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summary

Nitrogen oxide emissions alter the composition of the Earth’s atmosphere. Excessive emissions of ni-
trogen oxides (NO, = NO + NO,) lead to deterioration of air quality. The effects on air quality are not
confined to the local region of emission but may via upper tropospheric long-range transport impact
human and ecological health in vast regions around the world. In the upper troposphere itself, en-route
aviation forms a major source of NO,, contributing significantly to air quality degradation and thought
to cause thousands of premature mortalities annually. As the aviation sector continues to grow, NO,
emissions from en-route aviation are also expected to increase. In order to counteract further air quality
degradation from en-route aviation, a thorough understanding and documentation of actual emissions
is required. Currently, en-route aviation emissions quantification efforts are largely model-based as
limited measurement capabilities have been available to quantify actual upper tropospheric nitrogen
oxide emissions. Since the launch of satellites capable of remote sensing of the global troposphere,
new opportunities for upper tropospheric nitrogen dioxide analysis have emerged.

In this report, a first assessment of the use of TROPOMI, the highest precision remote sensing
instrument currently available for NO, measurements, for the detection of en-route aviation NO, is
performed. Analysis of aviation intensity, quality of satellite retrievals, and emission estimates from
non-aviation anthropogenic sources showed that the North Atlantic, including the North Atlantic Flight
Corridor, could have the highest detection potential. Over this corridor, emissions from telemetric ob-
served aircraft are computed considering no advection or dilution and leading to an upper bound for
the average accumulation of emissions for the months of April 2020 and April 2021. These emissions
are compared with TROPOMI NO, observations retrieved over all sky and cloudy sky scenes. In order
to reduce advection influences TROPOMI measurements at locations of aviation observations close to
the overpass time are analysed separately.

Results of this assessment show limited potential for detection of en-route aviation emissions by
means of TROPOMI observations. The maximum NO, emissions attributable to en-route aviation dur-
ing April 2020 and April 2021 were found to be lower than detection limits associated with TROPOMI
for NO, retrieval. Neither did inspection of TROPOMI measurements at locations of recent aircraft
observations retrieve any evidence of aviation-attributable emissions. Apart from the limited expected
aviation emissions, detection may be complicated by influences from long-range transport and meteo-
rology as well as uncertainties in the retrieval algorithm of TROPOMI.

General conclusions drawn indicate that the highest precision remote sensing instrument TROPOMI
is currently not capable of detecting evidence of en-route aviation emissions over the North Atlantic
Flight Corridor during the months of April 2020 and April 2021. Even though the conclusion of this first
study does not show optimistic results, recommendations are given for future research into relations be-
tween TROPOMI observations and estimated en-route emissions. This research comprised of analysis
of the North Atlantic Flight Corridor during two months in which aviation intensity was limited by restric-
tions to reduce the spread of COVID-19. Therefore, expanding the research window to include months
unaffected by COVID-19 restrictions may yield more promising and robust results. Furthermore, the
research presented here suggests that meteorology may have large influences on local and regional
NO, concentrations. Future researchers are therefore recommended to include meteorology decou-
pling measures in comparisons. Lastly, efforts into the creation of aviation specific air mass factors
for satellite NO, retrieval are encouraged as these may increase the detection likelihood of en-route
aviation emissions. The quest shall continue.
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Introduction

This chapter introduces the thesis work. First, the motivation for this research is highlighted in sec-
tion 1.1. Subsequently, the research objective and main research questions are defined in section 1.2.
Finally, the structure of this report is given in section 1.3.

1.1. Motivation

Nitrogen oxides are essential elements in the atmosphere. However, excessive levels of nitrogen ox-
ides and their successors can impact the air quality threatening human and ecological health. Nitrogen
oxide induced degradation of air quality (Masiol and Harrison [2014]) can induce respiratory and car-
diovascular diseases in humans leading to premature mortalities (Lelieveld et al. [2015], Kampa and
Castanas [2008]), and lead to declines in biodiversity and total biological population (HCON [2004],
Manisalidis et al. [2020]). Since the industrial revolution, emissions of nitrogen oxides from anthro-
pogenic sources including the aviation sector have increased atmospheric levels of nitrogen dioxide
drastically (Hoesly et al. [2018]).

The effects of air pollution such as those caused by aviation are not confined to the region of emis-
sions (Fowler et al. [2020]) and may instead include the free troposphere leading to premature mor-
talities on a global scale (Lelieveld et al. [2015]). In the upper troposphere, emissions from en-route
aviation form a primary source of NO,, contributing to air quality degradation (Masiol and Harrison
[2014], Grobler et al. [2019], Tarrasoén et al. [2004], Cameron et al. [2017]) and cause for 8.000-12.000
premature deaths annually (Barrett et al. [2010], Yim et al. [2015]).

Even with more stringent aviation emission regulations, advances in engine technology and more
efficient air traffic control, NO, emissions from aircraft are expected to grow by 55% to 143% until 2050,
depending on the forecasted growth in air traffic (Quadros et al. [2022a]). The severe consequences
of en-route aviation NO, emissions on human and ecological health and their expected growth, require
thorough understanding and documentation of en-route aviation emissions.

Studies into en-route aviation emissions have, however, been heavily model-based (Tarrason et al.
[2004], Barrett et al. [2010], Lee et al. [2013], Jacobson et al. [2013], and Morita et al. [2014]) as limited
measurement capability has been available for upper tropospheric and lower stratospheric nitrogen
dioxide. The recent launch of remote sensing instruments on satellites has opened new opportunities
for upper tropospheric research and the role of aviation emissions therein.

The most recently launched Sentinel 5-Precursor satellite TROPOMI is capable of sensing a wide
wavelength spectrum (400 - 2600 nm) at high spatial resolution (3.5 km by 5.5 km since August 2019)
enabling high quality measurements of a large variation of species (Veefkind et al. [2012]). Advances
in aviation surveillance technology by satellites have further increased research potential to observe
actual en-route aviation emissions directly from space. Recent investigations into upper tropospheric ni-
trogen dioxide concentrations (Marais et al. [2021]) and lightning NO, emissions (Pérez-Invernén et al.
[2022], Bucsela et al. [2021], Allen et al. [2021]) have successfully used the cloud retrieval algorithm of
TROPOMI to compute upper tropospheric nitrogen dioxide mixing ratios and help detect lightning NO,
emissions. As en-route aviation emissions are likewise emitted in the upper troposphere, the cloud
retrieval algorithm could be of advantage.

In this thesis work is investigated to what extent modelled nitrogen oxide emissions can be related
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to (cloudy) satellite observations such that a first step towards documentation of actual global cruise
level NO, emissions can be undertaken.

1.2. Research objective and questions

As has become evident, it is of importance to document NO, emissions along all stages of flight, to
accurately denote the impact of aviation on climate and air quality and develop measures to mitigate
the impact on regional and global scale. Especially during the non-LTO (non-Landing and Take-Off)
phases of flight, detection and documentation of actual NO, emissions has been challenging. In this
research is investigated whether remote sensing spectrometers can aid in this challenge. Therefore,
the objective of this research has been formulated as follows:

Research objective: To analyse the possibility of using satellite remote sensing for the detection of
en-route aviation emissions by determining to what extent relations exist between en-route aviation ac-
tivity and satellite observed NO, concentration levels when comparing aircraft NO, emission estimates
with TROPOMI measurements.

Research questions

Aviation observation data that has been available to conduct this research comprises the months of
April 2020 and April 2021. These months were initially selected with the prospect of relating spatio-
temporal trends in TROPOMI NO, observations and air traffic intensity. During April 2020, aviation
intensity was limited due to COVID-19 induced lockdown regulations, such that changes in NO, emis-
sions were expected compared to emissions in April 2021. As it is unknown whether NO, emissions of
aviation are at all observable during these months, this is first investigated in this thesis. Therefore, the
main research question that must be answered to reach the objective has been composed as follows:

Main: To what extent do relations exist between estimates of NO, emissions from aviation activity
and NO, concentration levels as observed by TROPOMI measurements during April 2020 and April
2021?

To answer the main research question, a division into sub-questions is performed.

