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Abstract: Top-down estimates of surface NOx emissions were derived for 23 European cities based
on the downwind plume decay of tropospheric nitrogen dioxide (NOz) columns from the LOTOS-
EUROS (Long Term Ozone Simulation-European Ozone Simulation) chemistry transport model
(CTM) and from Ozone Monitoring Instrument (OMI) satellite retrievals, averaged for the
summertime period (April-September) during 2013. Here we show that the top-down NOx
emissions derived from LOTOS-EUROS for European urban areas agree well with the bottom-up
NOx emissions from the MACC-III inventory data (R? = 0.88) driving the CTM demonstrating the
potential of this method. OMI top-down NOx emissions over the 23 European cities are generally
lower compared with the MACC-III emissions and their correlation is slightly lower (R?2=0.79). The
uncertainty on the derived NO:lifetimes and NOx emissions are on average ~55% for OMI and ~63%
for LOTOS-EUROS data. The downwind NO: plume method applied on both LOTOS-EUROS and
OMI tropospheric NO2 columns allows to estimate NOx emissions from urban areas, demonstrating
that this is a useful method for real-time updates of urban NOx emissions with reasonable accuracy.

Keywords: tropospheric NO2 column; surface NOx emissions; OMI data; LOTOS-EUROS CTM

1. Background

High levels of nitrogen oxides (NOx = NO + NQO) are toxic and adversely impact both human
health [1] and ecosystems [2,3]. NOx is mainly generated in polluted regions by anthropogenic
combustion of fuels from traffic, industrial processes and household activities that typically occur in
densely populated urban areas. In 2013 for the EU-28, 46% of the anthropogenic NOx emissions
originated from the transport sector, 21% from the energy and 15% from the industry sector [4],
excluding emissions from international shipping within European seas. According to the European
Environment Agency, around 10% of the urban population in the EU-28 is exposed to air pollutant
concentrations above EU and WHO reference levels (2011-2013) for NO: [4]. Since 86% of the
exceedances are measured at traffic stations, the percentage of the urban population exposed to high
NO: concentrations may be somewhat underestimated as >20% of the European urban population
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now lives less than 400 m from busy roads [5]. Hence, millions of people may potentially suffer from
health issues and loss of productive labour.

NOx controls the photochemical formation rate of Os and thus the production of the hydroxyl
radical and hence the chemical lifetime of key atmospheric pollutants and reactive greenhouse gases
[6,7]. An end product of the NOx reaction chain is nitric acid, which acts as an efficient aerosol pre-
cursor and an acidifying substance. Accurate NOx emission inventories are essential in order for
regional and global chemistry transport models (CTM) to capture the lifetimes and mixing ratios of
tropospheric pollutants. However, current state-of the-art emission databases vary substantially and
uncertainties are high [8-10] since reported emissions factors may differ by an order of magnitude or
more. For example, NOx emissions of diesel cars have been underestimated up to 20-fold in officially
announced data [11]. Moreover, the most recent emission estimates proposed for the latest round of
the Climate Model Intercomparison Project result in 10-15% more annual NOx emissions than
previous estimates [12].

Satellite sensors have proven records in the retrieval of tropospheric NO:2 columns over many
large cities worldwide [10,13-16]. From these NO: observations NO: lifetimes and up-to-date top-
down NOx emissions can be derived [10,15-23] demonstrating the ability of satellite data to bridge
the gap between actual emission fluxes and the reported inventory data, which typically have a delay
of 3-5 years before they are available.

2. Objectives

Modelled tropospheric NO2 concentrations and lifetimes have large uncertainties associated
with them [24] due to the highly non-linear small-scale chemistry that occurs in urban areas,
uncertainties in the chemical reaction rate data, missing nitrogen (IN) species, too low volatile organic
compounds (VOC) emissions, incomplete knowledge of NOx chemistry reaction coefficients,
extended chemical reactions [7,25] and recycling of NOx via nitrate photolysis [26]. Overestimation
in the chemical lifetime of NO2 may point out missing NOx chemistry in current CTM’s [25]. By
simultaneously estimating both the NO:2 lifetime and NO: emissions from the downwind plume
evolution independent NOx emission flux estimate can be derived [10].

A frequently applied and proven methodology to estimate the lifetime of NOx from satellite
observations is based on the downwind plume of tropospheric NO2 data that evaluates the effect of
pre-selected wind speed and wind direction on observed tropospheric NO: distributions over and
downwind of pollution hotspots. This method is not considering vertical mixing and vertical profiles
of NOx/NO: ratios but is almost free of a-priori assumptions or model input [10,15,16].

An important goal of this study is to test the downwind plume method for European cities that
so far has only been applied directly on observed tropospheric NO: column fields for US and Chinese
cities and power plants. We also evaluate to what extend the known a-priori emissions used in a
high-resolution model simulation of tropospheric column fields over European cities are represented
using the adapted method for polluted backgrounds of Liu et al. (2016) [16]. Instead of assuming
point sources, this method uses the mean NO: distribution under calm conditions as proxy for the
spatial distribution of NOx emissions and derives the NO: lifetime from the difference of NO:
patterns between calm and windy conditions.

Many European cities cannot be considered as point sources of NOx given the short distances
between cities and other sources close to cities. For example, the distance between Brussels and
Antwerp with a major port is less than 50 km. So, pollution of these cities overlaps and is smeared
out from multiple sources over a larger area.

The magnitude of the discrepancies between the bottom-up NOx emissions and the top-down
estimates derived with the downwind plume approach provide a direct test of the robustness of the
method and can be used to quantify the uncertainties in the NOx emissions and lifetime estimates.
We show that a small dataset of only one season (April-September 2013) can be used to derive robust
values of NOx emissions and NO: lifetimes.

Tropospheric NO:2 column model fields simulated with the LOTOS-EUROS (Long Term Ozone
Simulation-European Ozone Simulation, [27]) CTM averaged for the period April-September 2013
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over 23 selected European urban areas under windy conditions (averaged surface to 500 m wind
speeds >5 m s™!) were used in the downwind plume approach adapted for polluted backgrounds. As
an end-to-end test, we then compare the top-down derived surface NOx emissions with the 2011
MACC-III emission inventory [28], used in the LOTOS-EUROS model as input to simulate the NO:
columns. We compare the NO: lifetimes derived from LOTOS-EUROS with values reported in the
literature and we discuss possible cross-correlations between the lifetime and emission estimates.

