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Abstract. As many large metropolitan areas have pledged for a rapid decrease of their greenhouse gas emissions through
ambitious climate mitigation policies, the need for rapid and robust quantification methods became more pressing. At the
global scale, the scarcity of satellite carbon dioxide (CO,) observations remains the major roadblock to producing independent
city-scale CO, emissions estimates from atmospheric data, except for a handful of cities benefiting from a dense network of
ground-based CO; sensors. In this study, we quantify the potential of assimilating indirect measurements from spaceborne
sensors (here nitrogen dioxide - NOy) to constrain fossil fuel CO, emissions, relying on the co-emission of these two species
during combustion. We developed a modeling framework using a NOy-aerosol chemistry transport model (WRF-Chem) and
performed simulations of NO, and CO, over the Middle-East, an area known for its large cities, its frequent clear sky conditions
and a fairly constant albedo from its desertic land. We first demonstrate the importance of production/destruction processes
impacting NO- lifetime at short and long distances from the source, suggesting that simplified approaches may be impacted
by large errors. In comparison to TROPOMI satellite observations, the simulated NO, plumes from emissions inventories
(EDGAR) revealed large misattribution of NO2 emissions at fine scales, hence an uncertain disaggregation of national
emissions to single point sources in the industrial and energy sectors in the EDGAR inventory. We further studied the
relationship between NO- and CO; during summer and winter seasons by simulating the enhancement ratios (SNO2:6XCO2)
in plumes produced by cities and point sources We found that the enhancement ratios are consistent with the observed ratios
derived from the ESA TROPOMI (NO_) and NASA OCO-3 missions (XCO2). We conclude here that the spatial misattribution

of NO emissions parallels the misattribution of CO, emissions, and that improved NO; inventories could therefore be used to
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improve the monitoring of CO- emissions at sub-national scales in current global inventories when a sufficiently-large amount

of NO; satellite measurements are available.

1 Introduction

The increase in global fossil fuel emissions reached about 1 % in 2022 with large variations at the regional level (Friedlingstein
et al., 2022). The two most commonly used approaches for estimating fossil fuel emissions are inventories (bottom-up) and
atmospheric inversions (top-down; Enting et al., 1998). While inventories remain the primary source of information at national
scale (Smith et al, 2022), inverse modeling techniques have increasingly informed policy makers and governments of
unreported sources and natural sinks across the globe (Yu et al, 2023). Because bottom-up approaches rely on uncertain
emission factors and activity data across various sectors of the economy, large errors and uncertainties have been documented
at regional and local scales for CO, (Andres et al. 1996; Oda et al., 2019) but also for CO and NOy (Elguindi et al, 2020).
Commonly used bottom-up emission inventories such as the Emissions Dataset for Global Atmospheric Research (EDGAR,;
Janssens-Maenhout et al, 2015) including various gases such as NOx, CO, and VOC for the entire globe (Crippa et al, 2020),
the Copernicus Atmosphere Monitoring Service regional scale (CAMS-REG) including various chemical species (Kuenen et
al, 2021) or the Open-Data Inventory for Anthropogenic Carbon dioxide (ODIAC) providing globally CO, emissions from
fossil fuel combustions (Oda and Maksyutov, 2011) have provided gridded emissions estimates that can be combined with
ground-based or satellite atmospheric measurements of greenhouse gases to perform atmospheric inversions (Lauvaux et al.
2016; Staufer et al. 2016; Yadav et al., 2021). But the limited number of atmospheric station networks continuously measuring
GHG concentrations limits our ability to perform atmospheric inversions over most regions of the globe (Peylin et al, 2013).
Even satellite missions measuring CO; concentrations such as the NASA Orbiting Carbon Observatory (OCO-2; Crisp et al.,
2017) or the JAXA GOSAT mission (Yokota et al., 2009) only collect a sparse and infrequent set of measurements at sub-
national scales (Chevallier et al, 2017). The NASA Orbiting Carbon Observatory-3 (OCO-3) (O’Dell et al, 2018; Taylor et al,
2023) mission offers a Snapshot Aera Mode (SAM) capturing partial images of XCO; concentrations few times a year over a
selection of large cities and power plants across the world. However, most inverse studies assimilating OCO-3 measurements
have not been able to monitor and to assess urban-scale emissions at policy-relevant scales (e.g. Ye et al., 2020; Kiel et al.,
2021; Roten et al., 2022).

