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Quantification of air pollutant emissions is crucial to accurately model their concentrations. Nitrogen oxides
(NO,: nitrogen dioxide NO, and nitric oxide NO) have adverse effects on health, agriculture and natural
ecosystems both directly and due to their role in the formation of secondary pollutants. This work
estimates annual total NO, emissions, mean NO, lifetime, their seasonal variation and the weekday—
weekend effect, over three selected British urban areas with NO, pollution (London, Manchester and
Birmingham). The method combines an exponentially modified Gaussian fitting function and wind
rotation technique, using TROPOMI tropospheric NO, observations together with reanalysis wind fields.
The analysis for 2019 yields total emissions of 113 kT of NO, over London, and 37 kT and 22 kT over
Manchester and Birmingham, respectively. Compared to the UK National Atmospheric Emissions
Inventory, this represents an increase of 6% for Manchester, 18% for London, and a decrease of 33% for
Birmingham. These values are improved compared to a recent published study finding larger
discrepancies with the same inventory (from 55% to 105% for the relevant cities), despite some overall
consistencies. The weekday NO, emissions are larger than at the weekend, by a factor of 1.54 for

Manchester, 2.68 for London and 3.05 for Birmingham. Notably, it has been found Birmingham has
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Accepted 16th December 2022 a longer NO, mean lifetime for weekdays (~6 h) than for the weekends (~2 h) and Manchester presents

a mean NO; lifetime almost 4 times higher in summer (6.13 h) than in autumn (1.64 h). More generally,
the findings on emission, emission rate and lifetime suggest management of emissions might be needed
for weekdays in London and Birmingham, and for weekends in Manchester.
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Environmental significance

The quantification of nitrogen dioxide (NO,) concentrations, a major contributor to poor air quality in urban areas, using atmospheric models relies on accurate
quantification and spatial representation of the sources and their emissions. This study estimates annual total nitrogen oxide (NO,: consisting of NO, and nitric
oxide, NO) emissions and mean NO, lifetimes using satellite observations combined with reanalysis wind fields, over three British urban areas with exceedances
of NO, standards, i.e. London, Manchester and Birmingham. The results are compared with emission mass estimates from the UK National Atmospheric
Emissions Inventory and discussed alongside estimates in the literature. The temporal variation is estimated, focusing on the weekday-weekend effect and
seasonal variation suggesting different emission management strategies in the studied cities.

naturally occurring wildfires but anthropogenic activities
represent the major contributor in the UK.? Fossil-fuel burning
from mobile and industrial emitters represents the largest
source of anthropogenic NO, emissions. These sources are

1. Introduction

Nitrogen oxides (NO,), consisting of nitrogen dioxide (NO,) and
nitric oxide (NO), are important atmospheric trace gases that

actively participate in the formation of tropospheric ozone and
secondary aerosols and accordingly have a significant effect on
human health and the climate."> NO, can be emitted by natural
sources such as lightning, microbial processes in soils and
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usually clustered near densely populated urban areas.*

Since NO,, is a short-lived gas in the atmosphere with a life-
time of several hours, especially in the boundary layer during
the daytime,>® strong spatial gradients in the geographical
distribution can be observed. This results in some large NO,
hotspots over urbanised areas which can be observed from
space.”®

These observations from space are becoming more accurate
thanks to the new generation of atmospheric sounders such as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the TROPOspheric Monitoring Instrument (TROPOMI)® which
has a spatial resolution about 16 times better than its prede-
cessor (the Ozone Monitoring Instrument - OMI™).

Despite this progress, the estimates of NO, emissions in
emission inventories are still uncertain. The knowledge of the
emissions is crucial to better model the NO, concentrations and
thus to be able to produce relevant strategies to reduce air
pollution. This issue is pertinent to the World Health Organi-
zation (WHO), which has issued new guideline air quality levels
to protect the health of populations." The new guideline level
for NO,, which is 10 pg m > as an annual average, corresponds
to a reduction of 30 pg m > from the previous WHO guideline
(issued in 2005). In the UK, 33 zones out of 43 exceeded the 40
pg m~> annual limit of NO, concentrations in 2019, which
highlights the scale of the challenge faced by all European
governments in meeting the new annual limit.