RQ A: In what circumstances are aviation-attributable patterns most likely to be detected in NO,
emission estimates and TROPOMI| observations of NO, concentration levels April 2020 and April 2021?
This can be identified by researching the following aspects:

a.i) Aviation intensity

a.ii) Non-aviation sources of nitrogen oxides
a.iii) Quality of satellite observation
a.iv) Cloudiness

RQ B: To what extent can patterns in monthly NO, emissions be observed in satellite retrieved NO,
concentration levels?

b.i) Spatial distributions of monthly estimates of aviation NO, emissions
b.ii) Spatial distributions of monthly NO, concentration measurements
b.iii) Meteorological influences

RQ C: To what extent can NO, contributions of recent aircraft plumes be observed in satellite re-
trieved NO, concentration levels?

c.i) Distribution of estimated recent NO, emissions
c.ii) Distribution of observed NO, concentration levels
c.iii) Advection influences

1.3. Outline

The research objective outlined in section 1.2 will be addressed in Chapter 2. Chapter 2 is structured
as article and begins with another abstract and introduction in Section 1, which does contain some
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inevitable overlap with those of the complete report. Thereafter, an overview of the materials and
methods that are used are presented in Section 2. In Section 3, the results of the comparisons of
clear sky and cloudy TROPOMI measurements with emission estimates are presented and discussed.
Finally, the article is closed with concluding remarks in Section 4. The thesis report continues after the
article with the conclusions and recommendations in Chapter 3 in which, among others, the research
questions will be answered and suggestions will be made for future research with the aim of detecting
en-route aviation emissions. For conciseness reasons, in the article, some parts of the research are
not treated in detail. The interested reader will be directed to more descriptive work in Chapter 4.
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Research article

Assessment of TROPOMI NO, observations

for detection of en-route aviation
NO, emissions

Abstract

In this work the possibility for use of the satellite remote sensing instrument TROPOMI to
detect NO, emissions from en-route aviation is assessed. Analysis of aviation intensity,
quality of satellite retrievals, and emissions from non-aviation anthropogenic sources
showed that the North Atlantic, including the North Atlantic Flight Corridor, could have
high detection potential. Over this corridor, emissions from telemetric observed aircraft
are computed under assumption of stable meteorology leading to an upper bound for the
average accumulation of emissions for the months of April 2020 and April 2021. These
emissions are compared with TROPOMI NO, observations retrieved over all sky and cloudy
sky scenes. In order to reduce advection influences, TROPOMI measurements at locations
of aviation observations close to the overpass time are analysed separately.

General conclusions of this first assessment are not optimistic for detection of en-route avi-
ation emissions by means of TROPOMI observations. The maximum NO, emissions at-
tributable to en-route aviation over the North Atlantic Flight Corridor during April 2020 and
April 2021 were found to be lower than detection limits associated with TROPOMI for NO,
retrieval. Neither did inspection of TROPOMI measurements at locations of recent aircraft
observations retrieve any evidence of aviation-attributable emissions. Therefore detection,
documentation and quantification of actual NO, emissions from en-route aviation remains a
challenge.

1. Introduction

Nitrogen oxide emissions alter the composition contributing significantly to air quality degradation
of the atmosphere. Excessive emissions of nitro- (Masiol and Harrison [2014], Grobler et al. [2019])
gen oxides (NO, = NO + NO,) lead to a deteriora- and cause for 8.000-12.000 premature deaths an-
tion of air quality (Masiol and Harrison [2014]). The nually (Barrett et al. [2010], Yim et al. [2015]).
effects on air quality are not confined to the local To increase our understanding of the cur-
region of emission but may via upper tropospheric  rent and future impact of air traffic on air qual-
long-range transport impact human and ecologi- jty NO, emissions of aviation must be quanti-
Cal health in VaSt I‘egionS al’ound the W0r|d (Don' f|ed and documented_ Measurement Campaigns
nelly et al. [2015], Lelieveld et al. [2015], Manisa- have in general focused on the quantification of
lidis et al. [2020]). In the upper troposphere itself, NO, emissions of the Landing and Take-Off (LTO)
en-route aviation forms a primary source of NOy, cycle, which have been analysed in detail us-



ing ground-based measurements and satellite re-
trievals (Herndon et al. [2004], Lawal et al. [2022]).
Some research efforts have been undertaken to
quantify actual emissions of en-route NO, emis-
sions, via in flight campaigns (Schumann et al.
[2000]), but no systematic methodology is avail-
able to document actual en-route aviation NO,
emissions. Annual estimates of NO, en-route
emissions are instead generated using theoretical
models. These models commonly use a bottom-
up approach starting from LTO emission indices
based on the International Civil Aviation Organi-
sation (ICAO) engine exhaust emission index in-
ventory. Non-LTO emission indices are extrapo-
lated using the Boeing Fuel Flow Method Il de-
veloped by Baughcum et al. [1996] such that
NO, emissions of the full-flight cycle can be anal-
ysed and used to estimate annual global aviation-
attributable NO, emissions (Lee et al. [2002], Kim
et al. [2007], Wilkerson et al. [2010], Stettler et al.
[2011], Quadros et al. [2022b]).

Over the last decades, developments in tech-
nology have advanced quantification of global ni-
trogen oxide pollution. Using satellite observa-
tion the entire atmosphere can be sensed such
that quantification is no longer confined to local
and lower level NO, emissions. The satellite in-
struments do not measure the combination of ni-
trogen oxides (NO, = NO + NO,), instead NO,
vertical column densities are retrieved. However,
as the emitted NO is converted near instanta-
neously to NO, through a sunlight-induced photo-
chemical process involving ambient ozone (Atkin-
son [2000], Seinfeld and Pandis [2006]), the mea-
sured concentration of NO, can be used as ro-
bust measure for NO, concentrations (Koukouli
et al. [2021]). In 2017, the European Space
Agency (ESA) launched TROPOspheric Monitor-
ing Instrument (TROPOMI). This remote sens-
ing instrument uses differential optical absorption
spectroscopy to measure nitrogen dioxide concen-
trations at a high spectral (0.05 nm) and spatial
(3.5 km by 5.5 km) resolution and high signal-to-
noise ratio (1000) (Veefkind et al. [2012]). The
detailed TROPOMI measurements have enabled
researchers to detect individual NO, plumes from
static and mobile heavy emitters such as power
plants (Goldberg et al. [2020]), ships (Georgoulias
et al. [2020], Kurchaba et al. [2022]) and mining
facilities (Griffin et al. [2019]). Trends in weekly
and annual NO, cycles have been investigated
(Demetillo et al. [2020], Goldberg et al. [2021])
and overall ground level NO, concentrations have
been estimated (Cooper et al. [2020], Chan et al.
[2021], Long et al. [2022]). Moreover, detailed vali-
dation estimates have been retrieved for upper tro-

pospheric lightning NO, emissions (Bucsela et al.
[2021], Allen et al. [2021], Pérez-Inverndn et al.
[2022]) and for the first time global upper tropo-
spheric NO, samples have been produced (Marais
et al. [2021]), greatly advancing knowledge on up-
per tropospheric nitrogen dioxide behaviour. Due
to its temporal overlap with the COVID-19 pan-
demic, TROPOMI data have been of great value
in the assessment of the impact of lockdown re-
strictions on the total nitrogen dioxide concentra-
tions (Bauwens et al. [2020], Virghileanu et al.
[2020], Shi and Brasseur [2020], Bassani et al.
[2021]) and the anthropogenic contribution therein
(Zhang et al. [2021], Koukouli et al. [2021], Shik-
wambana and Kganyago [2021], Goldberg et al.
[2020], Wu et al. [2022]). These achievements
suggest that NO, observations by TROPOMI may
also prove to be of great value in the systematic
documentation of en-route aviation NO, emissions.
Studies that have utilised TROPOMI data to quan-
tify aviation-attributable nitrogen oxide emissions
have focused on surface level concentrations and
have discarded measurements over clouds (Kouk-
ouli et al. [2021], Shikwambana and Kganyago
[2021] and Lawal et al. [2022]). However, for
detection of lightning emissions (Pickering et al.
[2016], Zhang et al. [2020], Pérez-Invernon et al.
[2022]) and quantification of upper tropospheric
mixing ratios (Marais et al. [2021], features of
the TROPOMI cloud algorithm have been applied
successfully. Scattering and absorption effects
within clouds can shield NO, concentrations be-
low clouds from being observed and can enhance
the detection of above cloud NO, concentrations.
As en-route aviation emissions are likewise ex-
pected to be in the upper tropospheric region
above clouds, cloudy scenes may also prove use-
ful in the detection of en-route aviation.

