSOF) is located in the north-
western area of Hefei, Anhui Province, China. The airport’s location is depicted schemati-
cally in Figure 2a. The airport is located at 31◦59′42′ ′ E, 116◦58′34′ ′ N, and it is surrounded
by mostly green areas with no significant sources of pollution (Figure 2b). Hefei Xinqiao
International Airport opened in 2013 and is equipped with a 3400 m long and 45 m wide
runway as well as a parallel taxiway.

The aircraft emission experiments were approved in accordance with applicable reg-
ulations following extensive consultations and exchanges with the airports and airlines
involved. As we knew, it was strictly prohibited for the atmospheric monitoring equipment
and experimentalists to get close to aircraft and airport runways. As a result, non-intrusive
optical remote sensing devices were used to meet this exacting standard. After strin-
gent safety certifications and multiple safety checks, the LP-DOAS instrument and the
experiment personnel were allowed to enter Hefei Xinqiao international airport. The LP-
DOAS telescope (Figure 2c) was installed in a room at the airport’s fire station (Point A
in Figure 2b), and the retroreflectors (Figure 2d) were mounted outside near the airport’s
meteorological stations (Point B in Figure 2b). Both the telescope and the retroreflectors
were placed on a stable steel table at a 1.5 m height. The distance between the telescope
and the reflectors was 482 m which was measured by the laser range finder; i.e., the total
light path of the LP-DOAS system was about 964 m. The measurement light path crossed
the aircraft taxiway and the take-off and landing runway, as indicated by the yellow line in
Figure 2b, allowing for the direct capture of the aircraft’s emission characteristics under
real circumstances.
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Figure 2. (a) The location of Hefei Xinqiao International Airport. (b) The measurement site. (c) Photo-
graph of the integrated transmitter/receiver telescope. (d) Photograph of the array of quartz corner
cube retroreflectors.

The Hefei Xinqiao International Airport Company provided flight departure times
and other pertinent aircraft parameters (including the aircraft flight number, airline name,
aircraft type, and age of the aircraft). We recorded the precise time each aircraft taxied
out, took off, or approached through the measurement light path, identified the aircraft as
belonging to the airline based on the airline logo on the tail of the aircraft, and matched
the relevant aircraft parameters to the airport’s information for subsequent data analysis.
Figure 3 depicts photographs of the measurement field. Additionally, the Hefei Xinqiao
International Airport Company provided meteorological data for the site, including the
wind speed, wind direction, and rainfall, all of which were measured near point B in
Figure 2b. In particular, the majority of the ground service equipment at Hefei Airport
(e.g., passenger buses, baggage and food carriers, container loader, and cleaning vehicles)
was powered by electricity and thus had no effect on the air quality.
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3. Results and Discussion
3.1. Spectral Inversions and Time Series of Pollutants

The experiment took place between 15 October and 23 October 2019. The weather
conditions were ideal throughout the measurement period, with no inclement weather,
such as rain or strong winds. However, our equipment was installed in the northern
portion of the airport, and because the control tower directed the aircraft’s take-off or
landing position (north or south of the runway) based on the prevailing weather, the
aircraft emission process was missed for a portion of the time.

The LP-DOAS absorption spectra were analyzed using the nonlinear least squares fit,
as previously described in detail by Platt and Stutz [27]. The absorption cross-sections of
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NO2 [32], SO2 [33], O3 [34], and other gases adapted to the instrument resolution and a
polynomial of degree 5 were fitted to the atmospheric spectrum. The SO2 and O3 were
analyzed in the wavelength range from 277 nm to 305 nm, while the NO2 was analyzed
in the wavelength range from 421 nm to 449 nm. The time resolution of the LP-DOAS
instrument was approximately 10 s. The actual spectral measurements at the airport
indicated that the mean detection limits for the NO2, SO2, O3, C6H6, and C7H8 were
approximately 0.3 ppbV, 0.08 ppbV, 0.06 ppbV, 0.4 ppbV, and 1.0 ppbV with a 964 m light
path. However, owing to the significant extinction of light in the deep UV region, the
optical absorption signals in the NO absorption range (210–230 nm) are extremely weak,
resulting in a mean detection limit for NO of over 8 ppbV.