The estimation of anthropogenic NO, emissions for a region
traditionally relies on a “bottom-up” method that is based on
the quantification of total fuel use coupled with averaged
emission factors for different emitting sectors, technologies
and processes. Hence, they are subject to uncertainties due to
an incomplete understanding of sectoral activity, real-world
operating conditions and spatial distributions of sources.
Additionally, estimates of NO, emissions may become outdated
when fuel consumption and emission factors change. This
commonly happens during emission inventory compilation
cycles, the methods and data sources for which evolve and
improve over time. The hosting of a worldwide event such as the
Olympic Games in London in 2012 or more recently, the
exceptional situation of the COVID-19 pandemic in 2020, are
good illustrations of sudden changes in our NO, emitting
activities (e.g. industrial processes and road transport) which
are not well represented in emission inventories. The satellite
instruments can therefore act as key observers of these changes
and the data collected can allow quantification of the changes
in emissions™ that are overlooked by standard inventories.

“Top-down” emission estimates can be made by assimilating
observations, such as those from satellite instruments, into
a chemical-transport model (CTM). However, this method
involves complex and computationally expensive inversion
algorithms. The accuracy of these estimated emissions also
relies on the models' capability to correctly represent the
chemistry and thus pollutants’ concentrations, which can
sometimes involve complex chemical regimes and is subject to
uncertainty. This is particularly apparent in an urban environ-
ment which is impacted by several major source sectors, each
with complicated temporal, physical and spatial characteristics
that influence their effect on concentrations.

During the last decade, some less sophisticated methods to
derive emissions from satellite observations without the use
of CTMs have started to emerge.” For example, the method
presented in Beirle et al. (2011),° based on exponential-
modified Gaussian (EMG) plume fit, infers the NO, emissions
from NO, observed from space, in air advected over the source
regions. This method also considers the influence of wind

© 2023 The Author(s). Published by the Royal Society of Chemistry
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speed and wind direction on concentrations. Binning the data
by wind direction allows simultaneous estimates of both
emission strengths and atmospheric residence times.
According to Lorente et al. (2019)," under non-stagnant
conditions, the chemical decay of NO, in the boundary layer is
of minor importance in average concentrations given the
short time required for the pollutant to travel through the
source region such as a city. The EMG fit has been shown to
provide the best estimates, compared with other fitting func-
tions, in emissions and species lifetime across the range of
several wind conditions and across the different chemical
cases."®

This study aims to estimate the NO, emissions based on NO,,
observations provided by TROPOMI. The work has focused on
three large British cities: London, Manchester and Birming-
ham. While Pope et al. (2022)"” adapted the technique of Beirle
et al. (2011)° to estimate the NO, emissions in some UK cities,
this work combines EMG with a wind rotation technique*®* to
calculate NO,, emissions with a similar method used by Fioletov
et al. (2015)* for SO,. The rotation technique, where each pixel
is rotated around the point source according to the wind
direction so that all pixels appear to have the same wind
direction, accumulates a statistically significant data set.

The method presented in this study provides a unique
emission estimate irrespective of the wind direction over the
selected source regions unlike the estimates of Beirle et al
(2011)° or those for the UK by Pope et al. (2022)."” It also allows
the use of a distinct calendar year of observation while Pope
et al. (2022)" needed to gather the observations during
a longer period (Feb 2018-Jan 2020) to compare to a distinct
National Atmospheric Emission Inventory (NAEI) reported
year. The NO, emissions are calculated herein for the year
2019 and are compared to the recently reported UK NAEL>*
2019 has been selected since it represents a typical year, not
influenced by exceptional conditions in emissions (e.g. lock-
downs in 2020) and in meteorology, since 2019 was not
a stormier year compared to recent decades® and the wind
data are crucial in the method. The data used in this work are
described in Section 2 and the Methods in Section 3. The
comparison between the satellite-based estimates and the
NAE], and then with previous estimates given by Pope et al.
(2022)" is presented in Section 4 “Results”. The results also
show the weekday-weekend and seasonal NO, emissions and
the corresponding mean NO, lifetime. The conclusions are
given in Section 5.