A first step towards advances in systematic
documentation of actual en-route aviation NO,
emissions is to explore the extent to which pat-
terns in nitrogen dioxide measurements of the
highest resolution remote sensing instrument cur-
rently available (i.,e. TROPOMI) can be detected
and attributed to en-route aviation. The availabil-
ity of high resolution measurements, telemetric
aircraft observations, and the interesting research
window caused by the temporary decline in avi-
ation intensity due to COVID-19 induced travel
restrictions, presents a great opportunity for re-
search into relations between remote-sensed ni-
trogen dioxide levels and emission estimates. In
this work, the potential of TROPOMI to detect evi-
dence of aviation-attributable NO, is assessed by
comparison of recent and accumulated aviation
NO, estimations at an ideal location with actual



retrieved TROPOMI data both over clear sky and
cloudy scenes.

2. Materials & Methods
2.1 Method overview
To analyse whether evidence of en-route aviation
activity can be observed by satellite remote sens-
ing and whether cloudy measurements can favour
detection chances, the research has been divided
into two parts:

1. Firstly, an ideal location for the compar-
ison between en-route aviation NO, emissions
and TROPOMI measurements is sought where
monthly averaged emissions are compared with
satellite retrievals. Aviation intensity, non-aviation
NO, sources, and satellite alignment and data
quality are considered to maximise the detection
chances at the selected location. Emission esti-
mates are computed under unrealistically stable
meteorology conditions (i.e. considering no ad-
vection or dilution) to favour maximum possible ac-
cumulation of emissions. Resulting emission pat-
terns are compared to TROPOMI measurements
to determine whether large-scale impact of en-
route aircraft emissions on the concentration of ni-
trogen dioxides can be detected. This strategy is
similar to those successfully employed by Beirle
et al. [2004] and Richter et al. [2004] to identify
maritime NO, emissions over the main shipping
corridors from remote sensed NO, data.

2. Secondly, cloudy measurements are anal-
ysed separately to determine their influence on
measurement precision, and NO, vertical column
density retrieval. A search for any evidence of
en-route aviation NO, emissions above clouds is
conducted. Here, clouds are used as means to
separate surface and high altitude NO, concen-
trations. Monthly measurements are again com-
pared to emission estimates to determine whether
large-scale impact of aviation can be observed in
TROPOMI measurements. Furthermore, cloudy
measurements at recent observations of aviation
are analysed for quantitative relations. To reduce
influences from advection, which are expected
to be significant due to high wind speeds in the
upper troposphere, aircraft observations close to
the satellite overpass time (max 1000 s) are anal-
ysed for differences in downwind and upwind mea-
surements and compared to emission estimates.
In the time window between aircraft observation
and satellite measurements, plume dispersion and
chemistry have not been accounted for and wind
is assumed to be constant.

2.2 Aircraft observations
To identify aviation activity, satellite observations
of Automatic Dependent Surveillance—Broadcast

(ADS-B) data are used. ADS-B is a telemetry tech-
nology implemented in modern commercial air-
craft. Via ADS-B, aircraft automatically broadcast
their identification code and state at frequent time
intervals such that air traffic monitoring stations
as well as other aircraft can receive the signal. In
large parts of the world aircraft flying under instru-
ment flight rules are now required to be equipped
with ADS-B as air traffic control is progressively re-
lying upon it, especially in areas with limited radar
coverage (FAA [2019], EASA [2020]). The equip-
ment requirement and the growing availability of
ADS-B recorders have resulted in useful ADS-B
based data collections for aviation research. The
ADS-B data collection used in this paper is ob-
tained from global data and analytics company
Spire and includes aircraft identification code, lon-
gitude, latitude and time observation. The col-
lected aircraft identification codes are linked with
Flightradar24 (https://www.flightradar24.com)
and OpenSky (Strohmeier et al. [2021]) databases
to determine the aircraft type code and flight origin
and destination.

2.3 Aircraft emissions

The Open Aviation Emissions Model (openAVEM)
developed by Quadros et al. [2022b] is used to
derive the emissions of NO, from en-route avia-
tion activity. This model uses the the Boeing Fuel
Flow Method 2 (Baughcum et al. [1996]) to de-
rive emission indices from the certification indices
to those at altitude whilst taking into account the
fuel flow using Base of Aircraft Data (BADA) 3.15
(Mouillet [2017]). Each flight is separately sim-
ulated after which the NO, emissions expressed
as NO, mass-equivalent are aggregated for the
flight set of interest. As large variation in payload
was induced by lockdown measures, load factors
were taken from International Air Transport Associ-
ation (IATA) monthly statistics to provide accurate
NO, emissions. In the ideal case, flight trajecto-
ries are routed such that the fuel burn from origin
to destination is minimised. In practice, due to
airspace restrictions, weather scenarios, and lim-
ited radar coverage over the ocean, minimum dis-
tance routes are not always followed. However,
to accurately compare flight emissions with satel-
lite measurements the exact location of expected
emissions is of key importance. Therefore, the ex-
isting openAVEM trajectory algorithm is adapted
such that each flight trajectory crosses the median
of all flight specific ADS-B (latitude, longitude) ob-
servations. In Figure 2.1, a visualisation of two
flight trajectories is given. Compared to the ini-
tial geodesic trajectories on average an increase
of 0.76 % in fuel burn and 0.69 % in NO, is ob-
served.


https://www.flightradar24.com
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Figure 2.1: Differences in original geodesic trajectories and
adapted trajectories through observation median.

2.4 Satellite observations
Since April 2018, TROPOMI (Veefkind et al.
[2012]) delivers daily measurements of global ni-
trogen dioxide concentrations. The TROPOMI
instrument relies on differential optical absorp-
tion spectroscopy (DOAS) in which measured
backscattered spectra are fitted against modelled
reflectance spectra. The resulting slant column
density is compared to a priori estimates to sep-
arate tropospheric and stratospheric contributions.
Finally, both contributions are converted using air
mass factors (AMFs) to obtain the stratospheric
and tropospheric vertical column densities. The
push-broom staring technique of the sensor allows
for a simultaneous observation of 450 measure-
ments along the entire swath width, such that mea-
surements at a spatial resolution of 7.5 km (5.5
km since August 2019) by 3.5 km at nadir can
be obtained. The sun-synchronous TROPOMI
instrument crosses the equator at 13.30 hr lo-
cal time. In this research, level-2 tropospheric
and stratospheric column data are used (pub-
licly available from https://s5phub.copernicus.
eu/). TROPOMI level-2 data are extensively vali-
dated with data from ground-based spectrometers
and its precursor (Ozone Monitoring Instrument,
OMI) (Griffin et al. [2019], Lorente et al. [2019],
Wang et al. [2019], lalongo et al. [2020], Zhao et al.
[2020], Verhoelst et al. [2021], van Geffen et al.
[2022b]) To be able to compare NO, vertical col-
umn densities at the same location over multiple
days, level-2 data are resampled to common grids
at a resolution of 0.05° by 0.05° in monthly analy-
ses.

The absorption spectra measured by
TROPOMI which are required to quantify the
concentration of nitrogen dioxide in the atmo-
sphere are not only affected by the nitrogen diox-
ide concentrations in the atmosphere but also by
Mie, Raleigh and non-selective scattering. Non-
selective scattering and absorption in clouds limits
the light that reaches and measures any nitrogen
dioxide below the cloud. The retrieval algorithm
is adapted consequently. The AMF, needed for

conversion from slant column density to vertical
column density, is reduced to zero for the path be-
low the cloud and increased for the above cloud
measurements, resulting in averaging kernels en-
hancing high altitude emissions, as is visualised
in Figure 2.2.
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Figure 2.2: Example of an averaging kernel for a pixel with
an optically thick cloud and averaging kernels for cloud free
pixels with varying surface albedo (Eskes and Boersma
[2003]).