Since its launch in 2017, the Tropospheric Monitoring Instruments (TROPOMI) provides daily images of tropospheric NO»
column measurements over the entire globe, part of the European Union’s Copernicus Sentinel 5 Precursor (S5p) satellite
mission (Copernicus Sentinel-5p, 2021) at 5 to 7 km resolution. Co-emitted during the combustion process of fossil fuel energy,
NO; and CO- have been jointly studied to quantify fossil fuel emissions of CO, at fine scales (e.g. Hakkarainen et al, 2021;
Kuhlman et al, 2020). The estimation of the NO,:CO; ratios remains uncertain, highly dependent on the activity sectors (Lei
et al., 2022). Other studies have simply used NO; plumes from TROPOMI to assist in the detection of CO, plumes obscured

by the high background CO; values (Reuter et al, 2019). The precise detection and quantification of NOx emissions from large
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point sources has also been studied over multiple cities using Gaussian models to represent the atmospheric dispersion of
pollutants (Wu et al, 2021). Yang et al (2023) have recently showcased a methodology to derive CO; emissions from NO;
fields by using GEOS-Chem model, however they did not consider the chemical reactions in their methodology which could
be a major issue for the correct simulation of NO concentrations. The performance of atmospheric chemical models with
regards to chemical and transport processes can lead to significant errors in emissions estimates (Stavrakou et al, 2013). The
Weather Research and Forecasting (WRF) model (Skamarock and Klemp, 2008) coupled with its chemistry module (WRF-
Chem, Grell et al, 2005; Fast et al, 2006) has been developed for studying atmospheric pollution, applied to top-down
approaches (e.g. Georgiou et al, 2018) and coupled to bottom-up emissions estimates (Goldberg et al, 2019). The main
advantage of utilizing an atmospheric model is the ability to simulate gas concentrations at high spatial and temporal
resolutions while simulating the full complexity of chemical processes (e.g. Zhang et al, 2012; Sicard et al, 2021). From the
comparison of the simulated NO, and CO, concentrations with satellite observations, it is possible to examine the emission
inventories coupled to the atmospheric model for NO» (e.g. Luna et al, 2020) and for CO, (Kiel et al, 2021).

Regarding the complex NOy chemistry, NO to NO; concentrations rapidly vary depending on ozone (O3) concentrations and
the presence of Volatile Organic Compounds (VCs) that control OH radicals. Most combustion processes emit primarily NO
molecules, converted into NO» within minutes after their release. Satellites only observe NO, columns, hence matching model
simulations with satellite observations requires the use of a chemical transport model. The simulation of the conversion rate
of NO to NO; (and inversely) remains highly uncertain due to nonlinear chemical processes, as described in Atkinson (2000)
and Seinfeld and Pandis (2006). The most common pathway for the conversion of NO to NO; occurs via oxidation by ozone
(0s). This conversion occurs on the order of tens of seconds to a few minutes and depends on the amount of available reactants,
such as Oz and VOCs, the intensity of solar radiation, as well as ambient meteorological conditions. However, during late
afternoon and evening hours, high Oz concentrations are observed in remote locations due to less titration by NO, and transport
of Oz and its precursors from their sources. At nighttime, without photolytic activity, and near very large emissions of NO (e.g.
power plants), NO react with O3 to form NO,, which subsequently produces nitric acid (HNO3) removed by wet and dry
deposition (Monks et al., 2015). The complex chemistry of NO and NO, and hence the relationship between CO2 and NO,
requires the careful evaluation of the chemical transport model before using NO2 concentrations to constrain CO2 emissions.
The aim of the current study is to address the ability to identify large NO, and CO; plumes over the Middle-East region by
implementing the WRF-Chem model and comparing its outputs with satellite observations from TROPOMI and OCO-3
respectively, in the framework of the Eastern Mediterranean and Middle East - Climate and Atmosphere Research (EMME-
CARE) project. The Middle East region is characterized by large emitters, an energy system based on fossil fuels, high energy
consumption per capita, high-power demand due to high temperatures during the hot season and heavy industrial activities.
Moreover, it is a region with an abundance of clear sky days throughout the year and a rather constant albedo which benefits
satellite observations (Eskes et al, 2022). For the anthropogenic emissions inputs applied to the model, the EDGAR inventory
was selected and provided data for the entire area of interest. Different emissions sectors were considered (from EDGAR) such

as energy production, whose emissions come from large point sources (power plants), ground transportation, residential and
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industries, all corresponding to different NO,-to-CO- ratios. We examine the model performances in simulating the NO,-to-
NO (and vice-versa) conversion rates for individual plumes across the Middle East, before analyzing NO.-to-CO; ratios and
our ability to assimilate NO, column measurements to estimate CO; fossil fuel emissions. The methodology, WRF-Chem set-
up and tools utilized for this study are presented in Section 2. Section 3 demonstrates the performances of WRF-Chem when
simulating NOy, with and without chemistry, along with the comparison between the model and satellite observations of the
SNO2:6XCO; enhancement ratios. Finally, Section 4 summarizes the key points of the study.

2 Methodology
2.1 WRF-Chem set up

The Weather Research and forecasting (WRF) model with chemistry module (WRF-Chem) version 3.9.1 (Skamarock and
Klemp, 2008) was used for the simulation of the greenhouse gases over the Middle East region for the months of June and
January 2021. Our study area encompasses several large cities including Riyadh, the capital and largest city of Saudi Arabia,
Doha, capital and largest city of Qatar, and Dammam. The parent domain is about 2,000 km wide (139 by 139 grid points) at
15 km spatial resolution, and the child domain (one-way nesting) is about 700 km wide (231 by 231 grid points) at 3 km spatial
resolution, as shown in Fig. 1.