After demonstrating that the downwind plume method works on model fields and estimating
the intrinsic uncertainties of the method, we apply it on OMI (Ozone Monitoring Instrument)
tropospheric NO: column data, providing us with real-time observation-based estimates of midday
NO: lifetime and NOx emissions over 23 European cities in 2013. Where available in these cities, the
top-down estimated NOx emissions are also compared with reported surface NO: concentrations
which are converted to NOx emissions using the LOTOS-EUROS CTM. In Section 3 the used datasets
are described. Both the OMI tropospheric NO: column retrieval and processing (Section 3.1) as well
as the LOTOS-EUROS tropospheric NO:z data (Section 3.2) are discussed. We also make use of surface
NO: concentrations over some European cities (Section 3.3). In Section 4 we describe the methodology
of the downwind plume approach applied on European cities in polluted backgrounds. In Section 5
we present the results and add discussions on the NO: lifetime (Section 5.1), NOx the emissions
(Section 5.2) and the involved uncertainties (Section 5.3). In Section 6 we wrap-up with a summary
and conclusions.

3. Datasets

3.1. OMI Tropospheric NO:2 Column Retrieval and Processing

The 2013 April to September OMI tropospheric NO2 columns are retrieved (DOMINO v2 [29])
with a three-step approach: (i) a retrieval of NO: slant columns with Differential Optical Absorption
Spectroscopy (405-465 nm wavelength range, spectral resolution of 0.5 nm), (ii) assimilation of OMI
NO: slant columns in the global CTM TM4 for providing stratospheric background columns and a-
priori NO2 profile shapes needed to calculate the tropospheric air mass factors [30], which are then
used to (iii) convert the tropospheric slant columns into vertical columns. The OMI pixel size varies
from 24 km x 13 km at nadir to 140 km x 26 km at the edges of the swath. Individual OMI pixels were
re-gridded to 0.125° latitude by 0.125° longitude. Pixels affected by the OMI row anomaly were
excluded from the analysis [29]. It has been shown that OMI tropospheric NO:2 vertical column
densities exhibit substantial sensitivity to boundary layer NO: levels [29-32] and the DOMINO v2
product has been used and validated extensively [33]. Retrievals with cloud fractions higher than
30% at ~13h30 local time are not considered in the analysis.

3.2. LOTOS-EUROS Datasets

LOTOS-EUROS is a 3D CTM with focus on simulating the atmospheric composition in the lower
troposphere [27]. For this study, the model was driven by ERA-Interim meteorological fields from
the ECMWEF (European Centre for Medium-Range Weather Forecasts) and the emission inventory
developed by TNO (Netherlands Organisation for Applied Scientific Research) for the MACC-III
project (Monitoring Atmospheric Composition & Climate) and covers Europe with a resolution of 7
x 7 km? [28]. Model simulations were performed for Europe (25° W—-45° E, 30° N-70° N) with a spatial
resolution of 0.25° by 0.125° with MACC-III emissions data updated until 2011 as input. In the vertical
domain, the model uses a bulk boundary layer scheme with four layers. The first layer is the surface
layer of 25 m and layer 2 is a single boundary layer with a thickness depending on the time of day.
The layer 2 height is obtained by temporal interpolating the boundary layer height field provided by
ECMWE, available every three hour. Layers 3 and 4 are reservoir layers and the top of the model is
set to 3.5 km height. The NO2 dataset used in this study was produced using version 1.10 of the model,
which was run in forecast mode. The tropospheric NOz column datasets derived from the model are
columns collocated at the OMI measurement points using LOTOS-EUROS data up to the model top
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(3.5 km) and then complemented by MOZART-IFS data [34] for the rest of the troposphere (defined
at 200 hPa).

3.3. Surface NO2 Measurements

Surface NO: measurements of European cities are available from the website
http://www .eea.europa.eu (Air Base). Since monthly anthropogenic NOx fluxes do not change
significantly throughout the year, an average retrieved value will provide a good estimate [27,35].
Measured surface NO: concentrations were converted to NOx surface emission values by assuming
that the observed NOx/NO: ratio at the surface approximates the modelled NOx/NO: ratio obtained
from the MACC-III NOx emissions and the corresponding LE simulated NO2 concentrations for the
model surface layer. This scaling approach can be written as:

Enoxobs = (EnoxLE/NO2.1E) x NOz2,0bs (1)

Where Enoxte is the MACC-III input NOx emission, NOz Lt the concentration of NO2 at the surface
layer in LE, NOzobs the observed NO: surface concentration and finally Enoxobs the scaled NOx
emission. Next numerical example for Brussels is given as illustration. In Brussels, an annual mean
NO: of 33.44 ug m™3 is observed, corresponding to 13.80 ppb. The LOTOS-EUROS model simulates a
NO: concentration at the surface layer of 17.20 ppb for a surface NOx emission of 4.98 mg m™ day 2
over the grid cell of Brussels. The estimated surface NOx emission based on the observed NO:
concentration is then estimated as 13.80 ppb/17.20 ppb x 4.98 mg m2 day ' =3.99 mg m2day .

4. Methods

In order to test the downwind plume approach on model fields, we sampled LOTOS-EUROS
(LE) tropospheric NO2 columns at locations where OMI cloud fractions (determined from the OMI
02-O2 retrieval [36]) are below 30% at ~13h30 local time to ensure that both OMI and LOTOS-EUROS
are sampled for comparable clear-sky circumstances. We then re-grid both datasets onto a common
0.125° x 0.125° grid, so that both datasets are directly comparable. Next, we compute for each grid
cell the prevailing wind direction (sector) from eight possible choices (N, NE, E, SE, S, SW, W and
NW) using ECMWF ERA-interim wind direction data [37]. For each wind sector, we select two
datasets of tropospheric NO:2 columns. One dataset for calm conditions and one dataset for windy
days using the wind speed threshold of <5 m s™ (averaged from surface up to 500 m altitude)
[10,15,16] in order to have sufficient spatial coverage for both wind conditions. Finally, we averaged
the data over the period April-September 2013. For every eight wind sectors, we then compute a
subset of tropospheric NO: for a chosen European city according to the major up and down-wind
distance of ~300 km (~600 km in total) and an across wind direction distance of ~100 km (~200 km in
total) for both OMI and LE. This procedure is illustrated in Figure 1 for respectively the LE (Figure
la) and OMI tropospheric NO: columns (Figure 1b) for the city of Brussels for the case of winds
coming from the north. Wind sectors with gaps due to missing data larger than 10% in the across-
wind integration interval and larger than 20% in the fit interval in wind direction are not used for the
retrievals of lifetimes and NOx emissions [16]. The panels (a) and (d) in Figure 1 show the complex
patterns of the NO2 wind plumes due to the many local NOx sources with high tropospheric NO2
columns in the middle and south of the Netherlands as well as in Flanders (North-Belgium) and the
relatively lower values south of Brussels in Wallonia. From the difference maps of NO: columns
between windy and calm conditions in panels (b) and (e) of Figure 1 the relatively higher NO: values
up-wind and relatively lower NO: values down-wind the Brussel city centre can be observed
considering the applied large across wind interval of 200 km.