As aviation en-route emissions are generally lo-
cated above cloud altitudes, clouds could provide
a natural means to separate the lower level emis-
sions from the total columns and increase the de-
tection potential of above cloud aviation emissions.
Another potential benefit of using cloudy measure-
ments stems from the better precision of cloudy
measurements due to decreased DOAS retrieval
uncertainties for higher total radiance signals (van
Geffen et al. [2020]).

In this paper the NO,-fitted cloud fraction is
adhered to when selecting cloudy measurements
for analysis. Cloud fraction is derived by fitting of
the continuum reflectance in the nitrogen dioxide
retrieval window to a simulated reflectance. In
the simulation, the independent pixel approach is
applied to model the reflectance as a linear combi-
nation of radiative transfer equations for the clear
sky part of the pixel and radiative transfer equa-
tions for the cloudy part. In this latter, clouds are
modelled as single Lambertian reflecting bound-
aries with an albedo of 0.8. This method is simi-
lar to the Fast Retrieval Scheme for Clouds from
the Oxygen A band version Sentinel (FRESCO-S)
derived cloud fractions but preferred in NO, analy-
sis as the slight misalignment in UV-VIS and NIR
products of TROPOMI may vyield different cloud
fractions (van Geffen et al. [2022a]).

2.5 Meteorological fields
Meteorological fields are obtained from the second
Modern-Era Retrospective analysis for Research
and Applications (MERRA-2, Gelaro et al. [2017]).


https://s5phub.copernicus.eu/
https://s5phub.copernicus.eu/

For April 2020 and April 2021, wind fields at 250
hPa have been obtained at native MERRA-2 res-
olution (0.5° by 0.625°) for the hour of maximum
plume age until TROPOMI overpass time.

3. Results & Discussion

3.1 Comparison at ideal research location
Though having significant impact on climate, air
quality and human health, aviation NO, emissions
only make a small contribution to the total nitrogen
dioxide concentrations. Therefore, selection of a
favourable research location may have a large im-
pact on remote sensing detection chances.

3.1.1 Selection of research location
In search of a research location with high poten-
tial for detection of en-route aviation attributable
NO, by remote sensing several factors have been
analysed. First of all, high quality retrievals of
TROPOMI must be available. Veefkind et al.
[2012] suggest a minimal pixel specific quality as-
surance value of 0.5 is required for the research lo-
cation such that only good quality measurements
over cloudy and cloud free scenes are included
in the data analysis. Computation of the average
quality values during the months of analysis indi-
cates this requirement can be fulfilled as long as
the research location falls between 65° South and
65° North.

Remote sensing instruments measure total col-
umn densities and do not provide information on
the vertical distributions such that aviation NO,
emissions cannot be easily separated from emis-
sions of other sources. Thence, to maximise de-
tection chances locations are sought that have
high aircraft intensity and limited nitrogen dioxide
emissions of further anthropogenic and natural
sources. Furthermore, the orientation of the main
flight routes with respect to satellite overpass di-
rection is preferred in orthogonal direction to allow
for as many high quality measurements as possi-
ble and low misclassification risk of striping effects.
Computation of average flight intensity during the
least flown week of the research window and
analysis of the rate of emissions of non-aviation
sources published in the Community Emissions
Data System (CEDS, Smith et al. [2015]), have
resulted in the primary selection of a part of the
North Atlantic ((60° W - 10° W, 40° N - 65° N),
hereafter NA) which stretches from Newfoundland
in the West to Ireland in the East and contains the
North Atlantic Flight Corridor (NAFC) (Supplemen-
tal section 4.1). Maritime traffic between the USA
and Europe may also be observed but does in
general stay well below the 45° N circle of latitude

such that separation between aviation and mar-
itime traffic emissions may be easily established.

3.1.2 Comparison of satellite measure-
ments with emission estimates
Emissions from en-route aviation over the North
Atlantic Flight Corridor during April 2020 and April
2021 are estimated using the openAVEM emis-
sion model and converted to petamolecules per
squared centimetre to match TROPOMI retrieval
measurement units. To maximise detection proba-
bility, unrealistically stable meteorology is consid-
ered. Furthermore, the maximum plume age of
10 hours reported by Schumann et al. [2000] is
adhered to in the derivation of accumulated emis-
sions from undissolved plumes. Using the geo-
graphical data and timestamp in the ADS-B mes-
sage, a selection of flights and their trajectories
is generated and fed to openAVEM. The resulting
spatial distributions are compared with TROPOMI
measurements at common spatial resolution (Sup-
plemental section 4.4).

Analysing the openAVEM estimates in Fig-
ure 3.1, a distinct pattern is visible for both April
2020 and April 2021 between the 47° and 57° lat-
itude bands, intensifying near the eastern edge of
the North Atlantic Flight Corridor. In the TROPOMI
measurements, given in Figure 3.2, no enhance-
ments can be observed over this region. As can be
observed in Figure 3.3, increases in NO, column
densities that can be expected from en-route avia-
tion emissions do not correspond with increases in
the TROPOMI measurements. Monthly averaged
winds over the NAFC from MERRA-2 are in east-
ern direction with negligible meridional wind com-
ponents, and are not thought to cause latitudinal
shifts in NO, vertical column densities. Neither can
year-on-year expected increases in NO, solely ex-
plain increases in TROPOMI measurements (Fig-
ure 3.3).
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Figure 3.3: Zonally averaged measured NO, vertical column
densities over the eastern North Atlantic (East of 35° W) and
expected peaks from openAVEM as function of latitude.
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From analysis of the average TROPOMI pre-
cision over the NA, an explanation for the lack of
correlation can be found. Even whilst allowing
for maximum accumulation of NO, from en-route
aviation under favourable meteorological circum-
stances to obtain upper bounds, the measurement
precision of TROPOMI is not reached (Figure 3.5),
reducing the chances of detection by remote sens-
ing under more realistic conditions including atmo-
spheric dispersion and chemical conversion.
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Figure 3.4: Zonally averaged year-on-year increases in
measured NO, vertical column densities over the eastern
North Atlantic (East of 35° W) and expected increases in NO,
from openAVEM as function of latitude.
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Figure 3.5: Monthly averaged expected NO, from en-route
aviation and TROPOMI measurement precision per 0.05° grid
cell. Inset values display medians.

3.2 Above cloud evidence search
In efforts to obtain more favourable detection con-
ditions, the TROPOMI data is filtered such that
only cloudy scenes are considered. Selecting
TROPOMI measurements with high effective ra-
diometric cloud fractions, allows for enhanced sen-
sitivity to above cloud nitrogen dioxide and re-
duced sensitivity to nitrogen dioxide below clouds.
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3.2.1 Influences of clouds on TROPOMI
measurements
As only limited measurements (1.58 % of measure-
ments over the NA) were available for fully cloudy
scenes, TROPOMI measurements with an effec-
tive radiometric cloud fraction of 0.75 and larger
are considered (Supplemental section 4.2). The
measurements over optically thick clouds are in
general found to have lower precision uncertainty
than those over clear sky scenes, see Figure 3.6.
Using the non-parametric Mood’s median test, a
significant decrease (8.96%) in median precision
uncertainty is observed for cloudy measurements
over the North Atlantic.
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Figure 3.6: Precision of cloudy and clear sky measurements.

Changes in total column density are also ob-
served as shown in Figure 3.7. Cloudy scenes
have on average lower total column values, which
can be explained by the shielding effect of clouds
on lower level emissions.
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Figure 3.7: Comparison of monthly NO, measurements over
all and cloudy only scenes over the North Atlantic.

3.2.2 Comparison of average cloudy mea-
surements with emission estimates
To determine whether the selection of just cloudy
measurements favours correlation between the
spatial distributions, cloudy measurements have
again been compared with openAVEM emis-
sion estimates. First, a similar approach as
for all scene measurements is followed, retriev-
ing monthly averaged spatial distributions in Fig-
ure 3.8. Due to the overlap of the research
with COVID-19, differences in expected NO,, emis-
sions were observed. In 2021, the peak of the
pandemic was over and lockdown regulations re-
laxed such that more flights were identified using
ADS-B data (Strohmeier et al. [2021]). However,
year-on-year differences observed in TROPOMI
measurements over cloudy scenes over the NA
fluctuated and could not solely be explained from
differences in emission estimates (Figure 3.9, Fig-
ure 3.10). Earlier qualitative research by Beirle
[2004], using cloudy Global Ozone Monitoring Ex-
periment (GOME) observations and aircraft emis-
sion estimates from an emission inventory
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Figure 3.8: Average TROPOMI measured NO, vertical column densities over the North Atlantic over cloudy scenes during
April 2020 and April 2021.
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(Schaefer et al. [2013]) also did not find indications
for aircraft emissions in satellite observations over
cloudy scenes over the NA.
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Figure 3.9: Zonally averaged cloudy measured NO, vertical
column densities over the eastern North Atlantic (East of 35°
W) and expected peaks from openAVEM as function of

latitude.
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Figure 3.10: Zonally averaged year-on-year increases in
measured NO, vertical column densities over the cloudy
scenes over the eastern North Atlantic (East of 35° W) and
expected increases from openAVEM as function of latitude.

