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Changes with respect to the DoA 

 

Final version of the report has been delayed by a month. 

Dissemination and uptake 

(Who will/could use this deliverable, within the project or outside the project?) 

 

In the first instance our results are relevant to the wider group within WP2, but they have 

wider relevance to science community who are developing methods to quantify national 

estimates of combustion CO2 in preparation for upcoming Global Stocktakes. 

 

Short Summary of results (<250 words) 

 

We assess how nitrogen dioxide (NO2), carbon monoxide (CO) and formaldehyde (HCHO) 

can be used as proxies to determine the combustion emission of CO2 using satellite 

observations and in situ measurements. We focus our analysis on 2018 when there is a 

full complement of data. We find that that NO2 and CO are the better candidates to 

identify incomplete combustion, but both have their own challenges associated with 

properly describing their atmospheric chemistry. We find a weak positive relationship 

(R<0.4) between national-scale emission inventory estimates of CO:CO2 and NOx:CO2, 

reflecting the importance of different sectors within a country that have different 

combustion efficiencies. We also find a weak positive correlation between the CO:CO2 

inventory ratio and satellite observed column enhancements DXCO:DXCO2 (R<0.2), 

suggesting some consistency and linearity in CO chemistry and transport. However, we 

find a stronger negative correlation between the NOx:CO2 inventory ratio and satellite 

observed column enhancements DXNO2:DXCO2 (R<0.50), driven by non-linear 

photochemistry. Both of these observed ratios are described well by a regional 

atmospheric chemistry transport model, providing confidence that the model is a useful 

tool for interpreting these tracer-tracer ratios. Our preliminary joint CO2:CO inversion 

results using in situ data demonstrate the potential usefulness of including error 

correlations between CO2 and CO to estimate combustion CO2 emissions. During July 

2018 we find that including CO2:CO error correlations results in error reductions of up to 

15% for combustion CO2 estimates, and also improvements in natural fluxes of CO2 and 

emissions of CO across Europe. This work paves the way for developing the method for 

satellite data. 

Evidence of accomplishment 

(report, manuscript, web-link, other) 

 

We will soon be writing this report into two manuscripts for peer review. 
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1. Glossary 
 

Abbreviation / Acronym Description / meaning 

CEDS Community Emission Data System  

FFDAS Fossil Fuel Data Assimilation System 

GEOS-Chem Chemical transport model, driven by meteorology from the Goddard 

Earth Observing System (GEOS) 

EMEP/CEIP European Monitoring and Evaluation Programme/Centre on Emission 

Inventories and Projections 

GEOS-5 Goddard Earth Observing System, version 5 

GFED-4 Global Fire Emissions Database, version 4 

GMAO Global Modeling and Assimilation Office (GMAO) 

GNFR Gridded Nomenclature For Reporting 

MODIS Moderate Resolution Imaging Spectroradiometer 

MOPITT Measurement of Pollution in the Troposphere 

NDACC Network for the Detection of Atmospheric Composition Change 

NRTI Near Real TIme processing of TROPOMI products 

OCO-2 Orbiting Carbon Observatory 2 

OFFL Offline processing of TROPOMI products 

S5P Sentinel 5 Precursor 

TCCON Total Carbon Column Observing Network  

TNO-GHGco Netherlands Organization for Applied Scientific Research (TNO), 

GreenHouse Gas and co-emitted species emission database 

TROPOMI TROPOspheric Monitoring Instrument 

UNFCCC United Nations Framework Convention on Climate Change 

VCD Vertical Column Density 

VOCs Volatile Organic Compounds 
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2. Executive Summary 
 

This document provides an assessment of how reactive atmospheric chemistry tracers of 

incomplete combustion can be used to determine the combustion contribution to 

atmospheric measurements of carbon dioxide (CO2). We use satellite column observations of 

CO2 from the NASA Orbiting Carbon Observatory (OCO-2) and satellite tropospheric column 

data products of carbon monoxide (CO), nitrogen dioxide (NO2), and formaldehyde (HCHO) 

from the European TROPospheric Ozone-Monitoring Instrument (TROPOMI) aboard Sentinel-

5P. We focus our analysis on 2018 when there is a full year of data from OCO-2 and TROPOMI.  

 

To interpret these data, we use a geographically nested atmospheric chemistry transport 

model driven by self-consistent combustion emissions of CO2, nitric oxide (NO, a precursor of 

NO2), CO, and volatile organic compounds (VOCs) that are precursors to HCHO.  We have 

intentionally used the term combustion tracer because there is nothing in these data to 

separate emissions from the combustion of fossil fuel and biofuel, both of which widespread 

across Europe. 

 

Using HCHO as a tracer of incomplete combustion is compromised during the summer by 

biogenic VOC emissions, particularly over Mediterranean countries, and during the winter 

when the lifetime of parent anthropogenic VOCs is too long to relate elevated HCHO columns 

to anthropogenic activity. Based on our assessment, we conclude that HCHO is unlikely to 

play a substantive role in quantifying the combustion contribution to CO2.   

 

We find that NO2 and CO are the better candidates for incomplete combustion, but both have 

their own challenges. If NO2 and CO are to be used as a way to identify characteristic 

X:CO2 ratios (where X = NO2 or CO and  denotes elevated values above a regional 

background value) that correspond to combustion, then photochemistry must be taken into 

account. In the case of NO2, rapid cycling with NO (the sum of which is known as NOx) must 

be considered, which varies with latitude and season. Similarly, any additional production or 

loss of NOx reservoir species, e.g., peroxyacyl nitrate (PAN), should be integrated. CO is made 

up of direct anthropogenic and biomass burning emissions, in addition to a secondary 

production source from the oxidation of VOCs and methane that can contribute up to 75% of 

the total source in summer months. Neglecting atmospheric chemistry will unnecessarily 

compromise the ability to use these tracers to determine combustion CO2.  

 

When investigating corresponding ratios in reported emission data, we find a weak positive 

relationship between CO:CO2 and NOx:CO2 ratios on national levels, which suggests that 

combustion efficiency in terms of co-emitting CO and NOx are weakly correlated within a 

country. We also find a weak positive correlation between emission-based ratio CO:CO2 and 

satellite observed column enhancement XCO: XCO2, which suggests linearity in CO 

chemistry and transport. Conversely for NO2, we find a stronger negative correlation between 
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NOx:CO2 and enhancement XNO2: XCO2, which suggests nonlinearity in NOx 

photochemistry. Both of these relationships are described reasonably well by the 

atmospheric chemistry transport model, providing confidence that the model is a useful tool 

for interpreting these tracer-tracer ratios. 

 

We have developed a joint CO2:CO Bayesian inversion to determine combustion CO2 

emissions, which using CO and CO2 atmospheric data. The method relies on quantifying prior 

and measurement uncertainty correlations that form off-diagonal terms in the prior and 

measurement error covariance matrices that determine the outcome of the Bayesian 

calculations. Prior uncertainty correlations between CO and CO2 are determined by a Monte 

Carlo calculation that takes into account national estimates of activity rates and emissions 

factors that are consistent with the emission inventory used by GEOS-Chem. The 

measurement error correlation is estimated using a forecast-analysis model pair.  

 

To demonstrate the method, we have used surface in situ measurements of CO2 and CO mole 

fractions; extending the method to satellite observations will require a few technical 

modifications, e.g., revised measurement error correlation that takes into account 

instrument-related averaging kernels but otherwise remains a valid approach. Posterior 

estimates for combustion emissions of CO2 and CO and for natural fluxes of CO2 closely follow 

prior estimates, as expected given the expected accuracy of inventory estimates on a national 

scale. The joint CO2:CO inversions suggest weaker uptake of CO2 over Germany and Italy 

during our example month of July 2018.  