2. Data used
2.1 TROPOMI

The satellite-based NO, tropospheric columns from TROPOMI
(TROPOspheric Monitoring Instrument) have been used to
derive the NO, emissions. TROPOMI was launched on 13
October 2017 by the European Space Agency (ESA) for the
European Union's Copernicus Sentinel-5 Precursor (S-5P)
satellite mission. The satellite follows a sun-synchronous, low-
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earth orbit (at 825 km of altitude) with an equator crossing
time near 13:30 local solar time. This corresponds to an
overpass time over the UK between approximately 11:00 and
14:00 UTC.

TROPOMI measures atmospheric column amounts of
several trace gases in the UV-vis-near infrared-shortwave
infrared spectral regions. At the nadir, pixel sizes are 3.5 km x
7.2 km with little variation in pixel sizes across the 2600 km
swath. In August 2019, the pixel size was reduced further to 3.5
km x 5.5 km by reducing along-track averaging. One orbit
around the Earth takes about 100 minutes, which, in combi-
nation with the wide swath, provides daily global coverage.

In this study, offline TROPOMI tropospheric NO, data with
quality assurance values larger than 0.75 have been used. This
criterion removes cloud-covered scenes, partially snow/ice-
covered scenes, errors and problematic retrievals, as recom-
mended by respective technical descriptions}. This dataset is
freely available at https://s5phub.copernicus.eu/. It is important
to know that validation studies have shown that TROPOMI
tropospheric NO, columns are biased low by about 30-50%,
mainly for polluted conditions, while this bias decreases for
scenes with lower NO, (e.g. Verhoelst et al, 2021).>* The
causes of this bias are multiple and can be related to
a misrepresentation of the aerosol opacity, an incorrect
a priori NO, profile, an incorrect treatment of cloud
properties, etc.

In this work, it is assumed that the impact of the diurnal
variation of the emissions on the NO, tropospheric columns
measured by TROPOMI remains limited, unlike the impact of
the diurnal variation on surface measurements as explained by
Fioletov et al. (2022).” Some ground-based measurements of
the tropospheric NO, column have shown hourly variability
depending on the location.**** However, it is a fair assumption
to state that the overpass time of the satellite captures the daily
NO, tropospheric mean value, especially as the boundary layer
is well mixed at this time.»**

2.2 Meteorological data: wind and boundary layer height

In addition to the TROPOMI tropospheric NO, data, wind speed
and direction are required for this work. The wind data are
provided by the European Centre for Medium-Range Weather
Forecast (ECMWEF), ERA5 reanalysis hourly data with a hori-
zontal resolution of 0.25° x 0.25°.*¢ These wind fields are
collocated in space and time to the TROPOMI observations.
Thus, only the closest wind field in time and space has been
used in this work and the temporal variations in wind fields as
done in Liu et al. (2022)*” have not been investigated.

Since most of the NO, is emitted within the boundary layer,
the study has been refined by also using the planetary boundary
layer height (PBLH) from ERAS5 reanalysis hourly data. This data
set has also been collocated in space and time to the TROPOMI
observations. Indeed, it has been calculated that between 93
and 94% of the annual mean 1000-500 hPa NO, in 2019 are

1 https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-5p/
products-algorithms
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located below 900 hPa by using the data from the Copernicus
Atmosphere Monitoring Service (CAMS) EACA4 global reanalysis§
over the three studied domains. These domains are explained in
Section 3.2.2.

The value of 900 hPa corresponds to the calculated mean
PBLH with the ERA5 data, associated with the satellite pixels
over the three urbanised areas studied in this work (903 hPa in
London, 915 hPa in Manchester and 909 hPa in Birmingham).
Thus, the vertically integrated wind data between pressure
levels 1000 and 900 hPa have been used to calculate the emis-
sions and lifetimes. A sensitivity test has also been performed
by using the pressure levels from 1000 to 925 hPa, and from
1000 to 875 hPa. The use of these vertically integrated wind data
within the PBL, instead of using a single level, has also the
advantage of limiting the impact of seasonal variability of the
wind in the PBL.

Only the pixels with associated wind speeds from 1 to 50 km
h ™ have been used for the calculation of the NO, emissions and
lifetimes. This avoids abnormally high concentrations under
stagnant conditions and extremely low values under highly
disturbed conditions. This selection also allows a stable fit for
these calculations. The details on the fitting procedure and NO,
estimates are given in Section 3.2.