3.2.3 Comparison of emission estimates
from individual aircraft observations with
cloudy measurements
The improved median of measurement precision,
shown in Figure 3.6, enhanced sensitivity to high
altitude nitrogen dioxide concentrations (Marais
et al. [2021]), and availability of temporal ADS-B
observations encouraged to analyse cloudy mea-
surements for any evidence of recent en-route avi-
ation. Using the ADS-B data points, TROPOMI
measurements that could possible include fresh
aircraft plumes containing nitrogen dioxide are
identified. Based on the plume dispersion model
by Paoli (Tait et al. [2022]), a maximum of 1000 s
to overpass time is chosen for fresh plume analy-
sis. Using the closest MERRA-2 retrieved upper
tropospheric winds at overpass times, differences
in downwind and upwind nitrogen dioxide vertical
column measurements within maximum advection
radius around the point of aircraft observation are

computed and compared with emission estimates
generated using openAVEM to retrieve possible re-
lations between TROPOMI measurements and en-
route aviation.

As becomes clear from the distributions in Fig-
ure 3.11 and their describing features in Table 3.1,
the observed differences in downwind and upwind
NO, concentrations contain negative values (i.e.
upwind NO, measurements are larger than down-
wind NO, measurements) whereas for emissions
only positive values are expected.
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Figure 3.11: Comparison of TROPOMI NO, downwind minus
upwind measurements at locations of recent aviation activity
with openAVEM expectations.

Table 3.1: ;. and o of distributions given in Figure 3.11
| openAVEM  TROPOMI

m 0.028 -0.009 Pmolecules/cm?
o 0.013 0.109 Pmolecules/cm?
n 746 746 nr. of recent air-

craft observations
for comparison

3.3 Factors complicating detection of en-
route aviation NO, emissions
The inability to detect any evidence of NO, emis-
sions from en-route aviation in this research may
have several causes. A first cause, may lie in
the low expected emissions. Even whilst consid-
ering unrealistically stable weather conditions, in
which dilution and advection are neglected for a
maximum plume age of 10 hours, the accumu-
lated NO,, emissions were found to be lower than
the precision of the TROPOMI instrument (Fig-
ure 3.5). Analysing areas at times with higher ex-
pectations of aviation-attributable emissions, such
as airports in pre-COVID-19 years, Lawal et al.
[2022], Shikwambana and Kganyago [2021], Kan-
niah et al. [2021] could identify relations between
aviation and TROPOMI observed nitrogen dioxide
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levels. Especially during high engine power opera-
tions, such as take-off, nitrogen dioxide emissions
indices are higher than those en-route, such that
detection probability may be higher at near-airport
operations. Furthermore, surface winds are in gen-
eral lower than those in the upper troposphere re-
ducing influences from advection. However, dis-
entangling flight emissions from ground-based op-
erations such as emissions from non-aircraft at
lower altitude levels may prove difficult. The anal-
yses of airports by Shikwambana and Kganyago
[2021] and Kanniah et al. [2021] did not separate
aerial from ground-based airport operations such
that emissions from non-aircraft are still included
in the found trends.

Other factors that may complicate the identifi-
cation of en-route aviation NO, emissions over the
NA may be found in the effects of meteorology on
nitrogen dioxide. Regional meteorological circum-
stances can cause larger areas over the NAFC
to vary in NO, VCDs. The northern polar vortex,
for example, negatively influences the NO, VCDs
over the NA during winter and spring due to strato-
spheric NO, destruction (Beirle [2004]). This re-
sults in lower VCD values near the polar region,
which was also observed in the monthly average
TROPOMI measurements in Figure 3.2 and Fig-
ure 3.8. The observed measurements do increase
further southwards, where influences from the po-
lar vortex are less and VCDs may be increased by
other sources. The climate over the NA typically
shows a strong pressure gradient between low
polar pressures and high subtropical pressures,
denoted as the North Atlantic Oscillation (NAO)
(Eckhardt et al. [2003]). When positive NAO-
indices are encountered, strong westerly winds oc-
cur which can induce outflow of polluted air from
northern America towards the NA. Such events
have been observed by Spichtinger et al. [2001]
(Canada to Europe), Stohl et al. [2003] (USA to
Europe), Donnelly et al. [2015] (North America to
Ireland). From 15-year analysis Deng et al. [2021]
concluded that a positive correlation between NAO
and North Atlantic VCDs exists. This could also ex-
plain the observed higher VCDs in the lower half
of the NA in Figure 3.2 and Figure 3.8.

On a local scale further meteorological influ-
ences on the concentration levels of NO, may be
expected from incoming solar radiation, which con-
trols the kinetics of the photolysis reaction of NO,
(Falocchi et al. [2021], Bradshaw et al. [2000]),
for which the measurements by Nishanth et al.
[2011] during solar eclipse episodes have pro-
vided a valuable source of validation. The photo-
stationary balance between NO,, NO and Os is fur-
ther affected by ambient temperature, which con-

trols the reaction rate of the formation of NO, from
NO and O3 (Seinfeld and Pandis [2006]). At higher
temperatures, reaction speed increases, which ex-
plains the longer lifetimes of NO, in the upper tro-
posphere, together with lower O3 concentrations
due to the lower air density, found by Lamsal et al.
[2010]. Further influences may stem from fac-
tors that affect the formation of nitric acid (HNO3)
and dinitrogenpentoxide (N,Os), the major sinks
of NO,. High relative humidity, for example, en-
hances the formation of nitrates from nitrogen ox-
ides which may then react to HNO3; and N,Og
(Mentel et al. [1996], Qin et al. [2017]). Finally,
the stability of the troposphere is also of impor-
tance. High pressures lead to low atmospheric
circulation such that nitrogen dioxide concentra-
tions can build up, whereas high planetary bound-
ary layers and high wind speeds (common in the
upper troposhere over the NA) may lead to quicker
dispersion and dilution of emitted species (Zhang
et al. [2021]). These meteorological factors may
cause changes in nitrogen dioxide abundance that
mask trends induced by changes in emissions
(Anh et al. [1997], Grange et al. [2018]). Barré
et al. [2021] show that differences in TROPOMI ob-
served NO, concentration levels between COVID
and pre-COVID-19 years could be explained by
changes in meteorological conditions. In Supple-
mental section 4.6, a first estimate is generated
for the extent of meteorological attributable nitro-
gen dioxide variations during April 2020 and April
2021 over the NA.

In the generation of TROPOMI NO, VCDs,
measured backscattered spectra are fitted against
reflectance spectra, which are modelled using,
amongst others, weather and assumptions on the
vertical density profile of NO, from the chemical
transport model (CTM) at 1° by 1° (Williams et al.
[2017]) to compute AMFs. In research into LTO
operations near Atlanta Airport, Lawal et al. [2022]
found that replacing the given a priori profiles by
a high resolution (4 km by 4 km) regional chem-
ical transport model reduced the uncertainty in
the AMFs, increasing potential for use of satellite
observations to evaluate high NO,-emitters such
as airports. Similarly, research by Pickering et al.
[2016], Bucsela et al. [2019], Allen et al. [2019] and
Pérez-Inverndn et al. [2022] showed that detection
and quantification of lightning flash emissions was
possible by creating specific AMFs for (TROP)OMI
pixels over lightning. Marais et al. [2021] found
that particularly in the upper troposphere, errors in
AMF stemming from a priori assumptions on the
vertical distribution and coarser CTM may impact
the satellite retrievals above clouds. To reduce in-
fluences hereof, specific AMFs for cloudy scenes
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were generated that only account for viewing ge-
ometry in the upper troposphere. Georgoulias
et al. [2020] also computed geometric AMFs in
their search for shipping plumes to derive more
distinct plume structures and to confirm found
structures are not artifacts of the retrieval algo-
rithm. In Supplemental section 4.3, an analysis
of AMF..-retrieved NO, VCDs over the NA is
provided, which did not yield improved detectabil-
ity of en-route aviation. Creating more specific
AMFs for en-route aviation using measurements
of vertical NO, profiles in aircraft corridors could
potentially increase the detection potential of up-
per tropospheric en-route aviation NO, emissions.
However, AMFs for cloudy scenes are already
sensitive to above cloud NO, concentrations (Fig-
ure 4.9), whereas lower level altitude emissions
of the LTO operations as those in Lawal et al.
[2022] are less enhanced in the given AMFs and
emissions of lightning as those in Pickering et al.
[2016] create local but high NO, emissions, which
change vertical profiles and AMFs significantly.