Next, we have computed for each wind sector the NO: line density function over a distance of
~300 km downwind and ~300 km upwind from the city centre [15,16]. By averaging the NO2 data
over the specified across-wind interval (2 x 100 km), the NO2 line densities are obtained as illustrated
in Figure 1 for Brussels using LE (panel (c)) and OMI tropospheric NO:2 columns (panel (f)) for each
wind sector for both calm (indicated by +) as windy conditions (>5 m s!) (indicated by e).
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Figure 1. Spatially explicit LOTOS-EUROS (Long Term Ozone Simulation-European Ozone
Simulation) (a) and Ozone Monitoring Instrument (OMI) (d) tropospheric NO2 columns for winds
coming from the north centred around Brussels according to the major up & down-wind distance of
~300 km and an across wind direction distance of ~100 km sampled on available OMI data on a 0.125°
x 0.125° grid for windy conditions (>5 m s™) averaged over the period April-September 2013. The
difference map between windy and calm conditions for LOTOS-EUROS (b) and OMI (e). The
averaged tropospheric NO2 columns of Brussels converted to upwind and downwind line densities
LOTOS-EUROS (c) and OMI data (f) for both calm as windy conditions. The fit of the exponential
function under windy conditions and the observed NO:2 pattern under calm conditions are convolved
using Equations (2a) and (2b) and is given in red. The corresponding effective lifetime and R? values
of the fit are also shown.
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The first tropospheric NO2 peak of ~7 x 10'5> molec. cm in the NO: line density for the LE
case (panel (c) of Figure 1) is observed at ~150 km north of Brussels and originates from the high
tropospheric NO2 values over the mid-Netherlands ranging from west to east. The second
tropospheric NO:2 peak (~8 x 10> molec. cm™) occurs just north of Brussels and is the result of
averaging the accumulated high NO: columns from west to east from the Flemish coast over
parts of Rotterdam, Antwerp and further to the east. South from Brussels, the line density drops
rapidly due to the more rural character of the area. The little tropospheric NO2 peaks (~4 x 105
molec. cm™) at 100 and 200 km south of Brussels are due to the inclusion of NO: hotspots over
Saint-Quentin and Paris, respectively. South of Paris the tropospheric NO: values drop to
background values.

In order to derive the NO: lifetime and NOx emissions from the line densities of
tropospheric NO2 columns, we follow the approach of Reference [16] for polluted backgrounds.
The NO: spatial pattern under calm wind conditions (polluted background field) are used as
proxy for the distribution of NOx sources, that is, multiple sources of NOx are accounted for (as
observed on the maps in f panels (a) and (d) of Figure 1). The effective atmospheric NO2 lifetime
is determined from the change of spatial patterns measured at windy conditions. Emissions are
subsequently derived from the NO2 mass above the background, integrated around the source
of interest. Next convolution function of tropospheric NO2 under calm conditions with the
exponential decay function under windy conditions is fit on the data:

NOztine(XIx0, W, o, B) = - [e@C](x) + B, (2a)

e(x) = exp(—(x — pw)/xo) for x = p, 0 otherwise, (2b)

C(x) is the NO2 pattern under calm wind conditions; xo is the length scale of the NO2 decay; u is
the location of the apparent source relative to the city centre; a and 3 are scaling parameters to
account for possible differences between windy and calm wind conditions (e.g., cloud conditions,
vertical profiles, lifetimes [16]). The accompanying fits of the convolved function using NO:
observations for calm wind condition and the exponential decay function on the windy condition
data of Equation (2) for each wind direction are shown in Figure 1. This procedure was then applied
on 23 selected European urban areas as presented in Table 1. The effective lifetime is then derived by
the ratio of the fitted e-folding distance (xo) (decay time) and the mean ECMWF derived wind speed
(w) like in Reference [10] (Equation (3)) but we have subtracted the residual mean wind speed under
calm wind conditions from the windy conditions as suggested by [16] indicated as w*:

Teffective = XU/(,L)*, (3)

The assumption is that the removal of NO: can be described by a first order loss. Stated
otherwise, the chemical decay of NO: follows an exponential decay function with an e-folding
distance xo, which results in an overall and effective NO: lifetime. For Brussels, the effective lifetime
based on OMI observations is 6.7 h for the N wind direction with a fit R? value of 0.84 (see also Figure
1, panels (c) and (f)). Similar to Reference [16], the fit results are averaged for wind sectors with a
good fit of the convolution function (R2 > 0.80 and lower bound >0 h and <10 h) (in this case 4.5, 5.1,
6.7, 3.2 h for SW, W, N, NE respectively) and weighted by the R? values (0.92, 0.81, 0.84, 0.92,
respectively) which yields 4.8 = 2.3 h. The effective lifetime based on LE data weighted for the
different wind sectors is 3.8 + 2.5 h (see also Figure 1), which is slightly lower than the derived lifetime
for the OMI case.

Based on the mass balance, the total mass of NOx is the product of the emission rate with lifetime.
We follow the methodology described by Reference [16] to estimate the emissions using a three-step
approach by computing the total mass of NO: (i), then scale NO2 to NOx (ii) and (iii) finally dividing
the total NOx mass by the lifetime. More detailed, at first (i) we integrate the observed NO:2 columns
over the area source of interest to compute the total mass of NO2 while avoiding interferences with
neighbouring sources and by accounting for the polluted background using line density functions
under calm wind conditions computed for a smaller interval across (40 km) and along (200 km) wind
directions. A nonlinear least-squares fit of a modified Gaussian function g(x) (see Equation (4)) to the
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NO:z line densities under calm wind condition for the different wind sector pairs (N-S, E-W, NE-SW
and NW-SE) is performed. Figure 2 shows this procedure for Brussels.

g(x) = A-(2mo) Vexp(=(x ~ p)/(20%) ) + £+ - X, (4)

Table 1. The top-down derived NO:2 lifetime and NOx emissions from April-September 2013
averaged tropospheric NO:z column data from LOTOS-EUROS (LE) and OMI 2013 observations for
different European cities. The MACC-III based emission values, input in LE, are also given.