2.3 NAEI

To assess the annual NO, emissions calculated in this study,
NAEI which is the official “bottom-up” inventory of primary
sources of emissions in the UK has been used. NAEI is compiled
on an annual basis according to internationally agreed meth-
odologies,” and updated every year by Ricardo Energy and
Environment on behalf of the UK Government. NAEI provides
estimates of the annual mass of total UK emissions, split by
sector. It provides maps of UK emissions at 1 km x 1 km
resolution for each of the 11 United Nations Economic
Commission for Europe (UNECE) source sectors using the
Selected Nomenclature for reporting of Air Pollutants (SNAP)
and to the Gridded Nomenclature for Reporting (GNFR) sectors
for international reporting. The 2019 NO, NAEI emissions have
been used for comparison with the TROPOMI-based NO,
emissions, even if it is worth knowing that only anthropogenic
emissions are referenced in the NAEI while the TROPOMI-based
NO, emissions do not distinguish the natural and anthropo-
genic sources.

3. Methods

3.1 NO, high-resolution maps

To map the NO, distribution at high resolution and highlight
the regions with the larger columns, the approach developed by
Fioletov et al. (2011)* has been applied. This approach slices
each satellite pixel into multiple sub-pixels, which are mapped
onto a high-resolution grid. With this technique, the average of
all satellite pixels centred within a several kilometres radius

§ EAC4: https://ads.atmosphere.copernicus.eu/
cdsapp#!/dataset/cams-global-reanalysis-eac4?tab=form

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Mean TROPOMI NO, tropospheric column over the UK in 2019 at 1 km x 1 km resolution. A zoom over the part of the map highlighted by
a black box is presented and as a comparison, the total NAEI NO, emissions in 2019 are shown for the same zone. Only the pixels over land are
plotted, so the NAEI NO, shipping emissions are not shown. The cities written in red correspond to the studied urbanised areas. Other cities are

listed as an indication.

from each grid point is calculated. In our case, a radius of 5 km
has been used. This approach exploits the large number of
TROPOMI observations gathered during a selected period and
helps to artificially increase the resolution of the spatial distri-
bution. The horizontal resolution of 1 km x 1 km (comparable
to the NAEI resolution) has been used. Both spatial distribu-
tions, i.e. from the satellite observations and NAEI, have been
calculated on the WGS84 projection (Fig. 1). In this way, the NO,
distribution is aligned to the NAEI grid cells which allows for
the comparison.

Fig. 1 clearly shows large NO, hotspots over the main
urbanised areas in the UK, such as London, Birmingham and
Manchester. In addition, other locations can be distinguished
such as Glasgow, Edinburgh and Southampton. This matches
the larger NO, emission regions referenced in the NAEI even if
some discrepancies can be noted. For example, the main roads
are not easily identified in the TROPOMI NO, distribution map,
but we can see the belt drawn by cities such as Leeds, Sheffield
and Nottingham and the one between Bristol, Cardiff and Port
Talbot. Other cities such as Liverpool are also more difficult to
identify due to the influence on the map symbology from the
presence of a larger amount of NO, in other cities, such as
Manchester.

3.2 NO, emission estimates

3.2.1 Rotation technique. For the emission estimation, the
wind rotation technique has been applied. This technique was
introduced by Valin et al. (2013)," whereby each observation is
rotated around the presumed point source according to the
horizontal wind direction so that all observations appear to
have the same wind direction. This wind-rotation technique is
further explained in Pommier et al. (2013)" and used by Fioletov
et al. (2015)* to estimate emissions.

The common upwind-to-downwind wind direction has been
defined in the North-South direction. The alignment in

© 2023 The Author(s). Published by the Royal Society of Chemistry

a common upwind-to-downwind direction increases the
number of observations used for analysis without introducing
additional errors for point sources, compared with individually
analysing observations using wind directions.>” This statisti-
cally significant data set allows calculating a unique emission
estimate irrespective of the wind direction unlike the estimates
given by Pope et al. (2022)."” The rotation technique also allows
splitting the background and enhanced conditions.