Finally, it must be stipulated that the research
presented here relied on ADS-B and TROPOMI
data from just two months with limited aviation
intensity. Thence, limited data was available, es-
pecially when also introducing a cloud factor condi-
tion, such that more extensive research may yield
more promising and robust results.

4. Concluding Remarks
En-route aviation NO, emissions contribute to air
quality degradation, affecting human and ecolog-
ical health. To increase understanding of cur-
rent and future effects of en-route aviation and
to be able to form adequate mitigation measures,
actual NO, emissions must be quantified and
documented. Promising results from previous
research projects have shown the capability of
remote sensing instrument TROPOMI to detect
individual plumes from static and mobile heavy
emitters and upper tropospheric weather phenom-
ena. This, together with improved aircraft locali-
sation from ADS-B data, showed potential for the
detection and documentation of actual en-route
aviation NO, emissions by remote sensing. In
this research, a first assessment of the potential
of TROPOMI to detect evidence of monthly and
near-overpass emissions over a favourable mea-
surement location is performed. Actual aircraft ob-
servations have been used to generate emission
estimates which could be compared with satel-
lite observations. Analysis of monthly estimates
created under unrealistically stable atmospheric

conditions (i.e. considering no advection or dilu-
tion) to favour maximum emission accumulation
showed that upper bounds were lower than detec-
tion limits associated with TROPOMI NO, VCDs
and did not show up as enhanced spatial distri-
butions in satellite observations. Creating more
favourable circumstances for analysis by consid-
ering cloudy scenes only, which were found to in
general have better precision and higher sensi-
tivity to high altitude emissions, likewise yielded
uncorrelated results. Neither did fresh plume anal-
ysis retrieve any evidence of en-route aviation.
Apart from lack of emissions during the COVID-
affected research window, difficulties for remote
sensing of en-route aviation NO, emissions can
be linked to their location in the atmosphere. At
altitudes of aviation influences from meteorology
and long range transport may complicate detec-
tion of aviation emissions. Satellite retrievals are
further limited in precision due to uncertainties in
slant column retrieval and conversion to vertical
densities.

From the absence of any evidence of rela-
tions between aviation emission estimates and
TROPOMI NO, VCD retrievals can be concluded
that current TROPOMI retrievals do not suffice
for detection of en-route aviation emissions in the
North Atlantic Flight Corridor during April 2020
and April 2021. As the data set comprised of
April 2020 and April 2021 is limited both in size
and aviation intensity, future research may seek
to increase detection potential by expanding the
data set with years that do include higher avi-
ation intensity (e.g. pre-COVID). To reach the
precision limits associated with TROPOMI NO,
VCD retrievals, local emissions must accumulate
to over 0.3 Pmolecules/cm?. The emissions over
the North Atlantic Flight Corridor that could be ex-
pected from openAVEM showed a large variety in
flight trajectories such that accumulation of emis-
sions was limited and future detection potential
may lie in the analysis of more congested flight
routes, such as the airways leading into terminal
manoeuvring areas. Furthermore, the pure filter-
ing of TROPOMI data at a favourable research
location may be extended with altercations of air
mass factors for aviation pixels and corrections
for influences from meteorology. Considering cur-
rent satellite capability and circumstances, detec-
tion and documentation of en-route aviation NO,
emissions by means of the highest resolution re-
mote sensing satellite to date remains a continu-
ous challenge in the near future.



Conclusion and recommendations

Excessive emissions of nitrogen oxides by en-route aviation alter the Earth’s atmospheric composition
leading to a degradation of air quality. The effects are not confined to the region of emission but can
via long-range transport affect human and and ecological health in vast regions of the world, thought
to cause over 8000 premature deaths annually. Thusfar, efforts to quantify and document en-route
aviation emission were in general model-based as limited means were available to measure upper tro-
pospheric nitrogen oxides.

In an attempt to enable future quantification and documentation of actual en-route aviation emis-
sions, in this research, satellite retrievals of the current most sophisticated remote sensing instrument
TROPOMI are assessed for their use in detection of en-route aviation NO,. This was done by compar-
ison of monthly average and near overpass individual emission estimates with satellite retrievals over
a favourable location for the months of April 2020 and April 2021. Emission estimates were generated
using the openAVEM model and observed flight tracks under unrealistically stable assumed weather
conditions to allow for maximum accumulation. Satellite retrievals were filtered for data quality and
cloud fraction to obtain retrievals with high detection potential.

From analysis of TROPOMI retrieval quality, aviation intensity, non-aviation anthropogenic emis-
sions and trajectory orientation it was found that the North Atlantic Flight Corridor within the North At-
lantic Ocean has most detection potential, as aviation forms the main anthropogenic emission source,
good quality satellite data can be retrieved and orientation of the major flight corridor is orthogonal to
satellite ground track such that multiple satellite overpasses can be acquired per day and striping ef-
fects are limited. It was found that, if available, cloudy skies may increase further research potential
as they are found to have lower precision uncertainties than clear sky measurements and can shield
surface level concentrations via non-selective scattering and absorption.

Comparison of the monthly average estimated en-route aviation NO, emissions with TROPOMI
retrievals over all sky scenes and cloudy skies only did not yield any indication of possible relations.
Expected increases in zonal averages did not correspond with retrievals. Analysis of expected emis-
sions from aircraft observed just before (<1000s) satellite overpasses over cloudy skies did not yield
corresponding distributions either.

The inability to detect any evidence of en-route aviation attributable NO, may be caused by several
factors. First of all, average estimates of aviation NO, under favourable circumstances did not accu-
mulate to precision limits of TROPOMI for the months of analysis. Furthermore, contributions from
large-scale weather phenomena such as the polar vortex, local atmospheric composition and mete-
orology, and long range-transport from continental NO, sources may mask the limited emissions of
en-route aviation. Lastly, uncertainties in sensing capabilities and artefacts from coarser a priori pro-
files may complicate detection of the locally emitted en-route aviation NO,.

Therefore, it is concluded that nearly 20 years after Beirle [2004] first researched the possibility

of satellite detection of en-route aviation, this still remains a challenging task, not achievable by pure
filtering of satellite retrievals over favourable locations during the months of April 2020 and April 2021.
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Recommendations

Although the observed gap between satellite precision and maximum accumulation of emissions is
large and the absence of correlations do not sketch a fruitful basis for future research, some recom-
mendations are given for future research that may result in higher detection potential.

First of all, researchers may strive to expand the research window such that periods with higher
aviation intensity may be included and the gap between satellite precision and maximum accumulation
of emissions can be closed. Care must be taken when expanding to pre-COVID years as satellite re-
trievals before the 6" of August 2019 have coarser resolution and updates in the retrieval algorithm
have since occurred.

This research suggests that meteorology can have a significant impact on the retrieved NO, VCDs
over the North Atlantic. Therefore, future research efforts may strive to include meteorology decoupling
measures in the comparison, for example, by means of a chemical transport model.

Observed en-route aviation NO, emissions over the NAFC during April 2020 and April 2021 were
limited in magnitude and emitted very locally. However, the air mass factors needed for the conversion
of slant to vertical column densities are partly based on meteorology and a priori profiles derived using
coarser (1° by 1°) models. Promising results have been achieved in the detection of lightning and near
surface aviation emissions when altering AMFs using more specific vertical profiles, such that future
research ventures may explore whether detection likelihood can increase when adjusting AMFs for en-
route aviation.