 

We find that CO2:CO correlations significantly reduce posterior uncertainty on combustion 

emission estimates of CO2. Most of this uncertainty reduction stems from the prior CO2:CO 

error covariance matrix. CO measurements and the model are more uncertain than CO2 

measurements so there is less to be gained through CO2:CO correlation in the measurement 

uncertainty covariance matrix. Conversely, model error correlations are more effective at 

constraining the biospheric flux of CO2 and the combustion source of CO.  
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3. Motivation and Report Overview 
 

The overarching objective of the VERIFY project is to advance the development of accurate 

and robust observation-based methods for quantifying GHG emissions and sinks, and to 

deliver knowledge and products that are of practical use for policy and societal stakeholders. 

The broad deliverables of VERIFY will eventually underpin an operational measurement 

reporting verification (MRV) system that can support Global Stocktakes that represent one of 

the primary vehicles for achieving the climate targets set out by the Paris Agreement. 

 

As such, being able to determine robust estimates of combustion CO2 (ffCO2) are central to 

any MRV.  Work Package 2 (WP2) of VERIFY is focused on improving and independently 

verifying ffCO2 budgets on the national scale over Europe and over regional emission hot 

spots such as large industrial point sources and urban areas using observation-based methods.  

 

In this WP task, we assess the ability of available atmospheric measurements of CO2 and 

complementary trace gases to determine total combustion CO2 (cCO2), which includes both 

fossil fuel and biofuel CO2. Using atmospheric CO2 to quantify cCO2 is difficult without making 

prior assumption of the distribution and magnitude of natural fluxes of CO2 that are extremely 

uncertain, reflecting that we cannot separate the influence of combustion emissions and 

natural fluxes using atmospheric CO2 alone. A common approach is to subtract the 

combustion contribution from net CO2 fluxes to determine biospheric fluxes of CO2 (Figure 1). 

Previous studies have shown the value of combining atmospheric CO2 with trace gases that 

are co-emitted during combustion processes. The leading candidates for this approach are 

carbon monoxide (CO) and nitrogen dioxide (NO2) both of which measured routinely by a 

range of satellite observations. We also consider formaldehyde (HCHO) as a third candidate 

but as we show later uncertainties in the chemistry of the parent volatile organic compounds 

(VOCs), including biogenic VOCs, means that HCHO will be difficult to use as a tracer of 

combustion. Here, we focus our attention on satellite observation of CO, HCHO and NO2 from 

the European TROPOMI satellite instrument and CO2 from the NASA OCO-2 satellite. 

 

Figure 1 provides an overview of the approaches we have taken to address this WP subtask. 

We take advantage of new high-resolution bottom-up inventories developed for Europe 

within VERIFY (WP2, D2.2), models and inventories that describe natural emission estimates, 

and the nested GEOS-Chem model of atmospheric chemistry centred over Europe. The model 

represents a tool to translate information contained emission inventories to the atmospheric 

observations and generally provides the basis for the work presented in this report (Figure 1). 

We focused our analysis on 2018 and compared results from contrasting July and December 

months when there are differences in available data and photochemistry that affect CO and 

NO2 distributions. 
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First, we assess the relationships between total combustion emissions of CO2, CO and NO2 

across Europe from all sectors. This allows us to assess the magnitude and temporal and 

spatial distributions of NO2:CO2 and CO:CO2 ratios.  

 

Second, using the nested GEOS-Chem atmospheric chemistry transport, we generate 4-D 

fields of CO, NO2, and CO2 that were then sampled as observed by TROPOMI and OCO-2 and 

the resulting profiles convolved with scene-dependent instrument averaging kernels. This 

second step allows us to compare directly the model and observed CO, NO2, and CO2 columns 

that indirectly provides a test for the underlying emissions inventories being used. It also 

allows us to quantify the atmospheric equivalent ratios of NO2:CO2 and CO:CO2 that will form 

the basis of further inverse model calculations.  

 

 

 
Figure 1 Overview of the work being shown in this technical note. 

As part of this WP2 D2.14, we have also developed a method to calculate the error 

correlations between CO and CO2 emission that are necessary for a joint CO2:CO inversion. 

We have achieved this by working closely with the inventory compilers and collected national-

scale estimates of activities rates (fuel burned) and emission factors (emission of trace 

gas/unit mass of fuel burned) and their uncertainties. We demonstrated the value of our 

method using in situ measurements of CO and CO2 over Europe for July 2018. 
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In the next section we describe the methods and data we use as part of this technical report. 

In section 5 we report our results, and we conclude the report in section 6. 
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4. Methods and Data 
 

Here, we describe the satellite measurements of carbon monoxide (CO), nitrogen dioxide 

(NO2), formaldehyde (HCHO) and carbon dioxide (CO2); the GEOS-Chem atmospheric 

chemistry transport model we use to simulate these tracers; and the statistical methods we 

use to compare and interpret the model and satellite data. 

 

4.1. TROPOMI Instrument 
 

The TROPOspheric Monitoring Instrument (TROPOMI), aboard the European Space Agency’s 

Sentinel-5 Precursor (S5P) satellite, is in a sun-synchronous orbit with a local equatorial 

overpass time of 13:30 and a daily near-global coverage, subject to cloudy scenes. TROPOMI 

is a nadir viewing instrument that contains three spectrometers that cover ultraviolet-near 

infrared with two bands at 270-500 nm and 675-775 nm and one spectrometer for the 

shortwave infrared (2314-2382 nm). Since its launch on 13 October 2017, it has provided 

measurements of atmospheric trace gases (such as NO2, CO, CH4, O3, HCHO, SO2) at a spatial 

resolution of 7.2 km along-track by 3.6 km cross-track and a 2600 km wide swath at nadir. 

 

The quality of satellite measurement depends on cloud cover, surface albedo, saturation, 

geometry etc. TROPOMI data product provides quality assurance value (qa_value) for each 

individual measurement, which takes into account a number of factors that influence the 

ability of the retrieval to quantify trace gas abundances, such as cloud cover, surface albedo, 

saturation, geometry. Qa_value is a continuous value from 0 (error) to 1 (all is well), and two 

quality flags (0.5 and 0.75) are recommended as easy filters to remove less accurate 

measurements. Qa_value > 0.75 removes cloud-covered scenes (cloud radiance fraction > 

0.5), partially snow/ice covered scenes, errors and problematic retrievals. Qa_value > 0.5 

keeps good quality data over clouds and more snow/ice-covered scenes, while removing 

errors and problematic retrievals.  

 

TROPOMI Level 2 (L2) data product has two timeliness delivery data streams: Offline (OFFL) 

and Near Real TIme (NRTI). The NRTI product delivers the data within 3 hours of sensing, 

whereas the OFFL product becomes available after a few days of acquisition. We initially 

propose to use CO, NO2 and HCHO OFFL L2 products covering two contrasting months in 2018: 

July and December. However, due to highly limited coverage of satellite CO2 data in December 

(Sect. 4.3, Figure 3 and Figure 4), we use July 2018 data only (Figure 2) in this study. In order 

to compare model concentrations with TROPOMI column products, we sample the model at 

the time and location of each TROPOMI scene and take into account the scene-dependent 

vertical sensitivity of measurements. To relate the model to observed columns, we use 

ancillary information from the TROPOMI products (such as pressure levels, averaging kernels, 

air mass factors) More detailed introduction is given in the following sections (sect. 4.2). 
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Figure 2 Monthly mean column density of CO, NO2 and HCHO observed by TROPOMI in (top row) July and 

(bottom row) December 2018, only data points with qa_value > 0.75 are selected. Values are gridded on the 

GEOS-Chem model spatial resolution of 0.25° (latitude)x 0.3125° (longitude). 