For the duration of the experiment, differential absorptions of NO2, SO2, and O3 were
observed. In particular, the absorptions of NO2 and SO2 were clearly identified when the
aircraft passed through the light path (refer to Figure 4 for an example). It should be noted
that the LP-DOAS instrument produced results in terms of the average concentrations
along the measuring light path.
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O3 measured on 17 October 2019.

Moreover, we attempted the inversion of additional gases within the measuring
spectral range, such as nitric oxide, benzene, toluene, ethylbenzene, and ortho-xylenes,
meta-xylenes, and para-xylenes, but the average results along the measuring light path
were below the LP-DOAS instrument’s detection limits. The mechanism of action of nitric
oxide is well understood. As previously demonstrated, aircraft emissions contain NO but
are rapidly converted to NO2 in the few seconds between emission and detection [10,13,23].
As a consequence, our LP-DOAS instrument was incapable of detecting the relatively low
levels of NO, and most NOx (NOx = NO + NO2) emission measured behind the aircraft was
NO2. Additionally, for benzene series gases measurements, when Schürmann et al. (2007)
observed benzene series gases at Zurich airport, they collected ambient air samples using
electropolished stainless steel canisters and analyzed them for volatile organic compounds
in the laboratory using gas chromatographic methods; the maximum value of any single
volatile organic compound at the sampling sites was only a few tens of ppbV [24,35].
However, these values were averaged over the entire light path and the regional average
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concentrations of volatile organic compounds were very low. Until now, no measurements
of benzene series gases at an airport have been reported using LP-DOAS, most likely due
to the detection limits of the LP-DOAS system.

Figure 5 illustrates the temporal variation in the NO2, SO2, and O3 concentrations in
typical plume observations. Benefiting from the moderate aircraft flows, pollution-free
airport ground service equipment, and favorable diffusion conditions at Hefei Airport, the
NO2, SO2, and O3 results for the entire observation period are similar to those shown in
Figure 5, and we could obtain independent NO2 and SO2 peaks for almost every aircraft
during the taxi-out and take-off phases. These peaks could be perfectly matched to the
time when the aircraft crossed the light path of LP-DOAS. Once the aircraft passed through
the measurement light path, the NO2 and SO2 concentrations immediately increased to
their maximum levels and then rapidly decreased to atmospheric background levels within
a few minutes. The NO2 and SO2 concentrations showed a strong positive correlation,
indicating that both were emitted by aircraft. Additionally, the NO2 and O3 concentrations
showed a negative correlation, indicating that the aircraft’s NO emissions were rapidly
oxidized by O3 and converted to NO2 in the atmosphere, which also explained why we
were unable to measure the NO. Among these results, the approach phase measurement
results were not significant, most likely because the aircraft pollutants were very low
during the approach phase. However, it is possible that the aircraft passed directly through
the measurement light path during the take-off and taxiing phases, whereas the aircraft
approach phase crossed above the measurement light path (as shown in Figure 3), and
the pollutants emitted during the aircraft approach phase were not observed effectively in
this measurement.
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The experimental results demonstrated that the temporal resolution (~10 s) of the
LP-DOAS instrument enabled a clear observation of the changing process of the average
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concentration of pollutants at the airport and the security of the developed LP-DOAS
remote sensor for measuring aircraft emissions without interfering with normal aircraft
operations, as well as measuring the NOx and SO2 emissions from taxi-out, take-off, and
approach during routine airport operation.