However, for sources located in an area with multiple
surrounding sources, the rotation technique may result in
significant bias. This might allocate the NO, from interfering
sources into a ring of elevated NO, values around the source of
interest and thus wrongly amplifying the NO, signal of the
studied source.?**” To limit this problem, the intervals used for
the fit are adapted to the size of the selected urbanised area.
These intervals are given in the following Section 3.2.2.

3.2.2 Exponentially modified Gaussian fitting procedure.
While Beirle et al. (2011)° introduced the EMG fitting procedure
to derive NO, emissions without the use of a CTM, Fioletov et al.
(2015)*° and de Foy et al. (2015)*° advanced this even further by
employing the plume rotation technique to quantify emissions
from isolated US power plants and cities.

The EMG method allows estimating the lifetime (r = 1/4,
with A being the NO, decay rate), the plume spread (¢), the
emission enhancement (4) of the point source (in our case
a whole urbanised area) and a background (B) if it is applied.

De Foy et al. (2014)' showed that the EMG fitting function
provides accurate estimates of emissions and species lifetime
across the range of several wind conditions and across different
chemical cases. Despite its good performance, it is important to
note this method is sensitive to the wind fields (direction and
speed) used and does not describe the full chemistry in the
plumes as would be calculated in a CTM. The estimates can also
be impacted by the accuracy of the location of the sources and

Environ. Sci.. Atmos., 2023, 3, 408-421 | 411
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thus by the coordinates used to define the centre of this
location.

In this work, the EMG method has been applied and defined
as a two-dimensional function, following eqn (1) hereafter:

fit NO, (x,v.5) = Af(x,0)g(y.s) + B (1)

where the fit NO, is the product of a Gaussian function f(x,y),
given in eqn (2) and the exponentially modified Gaussian
function g(y,s), given in eqn (3), taking into account B, the
background NO, (tropospheric column in molecules per cm?)
and the emission enhancement A (in molecules per cm?).

) = ——exp( 523 ©)
etn9) = Jep(MATEM e (ML) g

x and y (in km) correspond to the coordinates of the rotated
TROPOMI pixel center, s is the allocated wind speed (in km h™')

and erfe(x) = (i J exp(%z)dt) is the Gauss error function.
VT )z

Eqn (2), f(x,y), describes the diffusion of NO, perpendicular
to the downwind direction. Eqn (3), g(y,s), describes the diffu-
sion (with the plume spread o) that smooths an exponential
function, giving the exponential decay of the NO, in the
downwind direction. The use of ¢, that increases with the
distance from the source instead of ¢ in f(x,y) aims to reflect the
change in the winds between the source and the analysed pixel
that yields an additional spread of the “plume” after the rota-
tion of all pixels in a upwind-downwind direction, as detailed in
Fioletov et al. (2015)* and used in Dammers et al. (2019).>' The
g, is described in eqn (4).

0_1_{\/0'21.5,)/<0 (4)

g, y>0

And 4, is the ratio of the decay rate to the wind speed:

o=~ 5)

The fits have been performed in Python using the non-linear
curve fit package from the SciPy module* using the Levenberg-
Marquardt algorithm, which minimizes the difference between
the given distribution and the fitted values. The fitting was done
for a 50 km area from the centre of London and +30 km from
the centre of Manchester and Birmingham.

The NO, emission rate E (in molecules per cm” per h) is given

by eqn (6):
E=4x A (6)

To then derive the NO, emissions (Exo ), we use the following
eqn (7):

ENOX =132 x FE (7)
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The value of 1.32 is used to scale the NO, emissions to derive
the NO, emissions. It is based on the NO,/NO, concentration
ratio representing the “typical urban conditions and noontime
sun”* and is commonly used for the calculation of the NO,
estimates.>"”** It is worth noting that Goldberg et al. (2019)*
used a ratio of 1.33 for their study in North America while
Verstraeten et al. (2018)* used a ratio calculated by a regional
chemical-transport model and Lange et al. (2022)° directly
converted the NO, columns for each pixel into NO, columns,
assuming that the Leighton photostationary state applies for
the polluted air masses investigated. This conversion from NO,
to NO, has not been investigated in this study.

