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Abstract

The new high-resolution TROPOMI satellite observations make it now possible to measure nitro-

gen dioxide (NO2) at city level from space. Especially in cities nitrogen dioxides (NOx) pose a

threat to air quality, since large numbers of people and strong emission sources are concentrated

together. This study evaluated and developed a simple column model approach to quantify these

NOx emissions for Paris from day-to-day with the �rst TROPOMI observations. The in
uence

of downwind emissions, diurnal variation in emissions, lifetime variability, and background decay

on the column model’s simulated downwind decay were examined. Because these in
uences on

the downwind plume showed to change the estimated NOx lifetime by up to a factor of 3, the

NOx emission was estimated just from the increase in NO2 in the wind direction over Paris as

measured by TROPOMI. The resulting average estimated NOx emission from Paris of eleven days

(in November 2017, February and April 2018) was 55.9 mol s�1 during weekdays and 30.2 mol s�1

during weekends, which is respectively 24% and 51% smaller than the EDGAR emission inven-

tory from 2012. This research demonstrated how TROPOMI’s high-resolution observations can be

used to estimate NOx for single days. Such an approach can be a fast and understandable tool for

evaluating the e�ectiveness of air quality and climate mitigation measures.
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1 Introduction
Atmospheric nitrogen oxides (NOx = NO + NO 2) have an adverse e�ect on public health and also
in
uence the climate. This is especially an important issue in cities, where both large numbers of
people and strong NOx emissions from tra�c, heating and industry are concentrated. In Paris, for
instance, around 1.3 million inhabitants were exposed to an annual mean nitrogen dioxide (NO2)
concentration that exceeded the EU limit of 40 � g m� 3 in 2017 (Airparif, 2018). To comply with
the EU air quality norms by 2025, the city of Paris is currently planning 46 new mitigation measures
in their latest atmospheric protection plan (DRIEE, 2018). These measures range from stimulating
cycling to imposing more stringent emission norms on industry, but also include additional actions
during strong pollution episodes.

Such air quality and climate mitigation plans require monitoring of NO x emissions to evaluate
their e�ectiveness. This emission monitoring is often done with a bottom-up approach, where
the emission is calculated based on activity data and corresponding emission factors. However,
there are substantial uncertainties in this method (Crippa et al., 2018; Kuenen et al., 2014),
for instance because the exact location of emission is not known. That is why these bottom-up
emission inventories are validated with measurements, the so-called top-down approach, often in
combination with a model that relates observed atmospheric concentrations to emissions. Such a
top-down study based on MAX-DOAS observations by Shaiganfar et al. (2017) found between 1.4
and 2.3 times higher NOx emissions from Paris compared to bottom-up emission inventories.

Also top-down studies that use satellite observations of NO2 have resulted in important insights
into NO x emission sources. Because the spectrometers on these satellites measure re
ected solar
radiation from which tropospheric NO2 columns are retrieved, they grasp all the NOx that has
been emitted. For example, Akimoto et al. (2006) showed that the coal consumption of China was
signi�cantly under reported from 1996 to 2003. In addition, temporally averaged remote sensing
observations of NO2 have been used to quantify emissions of isolated sources such as ship tracks
(Vinken et al., 2014) and megacities (Beirle et al., 2011).

On 13 October 2017, a new satellite with the TROPOspheric Monitoring Instrument (TROPOMI)
was launched, a spectrometer that allows observation of key atmospheric compounds, including
NO2 (Veefkind et al., 2012). This new instrument provides daily global measurements at a res-
olution of 3.5 � 7 km2, which is more than three times �ner than its predecessor OMI. With
approximately 130 pixels over Paris, TROPOMI makes it possible to examine tropospheric NO2
columns at city level. This raises the question how these new high-resolution NO2 column obser-
vations can allow a better quanti�cation of NO x emissions.

This study aims to evaluate and develop a simple column model approach to quantify the NOx
emissions of Paris from single-day TROPOMI observations. The column model, as explained by
Jacob (1999), describes the chemical evolution of a pollutant in the wind direction as a function of
the emission, chemical decay and wind speed. The emission estimates from the column model are
compared to the bottom-up EDGAR emission inventory. In chapter 4, this method is introduced
for 22 November 2017, one of the �rst TROPOMI observations at cloud-free conditions over Paris,
showing a distinct NO2 plume. Di�erent factors that in
uence the decay downwind of Paris are
further evaluated in chapter 5. Since these downwind in
uences on the column model estimates
of the NOx lifetime were shown to be large, the last part of this study, chapter 6, estimates NOx
emissions just from the increase in NO2 along the wind direction over the source area. This is
done for ten selected days in the months February to April 2018 and optimally shows the new
possibilities of TROPOMI's higher resolution
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2 Background

2.1 Tropospheric nitrogen dioxides

According to the World Health Organization, exposure to NO2 is linked to a reduced long function
and increased bronchitis symptoms of asthmatic children (WHO, 2016). Also the ozone (O3) that
is formed from NO2 has a negative e�ect on human health; it can cause breathing problems and
lung diseases and is associated with increasing mortality rates. Besides health impacts, O3 and
hydroxyl (OH) radicals formed from tropospheric NO2 also have an impact on climate: the former
acts as a greenhouse gas and the latter enhances the oxidation and shortens the lifetime of methane
(CH4), the second most signi�cant anthropogenic greenhouse gas. Finally, the deposition of HNO3
causes fertilisation of soils and surface waters.