3.2. Data Analysis

In previous studies, the measured concentrations of polluting gases were usually
converted to the emission index (EI), i.e., grams of pollutant per kilogram of fuel burned,
and compared with the ICAO database. Unfortunately, since the CO2 data were not
collected concurrently in this experiment, the EIs for NO2 and SO2 could not be calculated.
It should be noted that the emission index cannot provide a precise indication of the
absolute contribution of aircraft emissions to ground-level concentrations, which is critical
when assessing airport air quality [9]. As a result, our research was focused on the absolute
contribution of various aircraft pollutants to ground-level concentrations, which is very
important for local air quality concerns.

Because the LP-DOAS instrument produced average concentrations along the mea-
sured light path, the results could be representative of the regional concentrations in Hefei
Xinqiao International Airport’s northern area. The one-hour mean NO2, SO2, O3, and Ox
(Ox = O3 + NO2) concentration ranges in the northern area of the airport during the obser-
vation period were 4.0–16.1 ppbV (Median: 8.2 ppbV), 1.4–3.6 ppbV (Median: 2.1 ppbV),
31.4–80.1 ppbV (Median: 55.6 ppbV), and 41.7–93.4 (Median: 62.7 ppbV). It was found
that the O3 rapidly reacted with the NO emitted from the aircraft when the aircraft passed
through the measurement light path and the O3 concentration rapidly decreased, and the
aircraft emissions were not the source of the O3. Therefore, we do not discuss O3 in the
following analysis of aircraft emissions.

The one-hour mean NO2 and SO2 concentrations during the observation period are
depicted in Figure 6, and we have marked the Class 1 24-h mean concentration limit of
the current ambient air quality standards in China (80 µg/m3 for NO2, 50 µg/m3 for SO2)
in the figure, as specified in GB 3095-2012. The maximum hourly average NO2 and SO2
concentrations during the observation period were significantly lower than the Class 1 24-h
mean concentration limit specified in GB 3095-2012, and the maximum hourly average
was far below the Class 1 1-h concentration limit specified in GB 3095-2012 (200 µg/m3

for NO2, 150 µg/m3 for SO2). As a result of removing additional sources of pollution
within or near the airport, the NO2 and SO2 concentrations in the northern area of Hefei
Xinqiao International Airport were very low and far below China’s Class 1 ambient air
quality standards throughout the observation period. In comparison, the observations by
Schürmann et al. (2007) were conducted at the Zurich airport [24], including two in-situ
measurements and two open-path measurements, and the median NO2 concentrations dur-
ing the observations were about 10.6 ppbV, 9.5 ppbV, 12.2 ppbV, and 16.0 ppbV, which were
generally consistent with the measurements results of NO2 at the Hefei Xinqiao Airport.
Additionally, the hourly NOx atmospheric concentrations near the Venice International
Airport observations showed that although the aircraft source was statistically significant,
the relative impact of aircraft emissions on ambient NOx concentrations was limited and
road traffic was the likely dominant source near the sampling point [36]. Naturally, the
measurement results were related to the monitoring site, weather conditions, airport traffic,
configurations, and other factors.

For future analysis, we will refer to the methods used by Carslaw et al. for selecting
and processing the measured data. Carslaw et al. identified discrete “pollution events”
associated with nearby departing aircraft by comparing the peaks in the NOx time series
to the aircraft movements [9]. Numerous criteria were applied in this study to reduce the
interferences of measurement results: (a) The NO2 or SO2 peak height for each aircraft was
the highest value within two minutes after the aircraft had passed through the light path
minus the ambient background value prior to that aircraft’s arrival. (b) Only individual
NO2 or SO2 peaks were retained, and data were excluded if the aircraft taxied and took off
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simultaneously through the light path or if two aircraft were in close proximity, resulting
in multiple NO2 or SO2 peaks overlapping. (c) Only data for conditions with low wind
speeds (<4 m/s) were retained. (d) If the aircraft departed from the runway’s southern end,
we were unable to obtain valid aircraft emission data.
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Figure 6. One-hour mean concentrations of NO2 and SO2 measured by LP-DOAS instrument.