OMI LE

Lat Lon Lifetime Top-down E MACCE Lifetime Top-down E MACCE

(N) (E) (h) (mg m2d-) (mg m2d-) (h) (mg m2d) (mg m2d-)
Mean 4122 5.55+3.49 7.17 + 3.80 3.7+£22 7.11+4.03 7.59 +3.97
Stdev 1.3+0.7 3.48 £2.29 6.29 + 5.50 1.0+09 5.28 +3.36 6.09 +5.37
Helsinki 60.16 2493 4.7+21 3.88 £4.35 497 £1.62 31+1.6 3.78 £2.03 4.81+1.70

St-Petersburg 59.93  30.31 39+15 4.28 +1.65 27.02 +£26.25 3.8+22 21.95+12.79 25.57 +25.26
Edinburgh 55.94 -3.19 42+18 6.81 £2.92 6.67 +2.30 48+5.1 571+6.16 7.78 +2.59
Moscow 55.75  37.61 54+28 10.91 +5.62 11.12 +2.67 41+34 11.21+9.34 11.64+2.21

Amsterdam 52.37 4.89 28+1.7 10.41 + 6.94 15.56 + 3.88 30+23 11.04 +8.59 15.19+4.25

Warsaw 5222 2201 29+1.8 3.74+2.28 0.75+0.03 37+20 0.90 £0.48 0.76 £ 0.02
London 51.50 -0.13 46+25 13.33£7.50 14.97 +10.81 30+17 11.52 + 6.54 15.08 +£10.93
Antwerp 51.25 4.38 44+26 10.22 £ 6.20 12.73 £3.19 29+20 10.85+7.82 12.73 £3.19
Brussels 50.83 4.33 4.8+23 6.42 + 3.66 5.09£2.15 38+25 4.90+3.23 4.98 £1.95
Kiev 50.45  30.52 5421 3.56 £1.63 4.64+0.73 39+1.6 2.74+1.13 4.76 £ 0.60
Prague 50.07 1443 33+£25 3.44 +2.60 3.73+1.72 37+16 2.66 £1.17 3.82+1.69
Krakow 50.06 19.94 29+18 6.56 +4.09 449 +3.15 29+1.6 3.12+1.80 5.02 +3.49
Paris 48.85 2.35 27+17 8.80 +5.66 7.25+5.98 37+24 9.98 +6.50 7.46 +5.06
Vienna 4820 16.37 77+3.3 1.45 +0.66 5.66 +4.16 58+25 9.91 £5.67 7.32+4.97
Budapest 47.57 19.11 29+18 3.31+£2.25 3.24 +0.65 26+22 203+£1.72 3.50+0.29
Milan 45.46 9.19 3.8+1.1 / 524+0.76 39+12 8.85+3.67 5.24£0.56
Bucharest 4443  26.10 3.6+4.0 1.83 £2.01 0.59 £0.10 23+19 0.51+0.43 0.59 £0.10
Marseille 43.29 5.37 34+17 / 15.40 £ 6.70 41+1.2 14.60 + 4.31 13.88 + 6.92
Rome 41.89 1251 1.8+2.0 7.06+7.73 4.61 +1.55 35+22 11.67 £ 0.35 13.49+7.17
Naples 40.85  14.26 31+1.8 3.16+1.85 3.25+2.59 34+17 4.57 +2.34 323 £2.62
Thessaloniki 40.63 2294 45+14 219+0.77 2.10+1.02 21+1.0 515+2.44 2.02+0.93
Madrid 4041 -3.70 57+33 4.32+2.48 4.75+5.03 46+34 4.85+3.62 445+4.47
Istanbul 40.00 2897 45+22 0.94 +0.48 1.12+0.38 64+23 1.13+£048 1.18 £ 0.38

No reasonable fit for Milan and Marseille when deriving A from Equation (4).

For each wind sector pair, the total amount of NO2 molecules is given by A, the relative source centre
is p, the standard deviation of the Gaussian function is o, 8 is the slope of the linear part of the
function and e is the offset (background). By fitting the functions g(x) simultaneously for all available
wind sector pairs, the total amount of NO2 molecules (parameter A) around the source is determined.
Only the best fits of the g(x) functions are used. The fit of total NO2 mass is performed over an interval
in the wind direction which is set to 200 km (see Figure 2) accordingly to Reference [16] in order to
have a meaningful fit of g(x). This interval potentially includes interfering NOx sources but is
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indirectly accounted for by the linear variation of the background fit. The small across-wind interval
(40 km) (see Figure 2) excludes neighbouring sources but does not capture the full plume in across
wind direction due to dilution which is corrected by scaling A afterwards by a factor based on the
ratio of the Gaussian function integrated over —20 and +20 km and the Gaussian function integrated
between —eo and +ee.
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Figure 2. The averaged tropospheric NO2 columns of Brussels for the period April-September 2013
for calm wind conditions for LOTOS-EUROS data (LE) and OMI data. The maps on the left show the
NO: patterns for their specific wind directions using a 200 km range along and 40 km across the wind
direction as indicated. The graphs on the right show the corresponding line densities with Equation
(4) fit on the data. (a) shows the LE NO: patterns and line densities for N-S winds, (b) shows the LE
NO: patterns and line densities for W-E winds, (c) shows the OMI NO: patterns and line densities is
for N-S winds

Next, (ii) in order to derive total NOx mass, NO2 to NOx is scaled by computing local scaling
factors from LOTOS-EUROS, which typically range from 1.31 to 1.56 at 13h30 local time. This scaling
is compared with the factor of 1.32 as applied in Reference [10].

Finally, (iii) the NOx emission rates (mg m 2 day ') are derived by dividing of the total NOx mass
by the lifetime. We use milligrams of NOx per square meter per day in order not to make any
assumptions on the exact area of each individual city. For Brussels, based on OMI observations, the
total NOx mass per unit area is 741.6 mg m 2, with the NO2:NOx scaling of 1.43 instead of 1.32. Using
the derived effective lifetime of 4.8 h (per day 4.8 x 24), the total NOx emissions derived for Brussels
is 6.42 mg m 2 day . Based on the LE tropospheric NO2 data, the total NOx emission is 4.90 mg m™
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day'. The top-down derived NOx emissions are also compared with airbase surface NO:
concentrations converted to emissions based on the LE data as described in Section 3.3.

5. Results and Discussions

5.1. Lifetimes

Table 1 summarizes the results of the downwind plume method applied to the LOTOS-EUROS
and OMI averaged April-September 2013 tropospheric NO: column distributions over 23 European
cities. On average, for the cities the effective NO: lifetime is 4.1 + 2.2 h derived from OMI tropospheric
NO:2 columns and 3.7 + 2.0 derived from LE simulated tropospheric NO:2 columns. The slight overall
difference in NO: lifetimes is small and not significant (t-test, p-value > 0.34). For some cities
(Amsterdam, Warsaw, Paris, Milan, Marseille, Rome, Naples, Istanbul), the OMI derived lifetimes
are smaller than the LE derived values but in general the differences are small. Only for Rome and
Istanbul the discrepancies are larger (1.8 vs. 3.5 h and 4.5 vs. 6.4 h respectively) (Table 1).

