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1. INTRODUCTION

1.1. PURPOSE

This document evaluates the suitability of all the potential satellite datasets for World Emission, reviews
existing inventories of point sources for the considered species, and existing regional and global
inversion systems for their performances and applications to retrieve the emissions of the species of
interest. We assess the models chosen in World Emission, keeping in mind the fact that they all have a
rather unique position in their domain, and we detail the corresponding algorithm for the production of
emission estimates.

The objective of the Algorithm Theoretical Basis Document (ATBD) is to develop, verify and detail the
necessary algorithms to generate high quality satellite-based products that can be used for the
monitoring of emissions. This includes:

e An analysis of existing satellite data in view of their value for verification or improvement of
existing emission inventories or the generation of new inventories;

e An analysis of existing top-down inventories including the quality of current algorithms;

e A detailed description of each product in form of an Algorithm Theoretical Basis Document
(ATBD), including supporting documentation, corresponding metadata, supporting ancillary
information;

e An assessment of the alternative methodological approaches and algorithms for each product;

e A documented justification of the selected methodology, algorithms, and a product generation
workflow (input data, end-to-end-processes, output);

1.2. SCOPE

The inversion systems considered here map emissions at various time scales from spaceborne sensors.
The species considered are CO,, CO, CH4, NOx, SO, NHs., CH30H, CyH;, C:H4, CsHg, PM and H;0.

This document is structured according to the following sections:
e In section 3.2, the assessment of existing satellite datasets in view of their value for

verification or improvement of existing emission inventories or the generation of new
inventories is presented,

e In section 3.3, the assessment of point source top-down inversion models and the
technical details of the ones selected for the project is presented,

e In section 3.4, the assessment of regional top-down inversion models and the technical
details of the ones selected for the project is presented,

e In section 3.5, the assessment of global top-down inversion models and the technical
details of the ones selected for the project is presented,

e In section 3.6, the product generation workflow is presented.

1.3. ACRONYMS

Acronyms used in this document and needing a definition are included in the following table:

Table 1-1 Acronyms

ACOS Atmospheric CO2 Observations from Space

AERONET Aerosols Robotic NETwork

AMC Air Mass Corrected

AMF Air Max Factor

AOD Aerosol Optical Depth

ASO August, September, October

BAMS Bulletin of the American Meteorological Society

World Emission © GMV 2023, all rights reserved D3 - ALGORITHM THEORICAL BASIS

DOCUMENT (v3)



WorldEmission

Code: D3-ATBD-V3
Date: 27/10/2023
Version: v2.0
Page: 9 of 71

Acronym Definition
BC Black carbon
BVOC Biogenic volatile organic compounds
CAMS Copernicus Atmospheric Monitoring Service
CEDS Community Emissions Data System
CHIMERE CHIMERE chemistry-transport model
CHOCHO Glyoxal
CIF Community Inversion Framework
CMA Center of Mass Altitude
COBRA Covariance-Based Retrieval Algorithm
CSF Cross-Sectional Flux
CTBT Comprehensive Nuclear-Test-Ban Treaty
CTM chemistry transport model
DECSO Daily Emission estimates Constrained by Satellite Observations
DOAS Differential Optical Absorption Spectroscopy
ECMWF European Centre for Medium-Range Weather Forecasts
EDGAR Emissions Database for Global Atmospheric Research
EMEP European Monitoring and Evaluation Programme
EMG Exponentially Modified Gaussian
EOS Earth Observation System
enKF ensemble Kalman filter
FFCO2 fossil fuel combustion emissions of CO2
FMA February, March, Abril
FORLI Fast Optimal Retrievals on Layer for IASI
FTP File transfer protocol
GCM General Circulation Model
GDAL Geospatial Data Abstraction Library
GDAS Global Data Assimilation System
GFED Global Fire Emissions Database
GFS NCEP’s Global Forecast System
GMES Global Monitoring for Environment and Security
GNFR Gridding Nomenclature for Reporting
GOME Global Ozone Monitoring Experiment
GOSAT Greenhouse gases Observing SATellite
GPPD Global Public Procurement Database
GPS Global Positioning System
GSD Ground Sampling Distance
HCHO Formaldehyde
HYSPLIT HYbrid Single-Particle Lagrangian Integrated Trajectory
IASI Infrared Atmospheric Sounding Interferometer
IBP Iterative Back-Projection
IME Integrated Mass Enhancement
INCA INteraction with Chemistry and Aerosols
KNMI Royal Netherlands Meteorological Institute
LMDZ Atmospheric Global Circulation Model of the Laboratoire de Météorologie
Dynamique with a zoom capability
MEIC Multi-resolution Emission Inventory for China
M May, Jun, July
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Acronym Definition
MODIS Moderate Resolution Imaging Spectroradiometer
MOPITT Measurement of Pollution in the Troposphere
NCEP National Centers for Environmental Prediction
NDJ November, December, January
NEI National Emissions Inventory
NetCDF Network Common Data Form
NIR Near-infrared
NMHC Non-Methane HydroCarbons
NMVOC Non-Methane Volatile Organic Compound
NOX Nitric Oxide
ocC Organic carbon
0CO0-2 Orbiting Carbon Observatory 2
0CO-3 Orbiting Carbon Observatory 3
OMI Ozone Monitoring Instrument
ORCHIDEE ORganizing Carbon and Hydrology in Dynamic Ecosystems
PBL Planetary Boundary Layer
PM Particulate Matter
POM Particulate Organic Matter
PSC Polar Stratospheric Cloud
REAS Regional Emission inventory in Asia
S5P Copernicus Sentinel-5 Precursor
SAA South Atlantic Anomaly
SACS Simplified Atmospheric Chemistry Scheme
SZA Solar Zenith Angle
TCCON Total Carbon Column Observing Network
TES Technology Experiment Satellite
TIR Thermal-Infrared
TNO Netherlands Organisation for Applied Scientific Research
TOVS TIROS Operational Vertical Sounder
TROPOMI TROPOspheric Monitoring Instrument
TVCD Tropospheric Vertical Column Density
uTC Coordinated Universal Time
VCD Vertical Column Density
VIIRS Visible Infrared Imaging Radiometer Suite
VOC Volatile Organic Compound
VPD Vapour-pressure Deficit
VZA Viewing Zenithal Angle
WCD World City Database
WRF Weather Research & Forecasting Model
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3. ALGORITHM THEORETICAL BASIS

3.1. INTRODUCTION

This document consolidates a reliable design for the backend resources of the World Emission service.
It was written after assessing the current state-of-the-art and doing a comprehensive review of the
currently available datasets and models. It is structured into five parts that have been written in parallel
by the corresponding partners and then have been aggregated together. The first part briefly lists the
satellite datasets to be used by the service, the second part describes the point source inversion models.
The regional top-down inversion models and the global ones are presented in the third and fourth parts,
respectively. Finally, the fifth part describe how the generation of the different products is integrated
within a single workflow. This version 3 of the ATBD is the update of version 2 (last update in April 2023
[RD.113]) and the final one of the project.

3.2. ASSESSMENT OF SATELLITE DATASETS

[Minor update with respect to previous version]

The list of existing satellite datasets to be used by World Emission in view of their value for verification
or improvement of existing emission inventories or the generation of new inventories has been reviewed.
These satellite datasets are listed in Table 3-1 (below), including the type of data (e.g., data unit,
temporal resolution), the time period and spatial coverage that are currently available, where the data
can be found or downloaded, and the main references describing the datasets.

All the satellite datasets listed in Table 3-1 are Level-2 data, either publicly accessible or already
available to the partners of the World Emission consortium. These datasets consist of multi-annual
measurements made by satellite instruments achieving a (near-)global coverage on a daily basis. The
data are available as total or tropospheric columns, and as vertical profiles for some instruments. Hence,
these satellite datasets are suitable for inversion of gas emissions and allow fulfilling the goals of World
Emission.

Specifically, the comprehensive TROPOMI CH4, OCO-2 and OCO-3 CO;, OMI and TROPOMI NO;, and
IASI NH; satellite products are used to generate top-down emission fluxes at three different scales, i.e.,
for point sources and hotspots, regions of interest, and at the global scale. The recent TROPOMI SO,
product will serve to inverse fluxes globally and for a large suite of hotspots, whereas the CO products
from the TROPOMI, IASI and MOPITT instruments will be assimilated by models to produce global and
regional emissions. Regarding the NMVOC species, top-down emissions of anthropogenic point sources
(mainly in Asia) will be derived from the IASI CHs;OH, C,H, and C,H4 products. Moreover, the IASI
CH30H, and TROPOMI HCHO and CHOCHO data will be used to evaluate model results and could provide
additional constraints on isoprene emissions. The different methods that will be implemented to calculate
the top-down fluxes and assimilate the satellite data are described in the next sections (3.3, 3.4 and
3.5).
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Table 3-1. Overview of the satellite datasets for emission inventories used in the project and their availability.

Available at / from Reference

Data Data Product
level

Available

time period

Spatial
coverage

Temporal

resolution

Data type
/ units

CO2 0CO-2 ACOS bias- 2014-ongoing global daily total column | https://oco2.gesdisc.eosdis. | https://docserver.gesdisc.eosdis.nasa.gov,
corrected L2 nasa.gov/ public/project/OCO/0OC0O2 OCO3 B10 DUG.p
retrievals df

0CO-3 ACOS bias- 2019-ongoing global daily total column | https://oco2.gesdisc.eosdis. | https://docserver.gesdisc.eosdis.nasa.gov/
corrected L2 nasa.gov/ public/project/OCO/OC0O2 OCO3 Bi10 DUG.p
retrievals df

CH4 TROPOMI Level 2 Offline | 2019-ongoing global daily concentrations | C. Giron, Kayrros Lauvaux et al. (2022), Science, 375 (6580),
Methane (limited (total column | (c.giron@kayrros.com) 557-561,
mixing ratio quality over ppb) https://doi.org/10.1126/science.abj4351
bias corrected water and

tropics)
co IASI FORLI-CO 2007-ongoing global daily total column | Through the AERIS portal at | Hurtmans et al. (2012), J. Quant. Spectrosc.
v20151001 and profiles https://iasi.aeris- Ra., 113, 1391-1408,
data.fr/co/ https://doi.org/10.1016/j.jqsrt.2012.02.036
George et al. (2015), Atmos. Meas. Tech., 8,
4313-4328,
https://doi.org/10.5194/amt-8-4313-2015
MOPITT-v8 2000-Dec global 2-3 days total column | Through NASA’s EarthData | Deeter et al. (2019), Atmos. Meas. Tech., 12,
2021 and profiles portal at 4561-4580,
https://earthdata.nasa.gov/ | https://doi.org/10.5194/amt-12-4561-2019
MOPITT-v9 2000-ongoing global 2-3 days total column | Through NASA’s EarthData | Deeter et al. (2022), Atmos. Meas. Tech., 15,
and profiles portal at 2325-2344, https://doi.org/10.5194/amt-15-
https://earthdata.nasa.gov/ 2325-2022, 2022.
TROPOMI To be decided | 2018-ongoing global daily total column Copernicus Open Access | Veefkind et al. (2012), Remote Sen. Environ.,
in the course Hub at 120, 70-83,
of the project https://scihub.copernicus.e https://doi.org/10.1016/j.rse.2011.09.027
u/ Landgraf et al. (2016), Atmos. Meas. Tech.,
9, 4955-4975,
ggzgizt;;ay https://doi.org/10.5194/amt-9-4955-2016
end of phase 2
but no
inversion
based on
TROPOMI CO
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Species Satellite Data | Data Product Available Spatial Temporal Data type Available at / from Reference
instrument level time period coverage | resolution / units
NOx OMI 2 OMI-QA4ECV 2004-March global daily tropospheric | Through the QA4ECV portal | Levelt et al. (2006), IEEE T. Geosci. Remote,
2021 column at https://doi.org/10.1109/TGRS.2006.872333
http://www.qga4ecv.eu/ecv/ Boersma et al. (2017), [Data set], KNMI,
no2-pre/data (the QA4ECV http://doi.org/10.21944/qad4ecv-no2-omi-
product has been vi.l
interrupted intentionally in Zara et al. (2018), Atmos. Meas. Tech., 11,
March 2021. The next OMI 4033-4058,
product targeted for the https://doi.org/10.5194/amt-11-4033-2018
regional inversions (OMI
“collection 4") is not
available yet but its
distribution is currently
planned within few months.
TROPOMI 2 OFFL v02 Jul 2021- global daily tropospheric Copernicus Open Access Veefkind et al. (2012), Remote Sen. Environ.,
ongoing column Hub at 120, 70-83,
https://scihub.copernicus.e https://doi.org/10.1016/j.rse.2011.09.027
u/ Copernicus Sentinel-5P (processed by ESA),
2021, TROPOMI Level 2 Nitrogen Dioxide total
column products. Version 02. European Space
Agency. https://doi.org/10.5270/S5P-
9bnp8q8
PAL 2018-Nov global daily tropospheric https://data-portal.s5p- Veefkind et al. (2012), Remote Sen. Environ.,
2021 column pal.com 120, 70-83,
https://doi.org/10.1016/j.rse.2011.09.027
Eskes et al., https://data-portal.s5p-
pal.com/product-
docs/no2/PAL_reprocessing_NO2_v02.03.01_
20211215.pdf
v2.4 2019-ongoing global daily tropospheric Copernicus Open Access Van Geffen, J., Eskes, H., K.F., B., and
column Hub at Veefkind, J.: TROPOMI ATBD of the total and
https://scihub.copernicus.e | tropospheric NO2 data products, Tech. rep.,
u/ https://sentinel.esa.int/documents/247904/2
476257/sentinel-5p-tropomi-atbd-no2-data-
products, 2022
SO2 TROPOMI 2 COBRA 2018-ongoing global daily total column COBRA SOz data provided | Theys et al. (2021), Atmos. Chem. Phys., 21,
by N. Theys 16727-16744,
(nicolas.theys@aeronomie.b | https://doi.org/10.5194/acp-21-16727-2021
e); included in the S5P PAL
since summer 2022
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Reference

Species

NHs IASI 2 Level 2, 2007-ongoing global daily total column M. Van Damme, ULB Van Damme et al. (2021), Environ. Res. Lett.,
reanalyzed (Martin.Van.Damme@ulb.be 16, 055017,
with the ERA-5 ) https://doi.org/10.1088/1748-9326/abd5e0
meteorological L. Clarisse, ULB
fields (lieven.clarisse@ulb.be)

CH3OH IASI 2 Level 2, 2007-ongoing global daily total column B. Franco, ULB Franco et al. (2018), J. Geophys. Res. -
reanalyzed (bruno.franco@ulb.be) Atmos., 123, 13963-84,
with the ERA-5 L. Clarisse, ULB https://doi.org/10.1029/20181D029633
meteorological (lieven.clarisse@ulb.be)
fields

Cz2H2 IASI 2 Level 2, 2007-ongoing global daily total column B. Franco, ULB /
reanalyzed (limited (bruno.franco@ulb.be)
with the ERA-5 quality over L. Clarisse, ULB
meteorological water) (lieven.clarisse@ulb.be)
fields

CzHa4 IASI 2 Level 2, 2007-ongoing global daily total column B. Franco, ULB Franco et al. (2022), Nat. Comm., 13, 6452,
reanalyzed (limited (bruno.franco@ulb.be) https://www.nature.com/articles/s41467-
with the ERA-5 quality over L. Clarisse, ULB 022-34098-8
meteorological water) (lieven.clarisse@ulb.be)
fields

HCHO OMI 2 2004-ongoing global daily tropospheric | Through the QA4ECV portal | De Smedt et al. (2017), [Data set], QA4ECV,
QA4ECV column at https://doi.org/10.18758/71021031

http://www.ga4ecv.eu/ecv/
hcho-p/data
TROPOMI 2 To be decided |2018-ongoing global daily tropospheric Copernicus Open Access https://sentinels.copernicus.eu/web/sentinel/
in the course column Hub at data-products/-
of the project https://scihub.copernicus.e |/asset_publisher/fp37fc19FN8F/content/sentin
u/ el-5-precursor-level-2-formaldehyde

One test may
be done by
end of phase 2
but no
inversion of
isoprene
emissions
based on
TROPOMI
HCHO
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3.3. ASSESSMENT OF POINT SOURCE TOP-DOWN INVERSION MODELS
AND DESCRIPTION OF THE ALGORITHMS USED IN WORLD
EMISSION

3.3.1. INTRODUCTION

The purpose of this section is to review existing inventories of point sources for the considered species.
The methods for the point source inventories to be included in the World Emission platform are detailed
and, when alternative inventories are available, a comparative analysis is conducted.