In this experiment, we obtained approximately 140 groups of NO2 and SO2 peak
heights for the aircraft emissions in total, covering a wide variety of common aircraft types,
including the Boeing 737–800, Boeing 737–900, Airbus A319, Airbus A320–214, Airbus
A320–232, Airbus A321, Embraer E190LR, Modern Ark 60 (MA 60), and Beechcraft King
Air 350. Table 1 summarizes the results for the Boeing 737–800 aircraft, which had the
largest amount of observed data of any aircraft type in this experiment. The observation
experiment established that the LP-DOAS system was capable of capturing both NO2 and
SO2 emissions from aircraft operating in real conditions. The aircraft’s take-off resulted in a
maximum peak height of approximately 25 ppbV for NO2 and approximately 8 ppbV for
SO2 in the measured area average concentrations. Owing to the airport’s open space, the
pollution concentrations decreased rapidly, and the overall pollution level in the airport
area was relatively low.

The method of linear regression was used to analyze the measured NO2 peak height,
SO2 peak height and age of the aircraft. Figure 7 illustrates the linear dependence of
the measured NO2 and SO2 peak heights on the aircraft’s age for 737–800 aircraft, which
was fitted within the 0.95 prediction interval (the red areas). Interestingly, we discovered
that the aging Boeing 737–800 aircraft exhibit a weak positive correlation with the NO2
and SO2 peak heights in this measurement. However, owing to the limited number of
observations and the lack of information about the aircraft’s engine type, this discrepancy
could be explained by the fact that the 737–800 family of aircraft used a variety of engine
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types or by other uncertainties, such as aircraft maintenance and environmental conditions.
Additionally, we attempted to analyze other types of aircraft, but strangely, we did not
discover this phenomenon. In the study of Zaporozhets and Synylo, the relationship
between emissions indices of NOx and the engine age exhibited a similar phenomenon [20].
It was unsurprising that the engine age was a significant factor affecting emission formation,
since the conditions of the combustion chamber, cooling systems, and required cooling air
were not identical to those of a new engine [21]. Additionally, the modeled estimate of the
aging effects on the NOx emission ratio was in the range of -1% to 4% (Solutions, B.A. Back
Fleet Database. 2001). In the future, long-term observations can be conducted to elucidate
the relationship between aircraft emissions and aircraft ages in greater detail.

Table 1. Results for the Boeing 737–800 aircraft.

Flight Number NO2 Peak Height
Taxi Out (ppbV)

NO2 Peak Height
Take Off (ppbV)

SO2 Peak Height
Taxi Out (ppbV)

SO2 Peak Height
Take Off (ppbV)

Age of Aircraft
(Year)