4.2. TROPOMI Column Measurements of CO, NO2 and HCHO 

 

In this study, we use Copernicus Sentinel 5 Precursor Tropospheric Monitoring Instrument 

Carbon Monoxide total column Level 2 Offline data products (S5P/TROPOMI CO L2 OFFL). The 

data product contains the total column CO (TC_CO), which provides the total atmospheric 

column density of CO between the surface and the top of atmosphere. The corresponding 

random error originating from the spectral fit is represented by total column CO precision 

(𝑠𝐶𝑂). As part of a broader validation of TROPOMI data, studies show that TC_CO is in good 

agreement with both ground-based networks (TCCON and NDACC) and satellite products 

(MOPITT), with a bias of <10% (http://www.tropomi.eu/documents/validation). To ensure 

data quality, we select pixels with a qa_value above 0.5, as suggested by S5P TROPOMI Level 

2 product documents (http://www.tropomi.eu/documents/level-2). 

 

For NO2 and HCHO, TROPOMI L2 OFFL data products provide tropospheric column density 

instead of total column. The NO2 data product contains tropospheric NO2 column density 

(TROP_NO2) and the respective error estimate (𝑠𝑁𝑂2) originating from the spectral fit and 

other retrieval aspects. HCHO data product contains tropospheric HCHO column density 

(TROP_HCHO) and its respective error estimate (𝑠𝐻𝐶𝐻𝑂). Differences between CO, NO2 and 

HCHO products used in this study are listed in Table 1. 

 

Table 1 Summary of TROPOMI CO, NO2 and HCHO data product information. The bias reported is estimated by 

comparing with independent remote-sensing data (https://mpc-vdaf.tropomi.eu/).  

Parameter Vertical resolution Abbreviation Bias  Qa_value 
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CO Total column TC_CO <10% 0.5 

NO2 Tropospheric column TROP_NO2 25-50% 0.75 and 0.5 

HCHO Tropospheric column TROP_HCHO 80% 0.5 

 

The TROPOMI CO product is retrieved using the spectral window of 2324-2338 nm with 

improved SICOR (Shortwave Infrared CO Retrieval) full physics retrieval approach, which is 

based on the method of Vidot et al. (2012). The retrieval product consists of a CO total vertical 

column density (VCD) estimate, which represents the vertically integrated abundance of CO 

molecules per unit area (in units of mol m-2). 

 

The TROPOMI NO2 retrieval algorithm uses the bands of ultraviolet-near infrared 

spectrometer (405-465 nm). The algorithm is based on the OMI NO2 DOMINO retrieval 

(Boersma et al., 2011) with updates for all retrieval sub-steps (van Geffen et al., 2015; Lorente 

et al., 2017; Zara et al., 2018). Tropospheric vertical column density (VCD) is retrieved by the 

algorithm, which represents the abundance of NO2 below tropopause.  

 

Tropospheric HCHO vertical column density is retrieved using UV spectral measurements and 

Differential Optical Absorption Spectroscopy approach (DOAS; Platt and Stutz, 2008). 

 

To investigate the relationship between column abundances of CO, NO2 and HCHO with the 

fossil fuel component of atmospheric CO2, we convert the report units of TROPOMI 

tropospheric vertical column density of CO, NO2 and HCHO (originally in units of mol m-2) to 

units of mole fraction (in ppbv or pptv) using consistent surface pressure retrieved from 

TROPOMI and mean air molecular weight (28.96 g mol-1). 

 

4.3. OCO-2 Column CO2 Measurements 
 

We use dry-air column CO2 (XCO2) data retrieved by NASA’s OCO-2 (Orbiting Carbon 

Observatory), launched in July 2014 into a sun-synchronous orbit with a local passing time of 

13:30. We use bias-corrected OCO-2 v9r in this study. Both TROPOMI and OCO-2 data are 

mapped and gridded over the European domain (15°W to 40°E, 30°N to 70°N) at the GEOS-

Chem model horizontal resolution of 0.25° (latitude) ° 0.3125°(longitude). Figure 3 and Figure 

4 show the retrieved XCO2 data over the domain in July and December 2018 as a monthly 

mean distribution and as a latitude-time plot, respectively. The volume of cloud-free data is 

much higher during summer than during winter when you would expect a more isolated 

combustion signature.  
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Figure 3 Monthly mean dry air column concentration of CO2 (XCO2) retrieved by OCO-2 during (left) July and 

(right) December 2018. Values are gridded on the GEOS-Chem model spatial resolution of 0.25° (latitude) x 

0.3125° (longitude). 

 

 
Figure 4 Daily latitudinal mean XCO2 (Figure 3) in July and December 2018. 

 

4.4. In situ Measurements of CO and CO2 
 

To demonstrate the joint CO:CO2 inversion, as described below, we use atmospheric mole 

fraction data for both CO and CO2 used in the prototype CO:CO2 inversion were taken from 

the ICOS network of sites across Europe, with additional data from the DECC network of tall 

tower sites in the UK. In total, measurements were used from a total of 22 sites for CO2 and 

18 sites for CO (Figure 7).   

 

High frequency measurements were averaged into 3-hourly bins for use in the inversion 

system and filtered to only include daytime data between 10:00-16:00 to limit data-model 

comparisons to those times when the air should be relatively well mixed.  

 

4.5. GEOS-Chem Atmospheric Chemistry Transport Model 
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To describe the relationship between surface fluxes and atmospheric concentrations of CO, 

NO2, HCHO, and CO2 we use the GEOS-Chem 3-D atmospheric chemistry transport model 

(www.geos-chem.org), v12.6.1. We drive the GEOS-Chem model with Goddard Earth 

Observing System, version 5 (GEOS-5) meteorological analyses from the Global Modeling and 

Assimilation Office (GMAO) at NASA Goddard Space Flight Center to conduct two sets of 

consistent standard chemistry simulations: (1) a global standard chemistry simulation at 4 

(latitude)  5 (longitude)  72 vertical sigma-levels; and (2) a nested grid standard chemistry 

simulation at 0.25 (latitude)  0.3125 (longitude)  47 vertical levels over the European 

domain (15W to 40E, 30N to 70N). Both vertical resolutions describe the atmosphere 

from the surface up to 0.01 hPa, encompassing the troposphere and stratosphere. The nested 

grid simulation makes use of 3-hourly instantaneous outputs for all chemical tracers from the 

global simulation as boundary conditions, and 3 outermost grid cells of the regional run in all 

directions are treated as buffer zones.  

 

Our standard chemistry simulation includes detailed HOx-NOx-VOC-ozone-halogen-aerosol 

tropospheric chemistry and detailed stratospheric chemistry coupled with tropospheric 

chemistry through the unified tropospheric-stratospheric Chemistry eXtension (UCX), as 

described in Eastham et al. (2014). 

 

For our global run, we use anthropogenic emissions of chemically reactive gases (CO, CH4, 

NH3, NOx, SO2, non-methane VOCs), carbonaceous aerosols (including black carbon – BC, and 

organic carbon – OC), and CO2, from the Community Emission Data System (CEDS) global 

emission inventory (Hoesly et al., 2018). Offline dust aerosol, lightning and soil NOx, biogenic 

VOCs and sea salt aerosols emissions (Weng et al., 2020) are used in both global and regional 

simulations. We use Global Fire Emissions Database version 4 (GFED4, 

http://globalfiredata.org) for fire emissions. The GFED inventory provides monthly dry matter 

emissions based on satellite observations of fire activity and vegetation coverage from MODIS 

(Moderate Resolution Imaging Spectroradiometer, Van Der Werf et al., 2017). The GEOS-

Chem model calculates biomass burning emissions of trace gases and aerosols by applying 

vegetation-specific emission factors (Akagi et al., 2011) to the dry matter burned data. 