The selection of the input parameters used in the fitting
procedure has been based on an initial assessment of the
studied sources (e.g. for the plume spread) and an initial fit at
different wind speeds (e.g. for the lifetime).?***

The recent work done by Fioletov et al. (2022)"* added a more
sophisticated background offset than the one used in this work.
Their background is linked to the elevation, depending on the
geographical coordinates. A variable background offset has also
been applied in Beirle et al. (2019).% Beirle et al. (2019)* sub-
tracted the 5th percentile of all tropospheric columns within
their considered regions. The variability of this background has
not been tested in this study and it is assumed to remain
limited thanks to the estimation of this background during the
fitting procedure, especially with the upwind data, as done by
previous studies.®

3.2.3 Selection of the studied cities. It has been recognized
the method better suits sources with high contrast between
source and background,®** so the method has been tested over
other locations. Regions less affected by clouds should also be
preferred to maximize the number of satellite observations
which can be used.

To characterize the NO, signature over these three cities,
a signal-to-noise ratio (SNR) test has been performed following
a similar concept to the technique described in McLinden et al.
(2016).*” This SNR helps to inform on the conditions suitable for
our calculations. The SNR has been calculated following eqn (8).

C4 — Cy

SNR = ———5— (8)

VN VN,

where ¢4 and ¢, are the mean downwind and upwind tropo-
spheric columns calculated in the areas shown in Fig. S1.7 a4
and o, are the corresponding standard deviations and, Ngq and
N, are the number of observations.

A summary of the SNR tested over different locations is pre-
sented in Table S1.1 This shows that only the three studied cities,
among those tested, have a large annual SNR (>8). This suggests
some parts of the UK won't meet the requirement for inventory
checking with this method. This also shows the calculation of
these emissions for future years might be more challenging in case
the emissions dramatically decrease and these SNRs are reduced.
This in turn also means that the method may be difficult to apply
in cities where the SNR is too low, perhaps due to the confounding
effect of typically cloudy conditions and comparatively low NO,
tropospheric columns, for example in Cardiff and Swansea.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Results integrated wind data between pressure levels 1000 and 900 hPa.
For comparison, the NAEI total NO, emissions have been used
and integrated in the same area as the calculated estimates, i.e.
As explained in Section 2.2, the mean PBLH over the 3 studied in a region of £50 km from the centre of London, and £30 km
urban areas is close to 900 hPa. Thus, the calculation of the from the centre of Manchester and Birmingham.

emissions and lifetimes have been based on the vertically

4.1 Annual NO, emissions and mean NO, lifetime

a) NO, distribution: London b) rotated NO, distribution: London C) rotated NO, distribution (estimated): London