ZH9710 6.8 13.9 0.74 1.05 1.5

HU7441 8.7 22.2 0.74 2.06 19.5

CA1256 8.7 16.4 0.92 1.46 11.3

CA1256 9.1 22.0 0.81 2.12 11.3

Y87595 9.3 22.2 0.46 1.20 2.1

KN5878 7.7 15.1 2.99 5.65 9.0

HU7692 10.6 19.5 0.72 1.30 7.6

HU7692 9.0 16.6 0.69 1.09 2.3

SC8879 10.6 17.0 0.74 1.09 5.1

SC8879 7.6 16.0 0.55 1.01 3.9

SC8879 10.3 15.8 0.53 0.68 4.5

HU7468 7.9 16.3 1.08 2.23 5.0

HU7468 7.5 14.4 0.63 1.23 1.1

HU7468 6.4 14.8 0.67 1.03 4.9

HU7468 8.0 24.9 1.42 1.67 1.1

HU7441 9.7 20.7 0.61 1.61 14.3

Y87595 10.0 16.0 0.57 1.02 2.1

Y87595 8.9 18.7 0.48 0.91 2.1

Y87595 10.4 16.8 0.58 1.11 7.3

Y87595 7.3 15.4 0.41 1.17 7.3

ZH9710 10.6 16.6 0.61 0.95 4.3

HU7209 8.6 18.7 0.53 1.21 14.3

KN5878 7.8 21.9 2.51 5.29 5.3

DZ6343 9.6 15.9 0.53 1.04 0.8

DR6592 10.2 17.6 0.55 1.16 2.1

CZ3665 9.1 10.6 1.00 0.79 1.4

ZH9719 11.1 17.0 0.51 0.74 6.0

CA8933 7.0 16.4 0.47 0.98 1.4

HU7209 12.1 16.3 0.86 1.20 5.0

HU7209 8.1 12.0 0.81 1.04 3.8

ZH9710 7.2 13.3 0.94 1.16 6.2
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Table 1. Cont.

Flight Number NO2 Peak Height
Taxi Out (ppbV)

NO2 Peak Height
Take Off (ppbV)

SO2 Peak Height
Taxi Out (ppbV)

SO2 Peak Height
Take Off (ppbV)

Age of Aircraft
(Year)

HU7441 9.1 11.7 0.75 1.06 5.3

CA1256 12.8 14.4 1.19 1.37 6.5

SC8796 8.4 16.6 0.57 0.83 7.8

SC8796 13.0 15.2 0.95 1.26 11.3

SC8735 11.4 19.2 0.84 1.58 6.3

SC8796 8.3 19.6 0.80 1.29 6.0

ZH9710 6.3 20.8 0.56 1.24 1.5

SC8879 6.6 12.1 0.60 0.97 3.3

8L9862 7.1 18.7 0.57 1.13 3.1

CA1256 8.6 18.3 0.65 1.67 2.9

HU7441 12.5 18.1 0.90 1.31 1.1

HU7473 9.8 11.7 0.93 1.29 4.1

SC8879 10.4 16.1 0.27 1.17 5.1

HU7692 9.9 13.9 0.55 0.95 1.6

HU7572 9.5 12.1 0.56 0.87 4.3

HU7209 8.9 13.8 0.42 0.97 3.3
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Figure 8 summarizes the NO2 and SO2 peak heights of the aircraft emissions data for
various aircraft types. The figure shows that there was no significant variance in emissions
between the different types of jet aircraft and that the small propeller aircraft emitted
significantly fewer pollutants than turbojet aircraft. However, the small propeller aircraft
had a lower passenger capacity than conventional jets.

Finally, we attempted to discuss the relationships between the observations results
and the meteorological conditions. We first examined the relationship between aircraft
emissions and wind speed or direction for each of the same aircraft types, but we found no
significant correlations. Naturally, there were some differences between aircraft with the
same model (engine type, age, operation, etc.). As a result, we selected the same aircraft
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from the observation period’s results to compare emissions under various meteorological
conditions. Because we only had limited information, such as the flight number and age,
we assumed that if two aircraft on different dates during the observation period both had
the same model and age, they were likely to be identical. Certainly, sharing a flight number
and age did not guarantee that the aircraft were identical, and the aircraft could have been
purchased concurrently by the airline. While various certain critical aircraft operational
factors, such as the aircraft’s weight and thrust setting at take-off, varied for identical aircraft
on different flight dates, they might still be used to analyse the relationship between aircraft
emissions and meteorological conditions. Several ‘identical’ aircraft were chosen from the
entire measurement data set, and the aircraft emissions data for different dates are shown
in Table 2, along with the wind direction and wind speed at the airport. It could be found
that the time interval between a rapid increase in pollutant concentration and complete
reduction to a stable background value was shorter for the identical aircraft at higher wind
speeds due to the pollutant’s faster dispersion at higher wind speeds. Additionally, we
discovered that the NO2 peak heights measured at higher wind speeds were slightly higher,
which was likely due to the pollutants spread over a larger area of the measured light
path at higher wind speeds, resulting in higher mean LP-DOAS measurements. However,
analyzing the relationships between the results of the observations and the wind direction
was difficult due to the limited amount of data available. This can be explored in greater
detail in future work.
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Table 2. Identical aircraft emissions data with different meteorological conditions.