 

For our nested European domain (15W to 40E, 30N to 70N), we replace anthropogenic 

CO, NOx, CO2 emissions with the new TNO-GHGco inventory (Netherlands Organization for 

Applied Scientific Research (TNO), greenhouse gas and co-emitted species emission database, 

Super et al., 2019). The TNO-GHCco inventory is based on official annual emission data 

submitted to UNFCCC (United Nations Framework Convention on Climate Change) for CO2 

and to EMEP/CEIP (European Monitoring and Evaluation Programme/Centre on Emission 

Inventories and Projections) for NOx and CO. Spatial variability within each country is 

quantified using proxies such as locations of large industrial point sources, industrial area land 

cover for industrial emissions and road networks derived from Open street map and Open 

transport map for road transport emissions (Super et al., 2019). Temporal profiles that 

http://globalfiredata.org/
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describe emission variations between months, days of the week and hours in the day are also 

provided per GNFR (Gridded Nomenclature For Reporting) sector code which is based on the 

sector specific emission data reported by each country. The TNO-GHGco inventory separates 

fossil fuel and biofuel emissions of CO2, CO and NOx at 6 km horizontal resolution. We 

combine GNFR sectors involving combustion processes in both fossil fuel and biofuel 

emissions into combustion emissions. Figure 5 and Figure 6 show the spatial distribution and 

national totals of combustion emission of CO2, NOx and CO during July and December 2018. 

 

 
Figure 5 Combustion emission (kg m-2 s-1) of CO2, NOx and CO from TNO-GHGco inventory during (top row) 

July and (bottom row) December 2018. 

 

 
Figure 6 National total combustion emission (Tg month-1) of CO2, NOx and CO in (orange bars) July and (blue 

bars) December 2018 for 14 European countries. 

 

4.6. Joint CO2:CO Bayesian Inversion 
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To estimate emissions of CO2 from combustion and other sources we use a Bayesian inversion 

approach. We use observational data, y, describing atmospheric trace gas data, to update the 

a priori estimate, xap, of emissions of those trace gases using a simple synthesis inversion 

approach, assuming Gaussian error statistics. We seek to minimize the cost function, J, that 

is given by:  

𝐽 =  (𝒚 − 𝐻𝒙)𝑇𝑅−1(𝒚 − 𝐻𝒙) + (𝒙 − 𝒙𝑎𝑝)
𝑇

𝑃−1(𝒙 − 𝒙𝑎𝑝), 

 

where H is the operator that maps emissions to atmospheric concentrations, and x represents 

the a posteriori vector. R is the observation error covariance matrix and P is the prior 

emissions error covariance matrix. Superscript -1 and T denote matrix inverse and transpose 

operations, respectively. 

 

To isolate the combustion sources of CO2 from non-combustion sources we exploit the use of 

co-tracer measurements. CO is one such co-tracer that is co-emitted with CO2 during 

incomplete combustion processes. By simultaneously solving for CO and CO2 fluxes we are 

effectively using the CO data, via a priori CO:CO2 a priori and measurement error correlations, 

to constrain the combustion source of CO2 thereby allowing the CO2 to constrain the 

biosphere CO2 flux. 

 

First, we consider the prior CO:CO2 emission error correlation. Combustion sources of CO2 

and CO are co-located and errors in the prior estimate of CO2 are not independent of errors 

in CO. The calculation of prior emissions for each combustion sector can be coarsely defined 

in terms of the emissions factor, EF, and activity rate, AD, of each sector as: 

 

𝑥𝑎𝑝 =  ∑ 𝐸𝐹𝑖𝑖 × 𝐴𝐷𝑖, 

 

where i represents each GNFR sector: public power, industry, other stationary combustion, 

road transport, shipping, aviation and off road. We use a Monte Carlo approach to estimate 

the prior emissions uncertainty for each sector and each country in the European domain. We 

generate an ensemble of emissions by perturbing the mean value of EF and AD for each 

country and sector according to the 1σ uncertainty and a population of normal or lognormal 

distribution random numbers with a variance of 1.  

 

Values for AD and EF for each sector and country are consistent with TNO emission 

inventories for 2017, with the corresponding uncertainty estimates for each GNFR sector 

based on national reporting for 2017. To generate error covariances between CO and CO2 we 

assume that the activity data is common between the two gases, i.e., the amount of fuel 

burned for each sector. For emission factors we assume CO and CO2 errors are inversely 

correlated based on the principle of combustion efficiency. Table 2 shows the prior error 

correlations we calculated using this approach for an example selection of European countries. 
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Table 2 Prior CO2:CO error correlations for selected European countries. 

Country Prior CO2:CO error correlation 

Belgium -0.10 

France -0.42 

Germany -0.23 

Italy -0.43 

Netherlands -0.25 

United Kingdom -0.49 

 

The sign and value of these correlations reflects the relative importance of the errors 

associated with the regional emission factors and activity data. At the two extremes, in the 

instance where the uncertainties in the emission factors dominate over activity rate 

uncertainties the CO:CO2 error correlation will approach -1, and conversely in the instance 

where activity rate uncertainties dominate the emission factor uncertainties the CO:CO2 error 

correlation will approach +1. In practice, on a national scale over Europe, emission factor 

uncertainties are generally larger than activity data uncertainties resulting in negative prior 

error correlations. 

 

For the model-measurement error correlation we consider the measurement errors to be 

independent between CO and CO2 and thus consider only the model error correlations. Model 

errors are dominated by atmospheric transport errors and we follow the approach of Wang 

et al (2009) to characterize this error correlation. We use a paired-model method, where we 

conduct two different simulations of CO and CO2, driven by different offline meteorological 

fields. In the first case we use meteorology from GEOS-FP at 0.25°×0.3125° resolution. In the 

second set of simulations, we use meteorology data from the MERRA-2 reanalysis at 

0.5°×0.625°.  The 3D concentration fields generated from these separate runs differ only due 

to meteorology and provide an estimate of the model errors and their correlation. The 

transport error correlation in July 2018 is shown in Figure 7.  
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Figure 7 Paired model error correlation between CO2 and CO during July 2018. Green circles indicate the 

locations of ICOS and DECC measurement sites used in the joint CO:CO2 inversion. 

 

As part of the joint CO:CO2 inversion, we solve for the vector of emissions, x, that comprises 

4 sets of flux terms: 1) CO2 from combustion sources, 2) CO2 from biospheric sources, 3) CO 

from combustion sources, and 4) CO from indirect formation via chemical production from 

CH4 and non-methane VOCs. We also solve for a background term for the regional European 

domain for each gas, that describes a scale factor applied to the lateral boundary conditions 

generated by the coarser global model at 2°×2.5°.  Emissions are aggregated into country-

scale basis functions over Europe. Priors for the combustion sources of both gases are taken 

from the TNO inventory and GFED. For combustion sources, prior estimates for 2018 are 

extrapolated based on previous year’s reported values.  The CO2 biosphere prior was from 

the NASA-CASA model (Crisp et al., 2004) and ocean fluxes (Takahashi et al 2009), whilst the 

indirect CO source was taken from a previous simulation of the full-chemistry GEOS-Chem 

model (Fisher et al. 2017).  