The inventories considered in this comparative analysis are point source inventories derived from
spaceborne sensors. The species considered are CO3, CH4, NOy, SO, NH3, C;Hz, C2Hs and CH3OH.

3.3.2. METHANE (CH4) POINT SOURCES INVENTORY

The methodology used to build the World Emission methane point sources is detailed in the peer-
reviewed research article [RD.1]. The World Emission methane point sources inventory is based on the
TROPOMI data. TROPOMI is a hyperspectral sensor onboard the Sentinel-5P satellite which orbits the
earth on a near-polar, sun-synchronous trajectory and senses most of the Earth surface on a daily basis
by means of its 2600-kilometer-wide swath. Its ground sampling distance is 5.5 x 7 km.

3.3.2.1. POINT SOURCES INVERSION

The method consists of a detection phase and a quantification step. In the detection phase, each
TROPOMI Level-2 methane mixing ratio bias corrected data product is processed in a detection pipeline
relying on classical computer vision techniques. The images are first reprojected on a regular grid in
GPS coordinates using the standard GDAL library [RD.2]. Reprojected image pixels are filtered to only
take into account the measures that results from interpolation of high-quality pixels (QA-value above
75). The computed-vision operations hereafter applied to detect methane plumes are the following:

1. the image is denoised using gaussian filtering;

2. local methane anomalies are identified and delineated using patch-based anomaly detection. On
each patch, an anomaly map is defined as AnomalyMap = Patch — background — k %
StandardDeviation and anomalies at defined as contiguous pixels flagged by an a contrario
anomaly detection;

3. contiguous but distinct methane plumes are disentangled using sharpening kernel based saddle
point detection. The saddle points are emphasized by applying to the image a convolutional
kernel of size (3, 3) for which sum of coefficients is 0, the center pixel is negative and the
surrounding pixels are equal and positive. The convoluted image will have higher values at local
minima and saddle points. Local minima are by definition not part of methane plumes, and
saddle point are possible delineations between two contiguous plumes (see Figure 3-2);

Methane plumes automatically detected are subjected to human check. The purpose of this human check
is to remove spurious detections, by checking that the plumes is consistent with the wind direction at
acquisition time (from ECMWF-ERA5 meteorological data - computing angle between plume direction
and wind direction, and asserting that it is below some threshold) and that there is no substantial
correlation between the methane plume detected and the albedo measure retrieved as an auxiliary
information in the TROPOMI Level-2 data product. The detection phase is illustrated in Figure 3-1.
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Figure 3-1: Methane plume detection algorithm. Top: Sentinel-5P Level-2 methane mixing ratio bias
corrected data. Bottom-left: mask of the methane anomaly detected at step (2) of the detection
algorithm. Bottom-right: 2 methane plumes are disentangled after step (3) of the detection algorithm.
Source: [RD.1].

Each plume validated after the detection phase is tentatively quantified. For that purpose, the following
processing pipeline is applied:

1. An approximate source location is inferred by following the upwind direction from the centroid
of the detected plume polygon to one of the edges;
2. HYSPLIT [RD.3] forward point source simulations are run and emission flux rates are estimated

using the mass balance method [RD.4]. The mass balance estimate is given by Q = Quw X ﬁ,

where Q, Qw, X and Xw are respectively the observed flow rate, the flow rate used in the
simulation, the observed methane enhancement within the plumes mask and the simulated
methane concentration within the plume mask;

3. Human check is performed to assess the validity of the mass balance method (quantification is
considered spurious if wind speed is too high or low, if simulated and observed plumes are not
collinear, or if the methane anomaly detected is likely to have originated from distinct and
distant point sources).

At step 2., the HYSPLIT model is run in concentration mode on a 0.01x0.01 degree grid. Gaussian puffs
(in the horizontal direction) representing a fixed amount of CH4 are released continuously. The Planetary
Boundary Layer (PBL) in which these puffs are mixing is provided by the meteorological input fields.
2500 are released continuously during each simulated hour of emission. Releases start 7 hours before
sensing time, which has empirically been found sufficient to simulate plumes in steady state. If the
observed plume extends beyond the simulated plume, new simulations are performed with earlier
release times until the plume length matches the observed one. The particles are released at 10 meters
above ground level to account for high-pressure injection heights. This is also consistent with the height
of devices found to be responsible of point-source emissions observed on TROPOMI images (e.g. flaring
stacks, pipeline compressor station, coal mine ventilation air-methane devices). Meteorological data
used as input for the HYSPLIT simulations are retrieved from the Global Forecast System (GFS) by the
National Centers for Environmental Prediction (NCEP) at 0.25-degree and hourly resolutions. When GFS
is not available on the NOAA FTP server, we rely on the Global Data Assimilation System (GDAS)
meteorological data from NCEP at 1-degree and hourly resolutions.

Further details on the transport model parameters and human check process are given in [RD.1]. Figure
3-2 illustrates the detection and quantification process.
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Figure 3-2: Methane plume detection and quantification. Left: Sentinel-5P Level-2 methane mixing ratio
bias corrected data. Center: polygon of two methane plumes detected is overlaid on the TROPOMI
image. Right: corresponding HYSPLIT simulations from which flux rates are determined. Source:
[RD.1].

The results of the flux rate inversions have been shown consistent with reported data and scientific
literature (see [RD.1] for more details).

The following table summarises the features of the output of the methane point source inversion.

Table 3-2: Methane plume detection and quantification

Feature Value

Satellite data used TROPOMI Level-2 methane mixing ratio bias corrected data product

Coverage Global, onshore, mid-latitudes regions ([20, 55] degrees and [-40, -20]
degrees latitude)

Revisit Daily

Detection threshold 5 to 25 metric tons of methane per hour (subject to location and wind speed)

Uncertainty on flux rate estimates +/- 50% relative uncertainty on average

3.3.2.2. ERROR ANALYSIS

Uncertainty in source rate estimation mainly stems from uncertainty in the model input parameters. For
a set of parameters responsible for flow rate estimates uncertainty, we build an ensemble of estimates
with independent variations in those parameters. We apply this ensemble of estimates to a random set
of 200 plumes to derive sensitivity intervals. Assuming that these parameters affect independently the
flux rate estimates, the standard deviation of the flow rates estimates computed with respect to each
varying parameters are then summed in quadrature to derive the sensitivity intervals:

2 2 2 2
a = a a a + T +a
total \/ location + Mmeasure + weather of fset hour hack ground

The parameters for which ensembles of estimates are computed are the following:

— longitude and latitude of the source location varies on a 0.1 * 0.1 degrees grid to account for
the uncertainty in estimating the point source location;

— meteorological data: to account for the uncertainties in meteorological data, simulations are
performed using both the GDAS-1 and the GFS-0.25 data sources;

— HYSPLIT simulations start time is offset by +/- 2 hours with hourly sampling;

— Background methane concentration is computed using various methods (mean and median, with
and without and exclusion window);
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TROPOMI measurement error, taken from the data product methane_mixing_ratio_precision, is
propagated through the quantification procedure to estimate the sensor measurement error.

The results of this ensembling approach are shown by Figure 3-3. Details on the procedure are given in

[RD.1].

Relative uncertainty on flow rate estimates

Count

[TTH] B =

Percentage

Figure 3-3: Relative uncertainty on flux rate estimates. Median relative uncertainty is 45%.

3.3.2.3. ALTERNATIVE METHODS AND INVENTORIES

No top-down point source inventory combining the same features is available in the literature. However,
some methods and projects tackle similar issues.

3.3.3.

Flux rate quantification method: the mass balance method could have been replaced by the
Integrated Mass Enhancement (IME) method of the Cross-Sectional Flux (CSF) methane, as
developed in [RD.5]. Those two methods have the benefit of relying on wind data only, whereas
the mass balance method relies on a transport model (in this case, HYSPLIT), hence being
heavier to run. The mass balance method is however robust when part of the methane plume
is missing, which is frequently observed on TROPOMI data (see Figure 3-2 for example). The
IME would not apply in such situations, whereas the CSF would require proper wind conditions.
High-resolution methane point-sources inventories: [RD.6] and [RD.7] provide high-
resolution spaceborne methane plumes inventories, respectively based on multispectral and
hyperspectral satellites. Due to their revisit periods (few days at best, pushbroom acquisition
for multispectral satellites, tasking for hyperspectral), such satellites cannot provide a
comprehensive, global inventory with daily revisit. However, they provide facility-level
attribution of the emissions (against more than 15 km of uncertainty of source with TROPOMI
inversions) and their detection threshold can be as low as 1 to 10 metric tons per hour for
multispectral satellites and a few hundreds of kilograms per hour for hyperspectral satellites.
Local anomaly detection: [RD.8] provides local methane anomaly detections based on the
difference between methane concentrations simulated by the CAMS model and methane
concentrations retrieved from TROPOMI data products. This approach uses time-averaged
TROPOMI observation whereas the World Emission approach works on single images, hence
providing daily refresh [RD.8] does not focus on quantification and indistinguishably detects
anomalies that can be due to point source or diffuse surface emissions.

CARBON DIOXIDE (CO2) POINT SOURCES INVENTORY

Methods used in World Emission to estimate CO, emissions from cities and industrial complexes are
detailed in the peer-reviewed research articles ([RD.9], [RD.10], [RD.11]). These inventories rely on
quality-filtered XCO2 bias-corrected data from the OCO-2 satellite and the OCO-3 sensor. OCO-2 orbits
Earth in polar, sun-synchronous orbits and has a narrow, 2-10 kilometer-wide swath and a 16-day
orbital cycle, and its GSD is below 3 km. OCO-3 is a similar sensor onboard the International Space

Station.

3.3.3.1. POINT SOURCE INVERSION

The World Emission data-driven approach to provide flux-rate estimates of urban and industrial areas
without relying on 3D transport models is developed in [RD.9][RD.10][RD.11]. This method includes 4
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stages. The first and second stages consist in selecting 200-kilometer-wide segments of OCO tracks on
which point source inversion can be performed. The third stage restricts the number of processed
segments to the vicinity of industrial and urban emitters. The last stage quantifies the emission flux
rate.

In the first step of the inversion process, OCO-2 and OCO-3 quality-filtered retrievals containing
substantial XCO2 anomalies are selected. This step is executed within 200-kilometer-long segments by
flagging XCO; retrievals significantly different from the median value.

In the second step, the hypothesis that the emission plume can be shaped with a bell curve on top of a
linear background is tested. The soundings are represented by their XCO; retrievals and by their position
along the satellite track: their across-track position is ignored, the satellite narrow swath being used
only to damp retrieval noise. A restriction to the soundings of the dominant surface type (land or water)
mainly skips the artificial discontinuities in the retrievals linked to the corresponding changes in the
surface albedo. The adjustable parameters are the standard deviation and the height of the Gaussian,
and the slope and offset of the line. The centre of the peak is positioned in the middle of the 200 km
moving window and is not adjusted. This procedure was implemented by [RD.10], and then refined and
automated in [RD.9] and [RD.11], including a series of quality control criteria related to the values of
the adjusted parameters, the quality of the fit and the data density. Figure 3-4 illustrates the track
selection and background removal processes.
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Figure 3-4: track selection for CO2 flux rate quantification. (a) and (b) display the XCO2 data product
retrieved by OCO-2. (c) shows the XCO2 value along-track after quality filtering. (d) displays XCO2
enhancements after background removal. (e) shows XCO2 values as modelled by the Gaussian
framework. Source: [RD.10]

In a third step, relevant use cases are selected based on their proximity to industrial emitters so that
only fresh plumes are kept. The fourth step consists of quantifying the emission flux rate. This is
performed by applying CSF ([RD.5], [RD.8], [RD.10]), by assuming steady wind conditions and using
the ECMWF-ERAS5 meteorological data.

Table 3-3: CO2 point sources detection and quantification

Feature Value

Satellite data used OCO-2 and OCO-3 quality-filtered XCO: bias-corrected retrievals
Coverage Global, but the spatial density is biased towards China and India
Revisit 16-day orbital cycles but eligible tracks are subject to restrictive data selection.

Empirically, 313 OCO-2 enhancements and 38 OCO-3 enhancements have been
selected in respectively 7 years (2014-2021) and 2 years (2019-2021)
[RD.11].
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Feature ‘ Value
Detection threshold 1 ktCO2/h per 0.1 deg grid cell

Uncertainty on flux rate estimates | Mostly random, 50% standard deviation

3.3.3.2. ERROR ANALYSIS

The quantification process has been compared, in Chinese cities, to the MEIC emission inventory and
shows consistency up to a factor of two [RD.10]. In [RD.11], estimated flux rates are attributed and
compared to EDGAR 6.0 grid cells for which emissions exceed 1000 metric tons per hour; a
determination coefficient about 0.4 is found for flux rate estimates from both sensors. The study
estimates that the emission retrieval typically has a 1-sigma relative uncertainty of 30-60%.

3.3.3.3. ALTERNATIVE METHODS

Some pioneer papers have focussed on the plumes from a few specific emission hotspots, also with a
cross-sectional approach ([RD.12] and [RD.13]), but we are not aware of any other work at the global
scale based on real data.

3.3.4. NITROGEN OXIDES (NOX) AND SULPHUR DIOXIDE (SO2) POINT
SOURCES INVENTORIES

3.3.4.1. NOX

The methodology used to identify and quantify NOx point sources is based on the continuity equation:
the divergence, i.e. spatial derivative, of the horizontal flux, directly yields local sources and sinks. The
basic idea was introduced and applied to some selected regions in [RD.14], and a global catalog of NOy
point source emissions (v1) was presented in [RD.15].

Within the World Emission project, an updated catalog (v2) of NOx point source emissions was compiled.
The update includes several improvements of the algorithm, resulting in higher (and more realistic) NOy
emissions compared to [RD.15]. Below we provide a summary of the input data and the processing
steps for the NOx point source catalog v2. Further details can be found in a dedicated description of the
catalog v2 data product [RD.16].

Datasets
The NOx point source catalog v2 is based on the following input data:

- Vertical Column Density (VCD): TROPOMI nitrogen dioxide tropospheric columns are taken from
the PAL product [RD.17], a consistently reprocessed dataset covering the period May 2018-
November 2021. Due to the improved cloud product used in the PAL processor versions, NO-
columns are about 10%-40% higher than for the offline product versions used in [RD.14].

- Wind fields: Horizontal wind fields are taken from ECMWF.

- Ozone (needed for upscaling NO, to NOy): An Ozone climatology is compiled from a global
chemistry model [RD.18].

- Power Plants: The Global Power Plant Database (GPPD) [RD.19] is used in order to automatically
look for matches of the detected point sources.

- Cities: A world city database (WCD) [RD.20] is used in order to automatically match the detected
point sources with cities.

Data processing
Data processing consists of the following steps:

- Air Mass Factor (AMF) correction: As the spatial derivative is sensitive for the excess column
added by the point source, while the local background is intrinsically removed, the operational
VCD is corrected according to the averaging kernel (AK) at the assumed plume height of 500 m
above ground. For NO3, this correction is 1.61 on average.
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- NO; to NOx: The tropospheric NO, VCD is upscaled to NOx assuming photo stationary state based
on (a) photolysis frequency parameterized by the SZA, (b) reaction rate constant for [NO]+[Os]
parameterized by temperature, and (c) Ozone mixing ratio taken from a model climatology
[RD.18]. The NOx/NO; ratio has been found as 1.38 on average.

- Advection: In [RD.14], the divergence D:=V-(wV) was calculated, with horizontal wind field w
and VCD V. According to product rule, this equals D = (V-w)V + w-(VV). The first term
represents the divergence of the wind field multiplied with the VCD. As we are interested in
detecting changes caused by emissions rather than wind divergence, however, we skip this term
in v2 of the catalog and only consider the second term A:= w-(VV), i.e. the scalar product of
horizontal wind fields and the spatial gradient of the VCD. This term is denoted as “advection”
in meteorology (in the meaning of “the rate of change of the value of the advected property”,
[RD.21]). Note that this has almost no impact on the resulting emission estimate, as the
temporal mean divergence of wind fields (at 500 m above ground) is negligible.

- Derivative on TROPOMI grid: As proposed in [RD.22], the spatial derivative is now calculated
on the original TROPOMI grid (along-track x across-track) which avoids steps in the gridding
process which caused spikes in the derivative in vl [RD.15].

- Topographic correction: As shown by [RD.23], the simplification of assuming horizontal
transport only (2D perspective) is not appropriate in case of inhomogeneous terrain. [RD.23]
derives a topographic correction term that takes into account spatial gradients of surface
elevation: Cwpo = V/H w-(Vzy), with H being the NOx scale height. We applied this correction for
the catalog v2, which improves the quality of the resulting maps and the respective emission
estimates over mountains.