WRF domain set up

2 200 600 1000 1400 1800 2200 2600

Terrain height (m)

Figure 1: WRF-Chem simulation domains at 15-km and 3-km resolutions, respectively, over the Middle-East and terrain height (in
meter), using one-way nested mode.
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Regarding the WRF-Chem schemes options, we selected a configuration from previous studies of the atmospheric pollution
120 over the Middle East and the Eastern Mediterranean region (Zittis et al 2014; Georgiou et al, 2022). The atmospheric column
was represented by 33 vertical levels for both domains. The land surface energy exchange was simulated using the Noah Land-
Surface Model scheme (Chen and Dudhia, 2001), while the Planeteray Boundary Layer dynamics was simulated using the
Yonsei University (YSU; Hong et al, 2006) planetary boundary scheme. For the chemistry scheme, the Carbon Bond
Mechanism version Z (CBM-Z, Zaveri and Peters, 1999) was preferred for its better performances in terms of NOy
125 concentrations (Visser et al, 2019) in combination with the Madronich TUV photolysis scheme (Madronich, 1987; Tie et al,
2003). The main schemes and options are described in Table 1.
Table 1: The basic options for the WRF-Chem setup.

Domains Period under study  Spatial resolution Temporal resolution Chemistry

Parent: 139x139 June & January 2021  Parent: 15x15 km 1 hour cbm-z

Nested: 231x231 Nested: 3x3 km

Emissions Boundary layer Surface physics Cumulus Microphysics
cbm-z mosaic YSU Noah Land-Surface model  Grell-Devenyi Morisson 2-moment

Shortwave radiation ~ Longwave radiation  Photolysis
CAM CAM Madronich TUV photolysis

For a simple model validation of wind fields, we compared the wind speed at 10 meters above ground level with the available

130 METAR observations (lowa Environmental Mesonet) at the two operational stations of Riyadh and Dammam airports. As
shown in Fig. 2, monthly averages (January and June 2021), for January 2021, at the Riyadh airport station from 00:00 UTC
until 10:00 UTC agree within <1 m s when the wind speed ranges from 2 m s to 4 m s*, while the WRF model overestimates
the wind speed by approximately 2 m s from 12:00 UTC to 21:00 UTC, during low wind speed conditions. For June 2021,
the WRF model agrees with the observations for the period 06:00 UTC to 15:00 UTC within 0.5 m s, while overestimating

135 wind speed for the time periods 00:00-03:00 UTC and 18:00-21:00 UTC, during low wind speed conditions. On the other
hand, at the Dammam airport station, the WRF model tends to underestimate wind speed during January 2021 for the time
period 06:00-12:00 UTC by approximately 1-2 m s, and to overestimate wind speed at 00:00 and 21:00 UTC by 1 m s,
During June 2021, the WRF model tends to underestimate wind speed at 03:00 and 06:00 UTC by 1-2 m s, but overestimates
wind speed at 12:00, 15:00 and 21:00 UTC by approximately 1 m s,
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Figure 2: Modeled and observed monthly mean wind speed (m/s) at 10 meters for the months of January (left column) and June
(right column) 2021 over Riyadh (top row) and Dammam (bottom row) airports.

The EDGAR-htap v2.2 emission dataset (Joint Research Centre Data Catalogue, 2017) was coupled to the WRF-Chem model
to simulate the anthropogenic concentrations. It is important to note that the dataset providing all the necessary gases for the
NOx simulation is based on 2010 data. Later versions of the EDGAR inventory, up to the time of the study, do not include
important species required to simulate NOy, most notably non-methane volatile organic compounds (NMVOCs) for the NOx
simulations. The EDGAR-htap v2.2 data are categorized in 5 different sectors: energy, industry, residential, and traffic, and
air/shipping transportation (vehicles, airplanes and ships). Fig. 3 shows the contribution of each sector to the total NOx
emissions as a ratio of the sums of the NOx emissions within the nested domain (Fig. 1) for each sector over the total sum of
the emissions from all sectors. The energy sector is the main contributor to the NOy emissions in the area for January and June
2010 with 69 % of the total, followed by the industry and ground transportation sectors (around 14 %). The air transportation
contributes to 1.9 % of the total emissions, and the residential emissions to 0.3 %. Fig. 3 shows the results for January 2010,
overall similar to June 2010.
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Figure 3: Contribution of the different energy sectors to the total NOx emissions for the nested domain of the study (Fig. 1) based on
the EDGAR emissions inventory for January 2010.