 

5. Results 
 

5.1. TNO-GHGco Inventory NOx:CO2 and CO:CO2 Combustion Emission Ratios  
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We sum up combustion emissions (in units of kg m-2 s-1) of NOx, CO and CO2 (Figure 5) from 

the TNO-GHGco emission inventory for July and December 2018. As expected, we find higher 

combustion emissions over major cities (e.g., London, Paris, Madrid), industrial areas and 

major transportation networks (both on land and over water). Figure 6 shows monthly 

national total emission in July and December 2018 by 14 high emitting European countries. 

We find that the six top emitting countries for three gases are consistently Germany, United 

Kingdom, France, Poland, Italy and Spain, with Germany being the largest emitter of NOx, CO 

and CO2, except for CO in December. December combustion emission is higher than July for 

NOx, CO and CO2, due to higher demand for energy in the colder month. Residential heating 

(GNFR category C: other station combustion) is the major contributor to this difference. In 

Figure 8, we show the mole fraction ratios between combustion emissions of NOx and CO2 

(NOx:CO2) and CO and CO2 (CO:CO2) in July and December. These ratios generally reflect 

combustion efficiency of a source. Comparatively more CO and NOx is released with more 

incomplete combustion (lower combustion efficiency). 

 

We find that NOx:CO2 ratio is higher in July than December, but CO:CO2 ratio is generally 

higher in December than July, which is also shown in national mean values in Figure 9. This is 

due to higher contribution from residential heating to the monthly combustion emission in 

December than July and NOx:CO2 ratio is lower in this sector than others, while CO:CO2 ratio 

is much higher. We also find variations in combustion efficiency across Europe countries. In 

terms of NOx, Portugal, Norway and Spain are higher than neighbouring European countries, 

with Germany being the lowest. In terms of CO, Germany is lower than its surrounding 

countries. The differences between the two ratios in two months reflect the source sector 

balance from individual European countries, e.g., the relative importance of transport versus 

domestic heating in nationwide CO and NOx budgets. A more detailed inspect of Figure 8 

shows hotspots of CO2 (corresponding to low ratio values) that relate to cities, other large 

point sources and transport networks.  The emissions in the marine troposphere are mainly 

due to ship exhaust emissions, which emits more NOx and less CO than land-based sectors, 

leading to a rapid gradient of the ratios between land and ocean. 
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Figure 8 Combustion emission mole ratios (in units of mol/mol): NOx:CO2 and CO:CO2 from TNO-GHGco 

inventory in (left column) July and (right column) December 2018, described on the original 6 km horizontal 

resolution. 

 

Figure 9 shows the corresponding nationwide mean combustion emission ratios: NOx:CO2 and 

CO:CO2. In general, CO:CO2 ratios are higher than NOx:CO2, which reflect higher fossil fuel 

emission factors for CO than for NOx. We also find that values for the NOx:CO2 ratio have a 

smaller variation spatially than CO:CO2, especially in July, and that may have implications for 

being able to use these ratios to determine  combustion CO2 emissions between neighbouring 

countries with similar ratio values. Norway has higher values in both of these ratios, which is 

mostly contributed by large industrial sources for CO and shipping emission for NOx. 

 

We find a weak positive relationship (R value of 0.12 in July and 0.32 in December), between 

these two ratios on national levels, presented in Figure 10, which indicates combustion 

efficiency in terms of co-emitting CO and NOx are weakly correlated within a country. This 

apparent discrepancy is related to the balance of source sectors within individual countries 

and their relative emission factors of CO and NOx.  
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Figure 9 Combustion emission mole ratios (in units of mole/mole) (left) NOx:CO2 and (right) CO:CO2 from 

country total emission data in Figure 6. 

 

 

 
Figure 10 Combustion emission mole ratios: NOx:CO2 (x103) and CO:CO2 (x103) ratios in (left) July and (right) 

December 2018 from country total emission data in Figure 6. Simple linear regression of these data points 

shows a positive relationship between these ratios, with an R value of 0.12 in July and R value of 0.33 in 

December. 

 

5.2. Satellite Measurements of Column CO2, CO, NO2 and HCHO 
 

First, we present in Figure 11 a comparison of averaging kernels for the four measured species 

from the two instruments. TROPOMI measures tropospheric vertical column density of NO2, 

CO and HCHO, and OCO-2 measures total column CO2 abundance. OCO-2 is more sensitive to 

changes in the surface level and less sensitive to changes in the upper troposphere and 
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stratosphere (approximately < 100hPa) than TROPOMI while both instruments are highly 

sensitive to changes in mid-troposphere. Subtle changes in the vertical sensitivity of the 

instrument to changes in the different trace gases may result in misinterpretation of the ratios. 

These are taken into account when we calculate the model columns.  

 

 
Figure 11 Example averaging kernels of NO2, CO, HCHO from TROPOMI and CO2 from OCO-2, on July 5th, 

2018 over London, UK. 

Figure 12 show monthly CO, NO2, HCHO and CO2 columns concentrations during July 2018 

observed by TROPOMI and OCO-2.  We find that NO2 and HCHO generally have the largest 

spatial variability, mainly reflecting their much shorter atmospheric lifetime compared with 

CO and CO2. Tropospheric NO2 columns are generally elevated over major cities (e.g., London, 

Paris, Madrid), conurbations (e.g., Manchester, Liverpool) and industrial areas (e.g., Po Valley, 

northern Italy) across Europe.   

 

Elevated columns of HCHO during July 2018 mainly reflect the oxidation of biogenic VOCs, 

particularly over southern European countries that include Mediterranean vegetation that 

have high emissions of reactive biogenic VOCs that have large molar yields of HCHO, e.g., 

isoprene. There are also small direct emissions and contributions from industrial activity via 

the oxidation of anthropogenic VOCs (e.g., Po Valley). The rate at which HCHO is produced 

from the oxidation of anthropogenic VOCs tends to be much longer than biogenic VOCs so 

that the resulting HCHO column is smeared over neighbouring grid boxes. Given the limited 

use of HCHO as a tracer of combustion we do not pursue this tracer any further. 

 

In contrast to TROPOMI, OCO-2 data are sparse that reflects the way it samples the 

atmosphere and the stricter filtering criteria. With the exception of large point sources, the 

large, slowly moving background value of CO2 precludes any meaningful attribution of 
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elevated values to individual source regions without the use of an atmospheric transport 

model. 

 

 
Figure 12 Monthly mean tropospheric column density of CO, NO2 and HCHO from TROPOMI and column 

CO2 from OCO-2 during July 2018. Values are gridded on the GEOS-Chem model spatial resolution of 0.25° 

(latitude) x 0.3125° (longitude). 

 

5.3. GEOS-Chem Model Columns of CO and NO2 
 

We use the GEOS-Chem model, as described above, to simulate standard atmospheric 

chemistry (including emission, reaction, transport and deposition of chemical tracers) at two 

different resolutions: 4 latitude  5 longitude  72 vertical sigma-levels, and 0.25 latitude  

0.3125 longitude  47 vertical levels over the European domain. These two runs also differ 

in the emission inventories of CO and NOx, where the coarse resolution run uses the default 

CEDS inventory (1 latitude  1 longitude) and the nested resolution run uses the TNO-GHGco 

inventory.  

 

We then sample the model simulated concentration fields at the time and location of each 

TROPOMI measurements convolve the model with scene-dependent and trace gas-

dependent averaging kernels, e.g., Figure 11. The GEOS-Chem model is then effectively an 

intermediary that relates the emission inventories to the satellite observations.  
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Figure 13 and Figure 14 show GEOS-Chem model NO2 columns (GC NO2) and CO columns (GC 

CO) compared with TROPOMI column products, respectively, during July 2018, and the 

corresponding bias, root-mean-square error (RMSE) and Pearson’s correlation coefficient (R) 

is summarised in Table 3. Generally, we find that GEOS-Chem significantly overestimates 

TROPOMI NO2 columns and underestimates CO columns at both model resolution studied. 