- Gridding & averaging: Advection (corrected for topography) is calculated per orbit, gridded on
a regular 0.025° grid, and averaged over time (monthly, annual, and full period mean).

- Point source identification: Based on the temporal mean advection map (full period), point
sources are identified in an automated iterative process. Local advection maxima are considered
as point source candidates, whereby locations with spatial gaps, large negative advection
around, or spatially extended peaks are rejected due to insufficient data, artifacts not consistent
with the assumptions made, or area sources, respectively. 50000 iterations (i.e. candidates)
have been processed for v2 of the catalog.

- Emission estimate: Point source emissions are derived by integrating the mean advection map
spatially within 15 km. This approach has proven to be far more robust than the Gaussian peak
fitting applied in [RD.15], and allows to quantify also annual or even monthly emissions for point
sources with good statistics (i.e., cloud free conditions).

- Lifetime correction: An explicit correction of the chemical loss is applied based on the integrated
loss during the residence time of the point source plume within the considered 15 km radius.
For this purpose, NOy lifetimes were parameterized as function of latitude as reported in
[RD.24]. The lifetime correction factor has been found to be 1.40 on average.

The catalogue of NOyx emissions v2 [RD.16] lists 1139 “point sources” which include power plants,
cement plants, industrial complexes, or small cities.
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Figure 3-5: Sample maps of the temporal mean advection, corrected for topography, for (a) the first
candidate classified as point source, i.e. the Secunda coal liquefier (South Africa), (b)
NiederauBem/Neurath power plants (Germany), (c) the Navajo power plant (USA), and (d) the
candidate with lowest derived emissions, i.e. the Al Yamama cement factory (Saudi Arabia). Results of
the candidate classification are indicated by triangles for point sources and circles for area sources.
The large dashed circle reflects the 15 km radius used for candidate classification procedure as well as
for spatial integration. Note the different color scales. Source: [RD.16]

Table 3-4: NOx and SO: point sources detection and quantification

Feature NO. s

Satellite data used | TROPOMI Level-2 nitrogen dioxide TROPOMI Level-2 sulfur dioxide total vertical
tropospheric column data product (PAL) column data product (COBRA)
Coverage Global, excluding polar regions (50°S to Global, excluding polar regions (50°S to
72°N, SZA < 65°), subject to cloud 72°N, SZA < 65°), subject to cloud
coverage and adverse atmospheric coverage and adverse atmospheric
conditions. conditions
Temporal averages Full period, annually (default), monthly (good conditions only)
Detection threshold | 3 kt / year [RD.1]
(1 kt / year for good conditions)
[RD.14]
Uncertainty on flux | +/- 50% relative for individual point +/- 50% relative on average
rate estimates sources; [RD.27][RD.28]
+/- 20% on average
[RD.14]

3.3.4.2. ERROR ANALYSIS

In the NOy catalog v2 [RD.16], the uncertainties of the individual processing steps are considered, and
a total error is calculated by error propagation and included in the catalog. Typical relative errors are
about 20%-40%.

In addition, there are potentially systematic errors which are hard to quantify (and are thus not included
in the provided error):

- uncertainty of wind fields: as discussed in [RD.14], statistical as well as systematic errors in wind
direction both result in a systematic low bias, as the actual transport in the true wind direction is
underestimated. This effect was estimated to be about 3% for Riyadh, and was thus ignored in [RD.16].
However, the impact might be stronger in particular for point sources where wind speeds are generally
low.

- mountains: In addition to higher uncertainties in wind fields, also 3D effects of transport come into
play as soon as the terrain has spatial gradients. The consideration of the topographic advection term
[RD.23] improves the advection maps over mountains significantly. However, there are still some
artifacts (both positive and negative) remaining. For further improvements, wind fields with better
spatial and/or temporal resolution should be used in future.

- 3D effects of radiative transfer for power plant plumes: AMFs are usually calculated for a-priori trace
gas profiles without the consideration of horizontal gradients and applying the independent pixel

World Emission © GMV 2023, all rights reserved D3 - ALGORITHM THEORICAL
BASIS DOCUMENT (v3)



09 0 Code: D3-ATBD-V3

e 0 Date: 27/10/2023
i esaly - &
W 0 Version: v2.0

= Page: 32 of 71

approximation. With TROPOMI, however, pixel size becomes so small that 3D effects of radiative transfer
matters. As shown in [RD.25], horizontal light paths lead to a smearing out of the satellite observations
of a confined plume: VCDs of plume pixels are generally biased low when derived with a 1D AMF, while
neighbouring pixels are biased high. Note, however, that this effect is slightly dampened by the spatial
integration within 15 km applied in the catalog v2. For an accurate quantitative estimate and potential
correction, further studies are required that take the specific geometry of power plant plumes into
account.

- Spatial integration: It has to be kept in mind that the reported emissions are derived by spatial
integration within 15 km radius. Any other NOx source within this radius will thus contribute to the
emission estimate.

Overall, we estimate the uncertainty of the updated emissions to about 50% for individual point sources,
and about 20% on average.

3.3.4.3.50;
[Major update with respect to previous version]

The identification and quantification of SO, point sources uses the same methodology as for NOy.
The workflow was slightly modified where necessary and some processing steps (e.g., the upscaling
of NO2 to NOy) are obsolete for SO,. The detailed workflow settings are described below.

Datasets

The SO; point source catalog is based on the following input data:

e Vertical Column Density (VCD): TROPOMI sulfur dioxide total vertical columns are taken
from the COBRA product [RD.26], a consistently reprocessed dataset covering the period
May 2018-July 2022. Due to an improved SO, retrieval scheme used in the COBRA product,
noise and biases in the SO, columns are reduced significantly. The data is available on
request and was kindly provided by Nicolas Theys.

e Auxiliary data: Additional variables needed for the data processing workflow are taken from
the operational TROPOMI SO; product (e.g. averaging kernels, surface altitude, and 10 m
wind components (for topographic correction)).

e Wind fields: High resolution (0.25°) horizontal wind fields are taken from ECMWF and
interpolated to a height of 500 m (default) and 300 m (error analysis).

e Power Plants: The Global Power Plant Database (GPPD) [RD.19] is used in order to
automatically look for matches of the detected point sources.

e (Cities: A world city database (WCD) [RD.20] is used in order to automatically match the
detected point sources with cities.

Data processing

Data processing consists of the following steps:

Data selection: To keep the data of the best quality, only TROPOMI pixels associated with a quality
assurance value above 0.5 are used. This includes e.g., a solar zenith angle restriction to below
60°, a radiometric cloud fraction lower than 30%, and excluding the 50 outermost rows at the swath
edge.

e SO, artefact removal: in cases where the SO, signal is very strong (e.g., volcanic SO) the
covariance matrix used in the COBRA algorithm for the derivation of SO, VCDs is corrupted
and may lead to stripes in the data. In order to account for this, the median of the along-
track VCDs is calculated for each cross-track position. If a threshold value of 2.85 DU is
exceeded, the affected ground pixel is omitted for the whole orbit.

e Air Mass Factor (AMF) correction: see section 3.3.4.1 The AMFs are taken from the COBRA
product while the averaging kernels (AKs) from the operational SO, product are used, since
this information was not provided in the COBRA dataset.
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Advection: see section 3.3.4.1
e Derivative on TROPOMI grid: see section 3.3.4.1

e Topographic correction: see section 3.3.4.1 The surface altitude (z0) and 10-meter wind
components (combined in the variable w) are taken from the operational product.

e Gridding & averaging: see section 3.3.4.1

e Point source identification: Based on a 2-dimensional median smoothed temporal mean
advection map (full period), point sources are identified in an automated iterative process
analog to section 3.3.4.1 The median smoothing is necessary for SO, as the SO, VCDs are
generally noisier than for NO;, therefore the averaged advection is noisier as well. The SO;
algorithm would run much longer and miss out potential point sources. Instead of 50000,
100000 iterations (i.e., candidates) have been processed for the catalog to increase the
number of potential point sources even further.

e Emission estimate: see section 3.3.4.1

e Lifetime correction: An explicit correction of the chemical loss is applied based on the
integrated loss during the residence time of the point source plume within the considered
15 km radius. For this, a SO; lifetime of 6 hours is assumed [RD.28].

The catalogue of SO, emissions lists 130 “point sources” which include power plants, smelters, oil
and gas industry, or industrial complexes.

In the SO, catalog, just as for NOx, the uncertainties of the individual processing steps are
considered, and a total error is calculated by error propagation and included in the catalog. Typical
relative errors are about 33%-50%.

The systematic errors of the NO, and SO; catalog are discussed in 3.3.4.2.

3.3.4.4. ALTERNATIVE METHODS AND INVENTORIES

On NOx, some methods and projects tackle similar issues and deal differently with the sink term:
In [RD.13] and [RD.14], the chemical loss due to the reaction of NO, with OH is described by a first-
order time constant and is estimated directly from the NO, measured column itself. In [RD.13] the first-
order time constant is derived empirically from the NO> downwind plume evolution whereas in [RD.14],
NO,, NO, and OH fields from The Copernicus Atmospheric Monitoring Service (CAMS) are used in the
computation of the first-order time constant. In [RD.24], the chemical loss of NOx is determined
empirically from the mean downwind decay under particular consideration of potentially interfering NOx
sources.

On SO, a point source inventory is provided in [RD.11]: For potential point sources, all SO, quality-
filtered observations are rotated according to ECMWF wind fields, and temporally averaged. An
exponentially modified Gaussian is then fitted to the mean rotated SO, observations after background
correction.

In addition, a method has been developed in [RD.15] to quantify SO, emissions from MT. Etna volcano
using back-trajectory modelling with the PlumeTraj transport model instead of an empirical plume
model.

3.3.5. NOX FROM MEGACITIES AND CONURBATIONS

[Major update with respect to previous version]

For the quantification of NOx emissions from megacities and conurbations, the advection method is not
as sensitive as for point sources, as the emissions are distributed over a larger area, and spatial
gradients are not as strong. In addition, effects of the chemical loss of NOx are more important, as
longer distances have to be considered.

Thus, a different approach is used for determining both the effective NOx lifetime and NOx emissions
from megacities, which is based on the works of [RD.29], [RD.30] and [RD.31]. The key idea is to (a)
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sort the observations by wind direction and (b) derive the NOx lifetime and NOx emissions from the
downwind evolution of the NO2 plume.

In [RD.29], megacities are considered as single source with a spatial distribution that can be described
by a Gaussian function. This is only applicable for isolated megacities without interfering emissions
around; [RD.29] could derive emissions for 8 megacities and conurbations. In [RD.30] a modified
approach is proposed that works also for complex spatial distributions of multiple sources: The observed
pattern of NO2 columns at calm winds is used as proxy for the spatial distribution of emissions. From
the comparison of the respective patterns for windy conditions, the effective NOx lifetime can then be
derived (Figure 3-6). As shown in [RD.29], the emissions of 53 cities in the US and China could be
derived, with very good agreement to bottom-up inventories (9%=+49% meanzxstandard deviation).
Recently, the algorithm was refined further [RD.31] such that lifetime and emissions are derived in a
single step instead of the two step scheme in [RD.29].

Within World Emission, NOx emissions from megacities and conurbations were planned to be derived
based on the algorithm described in [RD.31][RD.31][RD.31]. During processing, however, we noticed
some shortcomings of this approach:

e The background level of NO2 VCDs is included as one fit parameter in [RD.30] and [RD.31].
However, we noticed that the background itself depends on wind direction in many cases, and
cannot generally be assumed to be the same for calm vs. windy conditions.

e The method requires sufficient observations for calm conditions; otherwise, no proxy for the
emission distribution is available. Note that the sorting of TROPOMI into 8 wind direction bins
plus calm is demanding with respect to sample size, even when multiple years of data are
considered.

e Even if only calm observations are considered, which still includes wind speeds up to 2 m/s,
column density patterns are smeared out compared to emission patterns, limiting the reachable
agreement between observation and forward model.

In order to account for these shortcomings, a modified procedure was developed. The basic idea is to
consider the spatial distribution of emissions also as fit parameters; in order to have sufficient
observations for a well constrained fit, the fit parameters (distribution of emissions, background and
lifetime) are derived from the combined observations for calm as well as two opposite wind directions.
Details of this approach are detailed in “Lifetime and emission fit” below.

3.3.5.1. DATASETS

The NOx hotspot emission catalog is based on the following input data:

e Vertical Column Density (VCD): TROPOMI nitrogen dioxide tropospheric columns are taken from
the PAL product [RD.17].

¢ Wind fields: Horizontal wind fields are taken from ECMWF.

e Cities: The world city database (WCD) [RD.20] is used in order to generate a list of hotspot
candidates. The NOx hotspot emission algorithm is applied to all cities with more than one million
inhabitants.

3.3.5.2. DATA PROCESSING

Data processing consists of the following steps:
e NO2 column densities (PAL product) are restricted to SZA<65°, VZA<56°, qa>0.75.
e NO: is upscaled to NO« the same way as for the point source catalog.

¢ NOx column densities are sorted into “calm” (wind speed below 2 m/s) and 8 wind direction
sectors (45° steps) based on ECMWF wind fields at 500 m above ground.

e All TROPOMI pixels are re- gridded on a regular lat-lon grid with 0.05° resolution.

e Temporal means are calculated. Since the NOx lifetime is one fit parameter, which is expected
to depend on season, the analysis is performed on seasonal basis. As the main impact of season
is expected to be that on the SZA, seasons are defined with respect to solstice, i.e., winter
(ND3J), spring (FMA), summer (M1J) and autumn (ASO).
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The temporal mean NOyx column density for the different wind sectors is shown
exemplarily in Figure 3-6 for Paris in summer.

e For each axis (west to east, southwest to northeast, south to north, and southeast to northwest),
the mean line density is calculated for calm, forward and backward wind direction, by integrating
the seasonal mean NOx column density maps in across-wind direction (+/- 50 km), yielding NOx
amount per length unit. Note that the VCD for calm is the same for each axis, but due to the
integration in across-wind direction, the line densities are different for calm for the 4 axes. The
resulting line densities for Paris in summer are displayed in Figure 3-7.

Note that in contrast to the point source emission catalog, no additional AMF correction is applied, since
for point sources the altitude of the excess plume is rather well constrained, which is not the case for
area sources. For megacities, on the other hand, it can be generally assumed that they are included in
emission inventories, and CTMs reproduce the NO: profiles reasonably well, and the calculated AK in the
PAL product are appropriate in most cases.
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Figure 3-6 Mean NOx distribution (summer) for Paris depending on wind direction. The central panel
displays the distribution for calm conditions (< 2 m/s). The surrounding panels show the respective
patterns for the 8 different wind sectors.
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Figure 3-7 Mean NOXx line densities (summer) for Paris depending on wind direction. The panels show
the different wind axis. For each axis, the line densities for calm (blue), forward (green) and backward
(purple) wind directions are displayed as straight lines. If the lifetime/emission fit succeeds, the
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corresponding fitted line densities are shown as dashed lines. The fitted emission density is displayed
in red. Fitted lifetime and emissions are provided as text in each panel.

3.3.5.3. LIFETIME AND EMISSION FIT

The lifetime and emission fit are performed for each axis separately based on the following forward
model:

Li(x) = E(x) * exp(-x/(wiT)) * exp(-x?/(252))+ b
The index i refers to the wind direction (calm, forward, backward).
Li(x) denotes the line density, i.e. the column integrated in across-wind direction.

E(x) represents the spatial density of emissions. It is considered to be the same for all 3 wind directions.
E(x) has the same unit as L(x) (mol per m) and corresponds to the line density that would be observed
if not wind transport would occur.

The symbol * indicates mathematical convolution. The first convolution term (to be truncated to x>0)
describes the downwind decay of the emitted NOx with the e-folding lifetime t which is converted to an
e-folding distance by multiplication with the mean wind speed wi.

The second convolution represents a simple Gaussian smoothing that accounts for smoothing effects
like e.g. temporal variations of wind speed. o is fixed to 7 km.

bi is the respective NOx background line density which can be different for different wind directions and
calm.

Based on the observed line densities, the distribution of emission densities E(x), lifetime t and
background b; are fitted simultaneously.

Figure 3-7 displays the measured (straight) and fitted (dashed) line densities for Paris in summer. The
fitted emission density is shown in red.

The emission rate of the considered hot spot is then derived by spatial integration of E(x) from -50 km
to +50 km (yielding total amount), divided by t (yielding emission rates in amount per time unit).