Although almost all NO x is emitted as nitrogen oxide (NO), there is a rapid cycling between
NO and NO2 in the atmosphere (Jacob, 1999). NO reacts with O3 to form NO2 and the reverse
reactions is possible in the presence of oxygen and solar radiation. Fossil fuel combustion accounts
for about half of the NOx present in the troposphere, while biomass burning, mainly from tropical
agriculture and deforestation, comprises another quarter (Jacob, 1999, p. 212).

In the troposphere, NOx has a short lifetime, in the order of one day, mainly because of the
oxidation of NO2 to HNO3 after which HNO3 is scavenged by precipitation. During daytime NO2

is oxidised by OH, whereas at night HNO3 is formed through NO3 and N2O5. A smaller sink is
the oxidation of NO2 to peroxyacetylnitrate (PAN), which is enabled by the presence of photo-
chemically oxidised hydrocarbons. The lifetime of PAN is strongly dependent on temperature,
so that PAN that is present in the middle and upper troposphere can be transported over long
distances before it decomposes back to NOx .

Tropospheric NOx also has an important role in the cycle of OH. The photo-chemical processing
of NO2 results in the production of NO and O3, which can photolyse and produce OH molecules
that enable the oxidation of CO and CH4.

2.2 Emission monitoring

Bottom-up emission inventories, based on activity data and corresponding emission factors, have
large uncertainties in the reported NOx emissions. In the TNO-MACC emission inventory, the
uncertainty ranges from 20% up to 300% for di�erent source categories (Kuenen et al., 2014). In
the Atmospheric Database for Global Atmospheric Research (EDGAR) v4.3.2 inventory of 2012,
which is used in this research, the uncertainty in NOx emission from di�erent regions varies from
17.2% to 69.4% (Crippa et al., 2018). And speci�cally for megacities, Butler et al. (2008) found
that three di�erent emission inventories often di�er by a factor of two for the same city, which could
possibly be explained by the fact that the spatial allocation of emissions is based on population
density rather than the actual point of emission.

Top-down studies on NOx emissions based on satellite measurements have been an impor-
tant tool to evaluate bottom-up accounting. This satellite monitoring of NO x emissions can be
distinguished in three di�erent approaches:

1. Formal inversions using chemistry transport models (e.g. Martin et al., 2003)

2. Comparisons between the change in reported NOx emissions and observed NO2 columns (e.g.
Jiang et al., 2018)
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3. A column model for single source areas (e.g. Beirle et al., 2011)

Although the total global NO x emission estimated with the top-down approach based on satel-
lite observations in combination with atmospheric models generally align closely with bottom-up
reported global annual emissions (e.g. Martin et al., 2003), these top-down studies often indi-
cate large discrepancies in the magnitude, temporal variation and regional distribution of emission
sources compared to bottom-up inventories. In the United States, NO2 satellite measurements of
OMI show a slower reduction than the predicted NOx emission trend of the Environmental Protec-
tion Agency's inventory from 2011 to 2015 (Jiang et al., 2018). Martin et al. compared emissions
derived from GOME and an inverse model with the GEIA and EDGAR 3.0 emission inventory
and found signi�cant regional di�erences (2013). Richter et al. found a stronger positive trend
in the tropospheric NO2 concentration over China in satellite observations than bottom-up inven-
tories (2005). Another study on NOx emissions in China that used the di�erent passing time of
GOME-2A and OMI found clear local di�erences (Lin et al., 2010). Finally, satellite observations
also enable studies on the weekly or seasonal cycle of NO2 (e.g. Beirle et al., 2003). These local
and temporal di�erences can have an important in
uence on the accuracy of modelling studies
that use bottom-up emission inventories, especially because of the short lifetime of NOx .

Besides top-down studies at global or continental scales, temporally averaged satellite obser-
vations have been used to directly estimate emissions from a single emission source. Vinken et
al. found that shipping emissions are both overestimated (up to 60%) and underestimated (up
to 131%) in comparison to the EMEP inventory (2014). Another example is a study by Wang
et al., which used OMI observations and a global chemical transport model to investigated the
contribution of new coal power plants in China to NOx emissions (2012).

Rather than using a full chemical transport model, NOx emissions from a single source area
have also been successfully estimated with a column model similar to the method described in
Jacob (1999). De Foy et al. evaluated di�erent implementation of this approach to estimate
surface emissions and lifetimes from satellite measurements (2014). Beirle et al. has applied this
method successfully to estimated NOx emissions and lifetimes from ship tracks (2004), as well as
from megacities (2011). This showed generally a good agreement with the EDGAR inventory, but
an underestimation of 300% for the city of Riyadh.

However, these column model studies require averaged data for multiple years to enhance
the spatial resolution. That is why the advancement in resolution of TROPOMI (described in
chapter 3) is particularly promising for estimating NO x emissions with this third satellite emission
monitoring approach. This could enable a quanti�cation of daily emissions rather than annual
averages based on a single TROPOMI orbit.
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