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1 Executive Summary

This report summarizes the inputs provided from the local and regional inverse modelling
systems of WP4 to the global multi-model, multi-scale inversion approach of the prototype
system being developed in WP6. The deliverable itself consists of these data sets, this report
serves to document these inputs.

2 Introduction

The goal of the multi-model, multi-scale data assimilation approach that has been developed
within the prototype system of the IFS is to integrate the high-resolution transport and inversion
information from local and regional inversion systems into the global IFS inversion system.
Here a two-way flow of information is foreseen: while the ensemble information from the local
and regional systems provides additional information about the transport, inversion and
corresponding errors from the higher resolution runs, the prior fields from the global
atmospheric inversion system can be used as boundary conditions for the local and regional
inversion systems.

From the perspective of the global modelling system, ensemble statistics from the local and
regional scale atmospheric inversions are used to extract the information required to
assimilate these products as observations in the IFS 4D-Var system. This is summarized in
Figure 1.

Multi-model multi-scale approach

boundary conditions = ’
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Figure 1: Conceptual diagram describing the multi-model, multi-scale approach.

The system was conceived such that it should be both computationally efficient and non-
intrusive from the perspective of the global modelling system. It was foreseen that the required
input from the regional modelling systems would be similar for different regional modelling
systems, and should be easily generated, which proved not to be the case for some inversion
setups.

Input for the global system was considered on two scales, namely point-source emissions
from plume-based approaches (such as those developed in Task 4.2 of CoC0O2), and regional-
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or national-scale inversions (such as those in Task 4.4 of the project). The plume-based
approaches are operating at a spatial resolution much higher than can be realized with the
global model, and can provide finer scale information about the emission distribution within a
global model gridcell. The regional- and national-scale inversions are more comparable in
terms of the resultant fluxes, and may be able to better represent different aspects of the
uncertainty, such as including country-specific prior fluxes and better representing in situ
measurements. (Note that the input for the global system in WP6 is the output from the
regional- and national-scale modelling systems of WP4).

The required output from models performing point-source emission estimates (as described
in Section 3.1) and for spatially-resolved regional fluxes differed slightly, and is summarized
as follows:

1) For point-source estimates (plume inversions), which do not rely on Bayesian inversion

approaches:

a) Posterior emission value

b) Location (longitude, latitude, time) of the emission

c) Posterior uncertainty (error as a standard deviation)

d) Location (longitude, latitude, time) of satellite observation used in the inversion
(typically the area and neighbourhood of the plume image or transect in the satellite
data)

2) For spatially-resolved estimates based on Bayesian inversion approaches:
a) Gridded prior emissions (Xb)
b) (Satellite) observation values (vector y) and locations
c) Ensemble of perturbed gridded prior emissions (xsi=xb+dy, for i=1,...,N)
d) Corresponding ensemble of perturbed observations (yi=yo+ei, for i=1,...,N)
e) Ensemble of gridded posterior fluxes (xa, for i=1,...,N) based on both perturbed
observations and perturbed fluxes.

The desired output proved difficult for some of the models to provide, as most regional
ensemble-Kalman-filter-based inversions do not typically perturb the observations, instead
using only a perturbation of the prior fluxes. While perturbing the observations is itself a trivial
exercise, and for the first optimization step only requires the filtering step to be repeated, the
results of this filtering is propagated forward into the next lag step, and influences the creation
of the following ensemble. Thus, not only the optimization step would need to be repeated,
but also all subsequent transport simulations for each ensemble member. This proved
restrictively expensive for modelling groups using e.g.CT-DAS-based inversion systems (such
as EMPA’s ICON-CT-DAS implementation, or DLR’s WRF-CT-DAS) to carry out.

However, while discussing the input with different modelling groups, it became clear that
deterministic square-root Kalman ensemble systems that do not perturb the observations
could still produce the required error matrix that is needed in order to assimilate posterior
fluxes in the IFS system. That is, perturbing the observations may not be strictly necessary in
these cases. This approach still needs to be tested, which is not feasible within the time
constraints of this deliverable. However, further tests with ensemble-based regional inversions
are foreseen in the future.

To ensure the ease of use of this information within the global inversion system, a template
input file was provided, such that the output could be interpolated onto a common grid (pixels
in the longitude dimension = 1616, pixels in the latitude dimension = 800).