Finally, the results for the different axis are averaged, weighted by the number of contributing directions
for each axis (the more observations, the higher the weight) as well as the fit performance (the lower
the %2, the higher the weight).

3.3.5.4. SELECTION OF FIT RESULTS

The forward model described above allow to quantify the emission distribution and total emissions
around hotspots. However, for robust fit results, sufficient observations are necessary. As fit results for
insufficient data were often found to be dubious, the fit results are selected according to several strict
criteria:

e For individual axis, a fit is considered only if at least 2 directions have sufficient data (less then
10% spatial gaps in the seasonal mean column) and the difference in wind speed is sufficiently
large (4 m/s between calm and windy or 8 m/s between for- and backward wind).

e The emission results for the hotspot candidates are kept if no interfering emissions were found,
and the fit worked for at least one season with either one sector where all 3 directions are
available, or 2 sectors where 2 directions are available.

With these strict selection criteria, emissions were derived for 100 hotspots out of the original list of
700 cities with > 1 million inhabitants. Note that for most cities, emission estimates could only be
derived for 1 or 2 seasons.

3.3.6. AMMONIA (NH3), ACETYLENE (C2H2), ETHYLENE (C2H4) AND
METHANOL (CH30OH) POINT SOURCES INVENTORIES
Methods used to build existing NH3z point source inventories are detailed in peer-reviewed research

articles ([RD.32], [RD.33] and [RD.34]). Specifically, [RD.32] and [RD.33] present a NH3 point source
detection and quantification method that can be straightforwardly applied to C;H,, C;H4 and CH30H. The
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World Emission NH3, C;Hz, C;Hs and CH3OH point source inventories are built on IASI data products.
IASI is an infrared interferometer sensor onboard the Metop-A (2007-2021), Metop-B (2013-ongoing),
Metop-C satellite (2019-ongoing), which orbits the Earth on sun-synchronous, polar trajectories.

3.3.6.1. POINT SOURCES INVENTORIES

[Minor update with respect to previous version]

The point source inventories of NH3, C2H», C;Hs4 and CH30H have been established in two major steps,
one of identification and categorization (where the emission sector is attributed) and one of
quantifications, where the emission flux is estimated. Their application over the course of this project is
explained below.

The point source identification relies on oversampling [RD.33] and supersampling techniques [RD.32].
Relying on the availability of a large number of satellite observations, these techniques allow producing
averages at a much higher spatial resolution than the native resolution of the sounder by exploiting the
varying location, shape and orientation of the IASI pixels from successive overpasses. Indeed, after
successive satellite overpasses, the varying footprints on the ground of the satellite pixels overlap, and
sub-pixel information becomes exploitable. Therefore, for each target species, a large dataset of satellite
measurements is built that consists of the 2008-2020 IASI/Metop-A, the 2013-2020 IASI/Metop-B, and
the 2019-2020 IASI/Metop-C observations. Only the IASI data from the morning overpasses are used
here to take advantage of the larger sensitivity of the satellite measurements to the lower tropospheric
layers (thanks to a larger thermal contrast). Moreover, the observations affected by >10% cloud
coverage are discarded from the IASI datasets. We also excluded all the measurements outside the 60°
S-70° N latitudinal band, as those are typically affected by lower sensitivity, and because anthropogenic
gas emissions are limited in polar regions.

Oversampling consists in constructing a high-resolution sub-grid and assigning to each pixel of this sub-
grid the average of the IASI image values re-projected on this same sub-grid. The improvement brought
by the oversampling over a regular gridded average for the representation of a hotspot of a short-lived
pollutant from space, is highlighted in Figure 3-8 a and b. Supersampling is a refinement of the
oversampling technique, since oversampling usually tends to smooth observations and blurs the output.
The supersampling requires first the application of the wind rotation technique. This latter consists in
rotating each measurement of the satellite time series around the presumed source of the target species,
taking into account the daily horizontal wind direction. The result is a distribution of the measurements
in which the winds always blow in the same direction from the presumed gas emitter (i.e., the rotation
centre). This distribution is hereafter called the downwind average. An example of wind rotation applied
to an oversampled average of IASI measurements over a hotspot is presented in c. Compared to the
regular oversampling, the hotspot exhibits enhanced magnitude and a more concentrated plume of the
target species from the presumed source. The ECMWF ERAS5 daily horizontal wind fields, collocated with
the IASI measurements and interpolated vertically at the mid-height of the planetary boundary layer,
are used for the application of the wind rotation. The supersampling consists in repeating the wind-
rotated oversampling procedure and in correcting, at each iteration, the resulting oversampled average
according to the differences with the satellite observations. The application of the wind rotation
guarantees the homogeneity of the observation scene by removing most of the variability around the
point source [RD.32]. The supersampling is computed using an iterative algorithm (iterative back-
projection, IBP, [RD.35]) which partially corrects the smoothing effect generated by the oversampling.
In the first iteration, the supersampled image SS; is equal to the oversampled image OS;. After each
supersampling iteration, simulations of what the sensor would observe if SS; were the ground truth, are
computed (M;). In the kth iteration, the supersampled image is equal to the supersampled image
computed at iteration k-1 plus the oversampling of M; minus the oversampling of My-1. Full methodology
is detailed in [RD.32]. As illustrated in Figure 3-8d, the supersampling is more effective at smoothing
the background noise and at reproducing the real strength of the hotspot.
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Figure 3-8 Averaging techniques applied to C2H4 IASI measurements over Mengxi Park (Inner
Mongolia, China). a, Binned average on a 0.15° x 0.15° spatial resolution grid, b, oversampled average,
c, wind-rotated oversampling, and d, wind-rotated supersampling of the IASI C2H4 HRI at a 0.01° x
0.01° spatial resolution, around the hotspot of Mengxi Park (Inner Mongolia, China). At the latitude of
the hotspot (39.9° N), this corresponds to a grid resolution of 12.8 x 16.6 km (lon x lat) for a, and of
0.9 x 1.1 km for b-d. The coordinates of the presumed emitter, marked by a white square, is used as
the wind rotation centre. Here, the winds are realigned to the east (in the x direction). The area
delimited by the black dashed line is used to calculate the averaged downwind value. This figure is
taken from [RD.36]

To provide a global mapping of the gas emitters with the supersampling technique, we assume that
each location on Earth is a potential point source. Therefore, the wind-rotated supersampling is applied
successively to each grid cell of a high-resolution world map (typically 0.01°x0.01°) [RD.32]. For each
grid cell, the averaged value is calculated from the supersampled distribution, over an area downwind
of the emitter, by considering all the observations included in a box extending from 0 to 20 km in the
downwind direction and from -5 to +5 km in the orthogonal direction. Such box is illustrated by the
black dashed line in Figure 3-8d. This accounts for the gas transport and benefits both from the
supersampling/oversampling and from the wind rotation heuristics. In particular, supersampling is more
efficient than oversampling to reduce background noise and pinpoint emitting locations. As it is able to
resolve much finer spatial features, it also allows the discovery of small hotspots that would be difficult
to detect with the oversampling alone. This is illustrated in Figure 3-9, which present the NH3z hotspots
map on one location in North America. Compared to the first inventory based on oversampling [RD.33],
supersampling allowed doubling the number of NH3 point sources identified with IASI (now over 500
points sources have been identified and categorised).

Through a careful analysis of the supersampled high-resolution distribution of each species, local
enhancements of the target species, typically of 20-50km spatial extent, can be detected, which
correspond to hotspots. As an example, a zoom-in over an industrial valley in the Shanxi Province, China
(Figure 3-10), reveals a series of C,H4 hotspots associated with the presence of heavy and coal-related
industries. These hotspot maps are combined with visible airborne and spaceborne imagery, public data
sources such as infrastructure or emission inventories, to identify the emission point sources and classify
them in categories (see [RD.32] and [RD.36]). For each target species, a catalogue is built that includes
all the point sources detected with the IASI measurements and the category(ies) of emitters with which
they are associated.
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Figure 3-9: Oversampling and supersampling-based point sources map. Panel a shows the output of
applying oversampling over Canada. Panel b displays the output of wind-rotated supersampling. Black
circles represent identified point sources. Sources: [RD.32]

Once the point sources are detected, their flow rates E are quantified using the box model E = M/T, with
M the amount of gas (total mass) contained in the box and T the effective lifetime of the target species
([RD.37]; see [RD.33] and [RD.36] for details on its application to IASI NH3 and C,H4 data, respectively).
With this model, a steady state and first-order loss terms are assumed. The size of the box around the
point source is considered large enough to encompass most of the plume and to avoid the transport of
the target species out of the area. M is calculated directly from the 0.01° x 0.01° distribution of IASI
column measurements produced by the wind-rotated supersampling, using the coordinates of the
identified point source as the rotation point [RD.36]. The wind rotation allows concentrating the bulk of
gas by aligning the wind fields, while preserving the distance of the satellite measurements to the
identified emitter [RD.32]. To account for an ambient concentration of the target species in the area, a
column background is subtracted from the gas column distribution. As illustrated for a CzH4 hotspot in
Figure 3-11a, this background is calculated as the gas column averaged over a side band of the box
that is not affected by the transport plume. M is obtained from the resulting gas distribution (e.g., Figure
3-11b) by summing up the gas masses in each 0.01° x 0.01° grid cell. The effective lifetime T of each
target species is evaluated, based on the literature.

A prerequisite of this mass-balance approach for inferring the top-down emission fluxes from a point
source is that the representation of the hotspot, and in particular of the plume of pollutant, with the
IASI observations must be realistic enough. Therefore, depending on the target species, the inference
of top-down fluxes might not be doable for all the identified point sources. This is especially the case for
the NMVOC species, namely CH30H, C;H4 and C;H3, which are weak absorbers in the thermal infrared,
and for which the signal in the IASI observations is typically weaker than the signal of NHs (e.g.,
[RD.36]). For instance, in [RD.36] the top-down fluxes of C,;Hs were calculated only for 57 global
hotspots out of the >300 identified by IASI, i.e., for the hotspots with the highest detected signal and
for those presenting the largest contrasts relative to the surrounding background.
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Figure 3-10: IASI hyperfine resolution distribution, with hotspots and point-sources of ethylene. The

central panel shows a zoom-in of the 13-year IASI average of C2H4 on satellite visible imagery, over

an industrial valley of the Shanxi province, China. Hotspots are indicated with black squares. The side
panels give examples of close-up views on point-source emitters. Sources: [RD.36]
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Figure 3-11: Example of C2H4 flux calculation over Secunda (South Africa). The panel a shows the IASI
C2H4 column distribution produced by the wind-rotated supersampling, with the point-source
(Secunda, South Africa) delimited in white and the area used to calculate the C2H4 background level
shaded in semi-transparent. The panel b shows the IASI distribution after subtracting the background
column. Sources: [RD.36].
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3.3.6.2. ERROR ANALYSIS

The uncertainty on the estimated gas emission fluxes from the point sources depends primarily on (1)
the errors and potential biases affecting the satellite measurements, and on (2) the validity of the
assumptions made by the box model.

1. The uncertainties on the retrieved columns from IASI are quantified during the retrieval process.
Considering the amount of IASI observations that are averaged over the same scene by the
oversampling/supersampling, these uncertainties are significantly reduced. Potential systematic
biases are evaluated via comparisons of the IASI retrieved columns with independent
measurements.

2. The effective lifetime of the target gas that is assumed by the box model to derive the emission
fluxes from the point sources represents an important source of uncertainty in the flux
estimates. Therefore, the gas emissions are also calculated assuming the upper- and lower-
bound estimates of the gas effective lifetime found in the literature, as done in [RD.33] and
[RD.36] for NH3 and C;H4, respectively. This provides a range of emission fluxes for each point
source.

Another assumption made by the box model is the steady state. The uncertainty on the flux rate
estimates are highly variable, depending on space (e.g., satellite measurements at high latitudes are
usually affected by poorer sensitivity), time (flux rates on shorter periods will be affected by higher
uncertainties due to less satellite measurements available), and on the target gas (the errors on the
VOC retrieved columns are typically larger than those on NH3).

3.3.6.3. ALTERNATIVE METHOD

One can also estimate the lifetime T directly from the measurements, following techniques that have
been developed for NO; and SO, ([RD.28], [RD.29]). In particular, the exponentially modified Gaussian
(EMG) method technique has been applied on NH3; emissions in [RD.34], where in addition to emissions,
lifetimes (T = 1/A, with A the decay rate) and plume widths (o) from 228 large agricultural and industrial
NH3 point sources were estimated [RD.34].

Table 3-5: NH3, C2H2, C2H4 and CH3OH point sources detection and quantification

Feature Value

Satellite data used IASI data products

Coverage NH3, C2H4: Global, provided for ~50 point sources
C2H2, CH30H: Mainly in Asia. Provided for ~15 largest point sources

Temporal averages Over the full IASI dataset timeframe (2008-2021) for all species, and
annually for the main NH3 point sources

Detection threshold NHs: 102 kg.s* in [RD.33] (depending on thermal contrast, lifetime and
vertical distribution)

CzHz, C2H4 and CH3OH: not applicable (too highly variable, depending on
thermal contrast and vertical profile)

Uncertainty on flux rate estimates Highly variable — depending on space and time

3.4. ASSESSMENT OF REGIONAL TOP-DOWN INVERSION MODELS AND
DESCRIPTION OF THE ALGORITHMS USED IN WORLD EMISSION

3.4.1. INTRODUCTION

A usual strategy for providing weekly gridded emission products over regions of interest relies on top-
down models with a high spatial resolution, with either Lagrangian or Eulerian mesoscale transport
models. By definition, regional models have a limited area domain. This regional concentration of the
computation effort allows fine-scale simulation of the atmospheric species of interest, and thus a higher
resolution for the top-down approach. The World Emission inversion models infer emission details over
1) key basins emitting CH4 from the extraction of oil, gas or coal, 2) Western Europe and Eastern China,

World Emission © GMV 2023, all rights reserved D3 - ALGORITHM THEORICAL BASIS
DOCUMENT (v3)



Code: D3-ATBD-V3

Date: 27/10/2023
Version: v2.0
Page: 43 of 71

two densely populated and industrialized regions which are among the top global emission hotspots of
greenhouse gases and pollutants, and, potentially, 3) the Eastern Amazon, a region with megacities,
intense agricultural emissions, and large deforestation emissions associated with biomass burning in the
dry season.

The project does not include specific regional inversion of SO, emissions but the global scale inversions
of SO, emissions (see section 3.5.4) should be downscaled using high resolution inventories.

3.4.2. METHANE (CH4) BASIN-SCALE EMISSIONS

3.4.2.1. REGIONAL INVERSION

The regional inverse modelling (basin inversion) of CH4 emissions in World Emission provides monthly
total emissions estimates in selected extraction basins with numerous potential emitting sources. The
assimilated data are bias-corrected CH4 mixing ratio column data product from TROPOMI, providing
global daily imagery at a horizontal spatial resolution of 5.5 x 7 km, with a sensitivity of 5 to 10
nanomole per mole (abbreviated as ppb, for parts per billion). The regional inversion model also relies
on very detailed inventory data to assess the potential emitting sources within an extraction basin. This
comprises coal mines from public databases, well completions data in the US from KAYRROS’ Operations
Tracker product, pipeline compressor station, flaring data collected from the VIIRS sensor, and bottom-
up gridded emissions inventory data from EDGAR v5.0.

Basin-scale inversions are generally performed using classical Bayesian frameworks ([RD.38], [RD.39]),
which are also widely used in global inversions. In these Bayesian frameworks, the optimization program
Minx [J(x)] = (y - KX)TSo}(y-Kx) + (x-Xp)"Sp(X-Xp)

is solved in closed form (or using variational methods) to estimate the gridded emission rates x. xp
stands for the prior emissions, y is the XCH4 level retrieved from TROPOMI, So is the covariance matrix
for observational error, S, is the covariance matrix for prior error [RD.40], and K stands for the Jacobian
matrix of the regional dispersion model with respect to emission rates (x).