Considering the CO; emissions, the EDGAR Greenhouse Gas Emissions (ghg) version 6.0 dataset of 2018 (Joint Research
Centre Data Catalogue, 2021) was preferred (Monforti Ferrario et al., 2021). Because CO; is not reacting with other
atmospheric species, we selected a later version to compare and to diagnose any changes in the point source locations compared
to the EDGAR htap v2.2 dataset. In addition, the CO, EDGAR dataset consists of emissions from 18 sectors: energy,
agriculture, industry, iron production, non-energy fuels, non-ferrous metals, non-metalic minerals, chemicals production, fossil
fuel fires, fuel production, other products, residential, oil refineries, soil waste and transportation (vehicles, airplanes and
ships). Fig. 4 displays the contribution of the different sectors to the total CO2 emissions similarly to Fig. 3. However, the
results show a strong seasonal variability in the energy sector contributing to 38.7 % of the total emissions, followed by the
industry sector with 16 %, the oil refineries with 13.9 %, the ground transportation with 12.6 %, the chemicals production with
8.1 % and the rest of the sectors amounting to 10.4 % in January 2018. These results are quite different compared to June 2018,
where the energy sector is contributing to 61.9 % of the total emissions, followed by the ground transportation sector with 10.3
%, the industry with 9.9 %, the oil refineries with 6.7 %, the chemicals production with 4.9% and the remaining sectors

accounting for 6.3 %.
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Figure 4: Contribution of the different energy sectors to the total CO2 emissions for the nested domain of the study (Fig. 1) based
on the EDGAR emissions inventory for January and June 2018.
The EDGAR datasets provide emissions for the general molecular form of the various species (e.g. NOy, Black Carbon,
Organic compounds). Table Al displays the relationships between the gas forms provided by EDGAR and how they should
175 be converted into WRF-Chem emissions species before being coupled to the chemistry module according to the WRF-Chem
3.9.1.1. emissions guide (2018). A recent study from Rey Pommier et al (2023) has produced a detailed infrastructure map
with the known locations of the power plants and factories over the Middle East region, with 62 emitting sites in total. We
show in Fig. 5 the locations of power plants and factories over the EDGAR-htap v2.2 NOx and EDGAR-ghg v6.0 emissions
maps from the energy sector to unveil possible deficiencies of the energy point sources in the EDGAR datasets for our nested
180 domain. The EDGAR NOy emissions lack some of the point sources along the Saudi Arabian and the Qatarian coastlines as
well as near the city of Riyadh (cf. Fig. 5(a)).
EDGAR NO, Energy emissions June 2010 EDGAR CO, Energy emissions June 2018
with known sources locations with known sources locations
20N | ‘ 200N I
27°N > “ N 2N — - " )
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Figure 5: EDGAR NOx monthly mean emissions for June 2010 (a) and CO2 monthly mean emissions for June 2018 (b) solely for the
energy sector along with the locations of the power plants and factories compiled (Rey Pommier et al, 2023) for the nested domain
185 (Fig. 1). The power plants and factories with no values for EDGAR emissions reveal the missing sources of the inventory.
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Furthermore, the EDGAR datasets provide a mean diurnal profile of emissions for each month without considering the weekly
and diurnal variability. Hence, we considered diurnal and weekly variations by estimating a scaling factor of EDGAR’s profiles
based on the energy consumption for Saudi Arabia, taking into account the seasonal variability as well as weekends (Friday
and Saturday) (Al Ghamdi, 2020). We applied these scaling factors to generate hourly emissions over the region. The values
for the scaling factor are presented in Fig. 6, with values ranging from 0.9 to 1.15, while weekly and seasonal cycles remain
limited in peak-to-peak amplitude (0.2 to 0.3).
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Figure 6: The hourly scaling factors for the parent and nested domains (Figure 1) in summer week days (a), summer days off
including rest days on Fridays (b), winter week days (c) and winter days off (d) for January and June 2021, applied to the EDGAR
emissions to include diurnal variability and estimated based on the electricity consumption in Saudi Arabia.

2.2 Satellite observations

The model outputs for January and July 2021 were compared against satellite observations. In particular, the simulated $NO>
(see Section 3.3) were compared against the TROPOMI observations and the simulated $XCO> (see Section 3.3) against the
NASA OCO-3 XCO; retrievals in SAM mode (see Fig. 10, 13, 14, 15). We collected a daily TROPOMI image sampled at
approximately 10:00 UTC for the periods January 2021 and June 2021. The NO; data were downloaded from the European
Space Agency (ESA) for the European Union’s Copernicus Sentinel 5 Precursor (S5p) satellite mission (Copernicus Sentinel-
5p, 2021). We note here that potential biases in TROPOMI NO retrievals have been documented over large metropolitan
areas Judd et al (2020). Regarding the evaluation of §XCO», we used the NASA OCO-3 observations from the NASA Goddard
Earth Science Data and Information Services Center (GES 184 DISC) (http://disc.sci.gsfc.nasa.gov/). Only few partial images
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with a sufficient number of quality-flagged retrievals (the retrievals cover the urban areas) are available over the region for the
months of January and June 2021, mainly over the cities of Riyadh and Dammam. The full list of days collected by OCQO3 are
shown in Fig. Al.