The finer spatial resolution model run has a lower bias, higher correlation and better captures 

hotspots, as expected, due to the better-quality inventory and finer resolution meteorology 

and chemistry.  Hereafter, we use the finer-scale model calculations for our calculations. 

 

Table 3 Mean difference statistics of TROPOMI minus GEOS-Chem CO and NO2 over Europe during July 2018 at 

two horizontal resolutions. We report the bias (μmol m-2), root-mean-Square Error (RMSE, μmol m-2) and 

Pearson's correlation coefficient (R). 

Species Resolution Bias RMSE R  

CO 
4  5 -5584 5615 0.76 

0.25  0.3125 -4402 4499 0.81 

NO2 
4  5 11 13.48 0.57 

0.25  0.3125 10 15.18 0.60 

 

In addition to capturing the major NO2 columns hotspots such as southern England, Belgium, 

Netherlands and northern Italy, Figure 13 shows that elevated NO2 columns are more 

widespread in GEOS-Chem than TROPOMI. Elevated values over the land could reflect 

overreporting of NOx emission in rural areas of France, Germany, Poland and other eastern 

European countries, i.e., errors in emission inventory and errors in vertical mixing and lifetime 

of NOx against chemical oxidation. Overestimation of NO2 columns over the Bay of Biscay and 

the northern Mediterranean Sea reflect errors in the modelling of lightning (influencing the 

upper troposphere), vertical mixing over water, NOx lifetime and overreporting of NOx 

shipping emission (Figure 5). The lifetime of NOx is of the order of hours and change with the 

chemical environment, including the NOx concentration itself. GEOS-Chem fails to capture the 

highest values in TROPOMI NO2 columns, especially over London, Paris, Madrid, Belgium, 



31/01/2021 

WP2_Task2.14 

VERIFY_D2.14_Value of reactive trace gases observed by TROPOMI to improve quantitative 

analysis of ffCO2_v2 

 

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement number 

776810. 

26 

 

Netherlands and western Germany, which could be due to 1) the underestimation of 

emissions from largest point sources in the creation of emission inventory and/or 2) errors in 

the model simulation of NOx photochemistry. 

 

 

 

Figure 13 (left) TROPOMI and (middle) GEOS-Chem tropospheric NO2 columns (𝜇mol m-2) at two different 

horizontal resolutions (bottom and top rows), and (right) TROPOMI minus GEOS-Chem differences (𝜇mol m-

2). Domain-mean values (𝜇mol m-2) are shown in the sub-panel titles. 

Figure 13 and Figure 14 show that relative agreement between GEOS-Chem and TROPOMI is 

better for CO than for NO2, with a mean bias of 4402 (𝜇mol m-2) and Pearson correlation of 

0.81 for 0.25  0.3125 resolution run. This reflects the longer lifetime for CO (weeks during 

summertime) against oxidation by the hydroxyl radical (OH) that is less influenced by surface 

emissions than NO2. Observed variations of column represent the sum of direct emissions 

from incomplete combustion and a secondary source from the oxidation of methane and non-

methane VOCs. The secondary source is usually assumed to be diffuse source of CO because 

of the time it typically takes to produce CO. Using GEOS-Chem, we find that the secondary 

source is typically 10-20% of the total CO source in winter months but in July can be as much 

as 75% of the total CO source over Europe. By comparison, at the coarse 4  5 horizontal 

resolution, GEOS-Chem model underestimates column CO by over 5000 𝜇mol m-2 over most 

of the region, with a model-observation spatial correlations R of 0.76.  
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Large negative model bias for CO and NO2 for limits the feasibility of using the model to infer 

directly fossil fuel CO2 fluxes using the absolute amount of column CO and NO2. However, the 

reasonably high spatial correlation between GEOS-Chem and TROPOMI (R=0.60 for NO2 and 

R=0.81 for CO) provide some confidence in our ability to use enhancement ratios of column 

CO and NO2 (NO2 and CO).  

 

To calculate these enhancements, we subtract satellite measured column concentrations 

(Figure 12) by a background value. We calculate the background value (not determined by 

urban enhancements) as the monthly mean values over the remote Pacific Ocean (175W to 

165°W) described as a function of 10o latitude bins. In the next section, we explore the 

relationship between NO2 and CO and the corresponding value of CO2.   

 

5.4. Observed Variations in Satellite Measurements of CO2, NO2, and CO 

Columns 
 

Here, we investigate the spatial and day-to-day variation in satellite observed and model 

simulated trace gases and explore the potential relationship between them.  

 

Figure 15 shows monthly means and standard deviations of OCO-2 dry-air column-averaged 

CO2 (XCO2) concentration during July 2018 (Figure 3) across 15 European countries. Figure 16 

shows the corresponding statistics for the daily means. To ensure the measurement quality, 

the OCO-2 data product is bias-corrected and thinned to reduce data size, which significantly 

limited the data availability over the domain, particularly during winter months (Figure 4). 

Consequently, we only report XCO2 and column CO and NO2 during July 2018.  

 

 
Figure 14 (left) TROPOMI and (middle) GEOS-Chem tropospheric CO columns (𝜇mol m-2) at two different 

horizontal resolutions (bottom and top rows), and (right) TROPOMI minus GEOS-Chem differences (𝜇mol m-

2). Domain-mean values are shown in the sub-panel titles. 
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Figure 15 Monthly mean and standard deviation of (left) XCO2 (ppm) measured by OCO-2, (middle) column 

NO2 and (right) column CO measured by TROPOMI in July 2018 over 15 European countries (in descending 

order). 

During July 2018, XCO2 has a mean value of 404.69 (±1.75) ppmv over the European land 

domain. Belgium, Spain and Portugal have the highest XCO2 values and Denmark and Poland 

have the lowest XCO2 concentration. Within the defined European domain, column NO2 and 

column CO have mean values of 61.2 (±31.6) pptv and 81.5 (±7.0) ppbv during July 2018, 

respectively. Countries with the highest column NO2 values are Belgium, Netherlands, 

Luxemburg, Germany and UK, while differences in column CO between countries are 

relatively small. Regarding the variation within a country, in terms of standard deviation, 

Austria shows the largest variation of CO and Belgium, Netherlands, Germany and UK have 

the largest variation of NO2. 

 

Figure 16 shows that daily mean values of XCO2 gradually decrease in five countries (Sweden, 

Spain, Poland, Italy, and France) in July. There are very few data points over countries such as 

Portugal, Netherlands, Luxemburg, Ireland, Denmark and Belgium due to comparatively small 

geographical areas and/or high latitudes, precluding any meaningful discussion about day-to-

day variation. 
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Figure 16 Daily means and standard deviations of OCO-2 XCO2 measurements (ppm) during July 2018 over 15 

European countries. 

 

Figure 17 and Figure 18 shows the corresponding day-to-day variations of TROPOMI NO2 and 

CO over Europe during July 2018. Daily variations in NO2 are generally larger than for CO, due 

to its shorter photochemical lifetime. Especially in countries like UK, Netherlands and Belgium, 

one to three peaks of column NO2 are observed during July 2018, suggesting larger emissions 

of periods of slower photochemistry, e.g., cooler temperatures, cloudier skies. CO shows 

smaller daily variations across the UK, Sweden, Netherlands, Germany, France and Denmark. 

Due to the limitation of XCO2 data, similar peaks cannot be observed in CO2 daily means 

(Figure 16Erreur ! Source du renvoi introuvable.).  