The regional inverse modeling (basin inversion) of CH4 emissions used in this project introduces key
changes to the classical Bayesian approach, to get rid of the prior dependency to emission inventories.
The method, detailed in [RD.41], solves the following quadratic program:

Minx [J(x)] = (y - Kx)TSo!(y-Kx) + A x"Sp1x

under the constrain x = 0

where K stands for CHs4 dispersion footprints simulated by the Lagrangian Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT; [RD.42]), y are methane enhancements and A is a
scaling factor meant to avoid model overfitting by a L2-penalization while keeping the quadratic program
well-conditioned [RD.41].
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Figure 3-12: Example of TROPOMI enhancement, reconstruction based on prior emissions, and
reconstruction based on inversion, in Shanxi (China). The panel a shows the TROPOMI CH4
enhancement (y), panel b shows prior-based methane enhancement reconstruction (Kxp), panel c
shows posterior methane enhancement reconstruction (Kx). Source: [RD.41]
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The full method can be summarized as follows: first identify all potential emitting sources; select then
TROPOMI images that are suited for a basin inversion. The criteria for selecting TROPOMI images are
the completeness of the images (percentage of valid pixels above some threshold) and the quality of
the methane retrieval (variable “ga_value” of the soundings above some threshold). TROPOMI images
are re-projected (typically, on a 0.1 x 0.1 square degree grid), and the prior (emitting sources) is re-
projected on the same geometry. Then we compute methane enhancement images by removing the
methane background from the TROPOMI methane mixing ratio bias corrected images. For every image,
for every pixel containing a potential methane emitting source, a dispersion model (HYSPLIT using wind
data from GFS) is run to obtain the footprint of methane emissions originating from this potential
methane emitter, and finally the emissions are quantified by fitting the modeled to the observed
methane images by solving the quadratic optimization program discussed in the previous paragraph.

This basin-level inversion is applied over key coal, oil, and gas production basins in the USA, Algeria,
South Africa, Middle-East, Central Asia and Australia. The results are very consistent with
[RD.38][RD.35] over the Permian shale oil and gas basin. [RD.39] estimated methane emissions from
Mexico, and [RD.43] quantified methane emissions in most of the key oil, gas, and coal production
basins in North America.

Methane Concentration Methane Concentration
N 0 [
Low High Low High

Figure 3-13 (left) observed composite methane column enhancements over a coal extracting basin in
Australia. (right) inversion model fit to these enhancements after optimization of emitting coal mines
sources across the entire basin

3.4.2.2. ERROR ANALYSIS

Uncertainty in the monthly methane emissions estimates mainly stems from uncertainty in the
background methane concentration estimates, uncertainty in the meteorological data, TROPOMI
measurement error, and uncertainty associated with the HYSPLIT simulations. To account for these
uncertainties, we run simulations and estimates on an ensemble of parameters. Assuming these sources
of uncertainty are independent, 1-o sensitivity intervals are then derived by summing in quadrature the
uncertainty associated with each source of uncertainty [RD.38]. In addition, uncertainty associated with
the sampling of the usable TROPOMI images is taken into account by adopting a polling methods
[RD.41].

Relative uncertainties of monthly methane emissions estimates are typically 20-30%. The uncertainty
can vary greatly from one basin to another; these discrepancies are mainly driven by differences in
TROPOMI coverage.
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3.4.3. NITROGREN OXIDES (NOX), CARBON MONOXIDE (CO), CARBON
DIOXIDE (CO2) REGIONAL EMISSIONS

[Major update with respect to previous version]

3.4.3.1. STATE OF THE ART

Since the 2000s, the NO; atmospheric mixing ratios have been monitored around the globe with space-
borne instruments, such as the Global Ozone Monitoring Experiment GOME [RD.44] and GOME-2
[RD.45], the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY SCIAMACHY
[RD.46], the Ozone Monitoring Instrument OMI [RD.47], and, since 2017, the TROPOspheric Monitoring
Instrument (TROPOMI) onboard the Copernicus Sentinel-5 Precursor (S5P). The CO concentrations have
also been monitored with satellites, for example with the Measurement of Pollution in the Troposphere
(MOPITT) instrument [RD.48]. In this context of growing availability and reliability of satellite
observations, attempts have been made to develop atmospheric transport inverse modelling methods,
complementary to bottom-up inventories, to derive NOx or CO emissions from the NO; or CO satellite
data. Global scale approaches have been considered. However, there are scientific and societal needs
for the quantification of pollutant emissions at relatively high-spatial resolution, which requires the use
of regional-scale systems.

Although regional inversion systems are suited to the simulation and analysis of the very large spatial
and temporal variability of the CO and NOy concentrations at fine scales, they have hardly been used to
quantify CO and NOx emissions based on satellite data. Mass-balance approaches have been performed
at the regional scale [RD.49], accounting for non-linear relationships between NOx emission changes
and NO; tropospheric columns via reactions with hydroxyl radicals (OH) but with simple scaling factors.
A more suitable account for the complex NOx chemistry is probably required for the accurate derivation
of NOy emissions from NO; satellite data [RD.50]. More elaborated inversion approaches, based on the
ensemble Kalman filter technique (enKF) [RD.51] have been used to infer NOx emissions.

Variational inversion systems allow for solving high-dimensional problems, typically solving for the
fluxes at high spatial and temporal resolution, which can be critical to fully exploit satellite images. If
relying on a chemistry transport model whose adjoint code is available and fully accounts for the
chemistry scheme used to simulate NO; concentrations, variational frameworks are suited to account
for the non-linearities of the chemistry. In World Emission, we perform regional inversions of the
NOyx and CO emissions based on such a variational atmospheric inversion framework and on such a
chemistry transport model.

Due to the lack of CO; satellite data with dense coverage that can be used directly for the regional scale
inversion of fossil fuel combustion emissions of CO, (FFCO; emissions), we derive these emissions from
our inversions of the NOx and CO emissions based on the NO; and CO satellite data. Attempts at
exploiting NO; and CO satellite data assimilation to infer FFCO, emissions have been documented by
studies like [RD.52] but this activity keeps on being exploratory. In particular, using anthropogenic CO-
to-FFCO, or NOx-to-FFCO, emission ratios at coarse resolution limits the potential of the approaches
due to the variations of these ratios across the sectors of activity, or in space and time. In World
Emission, we attempt at supporting such an inference by strengthening the derivation and the spatial
and temporal resolution of the NOx and CO emissions.

3.4.3.2. GENERAL OVERVIEW OF THE NOX, CO AND CO2 REGIONAL PRODUCTS AND
OF THEIR DERIVATION IN WORLD EMISSION

Monthly maps at 0.5° resolution and national-scale budgets of the NOx, CO and fossil fuel CO2 (FFCO2)
emissions have been derived for Europe, from 2019 to 2021 during the phase 1 and 2 and are now
derived for Eastern China in the frame of phase 2. A potential attempt at deriving emissions in South
America was initially stated as a best effort during the phase 2, but it now appears that it cannot be
achieved in the frame of this phase. The corresponding sequence of computations over each region has
been implemented by [RD.53] and adapted to the specific requirements in the World Emission project.
It consists in:

1) the atmospheric inversions of maps of the NOx or CO emissions during 2019-2022 at 1-day and 0.5°
resolution. These inversions are based on the coupling between the variational mode of the advanced
and recently developed Community Inversion Framework (CIF, [RD.54]), the CHIMERE regional
atmospheric chemistry transport model ([RD.55], [RD.56]) and the adjoint code of this model ([RD.57]).
This CIF-CHIMERE regional mesoscale variational inversion framework is close to the system described
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by [RD.57]. The NOx and CO inversions assimilate respectively atmospheric NO2 and CO products from
spaceborne instruments: NO; satellite data from OMI and TROPOMI and CO data from MOPITT. They
apply 0.5°/1-day resolution corrections to the maps of anthropogenic emissions from a gridded version
of the Carbon Monitor-CEDS inventory of the NOx, CO and CO2 emissions and to the maps of biogenic
emissions of NOx from the MEGAN global model ([RD.58]) to better fit these assimilated observations.
This calculation is performed by LSCE in collaboration with LISA, a partner laboratory of the IPSL.

2) for each country in Europe (for the different administrative areas in Eastern China): the conversion
of the monthly maps of NOx or CO anthropogenic emissions from these inversions into monthly maps at
0.5° resolution and national (regional) scale estimates of the fossil fuel CO, emissions for five large
groups of sectors of emitting activities. This conversion relies on the sectoral maps of emissions of the
three species and, implicitly, on the emission ratios between the species for each sector, country (or
administrative region) and month from the Carbon Monitor-CEDS inventory.

The following section details the different components of this general scheme. Results from the
inversions are derived at a 1-day resolution but aggregated at 1-month resolution before the conversion
into CO; emission estimates to ensure good confidence levels. The initial protocol relied on the analysis
and conversion of the results from the inversions at 1-week resolution. This temporal resolution was
coarsened to 1-month in order to decrease the computational cost of the processing chain. However,
the objective is to refine it back to 1-week temporal resolution on the near-term. Furthermore, the initial
target was to produce 3-monthly estimates of the monthly emission maps with a six-month (phase 1)
to three-month (phase 2) latency between the emission and their estimates due to the need for
accessing and processing the satellite data. However, the current lag-time associated to the distribution
of the suitable satellite datasets prevented from achieving such a short latency in Phase 1 (in January
2023, the OMI-QA4ECV product was not extended beyond March 2021, and the TROPOMI-PAL product
was not extended beyond November 2021). This latency will be made as short as possible by the end
of the project, with the aim to reach a more realistic target during the year 2023 of 6-monthly estimates
of the monthly emission maps with a six-month latency. Finally, the TROPOMI CO data were initially
identified as one of the main potential source of information for the CO inversions. However, the analysis
of the current TROPOMI CO products and their comparison to the CO simulations with CHIMERE raise
concerns regarding the capability to exploit them to derive estimates of the CO anthropogenic emissions
in Europe. On-going analysis are currently conducted to support the use of these observations in the
CIF-CHIMERE CO inversions.

Coupling the results from the inversions at 1-month and 0.5° resolution for the two co-emitted species
and information on the sectoral, temporal and spatial distribution of the emissions from the Carbon
Monitor-CEDS inventory enables some distribution per sectors of activity, and the strengthening of the
results in the focus regions. In this process, the co-emission of NOx, CO and CO; by the fossil fuel
combustion is exploited by combining the CO and NOy inversions with the emission factors and ratios
from the Carbon Monitor-CEDS inventory to derive fossil fuel CO; emission estimates. Regional
emissions are compared with bottom-up regional (TNO for Europe; REAS, MEIC for Eastern China)
and/or global (EDGAR, CAMS) inventories.

3.4.3.3. COMPONENTS OF THE NOx, CO AND CO, REGIONAL INVERSE MODELING
SYSTEM

Satellite observations

The NOy inversions have assimilated NO; Tropospheric Vertical Column Density (TVCD) products: first
the OMI-QA4ECV (www.qadecv.eu and http://temis.nl/gad4ecv/no2.html) and the
TROPOMI reprocessed PAL (https://data-portal.s5p-pal.com/products/no2.html) products. The OMI-
QA4ECV product was not available after March 2021 and, therefore, it has not been used in Phase 2.
The TROPOMI-PAL observations have been updated and we now use the TROPOMI-v2.4 data. The CO
inversions assimilate the MOPITTv8 product from 2019 to December 2021
(https://I5ftl01.larc.nasa.gov/) and the MOPITTVY product from December 2021 to December 2022. The
use of the TROPOMI CO products is currently postponed due to the concerns regarding the ability to
constraint the CO anthropogenic emissions in Europe with these data, raised by the analysis of the
current versions of the TROPOMI CO observations and their comparisons to the CO simulations with
CHIMERE.
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OMI-QA4ECV-v1.1 NO2

The Ozone Monitoring Instrument (OMI) is an ultraviolet-visible (UV-Vis) instrument launched in July
2004 onboard the Earth Observation System (EOS) Aura satellite, which flies on a 705 km sun-
synchronous orbit that crosses the Equator at 13:40 LT. OMI provides measurements for the derivation
of NO2 TVCD observations. Compared with other UV-Vis instruments providing a long archive of NO2
observations, it has the highest spatial resolution and least degradation ([RD.59], [RD.47]), allowing
the study of long-term variations for various regions of the world. We use the OMI-QA4ECV-v1.1 NO2
TVCD level-2 product ([RD.60]). The data selection follows the criteria of the data quality statement
from [RD.60]:

— the processing error flag equals 0 for a pixel
— the solar zenith angle is lower than 80°,
— the snow ice flag is lower than 10 or equal to 255,

— the ratio of tropospheric air mass factor (AMF) over geometric AMF is higher than 0.2 to avoid
situations in which the retrieval is based on very low (relative) tropospheric air mass factors,

— the cloud fraction is lower than 0.5.

We add an additional criterion: the error associated to the retrieval must be lower than 100%.

TROPOMI-PAL NO2

The Tropospheric Monitoring Instrument (TROPOMI, [RD.61]) was launched onboard the Copernicus
Sentinel-5 Precursor (S5P) satellite in October 2017. It flies on a 824 km altitude sun-synchronous orbit
that crosses the Equator at 13:30 LT. This imaging spectrometer covers a UV-Vis band supporting the
derivation of NO2 TVCD observations. In the phase 1 of the project, we used the Product Algorithm
Laboratory (PAL) version 2.3 NO; TVCD level-2 product ([RD.17]). The TROPOMI data have been
updated and we now use the TROPOMI-v2.4 data.

Our TROPOMI data selection follows the criteria of [RD.62]. We only select observations with a quality
assurance (qa) value higher than 0.75 and a cloud radiance fraction lower than 0.5. As for OMI, we only
select observations when the error associated to the retrieval is lower than 100%.

MOPITT CO

We use CO observations from the MOPITT instrument ([RD.48]). The MOPITT Infrared (IR) spectrometer
has been flown onboard the NASA EOS-Terra satellite, on a low sun-synchronous orbit that crosses the
Equator at 10:30 and 22:30 LST since 1999. The spatial resolution of its measurements is about 22 x22
km2 at nadir. It has been operated nearly continuously since March 2000. MOPITT CO products are
available in three variants: thermal-infrared (TIR) only, near-infrared (NIR) only and the multispectral
TIR-NIR product, all containing total columns and retrieved profiles (expressed on a 10-level grid from
the surface to 100 hPa). In Phase 1, we choose to use the MOPITT “surface” multispectral MOPITTvS8-
NIR-TIR product (also called MOPITT-v8]), as it provides the highest number of observations, with a
good evaluation against in situ data from NOAA stations ([RD.48]) for the period 2019 to November
2021. However, the release of the CO regional inversions for the period December 2021-December 2022
in Phase 2 is based on the most recent version of the MOPITT CO products: the MOPITT-v9 product.

Configurations of CHIMERE and of its adjoint model for the simulation
of NO2 and CO concentrations

Configuration for the simulations over Europe

CHIMERE is widely used to model air quality at regional scale ([RD.63], [RD.64], [RD.65]). It is one of
the seven state-of-the-art chemistry transport models (CTMs) behind the operational ensemble
simulations of the Copernicus Atmosphere Monitoring Service (CAMS) regional services. Here, CHIMERE
and its adjoint code are driven by the CIF to simulate NO, and CO atmospheric concentrations over
Europe and their sensitivity to the surface emissions. It is run over a 0.5°x0.5° regular horizontal grid
with 17 vertical layers, from the surface to 200 hPa, with 8 layers within the first two kilometres. The
domain covers 15.25°W-35.75°E; 31.75°N-74.25°N (see Figure 3-14) and therefore includes 101
(longitude) x 85 (latitude) x 17 (vertical levels) grid-cells.

The chemical scheme used in CHIMERE and its adjoint model is MELCHIOR-2, with more than 100
reactions, including 24 for inorganic chemistry. CHIMERE is driven by the European Centre for Medium-
Range Weather Forecasts (ECMWF) operational meteorological forecasts. The emissions maps and
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boundary conditions used for the simulations are discussed in the next sections. Due to the need for a
compromise between the robustness of the simulation of the chemistry in the model and the
computational cost with a complex chemical scheme, the aerosols modules of CHIMERE have not been
included in its adjoint code yet and are therefore not activated in the CHIMERE forward simulations.

Configuration for Eastern China

The configuration of CHIMERE and of its adjoint for the simulations over Eastern China also relies on
meteorological fields from ECMWF, and on a 0.5° x 0.5° horizontal resolution. It is based on that of
[RD.66]. In particular, the domain covers 18° N-50° N; 102° E-132° E and thus Eastern and Southern
China, and Korean Peninsula (see Figure 3-16).

Comparison between the satellite observations and CHIMERE

As the spatial resolution of the satellite data is finer than that of the CHIMERE grid, the selected OMI
and TROPOMI NO; TVCDs, and MOPITT surface concentrations are aggregated into “super-observations”
in each model grid-cell. In the Phase 1 of the project, in order to associate the OMI, TROPOMI and
MOPITT super-observations to a real averaging kernel, these super-observations were taken as the
observations (with their averaging kernel) corresponding to the median of the observed concentrations
within the 0.5°x0.5° model grid-cell and within the CHIMERE physical time step of about 5-10
minutes. In the Phase 2 of the project, this technique is still used with the MOPITT observations.
However, since the spatial resolution and number of the TROPOMI observations is much higher than for
the other instruments, the TROPOMI super-observations are now taken as the observations (with their
averaging kernel) corresponding to the value closest to the mean of the observed concentrations within
the CHIMERE grid-cell and physical time step.