100 100 g - 100
days of obs = 308

80 + 80 1 80

T e days of obs used in the fit = 254 °

s @ R pixels used in the fit = 40667 § 60

g g 5

Z 40 40 40

T 20 £ 2 g 2

X = =

< > -

g o s 0 S 0

< o IS T

g 2 o

g 20 S 20 3 20

5 -40 2 40 2 40

5 B B

8 < g

1 60 H -60 H -60
-80 L g0 v g
100 -1004 - -100

-100 -80 -60 -40 -20 0 20 40 60 80 100 -100 -80 -60 -40 -20 0O 20 40 60 80 100 -100 -80 -60 -40 -20 0 20 40 60 80 100

« West distance (km) East - « leftwind  distance (km)  rightwind - « leftwind  distance (km) rightwind -
d) NO, distribution: Manchester e) rotated NO, distribution: Manchester f) rotated NO, distribution (estimated): Manchester
50 — — 50 = 50
days of obs = 251 -_'
40 1 40 days of obs used in the fi 1 40
o pixels used in the fit = 11016 o
T c c
- 30 H 30 3 30
5 g §
z 20 20 20
€10 £ 10 £ 10
£ = =3
3 g g
I 0 s 0 s 0
£ ° kel
]
£ -10 ©-10 ©-10
<20 220 220
E] H B
5 c 2
9 30 -30 3 -30
1 ° °
40 ‘a0 a0
50 504+ -50
50 -40 -30 20 -10 O 10 20 30 40 50 -50 -40 -30 -20 -10 O 10 20 30 40 50 -50 -40 -30 -20 -10 O 10 20 30 40 50
« West distance (km) East —» « leftwind  distance (km)  rightwind - « leftwind  distance (km)  rightwind -
g) NO; distribution: Birmingham h) rotated NO, distribution: Birmingham |) rotated NO, distribution (estimated): Birmingham
50 50 — 50
days of obs = 243 ? al i
40 p 401 days of obs used in the fit = 212 p 40
' o pixels used in the fit = 12745 -
< c
'é 30 5 30 s 30
5 E £y
= 20 20 20
£ 10 £ 10 £ 10
g < S
-~ o o
g o ! g 0 2 o0
c ' I 5]
£ bl o
2 .10 .10 T -10
£-20 " 220 220
> 2 B
& < g
730 230 230
° ©
-40 Y a0 ‘a0
50 == 50 = -50
-50 -40 -30 -20 -10 0O 10 20 30 40 50 -50 -40 -30 -20 -10 O 10 20 30 40 50 -50 -40 -30 -20 -10 O 10 20 30 40 50
« West distance (km) East - « leftwind  distance (km) rightwind —» « leftwind  distance (km) rightwind -
0 1 2 3 4 5 6 7

tropospheric column (10> molec/cm?)

Fig.2 NO, tropospheric column observed in 2019 (a, d and g), rotated around the centre of the map (b, e and h) and fitted (c, fand i) at 1 km x 1
km resolution, over London (top panels), Manchester (middle panels) and Birmingham (bottom panels). While all the x and y axes refer to the
distance from the centre of the map (0,0), the axis in map (a) refers to the North/South and West/East directions, and the axis in maps (b) and (c)
refers to the upwind/downwind and left-wind/right-wind directions. As an illustration, the black box in map (b, e and h) corresponds to the £50
km (London) or £30 km (Manchester and Birmingham) area used by the fitting function and for the calculation of the emission rate and lifetime.
The number of days of observations over the plotted domain for the three studied areas is given (a, d and g), and the number of days of
observations and number of pixels within the black box and used for the fit are also provided (b, e and h).
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Fig. 2 illustrates the fitting procedure by showing NO,
distribution over London, Manchester, and Birmingham at 1
km x 1 km resolution in 2019 (panels a, d and g), the redis-
tributed NO, in a common upwind-to-downwind manner as
explained in Section 3.2.1 (panels b, e and h) and the fitted
upwind-to-downwind distribution (panels c, f and i). It is clear
that London, with its larger conurbation, has a wider spatial
spread in the NO, distribution, which has been already seen in
Fig. 1. Fig. 2 also shows the impact of the wind direction in the
NO, distribution, especially in London and Birmingham
(Fig. 2b and h) and the fitting procedure tends to fairly repro-
duce the idealised situation (Fig. 2c, f and 1i).

Fig. 3 shows the zonally integrated NO, tropospheric
columns for the three studied areas after rotation of all pixels in
an upwind-downwind direction, with the corresponding fitted
emission rate (converted into NO, in Mg h™") and mean NO,
lifetime. Fig. 3 highlights the downwind spread of the NO, from
the source location. The upwind NO, tropospheric column
values can be interpreted as the background distribution.

The estimates rely on the wind information in the PBL, and
other pressure levels have also been used. To ensure the
robustness of these estimations, the same calculations have
also been performed by using the pressure levels from 1000 to
925 hPa, and from 1000 to 875 hPa. This results in a standard
deviation of the estimates. Fig. 3 shows that the mean NO,
emission rate is larger in London (close to 13 Mg h™" + 0.74)
than in Manchester (~4.2 Mg h™" 4+ 0.04) and Birmingham
(~2.5 Mg h™* £ 0.3).

The plume spread (¢) (not shown) is almost twice larger in
London (23.3 km =+ 0.26) than in Manchester and Birmingham
(11.3 £ 0.20 and 11.7 £ 0.74, respectively).