Regarding the TROPOMI satellite data, Fig. 7 presents the fraction of days for each pixel where the quality factor is higher
than 0.75. It is apparent that for June 2021, the fractions for the vast majority of the pixels are more than 80% with some
exceptions near the Saudi Arabian coastline and the Qatar coastline where the fractions decrease to approximately 70%, down
to 60% for some pixels. During January 2021 the fractions for most of the pixels range from 70% to 80%, with some pixels in

Saudi Arabian coastline and the Qatar coastline dropping below 40%.
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Figure 7: Fractions of good quality (qa>0.75) TROPOMI observations for each grid point of the nested domain (Figure 1) for
January 2021 (a) and June 2021 (b).

3. Results

3.1 Impact of chemistry in WRF-Chem simulations

In order to evaluate the role of the chemical processes impacting NO; (production/destruction rates, and NO-to-NO; conversion
rate), we carried out WRF-Chem simulations without the chemistry module for the period 1 to 10 June 2021 (NO and NO
were both considered as passive tracers). According to existing literature, the NO-to-NO. conversion that occurs via oxidation
by ozone (e.g. Hanrahan, 1999; Atkinson 2000; Seinfeld and Pandis 2006) is often assumed to be instantaneous. We used the
same model set-up as Section 2.1, however, for the passive tracer run, the EDGAR htap v2.2 NOy input emissions were
distributed as 90 % NO; and 10 % NO, contrary to the full chemistry run where NOy was distributed as 90 % NO and 10 %

NO,. The partitioning in NOy emissions in the full chemistry run has been used in several previous studies (e.g. Solazzo et al.,

10
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2017; Visser et al, 2019), while the high fraction of NO; in the no-chemistry run (90 %) has been used in recent studies to
compensate for the absence of short-term conversion of NO-to-NO- (e. g. Kuhn et al, 2023; Xiang et al, 2022).

We compared the variations of NO, and NO concentrations as a function of the distance to an intense localized source, using
both simulations (with and without chemistry), focusing on the isolated plume coming from the city of Riyadh. In Fig. 8, we
show the sum of the NO, concentrations over the tropospheric column depicted as the average of the 10-day period in June at
00:00 and 10:00 UTC (Fig. 8, panels a,b, e, and f). Similarly, we show the sum of the NO concentrations over the same area
for the same period (Figures 8, panels c, d, g, and h). In the no-chemistry run, the NO; plumes display higher concentrations
and extend further spatially, especially near the source compared to the chemistry run. The background NO; concentration is
also higher in the no-chemistry run. Inversely, NO concentrations are higher in the full chemistry run compared to the no-
chemistry simulation, due to their low assumed fraction in total NOy.
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Figure 8: WRF-Chem simulated NO2 (a,b, ¢, f) & NO (c, d, g, h) tropospheric column concentrations averaged for the period 1-10
June 2021 at 00:00 & 10:00 UTC with the highlighted point source and the distances (rings) for the run with the full chemistry
activated and the only tracers run.

We show in Fig. 9 the sum of the concentrations within each ring (shown in Fig. 8) apart by 3 km, representing the evolution
of both gases against the distance from the source. As shown in Fig. 8, the WRF-Chem model instantaneously converted NO
to NO, during daytime (low NO concentrations). For the full chemistry simulations, the NO, and NO concentrations became

almost null 40 km away from the point source due to the formation of O3, whereas for the passive tracers simulation, the NO,
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concentrations remain significant even 57 km away from the source leading to a 200 % mismatch between the two
configurations. At night, the NO concentrations near the point source are higher when the chemistry is activated due to the
lack of incoming radiation, reducing further the NO-to-NO, conversion rate. However, as the lifespan of NO is much shorter
compared to NO, we noticed that the NO, concentrations became higher than NO starting from 9 km away from the source.

Next to the source (large emissions of NO and VOC), NO is converted to NO, to form Os in the presence of sunlight. Another
important reaction is the titration of O3z by NO to form NO,, which is converted to HNOs3, later removed by wet and dry
deposition processes. This reaction is especially important during the night when there is no photolytic reaction with NO», and
Os levels are the lowest as we can see near the point source in Fig. 9. However, as the plume moves further downwind, less
NO is available to react with Os. Consequently, there is less Oz degradation and Oz levels increase as shown in Fig. 9. The
mismatch (up to 300%) during daytime between NO, from full chemistry simulations and NO. modeled as a tracer (no
chemistry) is mainly due to the formation of secondary pollutants (e.g. Os) in the full chemistry simulation, confirming that
this reaction is clearly an important process when considering large point sources (e.g. power plants). The only sinks for the
NO and NO; tracers are the deposition processes. The anticorrelation between Oz and NOy for the Saudi Arabia region was
also observed via in-situ measurements in the area during 2007 (Butenhoff et al, 2015). Lama et al. (2022) have simulated NO;
as a tracer with the WRF-Chem model for the period June to October 2018 over the city of Riyadh. Their modeled average
values of the tropospheric column concentrations for NO; at 10:00 UTC range from 1.4 to 0.4 ppbv, similar to the NO»
concentration values we observed in our full chemistry simulation ranging from 2.2 ppbv above the source to 0.2 ppbv 60 km

away from the source (cf. Fig. 9(c)).
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Figure 9: Comparison of 10-day average sum of the NO2 and NO concentrations, including Os and the NO2 mismatch between the
full chemistry (left column) and the tracer (or no chemistry) run (right column), at 00:00 (a-b) and 10:00 (c-d) UTC in June as a
function of distance from the source.