Lastly, the accumulation of en-route aviation-attributable NO, which may be detected in satellite
observations in this research heavily depends on the assumptions on plume age. More research into
micro- and large-scale plume chemistry would benefit the accuracy of the retrieved result here and
could open opportunities for new research ventures with increased detection potential.
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Supplements

4.1. Location

Global aviation emissions form an increasingly significant hazard to air quality levels. Over the past
25 years aviation fuel burn and thus carbon dioxide emissions have annually increased by 2.6% on
average (International Energy Agency 2017). Due to the trend in engine designs to operate at higher
gas temperatures to strive for more efficient fuel combustion, NO, emissions are increasing at an even
higher rate (Grobler et al. [2019]). Though having significant impact on climate, air quality and human
health, aviation NO, emissions only make a small contribution to the total nitrogen dioxide concentra-
tions. Therefore, selection of a favourable research location may have a big impact on remote sensing
detection chances. Remote sensing instruments measure total column densities and do not provide
information on the vertical distributions such that aviation NO, emissions cannot be easily separated
from emissions of other sources. Thence, to maximise detection chances locations are sought that
have high aircraft intensity and limited nitrogen dioxide emissions of further anthropogenic and natu-
ral sources. Furthermore, the orientation of the main flight routes with respect to satellite overpass
direction and coverage capability are considered to allow for as many high quality measurements as
possible.

A primary requirement for the research location is the availability of high quality satellite data. Eskes
et al. [2019] suggest a minimal quality assurance value of 0.5 must be available for the research location
such that only good quality measurements over cloudy and cloud free scenes are included in the data
analysis. From the computed average in Figure 4.1, one can deduce that as long as the research
location falls between 65 degrees South and 65 degrees North, high quality data should be available.

Latitude [deg]

180° 120°W 60°W 0° 60°E 120°E 180°

Longitude [deg]

0.0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 09 1.0
QA value [-]

Figure 4.1: Average quality assurance value of TROPOMI measurements.

Apart from high quality TROPOMI measurements, it is of key importance for the comparison of
emission estimates with measured nitrogen dioxide levels that aircraft are observed frequently over the
research location. Areas with good quality measurements that do contain multiple aviation observa-
tions even during the least flown week can be found over the USA, Europe and South East Asia, as

16
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well as the flight corridors over the North Atlantic and North Pacific Ocean as can be deduced from
Figure 4.2 and Figure 4.3.

180° 120°W  60°W 0° 60°E 120°E 180°

o 2 4 6 8 10 12 14 16 18 20 o 2 4 6 8 10 12 14 16 18 20
Unique aircraft observations by Spire Unique aircraft observations by Spire

Figure 4.2: Aviation intensity during the least flown week. Figure 4.3: Aviation intensity during the most flown week.

To identify the regions with high aviation intensity where aviation may be the major anthropogenic
source the rate of emissions of non-aviation sources for the most recent month of April published in
the community CEDS inventory (Smith et al. [2015]), is analysed. The high rates over the Eastern part
of the United States, Europe and South East Asia, as visible in Figure 4.4, suggest these areas may
have lower detection potential and that in flight corridors over the oceans aviation may be the major
anthropogenic source.

Finally, the orientation with respect to TROPOMI scan lines is considered. Locations with major
longitudinal flight trajectories are preferred over those with latitudinal direction. Longitudinal oriented
locations will be covered by multiple TROPOMI overpasses such that chances of obtaining high quality
satellite measurements will be higher. Furthermore, longitudinal flight trajectories have the advantage
that stripes resulting from TROPOMI pixel dependent offsets, such as those shown in Figure 4.5, will
have an orthogonal direction and are less likely to be confused with.
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Figure 4.4: Average rate of non-aviation anthropogenic Figure 4.5: Example of a stripe (from 38° W, 40° N towards
emissions during April 2019. the upper left (41° W, 52° N) created by pixel dependent

offsets that may be confused with en-route aircraft emissions

The criteria for high aviation intensity, low non-aviation emissions and good TROPOMI compatibility
have resulted in the primary selection of a part of the North Atlantic (60° W - 10° W, 40° N - 65° N)
which stretches from Newfoundland in the West to Ireland in the East and contains the North Atlantic
Flight Corridor (NAFC). Maritime traffic between the USA and Europe may also be observed but does in
general stay well below the 45° N circle of latitude such that separation between aviation and maritime
traffic emissions may be easily established.
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4.2. Cloud fraction

In the performed research a radiometric cloud fraction of at least 0.75 is adhered to for cloudy measure-
ments. If one desires to completely shield lower nitrogen dioxide concentrations measurements with
a radiometric cloud fraction of 1.0 should be considered only. A primary reason for relaxing the cloud
fraction constraint to 0.75 is given in the number of days and individual measurements available for
analysis, increasing from 1.58 % to 22.1 % of the total number of measurements (Figure 4.6). Doing
so increases the monthly mean observed values on average by 11.8 %, see Figure 4.7, which can be
explained by the shielding effect of the increased cloud cover. When using a cloud factor of 1, too little
measurements are found for spatial analysis (Copernicus [2020], Figure 4.8).
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Figure 4.8: Average TROPOMI retrievals when considering CF=1

4.3. Air Mass Factor

The analysed vertical column densities of TROPOMI are computed with detailed AMFs which affect
the specific individual vertical column values and monthly averaged nitrogen dioxide concentrations re-
trieved over the NAFC. In the TROPOMI retrieval of upper tropospheric NO, vertical column densities
the largest error source is found in the conversion of slant to vertical column densities. Travis et al.
[2016], Marais et al. [2021], Silvern et al. [2019], evaluated chemical transport models and satellite
measurements with in-situ tropospheric measurements finding discrepancies in the upper troposphere.
Silvern et al. [2019], Stavrakou et al. [2013], Travis et al. [2016], Marais et al. [2021]) suggest that these
errors may stem from uncertainties in the a priori modelled vertical distribution in the upper troposphere,
uncertainties in the kinetics of the photostationary balance between NO,, NO and O3, and errors from
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estimates at coarser resolution. In Figure 3.6, already some insight is gained into the magnitude of ver-
tical column density error when adhering to the air mass factors as provided in the TROPOMI retrieval
algorithm. To gain some more insight into the magnitude of the possible uncertainty and potentially
increase detection probability, Marais et al. [2021] suggest an averaging kernel can be composed that
purely accounts for the geometric difference in slant path and vertical path of the upper tropospheric
(above cloud) contribution but does include averaging kernels for the stratospheric component.

TN N

AN SCDstrat X AMFstrat =
stratosphere strat strat

VCDstrat

troposphere "\ SCDtrop X AMFtrop geo = | VCDtrop

VZA

Figure 4.9: Visualisation of separation of geometric and detailed AMFs per atmospheric section

Following Marais et al. [2021], the total above cloud vertical column densities are then computed
as in Equation 4.1. In Figure 4.9, a visualisation of the vertical column computation of the stratospheric
and tropospheric contribution is given as well as a visualisation of the solar zenith angle (SZA) and
viewing zenith angle (VZA).

VCDtot = VCDtrop + VCDst'r'at

SCDyyop
sec(SZA) + sec(VZA)

SCDtot - VCDstrat : AMFstrat
sec(SZA) + sec(VZA)

Computing the absolute and relative difference over the North Atlantic, it is found that the TROPOMI
AMF gains higher values in general (Figure 4.10, Figure 4.11), however, over the flight corridor differ-
ences remain well below 10%, similar to the differences observed by Marais et al. [2021] and Choi et al.
[2014] using (TROP)OMI measurements over cloudy scenes over the entire globe.
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The limited changes in TROPOMI have not resulted in improved detectability in monthly trends
(Figure 4.12). Expanding the geometric computation of the averaging kernel to the stratospheric part
does not yield significant changes relative to the tropospheric part only as in Figure 4.13. This can be
explained by the limited contribution of the stratosphere in general and the rather stable meteorological

conditions.
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Figure 4.13: Difference in NO, VCDs when applying a
geometric kernel to both the stratospheric and
tropospheric contribution and when applying it solely to
the tropospheric contribution

Recent research (Pickering et al. [2016], Allen et al. [2019], Bucsela et al. [2019]) into lightning
emissions have been able to determine flash density using specific air mass factors for lightning. These
are computed by dividing the lightning NO2 slant column densities modelled using radiative transfer
equations and a priori vertical profiles by a model derived specific for vertical column density for lightning.
This could have potential for aviation NO, emissions as well. However, lightning NO, emissions are
much more intense than emissions resulting from en-route aviation such that they would alter vertical
profiles significantly whereas from aviation little changes in profiles may be expected. Therefore, this
approach is not yet investigated in this research.