While the mean wind speed is similar in these three large
conurbation areas (~24 km h™"), the NO, lifetime is shorter in
Manchester (~1.6 h + 0.02) and larger in Birmingham (~6 h +
0.65). Interestingly, there is no clear difference in the meteoro-
logical conditions for both areas, i.e. similar total precipitation,
mean temperature at 2 m, and surface net solar radiation using
the CAMS ECA4 data (not shown). Valin et al. (2011)*® showed
that the NO, lifetime depends on the NO, and OH columns;
however, the mean tropospheric column is similar in Manchester
(4 x 10" molecules per cm?) than in Birmingham (3.8 x 10"
molecules per cm?®). This might suggest a different regime in
both cities. In London, the estimated lifetime is close to 3 h.

For comparison, the NO, emission rate for London corre-
sponds to a similar value to a city such as Toronto, and half of
New York city's value.>* However, it is important to know that
these North American values do not correspond either to the
same period (5 months vs. full year) or the same year (2018 vs.
2019). In addition, the emission rate calculated in the large area
including Birmingham is close to the value found for a single
coal power station in South Africa® (Matimba power station and
Majuba power station with 0.67 kg s~ " each, i.e. ~2.4 Mg h™").
However, as for the study done by Goldberg et al. (2019),** the
dataset used in Beirle et al. (2021)* also does not cover the same
period than this work (~2 years, from Jan 2018 to Dec 2019 vs.
2019 in this work).

414 | Environ. Sci.: Atmos., 2023, 3, 408-421

View Article Online

Paper

a) London: NO; distribution on y axis

s TROPOMI

— fit

©

mean calculated in: £50km,, £50km,
days of obs used in the calculation = 254

©

~

mean NOx Emis (Mg/h) = 12.93 £0.74
mean NO, lifetime (hours) = 3.18 +0.26
ean wind speed (km/h) = 24.18

o

tropospheric column (10> molec/cm?)
Now s oW,

-

-100 =75 -50 =25 0 25 50 75 100
« downwind distance (km) upwind -

b) Manchester: NO, distribution on y axis

= TROPOMI
9 —_—fit

mean calculated in: £30kmy,, +30km,
days of obs used in the calculation = 199

6 mean NOx Emis (Mg/h) = 4.24 £0.04
mean NO, lifetime (hours) = 1.58 +0.02
mean wind speed (km/h) = 24.69

tropospheric column (101% molec/cm?)
n

—40 =20 0 20 40
« downwind distance (km) upwind -

c) Birmingham: NO, distribution on y axis

== TROPOMI
9 —_— it

mean calculated in: £30kmy, +30km,,
days of obs used in the calculation = 212

6 mean NOx Emis (Mg/h) = 2.49 £0.3
mean NO; lifetime (hours) = 5.7 +0.65
mean wind speed (km/h) = 24.35

| R,

-40 -20 0 20 40
« downwind distance (km) upwind -

tropospheric column (1015 molec/cm?)
n

[

Fig. 3 Zonally integrated TROPOMI NO, tropospheric column (£50
km on the x-axis for London (a), £30 km Manchester (b) and Bir-
mingham (c)) (blue) after rotation of all pixels in an upwind—downwind
direction and the corresponding fitted values (red) along the y-axis.
The shade blue colour corresponds to the standard deviation in the
integrated zone. The centre of the studied source is located at the
point “distance 0". The mean NO, emission rate, mean NO; lifetime
and mean wind speed within the domain highlighted by the black box
in Fig. 2 are also provided. The standard deviation of the NO, emission
rate and NO; lifetime is calculated using also the estimates based on
vertically integrated wind fields between 1000 and 925 hPa, and
between 1000 and 875 hPa.
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Fig. 4 Bar plot showing the TROPOMI NO, emission (in kT) calculated in this work (burgundy) and the corresponding NAEI NO, emission
(brown) in 2019 for London, Manchester and Birmingham. The values are also given in white in each bar. The mean TROPOMI NO; lifetime is also
provided. The calculation is based on the vertically integrated 1000-900 hPa wind field. The standard deviation of the TROPOMI NO, emission
and NO, lifetime is calculated in this work with also the estimates using the vertically integrated wind field between 1000 and 925 hPa, and
between 1000 and 875 hPa. The relative difference in percent between the TROPOMI NO, emissions and the NAEI NO, emissions is given and
highlighted in a colour frame. For comparison, the TROPOMI NO, emission (in kT) calculated in Pope et al. (2022)* 