For Rome, the lifetime for LE is derived for a wind speed threshold of 3 m s?, for western winds
since no reasonable fit was found at the threshold of 5 m s'. The OMI derived lifetime is for
southwestern winds at speeds of >5 m s71. Reference [19] report/reports? that for higher wind speeds
generally shorter lifetimes are observed. For Istanbul, the OMI peak NO: column (>4 x 10'> molec.
cm ?) is much larger and contrasts more with the background (~2 x 10> molec. cm?) than for the LE
data (peak at ~2 x 10'® molec. cm™2 and background of ~1 x 10> molec. cm2). Thus, the LE NO:2 plume
decays much faster suggesting a shorter NO: lifetime. For London, Antwerp, Brussels, Kiev and
Vienna, the LE derived lifetimes tend to be lower than the OMI ones. This might be due to the fact
that OMI NO: is more smeared and smoothed with higher background NO:2 concentrations (see
Figure 1) while LE NO: values show large differences between hotspots and background NO:
concentrations (see also in Figure 1), which is in agreement with literature reports [38]. Again, these
substantial differences between OMI and LE background NO: concentrations (see also in Figure 1)
may slow-down the decrease in NO2 columns away from the city centre, leading to a higher NO:
lifetime.

The average lifetimes (4.1 h for OMI and 3.7 h for LE, see Table 1) are similar to the reported
ones in the literature as shown in Table 2. Our LE NO: effective lifetimes of Madrid and Moscow (4.6
and 4.1 h respectively, Table 1) are in the same order of magnitude than the estimates from [10] with
slightly different parameters settings (the across-wind direction was set to 100 km for eight wind
sectors and wind speeds >2 m s™!). The OMI derived lifetimes for these cities are slightly higher than
the LE based estimates (5.7 and 5.4 h, respectively), given the higher contrast between peak and
background NO: in LE. For Helsinki and St-Petersburg the LE-based NO: lifetime estimates (3.1 and
3.8 h, respectively) are similar to the reported values by [14] but the OMI derived lifetimes are slightly
higher (4.7 and 3.9 h, respectively).

Table 2. Reported lifetimes for different urban areas.

Lifetimes (h) Location Source
3.5 Urban areas in the US [15]
3.8 Urban areas in the US and China [16]
~3 Madrid [10]
~4 Moscow [10]
3.0 Helsinki [14]
3.0 St-Petersburg [14]

This could be due to different parameter settings, especially for the across-wind intervals used
wind sectors. Summer season NO: [10,16] tends to lower lifetimes compared to spring and autumn
due to higher OH concentrations promoting conversion to HNOs. As in Reference [16], no overall
correlation exists between NO:z lifetimes and tropospheric NO2 columns, NOx emissions, wind speed
or latitude (all R2 < 0.03). This is probably due to the complex NOx chemistry which is also affected
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by meteorological and chemical variability, like variations in UV flux, water vapour and VOC levels
[16].

5.2. NOx Emissions

For all the selected European cities, the averaged top-down NOx emissions derived from LE
(7.11 = 4.03) are similar to the MACC emissions input into the LE model (7.59 £+ 3.97 g m2 d ™) and
certainly within reported errors [10,15,16]. This demonstrates the ability of the applied methodology
on the selected cities to reproduce NOx emissions based on tropospheric NO: columns derived from
a short time period. Figure 3 shows the top-down derived NOx emissions estimated from the
tropospheric NO2 line densities for different European cities against the MACC emissions as used in
LOTOS-EUROS (see Table 1) and the corresponding slopes, intercepts and R? values. A strong
correlation exists for both the OMI (without St.-Petersburg as explained below) as LE derived
emissions against the model input (R? = 0.79 and 0.88 respectively). Panel (b) of Figure 3 shows the
distribution of the difference between the top-down and MACC-3 input emissions for both LE
(negatively skewed) as well as the OMI data (slightly positively skewed). Simple ¢-tests between the
OMI-MACC and LE-MACC data pairs show that the differences are not significantly different from
zero (OMLI: p-value > 0.32; LE: p-value > 0.79). These R? values are similar to the reported values (R? =
0.87 for the US, [15]; R2 = 0.74-0.87 for China and the US, [16]). Since the estimated emissions are
directly influenced by the [NOJ:[NO:] ratio, we substituted the general factor 1.32 [10] with the one
directly computed from the modelled [NO]/[NOz2] concentration ratio for each city. The LE based
ratios range between 1.31 and 1.56. Using the generic 1.32 factor (which is in general only 5% lower
than the variable scale factors), the correlation between the MACC input and the top-down emissions
remains high (R?=0.77 and 0.88 for OMI and LE respectively) but the NOx emission values are 6.5
and 8.3% lower.

mLOTOS_EURO «OMI
40.00

y =0.8145x +0.9334
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y =0.7169x+1.4176 ~
Rz =0.7911 P
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(a) (b)

Figure 3. Top-down derived NOx emissions estimated from the tropospheric NO: line densities for
different European cities against the MACC-III emissions as used in LOTOS-EUROS (a). NOx
emissions from LOTOS-EUROS versus MACC-III in red. OMI based versus MACC-III in black. For
each NO: data set the statistics (slope, intercept, correlation coefficient) are provided. The OMI
derived emission of 4.28 + 1.68 mg m™2 day ™' for St.-Petersburg is omitted from the figure. (b) The
distribution of the difference of the top-down and MACC-3 input emissions.

For St-Petersburg the OMI derived top-down emission estimates is 4.28 + 1.68 mg m™2 day!
which is notably lower than the corresponding MACC value (27.02 + 26.55 mg m™2 day ™) while the
LE derived emissions are comparable (21.95 + 12.79). This might be due to rapid changes in
anthropogenic activities [39] that are not captured by the MACC inventory. A decline in the NOx
emission trend for the period 2011-2014 over large parts of Europe was reported [23], which might
explain the lower OMI top-down estimates for 2013 compared with MACC-III (2011 update) in our
study for most of the selected cities. The average peak tropospheric NO:2 column (maximum value in
the line density functions) for St-Petersburg from LE is ~12 x 10'> molec. cm™2, while OMI only
observes ~8 x 10> molec. cm2in 2013 (and ~6 x 105 molec. cm 2in 2012). The lower derived emissions
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from OMI may reflect the slow-down in the Russian economic growth (1.3% in 2013 versus 3.4% in
2012 and only Y2 of the growth during the last decade, [40]) and by the slightly decrease in
anthropogenic emissions (0.8% decrease in CO2 from cement production, less CO2 emissions per
energy production unit and per capita, 1.5% reduction in NOx emissions) [40] and is consistent with
reported reductions of tropospheric NO: by [38]. Interesting and not completely clear is that for the
city of Moscow both OMI as well as the LE top-down NOx estimates correspond well with the MACC
emissions. The OMI NO: peak is ~6 x 10> molec. cm? while the LE peak is 8 x 10'> molec. cm™.
Although this is 33% higher, this might be offset by the 30% higher lifetime for OMI (5.4 h vs. 4.1 h).