3.2 Comparison of satellite TROPOMI observations and WRF-Chem simulation

We compared the NO; tropospheric column concentrations from TROPOMI and from our WRF-Chem simulations using the
full chemistry scheme for the months of January and June 2021 (cf. Fig. 10). More particularly, we compared the average
value for the months of January and June 2021 at approximately 10:00 UTC for the nested domain of the simulation after
regridding the WRF outputs to the TROPOMI observations and applying the same averaging kernel to the vertical levels. A
Gaussian filter has also been applied in order to avoid some of the background noise (Goldberg et al, 2019; Goudar et al, 2023).
During the month of January, the quality of the observations was frequently subpar, as seen in Fig. 7 but the overall coverage
remains sufficient to evaluate the model-data mismatches over the entire month.
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Figure 10: Tropospheric column NO2 concentrations for the TROPOMI observations and the WRF-Chem outputs, alongside their
concentration difference, monthly average for January 2021 (a-b-c) and June 2021 (d-e-f) at 10:00 UTC.

As we can see from Fig. 10, there is not a good agreement between the satellite data and the modeled concentrations regarding
the location of the point sources (upwind of the plumes). Nevertheless, the sizes and intensity of the plumes of NO; vary across
the different regions. Over the coastal capital city of Qatar, Doha (zone 4), the modeled concentrations in the plume are about
1.5-2 times higher than the observed TROPOMI values. Similarly, for the nearby coastal cities of Saudi Arabia (Dammam and
Al-Jubail) and further away from the coast (Al-Hofuf, zone 3), the NO2 concentration values for the model are much higher
compared to the satellite observations. In the northern part of the domain, the coastal area of Saudia Arabia shows a more
intense plume with concentrations two times higher in the satellite observations compared to the WRF-Chem model values
(zone 2). The last noticeable plume is located over the western part of the domain, where the city of Riyadh is located (zone
1), with a wider and more intense plume in TROPOMI observations. We also note a secondary plume in TROPOMI data,
south of the main one, which is not observed in the model.

In Fig. 11, we present a direct comparison of NO, concentrations between the satellite observations and the model, separated
into four distinct zones (as described above). We selected these boxes as they include isolated plumes separable from other
sources and estimated the sum of the 80th percentile concentrations for the tropospheric column (raw values - no Gaussian

filtering) for each day of June and January 2021. The model-data correlations are larger for zone 1 despite the presence of a
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secondary plume in this region (observed by TROPOMI but not by WRF-Chem) which suggests an overestimation of the
modeled plume concentrations by the unique point source in Riyadh. For zone 2, the NO2 concentrations were systematically
underestimated by the model (1.5-2 times lower), whereas for zones 3 and 4 the WRF-Chem model overestimated the

concentrations by a factor of 3-4 during both January and June 2021.
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Figure 11: Comparison of the total column NO2 concentrations for the four zones (cf. Figure 10) for each day of January (a-c-e-g)
and June (b-d-f-h) at 10:00 UTC, including the corresponding linear regression (dashed line; principle of least squares).

In order to examine whether the model performances correspond to an overall underestimation or overestimation of the
emissions, we applied the emissions scaling factors (in this case the slope of the linear fit) to the EDGAR emissions for the 4
zones separately and we summed the values for each, thus estimating the scaling factors for the sum. We know that this
approach assumes linearity in the emission-to-concentration relationship, which is clearly not correct at the daily timescale.
Sensitivity runs would be needed to define the impact of nonlinear chemical processes. However, the results presented in Table
2 suggest a large overestimation of the emissions, of about 2.5 times for both June and January, which is much larger than
potential nonlinear reactions over the whole time period. Future studies should also include the nonlinear impacts of chemical
reactions to quantify more accurately the NO, emissions, but our findings confirm the presence of large discrepancies between

the EDGAR inventory (established for the year 2010) and the observed plumes at sub-national scale.
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Table 2: EDGAR NOx emissions per zone including applied emission scaling factor as occurred by the TROPOMI vs WRF plot

slope.
Total NOx emissions (monthly average)
EDGAR (June) EDGAR (January) EDGAR - slope Fig. 11 EDGAR - slope Fig. 11
(moles cm?) (moles cm™?) (June) (moles cm) (January) (moles cm2)
Zone 1 28562 28202 48841 32996
Zone 2 4203 4136 8112 8024
Zone 3 176173 153122 45805 47468
Zone 4 20868 24026 5843 10091
All zones (sum) 229806 209486 108601 98579
Scaling factor of sum  0.47 0.47