The CHIMERE simulation of the CO concentrations and NO; TVCDs corresponding to these super-
observations are derived from the CO and NO; simulated 3D-fields by applying vertical integrations with
the averaging kernels associated to the super-observations (Figure 3-14, Figure 3-15 and Figure
3-15Figure 3-16, Figure 3-17 respectively).
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Figure 3-14 Domain of our CHIMERE configuration and for the inversions in Europe with the averages
of the CO concentrations a) observed by MOPITT-v8] and b) simulated by CHIMERE using the Carbon
Monitor-CEDS anthropogenic emission estimate where and when MOPITT-v8] “surface” super
observations are available, in ppbv, at the 0.5°x0.5° CHIMERE grid-cell resolution, in January 2019.
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Figure 3-15 Averages of the NO: tropospheric columns in Europe a) observed by TROPOMI-PAL and b)
simulated by CHIMERE using the Carbon Monitor-CEDS anthropogenic emission estimate where and
when TROPOMI-PAL super observations are available, in molec.cm?, at the 0.5°x0.5° CHIMERE grid-
cell resolution, in January 2019.
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Figure 3-16 Domain of our CHIMERE configuration and for the inversions in Eastern China with the
averages of the CO concentrations a) observed by MOPITT-v8] and b) simulated by CHIMERE using the
Carbon Monitor-CEDS anthropogenic emission estimate where and when MOPITT-v8] “surface” super

observations are available, in ppbv, at the 0.5°x0.5° CHIMERE grid-cell resolution, in January 2019.
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Figure 3-17 Averages of the NO2 tropospheric columns in Europe a) observed by TROPOMI-PAL and b)
simulated by CHIMERE using the Carbon Monitor-CEDS anthropogenic emission estimate where and
when TROPOMI-PAL super observations are available, in molec.cm-2, at the 0.5°x0.5° CHIMERE grid-

Prior estimate of the emissions and of the boundary conditions

The Bayesian framework of the atmospheric inversion underlies the use of a prior estimate of the NO
and CO emissions in the NOyx and CO emission inversions. This prior estimate feeds the initial simulation
with CHIMERE in the iterative process of the variational inversions. The inversion system controls the
initial and lateral and top boundary conditions for the concentrations in the model together with the
surface emissions, but as for the latter, it requires a prior estimate of these boundary conditions.
Actually, here, the inversion rescales some of these "prior" estimates for the emissions and boundary
conditions, so that, strictly speaking, the corresponding emission products detailed below belong to the
observation operator of the inversions. Finally, the simulations of the atmospheric chemistry require
estimates of the regional emissions of VOCs, which are not modified by the inversion.

For both regional configurations (Europe and Eastern China), the prior anthropogenic NOy, CO and FFCO>
emission estimates from 2019 to 2021 are taken from the Carbon Monitor-CEDS gridded inventory
([RD.67]1), mapped at a 0.5° horizontal resolution (see ). The 11 energy-related and cement production
sectors of EDGAR are aggregated into six main sectors, including power, industry, ground
transportation, residential (public, commercial buildings and
households), domestic and international aviation. The temporal disaggregation of the daily into hourly
emissions is based on temporal profiles provided per GNFR sector code with typical diurnal variations
from the TNO inventory ([RD.68]) for Europe, and from the MEIC inventory for Eastern China. For this
study, the international aviation is not considered.

The prior biogenic NOyx emissions are derived from the MEGAN model ([RD.58]). The fixed VOCs biogenic
emission estimates also come from the MEGAN model. CO biogenic emissions are assumed to be
negligible and are not considered. For Europe, the fixed anthropogenic emissions for VOCs are obtained
from the EMEP inventory (https://www.ceip.at). For Eastern China, the fixed anthropogenic emissions
for VOCs are obtained from the HTAP inventory [RD.114].
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Figure 3-18 Annual NOx emissions for the year 2019 as estimated by Carbon Monitor-CEDS, in
ktNO:/year, at the 0.5°x0.5° CHIMERE grid-cell resolution.

Climatological values from the LMDZ-INCA global model are used to prescribe concentrations at the
lateral and top boundaries and the initial atmospheric composition in the regional domains.

Variational inversion of the NOx and CO emissions

The inversions of the NOx or CO emissions follow a Bayesian theoretical framework. They consist in
correcting the prior estimate of these emissions and of the model initial and boundary conditions to
improve the fit between CHIMERE and the satellite NO, or CO data, respectively. [RD.57] provides details
on the principle and configuration for these variational inversions. The optimal (posterior) estimate of
the emissions in a statistical sense is found by iteratively minimizing the following cost function J(x):

I(x)=(x-x2)TB"!(x-x°)+(H(x)-y) "R *(H(x)-y)
where
- x is the control vector and x? is its prior value, which are detailed in the following

- the observation vector y gathers the super-observations from the OMI, TROPOMI or MOPITT datasets
presented in sections 3.2 and 3.4

- the observation operator H projecting the control vector to simulations of concentrations corresponding
to these super-observation combines the emission and boundary conditions presented in section 3.5,
the CHIMERE model presented in section 3.3 and the sampling and vertical interpolation corresponding
to the observations as explained in section 3.4.

- the prior and observation error covariance matrices B and R characterize the uncertainties in x? and
in y and H respectively, under the assumption that these uncertainties are unbiased and follow a normal
distribution

Series of inversions over successive 1-day windows are conducted for NOy and then combined to provide
an estimate of the NOy emissions over the whole period of analysis. The control vector x in the NOx
inversions contains the variables to be optimized by the NOy inversion over Europe and Eastern China
(the dimensions of the control vector provided below correspond to the configuration for Europe):

e the logarithm of the NO and NO, anthropogenic emissions at a 1-day temporal resolution, at a
0.5° x 0.5° (longitude, latitude) horizontal resolution and over the first 8 vertical levels of
CHIMERE i.e, for each of the corresponding grid cells,

e the logarithm of the NO biogenic emissions at a 1-day temporal resolution, at a 0.5° x 0.5°
(longitude, latitude) resolution and at the surface (over 1 vertical level only), i.e. for each of the
corresponding grid cells ,
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e factors scaling the daily NO and NO; 3D initial conditions at 0:00 UTC, at a 0.5° x 0.5°
(longitude, latitude) resolution and over the 17 vertical levels of CHIMERE.

For CO, series of inversions over successive 1-month windows are conducted. The control vector x for
the CO inversions is similar to that for the NOy inversions. However, due to the relatively long lifetime
of CO, we have to account for the uncertainties in the CO lateral boundary conditions at the borders of
the CHIMERE domain. Furthermore, the chemical production of CO by VOCs is fixed and not controlled
here by the inversion. Therefore, the control vector for the CO inversions over Europe and Eastern China
(the dimensions of the control vector provided below correspond to the configuration for Europe)
contains the following scaling factors:

e factors scaling the CO anthropogenic emissions at a 1-day temporal resolution, at a 0.5° x0.5°
(longitude, latitude) horizontal resolution and over the first 8 vertical levels of CHIMEREfactors
scaling the CO lateral boundary conditions at 1-day temporal resolution, at a 0.5° x 0.5°
(longitude, latitude) horizontal resolutionfactors scaling the CO 3D initial conditions at 0:00 UTC
the first day of the month, at a 0.5° x 0.5° (longitude, latitude) horizontal resolution and over
the 17 vertical levels of CHIMERE.

The prior estimate xP of the control vectors for the inversions consist in either the products presented
above in the section “prior estimate of the emissions and of the boundary conditions” (for the NOx
emissions) or sets of unitary scaling factors (for the scaling factors to be applied to initial and boundary
conditions, or to the CO emissions), which implicitly fixes the prior knowledge of the emissions and
boundary conditions to the products detailed in the section “prior estimate of the emissions and of the
boundary conditions” in all cases. The assumptions made to define the B and R matrices for Europe and
for Eastern China have been detailed in [RD.57]. The main features for the parts of B corresponding to
the surface emissions are recalled in Table 3-6. However, the configuration of the R matrix has changed
compared to Phase 1: in Phase 2, the covariance matrix R only takes into account the estimates of
observation errors reported in the TROPOMI data sets. Indeed, the errors associated to the observation
operator (in particular those associated to the chemistry-transport modelling with CHIMERE) are
ignored since they are assumed to be much smaller than those associated to the TROPOMI data.

Table 3-6: Assumptions on the uncertainty in the NOx and CO emission products detailed in section 3.5
that are used to derive the covariance matrix of the prior uncertainty B over Europe and over Eastern

China
50% at 0.5° x 0.5° and daily scale 100% at 0.5° x 0.5° and daily scale
Spatial correlations of 50km Spatial correlations of 50km
No day to day temporal correlation
(e[0) 100% at 0.5° x 0.5° and daily scale
Spatial correlations of 50km
No day to day temporal correlation

The inversions are conducted using the variational mode of the CIF with the M1QN3 algorithm for the
minimization of the cost function J [RD.69]. At each iteration of this minimization, the CIF uses a
CHIMERE simulation to compute J for a new estimate of x and the adjoint code of CHIMERE to compute
the gradient of ] for this new estimate of x ([RD.57], [RD.54]).

In the frame of Phase 1, for Europe, three inversions had been conducted:

- the inversion of NOx emissions based on the OMI data over 2019-March 2021

- the inversion of NOx emissions based on the TROPOMI data over 2019-November 2021
- the inversion of CO emissions based on the MOPITT data over 2019-2021

In the frame of Phase 2, for Europe, two new inversions have been conducted:
- the inversion of NOx emissions based on the TROPOMI data over 2019-2022
- the inversion of CO emissions based on the MOPITT data over 2019-2022
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Two years of inversions of NOy emissions for Eastern China based on the TROPOMI data have also been
performed.

The posterior estimate of the anthropogenic emissions from these different NOyx or CO inversions are
used for the subsequent analysis.

Derivation of the FFCO2 emissions from the NOx or CO inversions

The derivations of the 1-month/0.5° resolution maps and national scale (for Europe; regional scale for
Eastern China) budgets of the FFCO;, emissions with a sectoral distribution (across five large sectors of
activity) relies on the conversion of the estimate of the anthropogenic emissions from the different NOy
or CO inversions into estimates of 1-month, national/regional and sectoral scaling factors to be applied
to the Carbon Monitor-CEDS inventory in order to better fit the satellite data.

For this purpose, the monthly averages of the maps of national/regional and sectoral NOx or CO
emissions provided by the Carbon Monitor-CEDS inventory are compared to the monthly maps of total
anthropogenic emissions from the inversions at 0.5° resolution. The sectoral distribution is defined here
by five large groups of sectors of anthropogenic activity: energy, industry, residential, road transport
and the rest of the sectors.

For each country in Europe (or for the different administrative region in Eastern China) and each month,
optimal national/regional and sectoral scaling factors to be applied to the Carbon Monitor-CEDS NOyx and
CO emissions maps are derived to fit the 0.5° resolution national/regional and monthly maps of NOx and
CO emission from the inversions. A simple analytical inversion scheme is used to infer the optimal set
of five sectoral scaling factors for each country/region and month. These optimal scaling factors are
used to derive new estimates of the CO, fossil fuel emissions at 0.5° and 1-month resolution.

On the near-term, this conversion for the derivation of FFCO, emissions should be conducted at a refined
temporal resolution of 1-week instead of 1-month.

3.4.3.4. ERROR ANALYSIS

We cannot provide an error analysis for these products at this stage. The comparison of
these regional products to independent inventories and experiments with pseudo-data (with synthetic
true emissions, emission ratios and concentrations) are used to assess the uncertainties in these
products (due to uncertainties in the assimilated observations, in the atmospheric chemistry transport
model and thus in the variational inversions, in the emissions ratios from the Carbon Monitor-CEDS
inventory, etc.).

3.4.4. AMMONIA (NH3) REGIONAL EMISSIONS

Next to traditional inverse modelling efforts for NHsz [RD.70], the simpler mass-balance approach
pioneered by [RD.33] for the dense IASI data and presented in Section 3.3.6.1 will be implemented. It
allows calculating regional emissions of NH3 as yearly emissions and as a weekly climatology for coherent
emission regions (e.g., Po Valley, Central US). These regional NH3 emissions will be compared with
bottom-up regional (such as REAS, NEI or EMEP) and global (such as EDGAR or CEDS) inventories to
make an overall assessment of their accuracy. The error analysis is similar to the one detailed for the
NHs point sources (see Section 3.3.6.2).

An important, but poorly constrained source of NHz is emissions from fires. Expanding on the work
performed in [RD.71], we will use the full IASI dataset to constrain NHs emissions over the Amazon
region, and possibly extend this approach to the world’s largest biomass burning regions. The product
will be compared against the GFED inventory.

Whatever the responsible sector, seasonal variations of NH3 emissions are currently poorly known and
almost absent in inventories. For example, some of the most advanced models use a single seasonal
cycle of emission for the entire Europe, while it is in fact only representative for the Netherlands. This
causes model failure in reproducing local and regional pollution episodes, such as spring-time hazes that
occur after spreading manure intensively on the agricultural fields. The IASI dataset of daily NH3 global
distributions gives a unique opportunity to examine the temporal variability of regional NH3z emissions
under a range of climates and practices (agricultural, industrial, societal) for the target regions and
other high emission regions of the world. We will derive seasonal profiles of NH3 for the main hotspot
regions.
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3.5. ASSESSMENT OF GLOBAL TOP-DOWN INVERSION MODELS AND
DESCRIPTION OF THE ALGORITHMS USED IN WORLD EMISSION

3.5.1. INTRODUCTION

The World Emission strategy to deliver global gridded emission products for the target species mostly
relies on the global PYVAR-LMDZ-SACS variational inversion system. This system includes the LMDZ
transport model guided by meteorological wind reanalyses and a full chemistry model (INCA) (section
3.5.2). The application to the various target species is discussed in the following sections (3.5.3 - 3.5.7).
Ancillary data are the global prior emission inventories (described in each section) and ECMWF wind
fields (described in LMDZ INCA section 3.5.2).

3.5.2. THE LMDZ-INCA MODEL

The LMDZ-INCA global chemistry-aerosol-climate model couples on-line the LMDZ (version 6) General
Circulation Model ([RD.72], [RD.73]) and the INCA (INteraction with Chemistry and Aerosols) (version
5) model ([RD.74], [RD.75]). The interaction between the atmosphere and the land surface is ensured
through the coupling of LMDZ with the ORCHIDEE (version 1.9) dynamical vegetation model [RD.76].
The model now includes 79 hybrid vertical levels extending up to 70 km. Two horizontal resolutions are
available. The development version has a resolution of 1.25° in latitude and 2.5° in longitude and the
production version uses a 1°x1° resolution. The meteorological data from the ECMWF ERA-5 reanalysis
are used to the nudge the GCM winds. The relaxation of the GCM winds towards ECMWF meteorology is
performed by applying at each time step a correction term to the GCM u and v wind components with a
relaxation time of 2.5 hours ([RD.74], [RD.77]). The ECMWF fields are provided every 6 hours and
interpolated onto the LMDZ grid.

INCA initially included a state-of-the-art CH4-NOx-CO-NMHC-O3 tropospheric photochemistry ([RD.74],
[RD.78]). The tropospheric photochemistry and aerosols scheme used in this model version is described
through a total of 123 tracers including 22 tracers to represent aerosols. The model includes 234
homogeneous chemical reactions, 43 photolytic reactions and 30 heterogeneous reactions. For
tropospheric aerosols, the INCA model simulates the distribution of aerosols with anthropogenic sources
such as sulfates, nitrates, black carbon (BC), organic carbon (OC), as well as natural aerosols such as
sea salt and dust. The heterogeneous reactions on both natural and anthropogenic tropospheric aerosols
are included in the model ([RD.79], [RD.74], [RD.75]). Chemical species and reactions specific to the
middle atmosphere are included in this model version. A total of 31 species were added to the standard
chemical scheme, mostly belonging to the chlorine and bromine chemistry, and 66 gas phase reactions
and 26 photolytic reactions. Heterogeneous processes on Polar Stratospheric Clouds (PSCs) and
stratospheric aerosols are parameterized in INCA following the scheme implemented in [RD.80].