Scaled Airbase measurements of surface NO2 concentrations to surface emissions using the LE
model are 13% higher than the top-down derived NOx emissions estimated from OMI tropospheric
NO: line densities and 11% lower than the LE derived values. However, the correlation (R?) between
these scaled values and OMI derived emissions is 0.53 and much higher than for the LE derived
emissions (R? = 0.16) (Figure 4). This might be attributable to the fact that both OMI as the Airbase
data are real-time observations, rather than modelled data without the timely updated emissions
input. For cities such as London, Prague, Budapest and Madrid the surface data derived emissions
are substantially larger than the OMI derived ones (1.2 to 5.8 times). This might be due to surface
measurements being conducted in hotspot emission areas which correspond to high observations
that cannot be captured by the coarser spatial resolution data used in the top-down methodology
(values are more smoothed and area averaged). In general, background surface measurements agree
better with the MACC emissions compared with the surface measurements including urban traffic
data. The difference between the top-down and converted emissions based on surface NO:
observations are centred around zero (panel (b) in Figure 4).
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Figure 4. (a) Top-down derived NOx emissions estimated from the tropospheric NO: line densities
for different European cities against scaled Airbase measurements of surface NO:2 concentrations.
NOx emissions from LOTOS-EUROS versus MACC-III in red. OMI based versus MACC-III in black.
No surface data available for St.-Petersburg, Moscow and Kiev. (b) The distribution of the difference
of the top-down and surface based observed emissions.

5.3. Uncertainties

The downwind plume methodology is prone to different sources of error. Some errors only
affect the lifetimes or the emissions, some of them affect both. A detailed uncertainty analysis of the
approach can be found in Reference [16] and their supplementary information. Summarized, the
along and across line density intervals, fit results and wind fields contribute to the uncertainty of
both the lifetimes as well as the emissions.

Changing the along and across intervals with 100 km affects the resulting lifetimes by only about
10%. Fit errors are typically in the order of 30% for the lifetimes and 20% for the emission parameter
(A in Equation (3)). The uncertainties associated with the wind data are estimated as 30% and
uncertainties due to the fit of the total NO2 mass as 20% [16]. The uncertainty in tropospheric NO:
column observations from OMI is about 30% [29]. The uncertainty of the NOx/NO:2 scaling factor is
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estimated to be 10% [10] which is in agreement with the individual scaling factors derived in this
study which differ in general only 5% from the 1.32 factor. Last both uncertainties affect the emission
estimates only, since lifetimes are derived from the relative decay pattern only. According to
Reference [16], the interference between the NOx sources cannot be distinguished within 20 km
distance and from 40 km on, the interfering sources will not be included in the emission estimates.

Following the theory on general error propagation and assuming that all errors are independent,
the average error on OMI derived lifetimes is 55% (range 41-81%) based on wind field errors of 30%
using sum of squares of the relative errors. The average fitting error is 47% (15-113%), which is much
larger than 30% as reported in Reference [16]. The corresponding LE derived lifetime errors are 63%
(40-116%) and 53% (16-124%). Adding 30% error to the derivation of the total amount of NO:
molecules (parameter A in Equation (3)), plus 10% on the 1.32 scaling factor and 30% on the OMI NO2
retrieval or LE NO:2 simulation as done in Reference [10], we can estimate the error on the computed
NOx emissions. Based on the OMI data, we have on average 55% error on the NOx emissions (41—
81%). Using the LE data, an average error of 62% is obtained (40-101%). Reference [10] report/reports?
a total error on lifetimes estimates of 36 to 58% and 46-63% for emissions with the highest value of
78%. Reference [16] have/has? estimated that total uncertainties of NOx lifetime and emissions are
within 39-80% and 55-91% range, respectively. Compared to [10] and [16] our estimated uncertainty
is larger but in the same order of magnitude. The larger uncertainty might be due to the much shorter
dataset that we used to estimate lifetimes and emissions only covering one season (April-September
2013) only, while Reference [15] cover/covers? 2005-2014 (April-September) and Reference [16]
cover/covers the 2005-2013 (May-September) period. Reference [10] used 2005-2009. Despite the
results obtained by Reference [41], we show that it is possible to derive the NO: lifetime and NOx
emissions using the downwind plume method on a short time period of one season with reasonable
accuracy.

6. Summary and Conclusions

In order to test the appropriateness of the downwind plume approach to derive surface NOx
emissions from tropospheric NO: columns, we applied this methodology on 2013 LOTOS-EUROS
(LE) tropospheric NO:2 model fields for 23 selected European cities and compared the top-down
derived NOx estimates with the MACC input NOx model emissions. In addition, the top-down LE
derived surface NOx emissions were evaluated with up-to-date NOx estimates obtained by applying
the same approach on OMI data and where available we compared it with surface data of NO:
concentrations.

Overall, no substantial differences are observed in NO: lifetimes for 23 selected European cities
derived from LE and OMI tropospheric NO:2 columns. In general, the top-down derived NOx
emissions from LE and OMI tropospheric NO2 column data are comparable with the MACC
inventory. Furthermore, in agreement with literature reports, the top-down NOx estimates are biased
low with respect to reported surface NO2 observations. The total errors on the derived NO: lifetimes
and NOx emissions are larger but in the same order of magnitude with reported literature values.

In summary, the downwind plume approach applied to LE tropospheric NO: columns
reproduce the MACC NOx emission LOTOS-EUROS model input well, given the applied chemistry
schemes and reactions in LOTOS-EUROS. This demonstrates the ability of this technique to estimate
up-to-date NOx emissions from other datasets including satellite observations of tropospheric NO:
over a short period which can bridge the gap between fixed date inventory emissions and today’s
emitted NOx at the surface of many European cities.