2.2.1 Objectives of this deliverable

This deliverable consists primarily of output from various local and regional (national or
continental) scale inverse modelling systems from WP4 to test their assimilation into the multi-
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model, multi-scale approach being developed in the 4D-Var inversion system of the IFS. This
report serves to document these systems and describe the simulations that produced these
data sets.

2.2.2 Work performed in this deliverable

Several meetings were held between participants in WP4 and WP6 to clarify the requirements
of the global prototype data assimilation system. Additional simulations were carried out by
the modelling systems in WP4 who were able to perturb their observations in order to provide
the required output. This work was carried out by consortium partner LUND with the LUMIA
system, by CEA with the ORCHIDEE-CIF system, and by UEDIN with the GEOS-Chem
system. This output was post-processed to put it into a format that could more easily be used
by the IFS, and it was provided to WP6. Additionally, plume-based emissions were provided
and documented by FMI. The different modelling systems and their output are documented in
this deliverable.

2.2.3 Deviations and countermeasures

This deliverable has been delayed. It was originally due in month 18 (June, 2023) and was
postponed to month 21 (September, 2023). Part of this delay is related to the development
work going on in the contributing modelling systems, not all of which were able to provide
output earlier in the project. There were also several iterations with the global modelling team
in WP6 to clarify exactly what was needed as input. The specific requirements have evolved
in time due to the specific developments of the systems in WP4 and WP6. Few of the regional
modelling inversion systems had previously used perturbed observations as part of their
inversion framework, and large ensemble experiments are computationally expensive.
Providing input for this deliverable required additional development work and simulations from
the contributors from WP4. This additional work was done on a best-effort basis by the
participating groups in WP4, and provides a first test data set for the multi-model, multi-scale
data assimilation approach. Finally, the consortium member who was originally supposed to
be responsible for the preparation of this deliverable was unable to do so, and another project
partner had to step in to draft the report and coordinate input, which contributed to the delay.

3 Contributions to ensembles of estimates

The sections below briefly describe the modelling systems that have contributed to this
deliverable. The datasets themselves are available on the FTP site of the CoCO2 project, and
can be accessed as follows:

ftp coco2@ftp.ecmwf.int

password: Can be found on the Confluence site, available upon request to the project
coordinator.

cd data-exchange/WP4/WP4_WP6_exchange

3.1.1 Description of modelling system

As a contribution from the FMI plume-based inversion system, we consider two sets of CO
emission estimates for the Matimba power station in South Africa based on the results
presented by Hakkarainen et al. (2021). The first estimate is derived from NASA’s Orbiting
Carbon Observatory-2 (OCO-2) CO, data (\VV10r) using the cross-sectional flux (CSF) emission
estimation method. The second is derived by multiplying the satellite-derived source-specific
NOx-to-CO- emission ratio (calculated from the OCO-2 and TROPOMI data by Hakkarainen
et al., 2021) to the monthly NOx emissions obtained from the Sentinel-5P/TROPOMI NO, data
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(V1.2) using exponentially modified Gaussian (EMG) emission estimation method. Details of
the methodology and the data versions used can be found in Hakkarainen et al. (2021).

We also use emission estimates of six power stations (Kendal, Kriel, Matla, Majuba, Tutuka
and Grootvlei) and the largest single emitter of greenhouse gas in the world, the Secunda CTL
synthetic fuel plant in the South African Highveld region as derived by Hakkarainen et al.
(2023). The emissions are estimated using the CSF method from the NASA’'s OCO-3
Snapshot Area Map (SAM) CO; observations (V10.4r) that cover a target area of 80 km by 80
km in 2 min.

Finally, we consider the emissions from the Betchatow Power Station in Poland obtained using
a Gaussian Plume (GP) model method as described by Nassar et al. (2022). The emission
estimates are based on OCO-3 SAM data (V10r).

In all cases, we share estimates of the standard deviation of the uncertainties in the individual
emissions estimates to support the protocol of assimilation of these estimates into the global
IFS inversion system.

3.1.2 Output from simulation

Table 1 summarizes the point source emission estimate datasets from the plume-based
inversion. In all cases, we recommend excluding the respective data (OCO-2, OCO-3,
TROPOMI) within a +2° latitude-longitude box with respect to source location from the global
IFS inversions when co-assimilating these point source emission estimates. The point source
locations and the 1-sigma uncertainties in the emission estimates were provided in an
accompanying Excel spreadsheet. The spreadsheet has been uploaded to the ftp server under
data-exchange/WP4/WP4_WP6 _exchange/plume_inversions.