Flight
Number

Aircraft
Type

Aircraft’s
Age Measurement Time Wind Speed Wind

Direction
Time

Interval
NO2 Peak

Height

SC8879 737–800 5.1 years 16 Oct 2019 16:15 2 m/s 330◦ 192 s 16.1 ppbV
21 Oct 2019 15:53 3 m/s 100◦ 184 s 17.0 ppbV

Y87595 737–800 7.3 years 23 Oct 2019 15:47 1 m/s 90◦ 196 s 15.4 ppbV
21 Oct 2019 16:06 2 m/s 100◦ 152 s 16.8 ppbV

Y87595 737–800 2.1 years 19 Oct 2019 15:53 2 m/s 140◦ 180 s 16.0 ppbV
20 Oct 2019 15:50 3 m/s 150◦ 172 s 18.7 ppbV

8L9862 320–251N 1.3 years 23 Oct 2019 11:25 1 m/s 0◦ 192 s 20.1 ppbV
17 Oct 2019 14:22 2 m/s 330◦ 160 s 22.6 ppbV

4. Conclusions

From 15 October to 23 October 2019, we conducted aircraft emission observation
experiments at Hefei Xinqiao International Airport using the developed LP-DOAS system to
study the regional concentrations in the northern area of Hefei Xinqiao International Airport
and the pollutant variation characteristics of various trace gases during the aircraft’s taxiing
and take-off phases. The experiment indicated the following: 1. The LP-DOAS system
could be safely deployed inside an airport to conduct pollutant emission experiments, and
the measurement light path of the LP-DOAS system could cross both the taxiway and
runway concurrently without affecting aircraft operations. 2. The nitrogen dioxide and
sulfur dioxide pollution peaks were clearly found, and their timing was well matched
to the time the aircraft crossed the light path. 3. While the aircraft take-offs increased
the regional average NO2 concentrations by 10–20 ppbV and also increased the regional
average SO2 concentrations by 1–5 ppbV, the overall pollution levels in the airport area
were low due to the airport’s openness and rapid dispersion of pollutants. 4. The NO2
and SO2 emissions from the Boeing 737–800 aircraft in this experiment were weakly and
positively related to the aircraft’s age. 5. Small propeller aircraft, such as the Modern Ark
60 emitted significantly less NO2 and SO2 than jet aircraft.

In future work, the LP-DOAS system could be further upgraded and improved by
adding a video system to record aircraft registration and match more parameters, such as
the exact time the aircraft passed through the light path, as well as the aircraft type, aircraft
age, engine type, operating time, fuel consumption, and even the number of passengers
carried or payload of the aircraft. The ideal remote sensing equipment would be capable of
capturing pollutant data from aircraft emissions without interfering with normal airport
operations and automatically matching the data to flight parameters. Additional equipment,
such as FITR could also be used to collect CO2 data and to calculate pollution factors for
aircraft emissions, which could then be compared to those in the ICAO database. We wish
to be able to conduct automated long-term observations of aircraft pollution emissions and
generate sufficient data for further analysis and exploration.

Additionally, an attempt could be made to determine engine operations via character-
istic gas emission aberrations, which could be used to ensure flight safety by establishing
a measurement light path on the taxiway and detecting pollutant emissions prior to the
aircraft taking off or after the aircraft landing without disturbing the normal operation of
the aircraft, to quickly determine the aircraft’s engine operating status. Once some gas
concentration of the aircraft emissions or ratio of different gas concentrations exceeds the
reasonable scope, an early warning on the aircraft safety will be provided before the aircraft
take off, thus ensuring aircraft safety. Clearly, this would require us to conduct additional
in-depth research.
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