Author Contributions: W.W.V., K.E.B,, F.L.,, S.B. conceived and designed the method set-up; W.W.V. analysed
the data and wrote the paper; K.F.B. contributed with data delivery, data interpretation and assisted in writing
the manuscript; J.E.W. assisted in data interpretation and text revisions; J.D. and H.E. contributed with model
data, data interpretation and manuscript revisions; S.B. contributed with data interpretation and text revisions;
A.W.D. contributed with ECMWF data analysis and text revisions.

Acknowledgments: This research was funded by the Netherlands Organization for Scientific Research, NWO
Vidi grant 864.09.001. We acknowledge the free use of tropospheric NO2 columns from the OMI sensor from



Sensors 2018, 18, 2893 13 of 15

www.temis.nl. This research was partly supported by the EU FP7 Project Quality Assurance for Essential
Climate Variables (QA4ECV), grant no. 607405.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Fischer, P.H.; Marra, M.; Ameling, C.B.; Hoek, G.; Beelen, R.; de Hoogh, K.; Breugelmans, O.; Kruize, H,;
Janssen, N.A.; Houthuijs, D. Air Pollution and Mortality in Seven Million Adults: The Dutch Environmental
Longitudinal Study (DUELS). Environ. Health Perspect. 2015, 123, 697-704, d0i:10.1289/ehp.1408254.

IPCC, 2007: Climate Change 2007: The Physical Science Basis. In Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change; Solomon, S., Qin, D., Manning, M., Chen,
Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L., Eds.; Cambridge University Press: Cambridge, UK;
New York, NY, USA, 2007.

Arneth, A.; Harrison, S.P.; Zaehle, S.; Tsigaridis, K.; Menon, S.; Bartlein, P.J.; Feichter, J.; Korhola, A,;
Kulmala, M.; O’'Donnell, D.; et al. Terrestrial biogeochemical feedbacks in the climate system. Nat. Geosci.
2010, 3, 525-532.

EEA. Air Quality in Europe—2015 Report; EEA Report; European Environment Agency: Copenhagen,
Denmark, 2015.

Guerreiro, C.B.B.; Foltescu, V.; de Leeuw, F. Air quality status and trends in Europe. Atmos. Environ. 2014,
98, 376-384.

Warneck, P. Chemistry of the Natural Atmosphere; Academic Press: San Diego, CA, USA, 1999; p. 757.
Mollner, A K.; Valluvadasan, S.; Feng, L.; Sprague, M.K.; Okumura, M.; Milligan, D.B.; Bloss, W.].; Sander,
S.P.; Martien, P.T.; Harley, R.A.; et al. Rate of gas phase association of hydroxyl radical and nitrogen
dioxide. Science 2010, 330, 646-649, doi:10.1126/science.1193030.

Butler, T.M.; Lawrence, M.G.; Gurjar, B.R.; Van Aardenne, J.; Schultz, M.; Lelieveld, J. The representation
of emissions from megacities in global emission inventories. Atmos. Environ. 2008, 42, 703-719.

EDGAR. Available online:
http://themasites.pbl.nl/en/themasites/edgar/documentation/uncertainties/index.html (accessed on 29
July 2018).

Beirle, S.; Boersma, K.F.; Platt, U.; Lawrence, M.G.; Wagner, T. Megacity emissions and lifetimes of nitrogen
oxides probed from space. Science 2011, 333, 1737-1739, doi:10.1126/science.1207824.

Cames, M.; Helmers, E. Critical evaluation of the European diesel car boom-global comparison,
environmental effects and various national strategies. Environ. Sci. Eur. 2013, doi:10.1186/2190-4715-25-15.
Smith, S.J.; Zhou, Y.; Kyle, P.; Wang, H.; Yu, H. A Community Emissions Data System (CEDS): Emissions
for CMIP6 and Beyond. In Proceedings of 2015 International Emission Inventory Conference, San Diego,
CA, USA, 12-16 April 2015.

Castellanos, P.; Boersma, K.F. Reductions in nitrogen oxides over Europe driven by environmental policy
and economic recession. Sci. Rep. 2012, 2, doi:10.1038/srep00265.

Ialongo, I.; Hakkarainen, J.; Hyttinen, N.; Jalkanen, ].-P.; Johansson, L.; Boersma, K.F.; Krotkov, N;
Tamminen, J. Characterization of OMI tropospheric NO2 over the Baltic Sea region. Atmos. Chem. Phys.
2014, 14, 7795-7805.

Lu, Z,; Streets, D.G.; de Foy, B.; Lamsal, L.N.; Duncan, B.N.; Xing, J. Emissions of nitrogen oxides from US
urban areas: estimation from Ozone Monitoring Instrument retrievals for 2005-2014. Atmos. Chem. Phys.
2015, 15, 10367-10383, doi:10.5194/acp-15-10367-2015.

Liu, F; Beirle, S.; Zhang, Q.; Dorner, S.; He, K.; Wagner, T. NOx lifetimes and emissions of cities and power
plants in polluted background estimated by satellite observations. Atmos. Chem. Phys. 2016, 16, 5283-5298,
doi:10.5194/acp-16-5283-2016.

Lamsal, L.N.; Martin, R.V.,; Padmanabhan, A.; van Donkelaar, A.; Zhang, Q.; Sioris, C.E.; Chance, K,;
Kurosu, P.; Newchurch, M.J. Application of satellite observations for timely updates to global
anthropogenic NOx emission inventories. Geophys. Res. Lett. 2011, 38, d0i:10.1029/2010GL046476.

Lin, J.-T.; McElroy, M.B. Detection from space of a reduction in anthropogenic emissions of nitrogen oxides
during the Chinese economic downturn. Atmos. Chem. Phys. 2011, 11, 8171-8188.

Valin, L.C.; Russell, A.R.; Cohen, R.C. Variations of OH radical in an urban plume inferred from NO:
column measurements. Geophys. Res. Lett. 2013, 40, 18561860, doi:10.1002/gr1.50267.



Sensors 2018, 18, 2893 14 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Vinken, G.C.M.; Boersma, K.F.; van Donkelaar, A.; Zhang, L. Constraints on ship NOx emissions in Europe
using GEOS-Chem and OMI satellite NO: observations. Atmos. Chem. Phys. 2014, 14, 1353-1369,
doi:10.5194/acp-14-1353-2014.

Boersma, K.F.; Vinken, G.C.M.; Tournadre, J. Ships going slow in reducing their NOx emissions: changes
in 20052012 ship exhaust inferred from satellite measurements over Europe. Environ. Res. Lett. 2015, 10,
074007.