 

 
Figure 17 Daily mean and standard deviation of XNO2 (pptv) measured by TROPOMI during July 2018 over 15 

European countries. 
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Figure 18 Daily mean and standard deviation of XCO (ppbv) measured by TROPOMI during July 2018 over 15 

European countries. 

 

Monthly mean background levels of XCO2, column NO2 and column CO over the remote 

Pacific Ocean are 390 ppm, 2.46 𝜇mol m-2 and 20578 𝜇mol m-2, respectively. We subtract 

satellite measured daily column concentrations (Figure 12) by the background levels and 

obtain enhancements due to local emissions (XCO2, XCO and XNO2).  

 

Figure 19 shows observed XNO2: XCO2 and XCO: XCO2 ratios during July 2018. We find 

that monthly mean XNO2: XCO2 show higher values over Germany, Netherlands, Belgium, 

Northern Italy and UK, corresponding with the hotspots of NO2 column measurements. We 

generally find that XCO: XCO2 shows higher values in Eastern compared with Western 

European countries, which is a similar pattern observed in the TNO inventory (Figure 8). As 

an approach to minimize the impact of sparse OCO-2 data, we investigate the national mean 

values of these two ratios and also compare these ratios obtained from satellite 

measurements with the ones from model simulations to demonstrate the capability of GEOS-

Chem model to capture these ratios. 
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Figure 19 Monthly mean (left) XNO2: XCO2 and (right) XCO: XCO2 ratios during July 2018. Values are 

gridded on the GEOS-Chem model spatial resolution of 0.25 (latitude)  0.3125 (longitude). 

Figure 20 shows observed and model national mean values for XNO2: XCO2 and 

XCO: XCO2 ratios. These ratios are positively correlated but with different slopes and 

intercepts for TROPOMI/OCO-2 and GEOS-Chem, with the model showing a stronger 

correlation of 0.66. We find that GEOS-Chem model significantly overestimates 

XCO: XCO2 ratio. Figure 20 is the atmospheric equivalent of the ratios determined by the 

emission inventory shown in Figure 10 that demonstrated only a weak correlation (R=0.12) of 

co-emitted combustion CO and NOx within these countries.  

 

 
Figure 20 Monthly mean (blue) observed and (red) GEOS-Chem model XNO2: XCO2 and 

XCO: XCO2 ratios over Europe during July 2018. The linear regression model for observed values is 

Y=5.9X – 1.83 (R = 0.60) and for model values is Y=2.57X – 8.18 (R=0.66). 

Figure 21 shows the relationships between the emission-based ratios (CO:CO2 and NOx:CO2) 

and satellite-measured and model-simulated column ratios (XCO: XCO2 and 

XNO2: XCO2). For CO, both observed and model atmospheric column ratios (XCO:XCO2) 

show weak positive correlations with emission-based ratios (CO:CO2), with R=0.08 and 0.14, 

respectively. This illustrates the limitation of both satellite observation and model simulation 

in capturing these corresponding column ratios. Both satellite and model show little variation 

in XCO:XCO2 ratio, while corresponding emission-based ratios differs between countries. 
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Also, GEOS-Chem model overestimates XCO:XCO2 ratio for all of the countries within the 

domain, compared with the satellite values. 

 

Conversely, for NO2, the measured and model atmospheric column ratios (XNO2: XCO2) 

show a strong negative correlation with emission-based ratios (NOx:CO2), with R=-0.50 and -

0.69, respectively. GEOS-Chem model also overestimates XNO2: XCO2 ratio, compared 

with the satellite values. The negative correlation suggests a strong nonlinearity between NOx 

emission and NO2 concentration, most likely due to NOx photochemistry, since other factors 

are generally similar between CO and NO2, e.g., meteorological conditions. This consistent 

strong negative correlation in NO2 related ratios requires further investigation to understand 

how to best use these ratios to interpret combustion CO2. Nevertheless, reasonably good 

(negative) correlations between emission-based ratios and the observed and model 

atmospheric column ratios could indicate the feasibility to infer combustion CO2 from satellite 

measurements and GEOS-Chem model using co-emitted CO and NOx. 

 

 
Figure 21 Relationship between country mean combustion emission NOx:CO2 and satellite measured 

XNO2: XCO2 (left, blue) and GEOS-Chem simulated XNO2: XCO2 (left, red) and between CO:CO2 and 

XCO: XCO2 (right). Correlation coefficient value of simple linear regression analysis is shown on the 

figures. 

There are a number of approaches to exploit these data. First, NO2 and CO (or NO2 and CO) 

could be used to identify locations and times of combustion CO2. Such a qualitative approach 

is possible but other sources of these two tracers would need to be considered. Second, these 

tracers could be used as proxies for combustion CO2, via some factor, but given the rapid 

variations observed by TROPOMI NO2 columns we would need to account for the associated 

photochemistry and not least its daytime cycle with NO. A similar argument could be made 

for ratios and identifying characteristic values to indicate combustion. Not accounting for 

photochemistry would lead to erroneous results. Spatial and temporal variations of CO are 

slower so, based on the above arguments, this tracer presents the better choice for inferring 
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combustion CO2. Below in the next section, we demonstrate how CO and CO2 could be used 

together to estimate combustion and biosphere CO2. 

 

Here we have used OCO-2 XCO2 data that has very sparse coverage with any ratio with 

TROPOMI NO2 or CO limited by the availability of coincident XCO2. The CO2M concept, which 

currently includes a constellation of three satellites, will also include measurements of NO2 

so that the other approaches of exploiting CO2 and NO2 might be more feasible than they are 

currently with existing satellite sensors. 

 

5.5. Joint CO2:CO Inversion Results 
 

Figure 22 shows monthly CO2 emissions estimates from combustion over Belgium, France, 

Germany, Italy, Netherlands, and the UK for July 2018. Posterior emission estimates are 

shown from four inversions: 1) using the joint CO2:CO inversion including model error 

correlations and prior error correlations; 2) only including prior error correlations (P); 3) only 

model error correlations (R) and 4) only including CO2 data. All inversions used the same set 

of in situ mole fraction measurements collected across Europe (Figure 7), so that we compare 

the added value of including CO measurements and the different error correlations between 

the two species. Figure 23 shows the counterpart biospheric CO2 fluxes for the six countries. 

 

 
Figure 22 Prior and posterior CO2 combustion (left) emission estimates (Tg/yr) and (right) the corresponding 

uncertainties (Tg/yr) for Belgium, France, Germany, Italy, Netherlands, and the UK for July 2018. Posterior 

values correspond to inversions using CO2:CO error correlations (purple), prior error correlation only 

(violet), model error correlation only (blue) and the CO2-only inversion (green). 

Figure 22 shows the posterior estimates for six European countries, which closely follow prior 

estimates.  Prior uncertainties on the CO2 combustion emission estimates are relatively small 
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because energy statistics are well known at the national scale across Europe. Consequently, 

posterior deviations from the prior values are small. For each of the countries, we find the 

difference from the prior to be less than 5%. 

 

We find the posterior uncertainties are smallest from the joint CO2:CO inversion, with the 

biggest reductions from those countries with the most data such as France, Germany and the 

UK. For example, posterior uncertainties for the UK are only 1% smaller than the prior for the 

CO2-only inversion, but 12% smaller when including the CO2:CO correlations. Similar 

differences are estimated for France, Germany and Italy, countries where in situ mole fraction 

measurement sites are located. The joint CO2:CO inversion also results in smaller posterior 

uncertainties for both the biosphere CO2 flux estimates and combustion CO emission 

estimates, as shown in Figure 23 and Figure 24. We find significant differences in the 

magnitude of the CO2 sink in July 2018 compared to the CASA prior. The prior uncertainties 

are 20% of the prior mean, therefore large posterior deviations from these values are not 

unexpected given the comparative magnitude of the measurement uncertainties. However, 

we find the joint CO2:CO inversion results in smaller posterior biospheric flux uncertainties, 

with values for France, Germany, Italy, and the UK 60-75% smaller than posterior 

uncertainties for the CO2-only inversion. 