310

3.3 Satellite and WRF-Chem enhancement ratios comparison

We now examine the performance regarding both NO; and CO, in plumes from large sources, more specifically the
enhancement ratios (8NO2:6XCO>) in plumes between the WRF-Chem simulation and the satellite observations. For this
purpose we carried out simulations with CO, as a passive tracer for June and January 2021 using the EDGAR v 6.0 GHG
315 anthropogenic emissions as introduced in Section 2.2. Fig. 12 shows the modeled tropospheric column XCO; plumes over the
nested domain as simulated by the WRF-Chem model. The locations of the CO, plumes ressemble the simulated NO, plumes
(cf. Fig. 6) as we focus here on a region dominated by anthropogenic sources. Biogenic fluxes in desertic areas remain low

compared to fossil fuel sources, especially over the Middle East where large point sources drive the observed XCO; gradients.
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320 Figure 12: Tropospheric column COz concentrations for the WRF-Chem outputs monthly average for January 2021 (a) and June
2021 (b) at 10:00 UTC.

16



325

330

335

https://doi.org/10.5194/egusphere-2023-2487
Preprint. Discussion started: 6 November 2023 EG U h
© Author(s) 2023. CC BY 4.0 License. spnere

For the quantification of the enhancement ratios, we applied the method described in Macdonald et al. (2022) summarized
here. The plume corresponds to the 80™ percentile of the NO, concentration in each subregion (zones), consequently masked
while the remaining field is considered as background. To avoid missing retrievals, the masked area was filled in using the
nearest-neighbor interpolation technique and the resulting background field was subtracted from the plume values in order to
obtain the enhancement fields SNO> and 6XCO.. Fig. B1 and B2 show each step of the method for the TROPOMI and OCO-
3 data respectively over the urban area of Riyadh. The TROPOMI satellite data were regridded to the model resolution and the
units were converted from moles cm to ppb. The same method was applied to the WRF outputs for the same days.

Due to the scarcity of OCO-3 observations and the asynchronous sampling times of TROPOMI and OCO-3, we identified only
6 coincidental images over the time period, with 4 images for the urban area of Riyadh and 2 images for the urban area of
Dammam. Fig. 13 shows two examples of observed and modeled NO; and 8XCO; plumes. Despite the plumes being correctly
oriented in the WRF-Chem simulations, their widths appear lower than observed, for both TROPOMI and OCO-3. Considering
that both gases are impacted by the same error, we suspect that transport model errors are responsible for the mismatch (wind
speed, vertical mixing, or stability conditions) or the activity data used in EDGAR to map emissions are not diffused enough.
We decreased the potential impact of transport errors in our analysis by focusing on the integral over each plume, limiting the
mislocation errors (due to incorrect wind speed and direction) that would affect a pixel-based analysis of the plumes. Here, the

enhancement ratios were estimated based on the average value over the plume area.
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Riyadh NO, and CO, enhancements 20-06-2021 10:00:00 UTC
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Figure 13: XCO2 enhancements estimated from the OCO-3 observations (a), XCO2 enhancements estimated from the WRF-Chem
simulations (b), NO2 enhancements estimated from the TROPOMI observations (c) and NO2 enhancements estimated from the
WRF-Chem simulations (full chemistry) (d) for the same coordinates over Riyadh on 20-06-2021 at 10:00 UTC

The scatter plot of the WRF-Chem enhancement ratio values against the satellite (TROPOMI and OCO-3) is shown in Fig. 14.
The linear regression of the enhancement ratios between WRF-Chem and the satellite concentrations shows a relatively good
agreement (slope of 0.72; R2 =0.56) but the limited number of coincidental images in the observations limits the interpretation
of our analysis. We note here that the 0.72 value of the slope is similar to enhancement ratios over large urban areas observed
by MacDonald et al (2022) where the enhancement ratio values ranged from 0.5 ppb:ppm to 1.5 ppb:ppm and close to ratios
over Mexico City with 0.55 ppb:ppm dominated by traffic and large industry sources (Lei et al., 2022). We also note one
outlier with a high §XCO; relative to the SNO; enhancement (three times higher) corresponding to the 02/06/2021 case over
the city of Dammam despite having fair weather conditions during that day. More interestingly, we note that the overestimation
of 8NO> enhancements in WRF-Chem (cf. Table 2) also applies to 8XCO, values, resulting in a reasonable agreement in
dNO2:6XCO; ratios. Despite the limited number of available observations (due to limited sampling by OCO-3), this
preliminary analysis confirms that potential biases in the EDGAR inventory affect both gases, confirming that a joint

assimilation of these two species can potentially rely on existing gas-to-gas ratios from EDGAR. We conclude here that
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assimilating satellite observations of both NO; and CO- has the potential to improve emissions estimates from anthropogenic
sources at sub-national scales.
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Figure 14: Comparison of the daily mean enhancement ratios (NO2:6XCO2) from the WRF-Chem simulations and the TROPOMI
observations over the six days with available satellite observations