For the baseline simulations, the a-priori anthropogenic emissions compiled by [RD.81] and the biomass
burning emissions from GFED4 [RD.82] are added to the natural fluxes used in the INCA model. The
ORCHIDEE vegetation model has been used to calculate off-line the biogenic surface fluxes of isoprene,
terpenes, acetone, and methanol as described by [RD.83]. Natural emissions of dust and sea salt are
computed using the 10-m wind components from the ECMWF reanalysis. The lightning NOx emissions
are parameterized in the model based on convective cloud heights as described in [RD.84]. Based on
this parameterization, the total lightning NOx emissions for the baseline simulation is 5.5 TgN/yr.

The INCA model daily and monthly fields for key species are made available as NetCDF files.

3.5.3. CARBON MONOXIDE (CO) AND METHANE (CH4)

PYVAR-LMDZ-SACS is a multi-tracer variational inverse system with the capacity to assimilate
observations of the CH4-HCHO-CO oxidation chain to better constrain the sources and sinks of these
species at individual model grid cell ([RD.85], [RD.86], [RD.87], [RD.88], [RD.89]). Given observed
changes in temporal and spatial variations of all the three species, the system optimizes simultaneously
(i) methane emissions, (ii) CO emissions, (iii) HCHO sources (surface emissions + chemical productions
from volatile organic compound oxidation), and (iv) OH concentrations. These terms are optimized at a
weekly temporal resolution and a 1.9° by 3.75¢° spatial resolution. Besides, initial concentrations of all
the four species are also optimized at individual horizontal model grid. By design, the multispecies
inversion system benefits from more observational information than a single species system to
distinguish between primary and secondary sources and optimize different species involved in the same
oxidation chain in a synergistic way. The chemical feedback between different species (e.g., increased
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CO concentrations - lower OH - increased CHg4 lifetime) can also be addressed much better than a single
species system. It exploits the wide availability of satellite observations of CHs4, HCHO and CO total or
partial columns or vertical profiles, e.g., reaching 20 years for MOPITT CO retrievals. Emissions can also
be disaggregated into source sectors from inversion-based total fluxes based on the heterogeneity of
spatial-temporal distributions of different sources.

3.5.3.1. DESCRIPTION OF THE INVERSION

First, we assimilate the latest MOPITT version 9 CO retrievals?, which have benefited from improved
cloud detection (resulting in substantially improved retrieval coverage over land) and mapping of highly
polluted scenes compared with previous MOPITT retrieval versions. Specifically, we use the Level 2
MOPITT version 9 “multispectral” retrieval product which simultaneously exploits MOPITT’s thermal-
infrared (TIR) and near-infrared (NIR) measurements. Second, the prior anthropogenic fossil fuel and
biofuel fluxes 2000-current year is derived from the latest Community Emissions Data System (CEDS)
emission inventory, which corrects an overestimation of global CO emissions in the previous CEDS
version, especially in China and India. Third, to provide prior fluxes for 2020 and 2021, while the CEDS
data ends in 2019, we used daily country- and sector-level CO; emission growth rates from the Carbon
Monitor project and combined them with the CEDS emissions data in 2019. The integration of MOPITT
CO retrievals and fast-track Carbon Monitor emission growth rates provides the near real-time update
of observational constraints and prior anthropogenic fluxes and helps better attribute the observed
enhanced CO plume signals over burning regions to fire emission sources. The fire emission flux priors
were derived from the fourth version of the Global Fire Emissions Database (GFED 4.1s) from 2000 to
current year, and the 2000-2020 average flux was used as the prior flux for 2021.

The inversion-based global CO emissions are further processed to estimate fire and anthropogenic CO
and CO2 emissions. Fire CO emissions are estimated using our previously developed approach, which
combines inversion total CO emissions with percentages of fire emissions in each model grid cell based
on the prior information. Fires dominate CO emissions in burning grid cells during fire seasons because
fires concentrate over regions distinct from human settlements and present large seasonal cycles due
to local environmental conditions; therefore, fires exhibit contrasting spatial-seasonal distribution
patterns than anthropogenic fossil fuel and biofuel CO sources. The estimated fire CO emissions are
converted to CO2 emissions based on a dynamic conversion factor ratio map of CO2 to CO, which are
estimated through inversion-based modified combustion efficiency and based on field measurement
datasets4. We estimate global fire CO2 emissions from 2000 to 2020 using this method and rely on the
monthly average CO2-to-CO emission ratio maps between 2000 and 2020 to infer fire CO2 emissions
in the current year. The multiannual average of CO2 to CO emission ratio maps helps constrain the
random errors and reduce the influence of potential uncertainties on the estimate of fire emissions.
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Figure 3-19 Spatial distribution of the global CO budget and 2000-2017 trends. Annual average CO
total source and sink during 2000-2017 are shown at the spatial resolution of 3.75° longitude x 1.9°
latitude in (a) and (c), respectively, and linear trends of each grid cell are shown in (b) and (d), which

are estimated using the linear least squares fitting method based on annual time series

For CH4 inversions, the prior fluxes were compiled from existing bottom-up estimates for different
anthropogenic and natural sources. The dataset incorporates recent development of emission

World Emission © GMV 2023, all rights reserved D3 - ALGORITHM THEORICAL
BASIS DOCUMENT (v3)



09I O Code: D3-ATBD-V3

. 5
e/ e Date: 27/10/2023

B oz g
W 0 Version: v2.0

-

World ks Page: 56 of 71

inventories and current understanding of various CH4 sources and sinks ([RD.90]), and therefore has
been proposed for use as the prior for top-down CH4 inversions contributing to the next phase of the
global methane budget assessment. The OH and O(!D) fields were prescribed from model output of the
chemistry-climate model LMDZ-INCA with a full tropospheric photochemistry scheme, using
anthropogenic emissions from CEDS inventory up to 2019 and were updated to 2020 and 2021 based
on the sectoral CO, emission changes estimated by Carbon Monitor. Observations used to constrain CHs
fluxes were obtained from either ground-based greenhouse gas monitoring networks or GOSAT XCH4
retrievals. More details of model configurations were documented in [RD.91]. The exceptionally high
atmospheric CH4 growth rates in 2020 and 2021 (15.2 and 18.1 ppb yr! respectively, highest since
1980s when ground-observations started) have been studied using the global CH4 inversion system
described here, together with near-real-time bottom-up estimates to identify regions and drivers that
explain the phenomenon (Figure 3-20, [RD.91]). The inversion results were evaluated against
independent observations from various networks and platforms including TCCON XCH4 observations
and vertical profiles from aircraft and AirCore measurements. The evaluation demonstrated overall good
performance of our global CH4 inversions in terms of representing large-scale atmospheric mixing and
separating latitudinal fluxes [RD.91].

Atmospheric 30 inversion Battom-up
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Figure 3-20 Spatial patterns of CH4 emission anomaly between 2020 and 2019 from top-down
inversions (left panel) and bottom-up estimates including wetland, fire and anthropogenic emissions
(right panel).

3.5.3.2. UNCERTAINTY ANALYSIS

[Major update with respect to previous version]

The error analysis is performed as in [RD.87] using a Bayesian approach. The core of atmospheric
Bayesian inversion is the minimization of the following cost function:

J’(x):(x—xb)T B (x—xb)+(H(x)—y)T R (H(x)—y)

x is the control vector that gathers the target variables we seek to optimize, and xb is a prior guess of
these variables assuming unbiased Gaussian error statistics represented by a covariance matrix B. y is
the observation vector containing all the observation data assimilated to constrain the inverse problem;
their error statistics are assumed to be unbiased and Gaussian with a covariance matrix R. H is the
forward model (the combination of the LMDz-SACS model, a sampling operator, and an averaging kernel
operator) that calculates the equivalent of the observation data in y based on the control vector x. The
forward model error and the representation error caused by the mismatch between model and
observation resolutions are also included in R, making R represent a combination of measurement,
forward model, and representation errors. Configurations of the variables and vectors in the Equation
above are summarized in [RD.89], most of which have already been described in previous papers
([RD.92], [RD.93]).

For CH4, we also perform an ex-post error analysis by taking the spread of 6 different inversions using
3 observation datasets (ground based, GOSAT U Leicester GSUOL, NIES full physics retrievals GSNIES)
times two transport model settings with two different vertical transport (convection) parameterizations
in Figure 3-21. The two GOSAT retrievals have been widely used in global or regional methane inverse
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modeling to study recent trends and interannual variabilities. The ensemble of six inversions shows
global increases in surface CH4 emissions by an average of 20.3+£9.9 Tg CH4 yr-1 and 24.8+3.1 Tg
CH4 yr-1 in 2020 and 2021 compared to 2019, the error being from the spread of inversions suggesting
rather robust assessment of changes, although with a spread of = 50% of the change from 2020 minus
2019

a

o g - -
ACH, fluxes (g CHy m™ yr™) Coefficient of Variation
| [ . | L | L ] | ' L s ! ;
0 3 4 0501 0 01 05 1 3 10 01 02 04 06 08 1 5 10 |

Figure 3-21 Anomalies of CH4 emissions in 2020 relative to 2019 derived from the ensemble of six
inversions. a-f, Spatial patterns of CH4 emission anomalies derived from each member of the ensemble.
The global net emission change is given for each panel on the bottom right. g, Spatial pattern of
CH4 emission anomalies averaged over the six inversions of the ensemble. The shaded areas indicate
that posterior fluxes from all six inversions have the same changing direction. h, Coefficient of
variation in the CH4 emission anomalies from the six inversions of the ensemble. For each model grid,
the coefficient of variation is defined as the standard deviation (SD) of emission anomalies from six
inversions divided by the absolute value of their mean. Darker colors indicate better agreement among
inversions.
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3.5.4. NITROGEN OXIDES (NOX), SULPHUR DIOXIDE (S502), AMMONIA
(NH3)

[Major update with respect to previous version]

For reactive species NOx, SO, and NHsz which have relatively short lifetimes of hours to days,
atmospheric chemistry processes need to be explicitly modelled. World Emission uses LMDZ-INCA to
invert weekly emissions in each grid cell over the globe at a resolution of 1.27° by 1°. The approach
was initially (during the phase 1 of the project) based on [RD.94] where the local sensitivity of pollutant
concentrations to underlying emissions change is computed from simulations with perturbed emissions
starting from a prior inventory, to quantify the emissions of the three reactive species. We have now
also implemented a mass-balance method as described in [RD.95] and [RD.96] to estimate the total
emissions of the three reactive species. The main innovation to provide rapid availability of realistic top-
down emissions to users is to use the near real time Carbon Monitor inventory providing daily emissions
maps from activity data for six sectors: aviation, ships, industry, power generation, ground
transportation and residential. The Carbon Monitor near real time system produces national daily CO»
emissions that will be further downscaled into prior emission maps at 10 x 10 km spatial horizontal
resolution and converted to prior emissions for NOx and SO, co-emitted with fossil CO, by combustion
processes, using sector and fuel specific emission ratios. To extend the inversion over a longer period
and for emissions we will combine the Carbon Monitor daily inventory with the EDGAR spatial patterns
of activities and NOx - SO2 to CO2 emission ratios. This work will be performed in collaboration with the
EDGAR emission team at the Joint Research Center of the European Commission. For NH3; emitted by
industrial facilities and agricultural sources, we directly use the existing CEDS inventory [RD.81]. For
NHs, another possible and complementary approach will be to determine the NH3 lifetime from the global
model and then apply a local mass balance to derive its emissions based on satellite data (i.e., IASI).
This method was recently applied by [RD.97] to estimate the global NH3 emissions over the period 2008-
2017.

The inversion framework for NOx, SO2, and NH3 global source inversions is based on a coarse
(1.27°x2.5°) spatial resolution version of the global climate-aerosol-chemistry transport model LMDZ-
INCA. LMDZ-INCA, which is used for simulating atmospheric NO, concentrations, is a coupled model
based on the general circulation model LMDZ (Laboratoire de Météorologie Dynamique, V6; [RD.72])
and the chemistry model INCA (INteraction with Chemistry and Aerosol, V5; [RD.74], [RD.75]). The
model uses a monotonic finite-volume second order parameterization to calculate large-scale advection
of water vapor, liquid and solid water, and tracers. The simulations of global atmospheric NO; are forced
with monthly global anthropogenic emission inventories from open-source Community Emissions Data
System (CEDS) [RD.98] with a horizontal resolution of 0.5°x0.5°. The CEDS inventories offer the NOy,
S0, NMVOCs, NH3, CO, OC, and BC emission from eleven anthropogenic sectors which are agriculture,
energy, on-road, non-road transportation, residential, commercial, other, waste solvents, international
shipping. In the present configuration, the horizontal resolution of LMDZ-INCA is 1.27°x2.5° (model
spatial grid lat x lon: 143 x 144), and the vertical dimension is divided into 79 hybrid 0-6 pressure
levels which stretches up to 80 km. The global simulations of these species consist in a spin-up from
2010 to 2018 and then on simulations from 2019, which are evaluated with the satellite observations.

3.5.4.1. SATELLITE OBSERVATIONS

NOx: We utilize the reprocessed PAL data product (S5P_PAL_L2__NO2) of the tropospheric total column
NO; from TROPOMI for evaluating the model simulation in 2019 and for the global source inversions of
anthropogenic NO; emissions in 2020-2021. Following the recommendations joined to the TROPOMI
product of NO,, we select the observations according to the threshold value of ga_value greater than
75 (i.e. high quality observations which exclude the cloud effect, snow cover, and any other problematic
pixel from retrievals).

S02: We use satellite SO2 total vertical column densities obtained by the TROPOMI and the OMI SO2
product (OMS02.003) from OMI. As the TROPOMI operational offline L2 SO2 data product has high noise
levels and large-scale variable biases, we use the TROPOMI COBRA SO2 data product [RD.26] in this
study which has comparatively smaller noise. We select only measurements from both TROPOMI-COBRA
and OMI and use filtering criteria for to select high quality observations from the inversions. For OMI,
we select data with total column values between -10 and 5 DU (1 Dobson Unit (DU) = 2.69 x 1016
molecules cm2), with solar zenith angles (SZA) less than 65°, cloud radiance fraction less than 0.3, Air
Mass Factor (AMF) greater than 0.2. We only use 6th-55th pixels on the cross-track dimensions which
are less affected by the row anomaly and data in the regions with South Atlantic Anomaly (SAA) are
also excluded. For TROPOMI-COBRA, we select high quality observations with QA_flag_filter = 1, discard
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first and last 25 pixels on the cross-section dimensions due to row anomaly which has large radiance
shot noise due to a difference in detector signal binning at the swath edges [RD.26], and apply the same
filter for AMF, cloud radiance fraction as for the OMI dataset with SZA less than 60°, and the total
column values between -5 and 5 DU. As we focused mainly on anthropogenic emissions, in order to
minimize the influence of volcanic SO2 plumes on satellite SO2 columns, we detected and filtered
volcanic SO2 pixels from TROPOMI & OMI SO2 products. We detected volcanic SO2 columns based on
an algorithm presented in TROPOMI L2 product. In this algorithm for TROPOMI, a SO2 column is
assigned corresponding to a volcanic plume if the SO2 VCD assuming a box profile at 15 km altitude
(i.e. SO2 VCD_box) is greater than a SO2 threshold (= 0.3 DU). For OMI, we used SO2 VCD assuming
upper tropospheric SO2 profile with a center of mass altitude (CMA) of 13 km (i.e.
ColumnAmountS0O2_TRU) for this detection. SO2 VCDs are removed if the volcanic pixel is detected
within a radius of 300 km to a known volcano whose locations are taken for a catalogue from Fioletov
et al. (2023). For explosive volcanos, SO2 plumes are tracked manually based on daily TROPOMI SO2
VCD_box and the SO2 VCD is removed if SO2 VCD_box is greater than the SO2 threshold value.

NH3: We use NH3 total columns from the IASI V3R.1.0 NH3 product for inversions of NH3 anthropogenic
emissions. We select only land measurements from the morning overpass as IASI is more sensitive at
this time to the boundary layer, owing to more favourable thermal conditions. We use the observations
only with cloud coverage lower than 10 %.