 

 
Figure 23 CO2 biospheric emission estimates from six European countries. Results are shown from inversions 

using CO2:CO error correlations (violet), only prior error correlations (purple), only model error correlations 

(blue) and no correlations (green). The right panel shows the magnitude of the error bars on the left. 
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We find posterior CO combustion emissions to be 30% and 50% larger from Germany and 

Italy respectively, and 40% and 50% smaller from France and the UK. This is in contrast to the 

CO2 fossil fuel emission estimates which had the opposite relationship to the prior for each of 

these countries, although the differences were much smaller. This may reflect the negative 

prior error correlations between the fossil fuel sources of the two gases. 

 

 
Figure 24 CO combustion emission estimates from six European countries. Results are shown from inversions 

using CO2:CO error correlations (violet), only prior error correlations (purple), only model error correlations 

(blue) and no correlations (green). The right panel shows the magnitude of the error bars on the left. 

 

The results from the inversions using only prior error correlations or only model error 

correlations show where the additional constraint comes from for each gas. We find that, for 

our posterior CO2 combustion emission estimates, the majority of the uncertainty reduction 

comes from the prior error correlations. For CO2 combustion emissions, including model error 

correlations has little impact on the posterior uncertainties. This is likely due to the higher 

error in CO measurements and model compared to CO2. In contrast, for CO combustion 

emissions, the model error correlations to CO2 are key to reducing posterior error and the 

prior error correlations have little impact on the results. The same is also true for biospheric 

CO2 fluxes. Since the prior error correlations exist only between the fossil fuel emission 

components, this finding is not unsurprising. 

 

Figure 25 compares the posterior uncertainties from inversions from July and December 2018. 

The top right panel shows that the relative uncertainty for combustion CO2 emissions is 

smaller in December than in July. This can be explained by the reduced influence of biosphere 

CO2 emissions in winter, meaning that a greater proportion of the variance in the CO2 data 

can be explained by combustion CO2 emissions. The measurement data are proportionally 
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more sensitive to changes in combustion CO2 emissions in winter, resulting in a slightly 

smaller posterior uncertainty. 

 

 
Figure 25 Relative uncertainties for each of the resolved emission types in July 2018 and December 2018. 

 

Similarly, for CO combustion sources we find the posterior uncertainties are generally smaller 

in December than in July. In contrast, the chemical production source of CO has almost no 

uncertainty reduction from the prior in December, likely because this source is much smaller 

in winter. In summer, the posterior chemical production source of CO accounts for over 50% 

of the total CO source. In winter, this proportion is reduced to less than 10%. Therefore, the 

data is much less sensitive to the chemical source of CO in winter, and the uncertainty 

reduction is much smaller.  

 

Our calculations show that in regions where there are CO and CO2 measurements, including 

CO into the CO2 inversion can significantly improve estimates of combustion CO2 emissions. 

Conversely, in the absence of CO data, CO2 inversion fail to provide any improvement on our 

understanding of prior combustion CO2 emissions. The comparison of July and December 

uncertainties confirms that the constraint on combustion CO2 and CO is generally greater in 

winter, consistent with a reduced influence from non-combustion fluxes compared to 

summer.  
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6. Conclusions 

 

In this report, we assessed how reactive trace gases: nitrogen dioxide (NO2), carbon monoxide 

(CO) and formaldehyde (HCHO) can be used as proxies to determine the combustion emission 

of carbon dioxide. We use satellite column measurements of CO2 from the NASA Orbiting 

Carbon Observatory (OCO-2) and satellite tropospheric column data products of carbon 

monoxide (CO), nitrogen dioxide (NO2), and formaldehyde (HCHO) from the European 

TROPospheric Ozone-Monitoring Instrument (TROPOMI) aboard Sentinel-5P. We focus our 

analysis on 2018 when there is a full year of data from OCO-2 and TROPOMI. We use a nested 

atmospheric chemistry transport model (GEOS-Chem) driven by self-consistent combustion 

emissions of CO2, nitric oxide (NO, a precursor of NO2), CO, and volatile organic compounds 

(VOCs) that are precursors to HCHO. 

 

Using HCHO as a tracer of incomplete combustion is compromised during the summer by 

biogenic VOC emissions, particularly over the Mediterranean, and during the winter when the 

lifetime of parent anthropogenic VOCs is too long to relate elevated HCHO columns to 

anthropogenic activity. Based on our assessment, we conclude that HCHO is unlikely to play 

a substantive role in quantifying the combustion contribution to CO2.   

 

Combustion emission estimates for CO2, CO and NOx in July and December 2018 show 

different spatial distribution due to different dominating emission sectors for these trace 

gases and also in contrasting months, which resulted in spatial variation in CO:CO2 and 

NOx:CO2. Hence, we find that NO2 and CO are the better candidates for incomplete 

combustion, but both have their own challenges. When using satellite measured XNO2 and 

XCO as a way to identify characteristic X:XCO2 ratios (where X = NO2 or CO and  

denotes elevated values above a regional background value) that correspond to combustion, 

we find that photochemistry must be taken into account. In the case of NO2, rapid cycling 

with NO (the sum of which is known as NOx) must be considered, which varies with latitude 

and season. Similarly, any additional production or loss of NOx reservoir species, e.g., 

peroxyacyl nitrate (PAN). CO is made up of direct anthropogenic and biomass burning 

emissions, in addition to a secondary production source from the oxidation of VOCs and 

methane that can contribute up to 75% of the total source in summer months. Neglecting 

atmospheric chemistry will unnecessarily compromise the ability to use these tracers to 

determine combustion CO2.  

 

When investigating corresponding ratios in reported emission data, we find a weak positive 

relationship between CO:CO2 and NOx:CO2 ratios on national levels (R<0.4), which suggests 

that combustion efficiency in terms of co-emitting CO and NOx are weakly correlated within 

a country. We also find a weak positive correlation between emission-based ratio CO:CO2 and 

satellite observed column enhancement XCO:XCO2 (R<0.2), which suggests the 

consistency and linearity in CO chemistry and transport. Conversely for NO2, we find a 
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stronger negative correlation between NOx:CO2 and enhancement XNO2:XCO2 (R<0.50), 

which suggests nonlinearity in NOx photochemistry. Both of these relationships are described 

reasonably well by the atmospheric chemistry transport model, providing confidence that the 

model is a useful tool for interpreting these tracer-tracer ratios. 

 

Our preliminary joint CO2:CO inversion results demonstrate the potential usefulness of 

including error correlations between CO2 and CO when estimating combustion CO2 emissions. 

The results for July 2018 demonstrate that, at a national level if only CO2 data are considered 

there is little constraint provided on national combustion CO2 estimates, and the difference 

between a prior and a posterior uncertainties is negligible. However, if we include CO2:CO 

error correlations, then an error reduction of up to 15% is achieved for the UK combustion 

CO2 estimate. The preliminary inverse modelling analysis has only considered emissions at 

the national scale and on a monthly timescale. Further development is planned to explore the 

usefulness of the method at the sub-national level, and on smaller temporal scales. In addition, 

we only considered the use of in-situ data in this preliminary work, but even this coarse 

national scale approach can be adapted to incorporate satellite data from OCO-2 and 

TROPOMI.   
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