Conclusions

As we demonstrated here, the abundance of satellite NO, concentrations from TROPOMI offers a unique set of observations
for the quantification of NO, emissions and possibly for CO, emissions from large point sources or cities. An accurate
representation of the NO; concentrations could lead to the quantification of the CO, emissions based on the known
enhancement ratios SNO2:3XCO; from existing inventories. In this manner, we used WRF-Chem simulations in order to
examine the chemistry impact of the model regarding NOy, to examine the performance of the EDGAR inventory, although it
is only available for the year 2010, and to evaluate the model performances regarding the enhancement ratios. In particular,
we selected the Middle East as our study area for multiple reasons (distinct plumes from power plants, low cloud cover, low
vegetation and a nearly-constant albedo) which are ideal for satellite observations in general (here TROPOMI and OCO-3).
We carried out simulations for June and January 2021 for three different cases: 1) full chemistry, 2) NO, and NO as passive
tracers, and 3) CO; as a passive tracer.

The first step was the examination of the chemistry module performances (cbm-z scheme). We performed 10 days of WRF-
Chem simulation for June 2021 with full chemistry applied and one with NO2 and NO as tracers. By comparing the NO; and

NO concentration with the distance from a point source over Riyadh, we showed that the full chemistry is required to achieve
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realistic representation of NO, concentrations at short and long distances from the source. The NO; and NO concentrations are
almost neglected around 40 km away from the source for a full chemistry run, whereas NO; concentrations remain significant
even 60 km away for the tracers run. During the day, the mismatch in NO, concentrations between the full chemistry and the
no-chemistry simulations reached up to 300% due to the absence of O3 chemistry and despite the attribution of 90 % of the
NOy emissions to NO, emissions (to compensate for the absence of NO,-to-NO conversion processes). During the night, when
there is no incoming radiation, the NO, model-data mismatch reached up to 200 % near the source while decreasing further
downwind (around 40 km away from the source).

Based on our full-chemistry configuration, we performed WRF-Chem simulations for the full months of January and June
2021. Our results confirmed the ability of the WRF-Chem model to represent the largest plumes over the Middle-East emitted
by power plants. Furthermore, the locations of the plumes were in agreement with the satellite observations, despite transport
model errors affecting the length and the width of the plumes. We defined four zones with large and distinct plumes in order
to perform a spatial comparison with the TROPOMI satellite observations. The comparison revealed an underestimation of the
NO; concentrations by the model of approximately 1.5-2 times for two zones and an overestimation of 3-4 times for the other
two. By applying the specific scaling factors to the raw emissions for these four zones (linearity assumption) and summing
them, we derived an overall overestimation by the EDGAR inventory equivalent to a factor of 2.5.

Finally, we simulated the CO, enhancements with WRF-Chem for June and January 2021. The estimation of the enhancement
ratios showed values of approximately 0.7, which agrees with other relevant studies (e. g. Macdonald et al., 2022; Lei et al.,
2022). Similar to the analysis of the NO, concentrations showing positive and negative corrections of the NO; emissions, the
CO2 model-data mismatches (OCO-3 retrievals) also showed similar mismatches. Despite the limited number of coincidental
images of TROPOMI and OCO-3, we showed here that inconsistencies in sub-national CO, emissions in current global
inventories might be corrected using NO; retrievals from TROPOMI. For future work, a detailed infrastructure map for the
region could be taken into account to redistribute the anthropogenic emissions in a more realistic way, and the representation
of nonlinear chemical processes to establish more accurately the relationship between emissions and concentrations. Future
inverse studies of CO, emissions will assimilate jointly NO, and XCO- satellite observations, taking into account the full
complexity of chemistry reactions affecting NO,, to produce monthly estimates over favorable regions (low cloud cover and
reduced biogenic contribution).

Appendix A

Table Al
WRF-Chem input EDGAR WRF-Chem input EDGAR
Co Co KET 0.0175-NMVOC
NOx 0.9*NO ORA2 0.0017-NMVOC
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NOy

SO2

NH3
ECI(a)
ECI(a)
ORGJ(a)
ORGI(a)
PM251(a)
PM25(a)
PM_10(a)

0.1*NO;
SO;

NH;3
0.8*BC
0.2*BC
0.8*0C
0.2*0C
0.2*PM2.5
0.8*PM2.5
PM10

OLlI
OLT
ETH
OL2
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HCHO
ALD
HC3
HC5
HC8
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Figure B1: TROPOMI tropospheric column NO: concentration (a), 80th percentile of the TROPOMI tropospheric column NO2

concentration (b), background noise after masking the 80th percentile of NO2 concentrations and applying the nearest neighbor

method to fill the grid points (c) and the enhancement ratio §xNO2 after removing the background noise from the raw observations
410 (d) over Riyadh region on 14/01/2021 at 10:16 UTC
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