4.4. Resolution

As TROPOMI follows a sun-synchronous trajectory it has the capability to retrieve measurements over
the entire Earth each day. This, however, also means that each day the orbits passing over the North
Atlantic have a slightly different orientation. Therefore, to compare measurements over multiple days,
a common grid must be created with a certain fixed resolution. In this research, when needed a stan-
dard resolution of 0.05 by 0.05 degrees is adhered to, as this is close to the average TROPOMI pixel
size over the NAFC and results in reasonable computation times. Satellite retrievals are first averaged
daily over the chosen resolution before monthly computations. The resolution of the analysis affects
the emission estimates from openAVEM. A coarser spatial resolution results in lower emissions per
grid cell as emissions are spread over the full area of the grid even when observed only locally. Sim-
ilarly, peaks of high NO, concentration levels are less defined in TROPOMI retrievals when resorting
to coarser resolutions. Changing the resolution of 0.05° by a factor 2 to 0.1° reduces the average
emission estimates by 44 %; when coarsening the resolution with a factor 10 to 0.5°, a reduction of
76 % can be expected. Coarsening the resolution increases the discrepancy in retrieved and required
accuracy, such that detection potential reduces.

Individual orbits have also been analysed at measurement resolution for traces of aircraft evidence.
Per orbit, plume-like structures are identified. To confirm these structures are not artefacts of the re-
trieval algorithm, the scene is also analysed using a geometric AMF. In few cases, plume-like structures
were found near aviation observations. In Figure 4.14 an example is given for orbit 18178 in which
such plume-like structures near recent telemetric observed aircraft could be identified and persisted in
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AMF ., retrieved measurements (Figure 4.15).
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Figure 4.14: A plume-like structures in the retrieved Figure 4.15: Persisting plume-like structures in
TROPOMI NO, VCDs can for example be observed between  AMF 4.,-retrieved NO, VCDs near aircraft observations over
the aircraft observations at (53° W, 49.5° N) and (50.5° W, the same scene
49.75° N)

Although the plume-like structures are in close proximity of aircraft observations, computation of the
cloud factor in Figure 4.16 shows that a likely cause for these structures can be found in differences in
cloudiness. The shape of the observed plume-like structures corresponds with the narrow clear sky re-
trieved pixels between cloudy scenes. Therefore, the enhanced NO, concentrations may have resulted
from shielding of NO, at adjoining cloudy scenes instead of aviation emissions. This is supported by
the observation of plume-like structures in absence of aviation that could also be linked to differences
in cloudiness. Reducing the masking effects of cloudiness by analysing only cloudy scenes or only
clear sky scenes unfortunately did not yield further insights. In no cases could persisting plume-like
structures be found that could solely be linked to aviation. A cause for the inability to find plume-like
structures that are caused by en-route aviation may be because of the low emission strength of aviation
emissions, which was found to be below precision thresholds associated with the TROPOMI instrument,
dilution of plumes and influences from local-scale meteorology.
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Figure 4.16: Cloudiness over the scene in which the plume-like structures are observed

4.5. NO, plume age and mixing ratios

In the upper troposphere lifetimes of NO, emissions are larger than those emitted at surface level due
to lower temperatures and O3 concentrations. Therefore, aircraft emission plumes persist and can ac-
cumulate. In the research, a maximum was sought for the accumulation of NO, emissions such that
maximum reported plume age was used in emission calculations. Although the resulting correlation
does not improve when reducing the plume age window, an expectation of the reduction in accumu-
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lated emissions is given inFigure 4.17 considering the minimum reported plume age (Schumann et al.
[2000]) of 3 hours. In general, a 40 % decrease in emissions is observed when reducing the plume
age as shown in Figure 4.18.
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Figure 4.17: Average April 2021 emission estimates from Figure 4.18: Absolute difference in expected emissions when
openAVEM when considering a 3 hour plume age decreasing plume age from 10 to 3 hours

The ratio of NO,/NO of aviation emissions can vary significantly throughout the flight cycle and per
engine. Research by Wormhoudt et al. [2007] showed that at high power settings only 7 % of NO,
may be in the form of NO,, whereas at low power settings 80 % of NO, may be in the form of NO,.
Furthermore, once emitted the conversion of NO, to NO and vice versa depends on local meteorology
and atmospheric composition. In general, NO, is deemed a good proxy for NO, emissions (Koukouli
et al. [2021]). However, actual values of NO, may be much lower as Ziereis et al. [2000] derived by
means of in-situ measurements a ratio of 0.42 for NO,/NO, in the upper tropospheric flight corridors.
More research into micro-scale NO, chemistry may be required to consolidate actual ratios of NO,/NO
at engine exits and during plume dispersion. Although, the correlation between satellite retrievals and
emission estimates will not improve by reducing the NO, ratio an indication of monthly average emis-
sion estimates is given in Figure 4.19 for the observed 0.42 NO,/NO,-ratio which may help identify
future remote sensing requirements for en-route aviation emission detection.
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Figure 4.19: Emission estimates when considering the reported NO,/NO,-ratio of 0.42

4.6. Meteorology
To quantify to what extent variation in the TROPOMI measured nitrogen dioxide concentration levels
could be attributed to meteorology, a random forest model was build and trained using three years
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of tropospheric TROPOMI and MERRA-2 meteorology data over the selected areas of the North At-
lantic. The function RandomForestRegressor of the python package scikit-learn for high computing
performance (Pedregosa et al. [2011]) was used to build a regression model with 300 trees based on
the models used by Grange et al. [2018], Vu et al. [2019] and Wu et al. [2022], which were used to
determine the effects of emission stringencies and lockdown regulations on NO, concentrations sepa-
rate form meteorological influences. A prediction for NO, VCDs over the NA could be made using the
historical relations between meteorological parameters and TROPOMI measured anomalies (w.r.t. the
3-year mean) with a mean squared error of 0.22 Pmolec/cm?. Dividing the weather-based prediction by
the actual observed TROPOMI measurements, insight into the meteorological and anthropogenic con-
tribution to retrieved NO, VCDs was obtained (Figure 4.20). From analysis of the decision trees, major
factors influencing the tropospheric column values were identified to be height of the troposphere, rain
accumulation, wind, incoming shortwave radiation and temperature, consistent with literature (Falocchi
et al. [2021], Yin et al. [2022]). Inherent to random forest modelling no quantitative relations are ob-
tained between meteorological parameters and NO, VCDs such that the results obtained here cannot
easily be extrapolated to different spatio-temporal scenarios.
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Figure 4.20: Average meteo-attributable contribution of measured NO, VCDs

From Figure 4.20 can be deduced that a large part of the variation in tropospheric nitrogen diox-
ide could also be attributed to meteorology. At (64° N, 21° W) a high source of non-meteorological
attributable nitrogen dioxide can be identified. This could be attributed anthropogenic emissions as the
location corresponds with the capital city of Iceland. Furthermore, below the 50° N zonal band, larger
percentages could not be attributed to meteorology. These could stem from anthropogenic shipping
emissions which are likely to occur in that area (Figure 4.4). Another possible source of this contri-
bution could be uncertainties in the TROPOMI retrievals, which in general are higher over areas with
higher NO, VCDs. An explanation for the in general high meteorology-attributable contribution of the
measured NO, VCDs may lie in the use of historical weather relations from MERRA-2 as uncertainties
in reanalysis data and errors resulting from relations between meteorology at coarser resolution with
TROPOMI measurements are introduced. Interesting research opportunities lie in the application of a
chemistry transport model once meteorology input becomes available to retrieve more accurate back-
ground NO, concentrations and meteorological contributions by simulating scenarios with and without
aviation emission input.
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