Verstraeten, W.W.; Neu, J.L.; Williams, J.E.; Bowman, KW.; Worden, J.R.; Boersma, K.F. Rapid increases in
tropospheric ozone production and export from China. Nat. Geosci. 2015, 8, doi:10.1038/NGEO2493.
Miyazaki, K.; Eskes, H.; Sudo, K.; Boersma, K.F.; Bowman, K.; Kanaya, Y. Decadal changes in global surface
NOx emissions from multi-constituent satellite data assimilation. Atmos. Chem. Phys. 2017, 2, 807-837,
doi.org/10.5194/acp-17-807-2017.

Lin, J.-T.; Liu, Z.; Zhang, Q.; Liu, H.; Mao, J.; Zhuang, G. Modeling uncertainties for tropospheric nitrogen
dioxide columns affecting satellite-based inverse modeling of nitrogen oxides emissions. Atmos. Chem.
Phys. 2012, 12, 12255-12275, d0i:10.5194/acp-12-12255-2012.

Stavrakou, T.; Miiller, J.-F.; Boersma, K.F.; Van der A, R.J.; Kurokawa, J.; Ohara, T.; Zhang, Q. Key chemical
NOx sink uncertainties and how they influence top-down emissions of nitrogen oxides. Atmos. Chem. Phys.
2013, 13, 9057-9082, doi:10.5194/acp-13-9057-2013.

Ye, C.; Zhou, X,; Pu, D.; Stutz, J.; Festa, J.; Spolaor, M.; Tsai, C.; Cantrell, C.; Mauldin, R.L.; Campos, T.; et
al. Rapid cycling of reactive nitrogen in the marine boundary layer. Nature 2016, 532, 489-491,
doi:10.1038/nature17195.

Schaap, M.; Timmermans, R M.A.; Roemer, M.; Boersen, G.A.C.; Builtjes, P.J.H.; Sauter, F.].; Velders, G.J.M.;
Beck, ]J.P. The LOTOS-EUROS Model: Description, validation and latest developments. Int. |. Environ.
Pollut. 2008, 32, 270-290.

Kuenen, ].J.P.; Visschedijk, A.J.H.; Jozwicka, M.; Denier van der Gon, H.A.C. TNO-MACC_II emission
inventory; a multi-year (2003-2009) consistent high-resolution European emission inventory for air quality
modelling. Atmos. Chem. Phys. 2014, 14, 10963-10976, doi:10.5194/acp-14-10963-2014.

Boersma, K.F.; Eskes, H.J.; Dirksen, R.].; van der A, R.J.; Veefkind, J.P.; Stammes, P.; Huijnen, V.; Kleipool,
Q.L.; Sneep, M.; Claas, J.; et al. An improved tropospheric NO2 column retrieval algorithm for the Ozone
Monitoring Instrument. Atmos. Meas. Tech. 2011, 4, 1905-1928.

Dirksen, R.J.; Boersma, K.F.; Eskes, H.].; Ionov, D.V.; Bucsela, E.].; Levelt, P.F.; Kelder, H.M. Evaluation of
stratospheric NO: retrieved from the Ozone Monitoring Instrument: intercomparison, diurnal cycle and
trending. J. Geophys. Res. 2011, 116, D08305, d0i:10.1029/2010JD014943.

Boersma, K.F.; Jacob, D.].; Trainic, M.; Rudich, Y.; De Smedt, I.; Dirksen, R.; Eskes, H.]J. Validation of urban
NO: concentrations and their diurnal and seasonal variations observed from the SCITAMACHY and OMI
sensors using in situ surface measurements in Israeli cities. Atmos. Chem. Phys. 2009, 9, 3867-3879,
doi:10.5194/acp-9-3867-2009.

Lin, J.-T.; Martin, R.V.; Boersma, K.F.; Sneep, M.; Stammes, P.; Spurr, R.; Wang, P.; Van Roozendael, M,;
Clémer, K; Irie, H. Retrieving tropospheric nitrogen dioxide from the Ozone Monitoring Instrument:
effects of aerosols, surface reflectance anisotropy and vertical profile of nitrogen dioxide. Atmos. Chem.
Phys. 2014, 14, 1441-1461, doi:10.5194/acp-14-1441-2014.

Irie, H.; Boersma, K.F.; Kanaya, Y.; Takashima, H.; Pan, X.; Wang, Z.F. Quantitative bias estimates for
tropospheric NO2 columns retrieved from SCIAMACHY, OMI and GOME-2 using a common standard for
East Asia. Atmos. Meas. Tech. 2012, 5, 2403-2411.

Flemming, ]J.; Inness, A.; Flentje, H.; Huijnen, V.; Moinat, P.; Schultz, M.G.; Stein, O. Coupling global
chemistry transport models to ECMWEF’s integrated forecast system. Geosci. Model Dev. Discuss. 2009, 2,
763-795.

Lin, ].-T. Satellite constraint for emissions of nitrogen oxides from anthropogenic, lightning and soil sources
over East China on a high-resolution grid. Atmos. Chem. Phys. 2012, 12, 2881-2898.

Acarreta, ].R.; de Haan, J.F.; Stammes, P. Cloud pressure retrieval using the O2-O:2 absorption band at 477
nm. J. Geophys. Res. 2004, 109, D05204, d0i:10.1029/2003]JD003915.

Dee, D.P.; Uppala, S.M.; Simmons, A.].; Berrisford, P.; Poli, P.; Kobayashi, S.; Andrae, U.; Balmaseda, M.A;
Balsamo, G.; Bauer, P.; et al. The ERA-Interim reanalysis: configuration and performance of the data
assimilation system. Q. J. R. Meteorol. Soc. 2011, 137, 553-597.



Sensors 2018, 18, 2893 15 of 15

38. Duncan, B.N.; Lamsal, L.N.; Thompson, A.M.; Yoshida, Y.; Lu, Z,; Streets, D.G.; Hurwitz, M.M.; Pickering,
K.E. A space-based, high-resolution view of notable changes in urban NOx pollution around the world
(2005-2014). J. Geophys. Res. Atmos. 2016, 121, 976-996, d0i:10.1002/2015]D024121.

39. Elansky, N.F.; Lavrova, O.V.; Skorokhod, A.L; Belikov, I.B. Trace gases in the atmosphere over Russian
cities. Atmos. Environ. 2016, 143, 108-119.

40. Olivier, J.G.].; Janssens-Maenhout, G.; Muntean, M.; Peters, ]. A.H.W. Trends in Global CO2 Emissions: 2014
Report; ©OPBL Netherlands Environmental Assessment Agency: The Hague, The Netherlands, 2014.

41. De Foy, B,; Lu, Z,; Streets, D.G.; Lamsal, L.N.; Duncan, B. N. Estimates of power plant NOx emissions and
lifetimes from OMI NO: satellite retrievals. Atmos. Environ. 2015, 116, 1-11.

@ © 2018 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
M article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