3.5.4.2. DATA PROCESSING

We map LMDZ-INCA model hourly profile of a species on each high-quality satellite pixel to calculate
the total/tropospheric model column correspond to each satellite observations. Further, we aggregate
the selected model and satellite observations over model spatial grid for each day. Only TROPOMI-PAL
NO2 product provides the total column averaging kernel and thus we could use the averaging kernel for
NO2 only to process the model NO2 data for the atmospheric inversions of NOx emissions. In order to
calculate the model column NO;in the troposphere corresponding to high quality filtered TROPOMI
observations, we use the total column averaging kernel provided in the TROPOMI dataset, construct the
tropospheric averaging kernel from the total air-mass factor (AMF), tropospheric AMF, and tropopause
layer index and combine the tropospheric averaging kernel with the modelled NO; distribution
interpolated over satellite pressure levels. For other species SO2 and NH3, the current accessible
versions of the respective data products do not provide averaging kernel and we used the total column
values from the LMDZ-INCA without rescaling to the effective satellite pressure and without convolution
with the averaging kernel. For NH3, the total columns in a model grid are computed as a weighted
average of the individual observations weighted with the relative error. Figure 3-22 shows an example
of the simulated annual averaged NH3 total columns from LMDZ-INCA compared with the IASI
observations for 2019. It shows that the model is underestimating the total columns compared to the
IASI observations over most of the regions in Africa, North America, South America, and Europe, except
some regions in India and China.

LMDZ-INCA LMDZ-INCA - IASI

x10%% molec cm~—2 %108 molec cm=2 %x10® molec cm~2

Figure 3-22: Annual averages of the NH3 total columns observed by IASI (left) projected on the model
grids, simulated by LMDZ-INCA (middle), and the difference between the model and IASI columns
(right) for 2019.

3.5.4.3. DESCRIPTION OF THE INVERSION
Method described in [RD.94]

A specific system has been developed for the inversions of global anthropogenic NOy, SO2, and NH3
emissions based on LMDZ-INCA and on the satellite observations. It follows a scheme described in
[RD.94]. We use daily averaged (as 10-day running mean) simulated and observed columns for the
inversions to estimate daily fluxes. The inversion uses the local sensitivity and year-to-year observation
changes. The estimated fluxes are derived by calculating the gridded local sensitivity of concentrations
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to emission changes () and relative observation change of a year of interest (e.g., for 2020 or 2021)
compared to the observations of 2019. Furthermore, LMDZ-INCA simulations of a species using fluxes
of 2019 and meteorology of an inversion year (e.g., 2020) are employed for computing relative changes
of the observations.

The inversion algorithm is based on the following steps:

Step 1. We compute B based on differences of modelled columns between LMDZ-INCA standard
simulations (Q2%12) with bottom-up emissions (EZ% ) for a reference year 2019 and the

bottom—up
modelled columns (Q321,,) from the LMDZ-INCA simulations using 40% reduced anthropogenic fluxes
(Eggrl'tgurb)
2019 2019
8 = &Ebottom—u’p /Ebottom—up
- (92019 _ 92019)/92019
perturb base base (1)

Step 2: Some filters are applied on B, on observed and/or modelled columns, and/or on bottom-up
emissions to select the grids corresponding to the anthropogenic emissions and also to avoid any
extreme or negative estimates of the emissions from the inversions. We select grids only for (i) 0 <8 <

10, (ii) B%Lnth > —1, and (iii) Qg is greater than 1 x 10'> molecules cm2 for NO2 and NH3 and greater

than 0.02 DU for SO2. Figure 3-23 shows an example of the distribution of monthly mean values of 8
computed for NH3 for April 2020. The values of B8 are less than 1.5 over most of the regions in the world.

Step 3: The fluxes (EZ!°) for an inversion year (e.g., 2020) using the satellite observations of 2019
(Q33¢°) and 2020 (Q33%°) are estimated from bottom-up fluxes (Efgirm-up) Of 2019 using the following
equation

AQ
2020 2019
Esar = (1 + 8 anth) Ebottom—up

(2)
Where:
Q2020 2019
2020
AQ . Qsat mOd‘Ebottom—up
~ 02019 2019
Q lanth Qsat Q

mod (3)

B (Apr-2019)

-

00 05 10 15 20 25 3.0

Figure 3-23: Spatial distribution of monthly mean B values for April-2019 estimated from LMDZ-INCA
model with 40% perturb anthropogenic NH3 emissions.

Mass-balance approach

We have also implemented a finite difference mass-balance approach [RD.96] to estimate total emission
for our study. This method utilizes a unit-less local sensitivity (B) as described above and the relative
difference of tropospheric NO2, SO or NH3 VCD
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Where g is unit-less local sensitivity as describe above but will be calculated for year of interest using
following equation

A
Epast = Epriar (1 + ﬁ?)

where p of a year of interest is calculated using below equation

ﬁ _ Eperturb,year - Eprior,year 'Qperturb,year - 'Qprinr,year
year Eprior,year ‘Qprior,year

and

ﬁ _ 'Qabs - ‘Qmud

N 'and

0,ps is the NO2 tropospheric column from the satellite and 2,,,4 is the model NO2 tropospheric column.

3.5.4.4. ESTIMATED EMISSIONS

Figure 3-24 shows an example of a map of the estimated monthly emissions of NH3 using IASI
observations for April 2020 and its comparison with the bottom-up CEDS inventories emissions used for
the inversions. The estimated emissions using the method described in [RD.94] are approximately 29%
higher compared to the bottom-up CEDS emissions for this month. Whereas the estimated emissions
using mass-balance approach for the same month is approximately 76% higher than the bottom-up
CEDS emissions. The spatial distribution of the estimates over the globe using method described in
[RD.94] is similar to the bottom-up emissions and differ from the estimated emissions distribution from
mass-balance approach. We conducted similar inversions for NO2 and SO2. For NO2, we also analysed
the impact of covid lockdown periods on the relative changes of the estimated emissions compared to
the previous year in different regions over the world. We observed reduction of estimated NOx fluxes
during lockdown over East China and India which changes ~-21.74% and ~-17.24%, during respective
lockdown period. Trend of estimated East US flux is similar to the bottom-up NOx emissions but seasonal
amplitude of the estimated emissions is observed higher than the bottom-up anthropogenic emissions.
For SO2, the estimated fluxes using the method described in [RD.94] are mostly higher compared to
the bottom-up emissions.

CEDS (bottom-up)

- -

0.0 0.5 1.0 15 2.0
Tg le-2

Figure 3-24: Comparison of monthly estimated from IASI observations (right) and bottom-up (CEDS)
(left) NH3 emissions of April 2020 using (a) the method described in[RD.94], and (b) the mass-balance
approach.
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3.5.4.5. UNCERTAINTY ANALYSIS

This approach is subject to a number of uncertainties and limitations. The uncertainty in different steps
of our analysis is discussed below.

First, the satellite retrievals of NO2 TVCDs suffer from uncertainties in spectral fitting and in a priori and
ancillary data utilized for calculating the stratospheric NO2 background and the air mass factors. For
example, the TROPOMI single-pixel errors are typically ~40-60% in the wintertime (19). However, we
use spatial and temporal averaging in our analysis to reduce the random errors. Meanwhile, relative
differences between 2019 and 2020 are used to derive NOx emission changes, which could cancel out
some of the systematic errors.

Second, the values simulated by the LMDZ INCA model reflect the feedback of NOx emissions on
NOx chemistry, which could be affected by many factors, such as the model representation of chemical
and physical processes (e.g. transport) and changes in emissions of other species involved in the
NOx chemistry. We evaluate the model simulation against satellite data to prove the model’s ability to
capture the characteristics of NO2 columns. We also conduct several sensitivity scenarios to show the
robustness of value, as discussed in previous sections.

CEDS
| Activity level changes — TROPOMI instrument | LMDZ INCA model
' inventories |
¥
o = Changes in satellite NO5 Responses in NO, TVCDs
Botto;nl{lspsijsgg?:tzeos;g NOx TVCDs with meteorological to changes in surface NO,
impacts excluded emissions

Bottom-up estimates of NO,, TROPOMI-constrained daily
emissions in 2020 NO, emissions in 2020

Sectoral ratio of CO5to NO,, TROPOMI-corrected sectoral

emissions daily NO, emissions in 2020

TROPOMI-corrected daily
CO; emissions in 2020

Figure 3-25: Illustration of the steps for the global inversion of NO2, SO2, NH3
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3.5.5. ISOPRENE (C5H8)

HCHO is a Volatile Organic Compounds (VOC) not only emitted at the surface but also produced in the
atmosphere through the oxidation of anthropogenic and biogenic hydrocarbons. The biogenic
hydrocarbon isoprene is the main precursor of HCHO over specific regions such as the tropics or the
South Eastern United-States.

Isoprene emissions by the vegetation vary as a function of temperature, water stress and plant
functional types. Usually, these emissions are simulated by models like MEGAN or CAMEO (the
ORCHIDEE land surface model modified with emissions parameterisations similar to MEGAN and coupled
to the LMDZ-INCA model [RD.100]). In Word Emission, we will optimize prior emissions from CAMEO
using satellite column measurements of HCHO from GOME and empirical relationships between daily
modelled isoprene emissions and daily HCHO observations. These relationships will be established over
mainly vegetated areas to reduce the impact of anthropogenic VOC emissions on HCHO. This work will
allow ups to produce optimized weekly to monthly isoprene emissions based on HCHO observations.
This approach is inspired from [RD.99] who applied it over the USA in the GESOSCHEM model. Figure
3-26 shows such relationships for different sub regions of USA. The regression slope will be determined
for different continents and different time scales, including sub-divisions of continents into distinct
biomes. A simulation without isoprene emissions will be performed with the LMDZ INCA to isolate the
impact of emissions over the period 2019-2021. Based on the results, isoprene emissions will then be
updated regularly from satellite observations of HCHO.

NW NE

0 I L 1 1 1 i
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Isoprene Emission [10"® atomC cm™s™'] Isoprene Emission [10'® atomC cm®s™]

Model HCHO Column [10"® molec cm®]  Model HCHO Column [10'® molec cm?]

Figure 3-26 Relationship between isoprene emissions and HCHO concentrations over different regions
of the US [RD.99].
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3.5.6. PARTICULATE MATTER (PM)

World Emission does not directly optimize emissions of particulate matter (PM) with an inversion model
to deliver gridded regional or global scale emission maps, given the uncertainty of intertwined primary
and secondary emissions, e.g., from the conversion of NH3, biogenic precursors and SO; into aerosols,
complex aerosol mixtures, non-linear heterogeneous chemistry and deposition processes that determine
both PM10 and PM2.5. Rather, it takes advantage of optimized global PM-precursor SO, and NHs
emissions to simulate the PM10 and PM2.5 distribution using the LMDZ-INCA model at 1° by 1° globally.
Aerosols and gases are treated in the same code to ensure coherence between gas phase chemistry and
aerosol dynamics as well as possible interactions between gases and aerosol particles. INCA accounts
for the following four basic properties of the ambient aerosol matter: size, chemical composition,
hygroscopicity and mixing state of the particles. A superposition of lognormal modes is used, each mode
is described by two variables: a mass median diameter and a geometric standard deviation. This
multimodal approach allows the representation of the coexistence of externally and internally mixed
particles with a limited number of tracers. Sulphate and organic carbon are treated as external mixtures.
Black carbon is considered either as externally mixed either or as internally mixed. The treatment of the
formation of secondary organic aerosols was done in order to optimize the number of tracers treated in
the full chemistry scheme. It considers two natural precursors (isoprene and a-pinene which plays the
role of a terpene surrogate). Each one produces 2 gas-phase and 2 aerosol-phase products. The scheme
to produce volatile organic carbon the precursors of these species is described in [RD.83] and [RD.78].
Submicron aerosols are transported into two distinct modes, one that is soluble (rather hygroscopic)
and a second one that is insoluble. The carbonaceous aerosol fraction is composed of various products
of incomplete combustion of fossil fuels and biomass. Direct particle emissions contain both soot and
organic matter. INCA keeps track of both soluble and insoluble BC and POM. It assumes that primary,
insoluble carbonaceous particles become soluble with time. This ageing process transfers smaller size
insoluble accumulation mode particles into the larger size soluble accumulation mode, decreasing
slightly the mode diameter of the latter. The shape of the dust size distribution at emission is constrained
by fitting the data set recently used by [RD.101]. PM10 and PM2.5 are estimated considering the
specificity of the aerosol size distribution of each aerosol component. The model simulations with initial
and optimized precursor emissions (NH3, SO,, CHOCHO, isoprene and HCO) is compared with AOD data
from TROPOMI [RD.102], ESA and MODIS products, with primary PM emissions being scaled for test
regions in order to match modelled with observed AOD, as a prospective study. In addition, World
Emission will attempt to estimate anthropogenic emissions of PM10 and PM2.5 using NOx as a proxy
and compare the results with local and regional air quality stations ([RD.103], [RD.104]) and the
ground-based remote sensing Aerosols Robotic NETwork (AERONET) ([RD.105], [RD.106]).

3.5.7. WATER VAPOR (H20)

World Emission does not address water vapor emissions and sinks from the atmospheric water cycle,
but it uses water vapor column densities from OMI [RD.107] and preliminary TROPOMI products
[RD.108] to compute dew point temperatures, without the need of LMDZ-INCA here. The Carbon Monitor
inventory exploits these dew point temperatures to estimate residential cooling energy requirements
and pertaining CO; emissions from the power sector during heatwaves in high humidity environments,
such as coastal regions, monsoon regions and the wet tropics. Cooling-induced emissions depend on
both air temperature and humidity [RD.109], with compound extremes of hot temperatures and
elevated relative humidity increasing deadly risks for populations [RD.110]. Water vapor in the boundary
layer is also an important driver of plant stress [RD.111], reducing gross primary productivity from
stomatal closure and enhancing emissions of BVOCs during drought episodes. World Emission uses
water vapor retrieved from TROPOMI transformed into water pressure deficit (VPD) to investigate the
correlations between HCO, CH3OH column concentration and isoprene concentration / retrieved
emissions in order to identify regions where water stress on plant photosynthesis and BVOC emissions
is controlled by VPD rather than by other drivers such as radiation and soil moisture deficits. Preliminary
analyses of the drivers of plant stress in Tropical South America [RD.112] indicates an extensive role of
VPD over large regions of the Amazon Forest.
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3.6. PRODUCT GENERATION WORKFLOW

The World Emission platform is based on a single top-down emission inversion system that combines all
atmospheric composition data with bottom-up inventories to deliver a wall-to-wall quantification for all
the species of interest, at very high spatial and temporal resolution, over the whole globe, and with
rapid availability of data to users would be impractical, given the different lifetimes of reactive gases
and long-lived greenhouse gases, and the resolution of atmospheric dispersion models that must be
adapted to each problem. For instance, a plume of NOx, SO2 or NH3 from an industrial site must be
simulated at kilometric scale to constrain local emissions, whereas diffuse large scale CH4 and CO2
emissions require 3D global transport-chemistry models. Therefore, we propose a suite of sub-systems
suitable to cover anthropogenic and natural emissions of CO2, CH4, CO, SO2, NOx, NH3, as well as of
CH30H, and isoprene, going from point sources to the globe. shows the integration of the products

generation within the overall analysis flow of World Emission system.
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Figure 3-27: Overall system flow

m A sub-system to assess emissions from localized point sources like power plants and
industrial sites that produce localized atmospheric plumes of emitted species. These plumes
detected by spaceborne imagers (TROPOMI) or crossed by sounders (OCO-2) will be analysed
systematically to retrieve all possible point sources emissions over the entire globe.

m A sub-system to diagnose gridded weekly emission fields for the selected regions with
industrial activities and high population densities, or intense wildfires and deforestation. In those
domains, emissions produce regional enhancements of atmospheric concentration of each
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species at scales of 1 to ® 500 km. Those enhancements integrate the contributions of emissions
from point sources, area sources such as megacities and conurbations, forest and savannas
fires, together with the signal of more diffuse regional emissions. Here, satellite data will be
inverted into emissions using 3D mesoscale regional models of atmospheric transport and
chemistry.

A subsystem for global emissions, exploiting synoptic and hemispheric-scale atmospheric
concentration gradients at scales of 100 to 1000 km. Those large-scale signals will be exploited
by a common top-down inversion system to constrain emissions with a 3D global chemistry
transport model integrated at a spatial resolution of 100 km, combined with the new GFED and
Carbon Monitor near real time bottom-up global inventories for anthropogenic combustion
emissions and wildfires.

All the species are analysed as an integrated whole being part of an almost unique processing chain
with a kernel that is common to all the species. Such configuration is pursued to ease vertical scalability
(i.e., towards adding more species).

Note that local and regional estimates can be considered as intermediate products still reaching the
overall goal of global coverage.

The detailed analysis methods for different species with particular living time and emission
characteristics are attached below in the following figures.
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Figure 3-28: Detailed analysis flow for NOx, NH3, SO2.
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Figure 3-29: Detailed analysis flow for CH4, CO.
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Figure 3-30: Detailed analysis flow for CO2.
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