Table 1: An overview of the flux estimation ensembles from the plume-based approach that
were supplied to WP6.

Sources Method Satellite data Number of | Reference
emission
estimates
Matimba CSF OCO-2 (vi0n), | 14 Hakkarainen et al.,
TROPOMI (V1.2) 2021
Matimba EMG, NOs« | TROPOMI (V1.2), |29 Hakkarainen et al.,
to-CO; ratio | OCO-2 (V10r) 2021
Kendal, Kriel, | CSF OCO-3 SAM | 11 Hakkarainen et al.,
Matla, Majuba, (V10.4r) 2023
Tutuka, Grootvlei
and Secuda CTL
Befchatow GP OCO-3 SAM (V10) |9 Nassar et al., 2022
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3.2.1 Description of modelling system

Monte-Carlo posterior emission estimation were provided from the LUMIA CH4 inversions that
were carried out within WP5.5. The transport was done with the Lagrangian model
FLEXPART10.4, which was run on a regional grid (15°W, 33°N to 35°E, 73°N), at 0.25°
resolution for the full year of 2018. The FLEXPART footprints were computed using hourly
ERA5 meteorological fields.The mixing ratios for the boundary conditions were based on the
CAMS v19rl optimized methane fluxes, which were run forward in the TM5 global tracer
transport model with the regional fluxes set to zero to provide a time series of background CHa4
concentrations at the observation sites. The prior fluxes within the regional domain were taken
from the CoCO2 WP5.5 CH4 inversion intercomparison protocol.

The prior uncertainty matrix was constructed by setting the variances proportional to the
(absolute) prior emissions with exponentially decaying spatial and temporal correlations of
length 50 km and 30 days, respectively. The total uncertainty was set to 5 TgCHu/year. The
observations consisted of the 45 sites which are listed in the CH4 inversion intercomparison
protocol of WP5.5. Only afternoon observations were used with the exception of high altitude
sites, for which nighttime observations were used. Uncertainties on the measurements were
defined as the sum of the measurement uncertainties (when provided) and a constant, site-
specific estimation of model uncertainty, based on the quality of the fit of the short-term
variability of the model to the short-term variability of the observations.

3.2.2 Output from simulation

An ensemble of extra inversions was performed. For each ensemble member (currently 30),
the prior and observation vectors were replaced by a random realization of the prior and
observation covariance matrices. The output was stored in five output files:

e observations.nc, containing:

the observation coordinates (time, lat, lon, alt, height)

the (unperturbed) observations for 45 sites within the domain (obs)

the observation uncertainty (err)

the prescribed boundary condition (mix_background)

the prior and posterior mixing ratios in the main inversion (mix_apri and

o

o O

mix_apos)
o the perturbed observation, prior and posterior mixing ratio in each perturbed
experiment (obs_perto, mix_apri_perto, obs_pert1,

mix_apri_pert1, etc.)
emissions.nc, containing the prior and posterior emissions
perturbed.nc, containing the prior and posterior fluxes for the inversions with
perturbed priors and observations
emissions.regridded.nc, as emissions.nc, but regridded onto the IFS grid
perturbed.regridded.nc, as perturbed.nc, but regridded onto the IFS grid

Furthermore, a readme file readme . html with some sample plots was provided. The output
from these simulations have been uploaded to the project ftp server described above into a
folder called data-exchange/WP4/WP4_WP6_exchange/LUMIA. A plot of the perturbed
prior and resultant posterior simulations is shown in Figure 2.

ENSEMBLE OF ESTIMATES FOR ASSIMILATION INTO PROTOTYPE 10
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Figure 2: The prior flux is shown in blue for the full domain over 2018, while the 30 ensemble
members with perturbed priors are shown in cyan. The posterior fluxes are plotted in black, with
the posterior ensemble members shown in red. The fluxes are daily, but shown in TgCHalyr.

Contribution from the CIF-CHIMERE inversion system
3.3.1 Description of modelling system

The CIF-CHIMERE inversion configuration for France developed in the framework of task T4.4
(WP4) of the CoCO2 project is used to provide a Monte Carlo national scale estimate of hourly
CO:; flux maps over a full month. The system relies on the coupling between the variational
mode of the CIF (Berchet et al., 2021), the regional chemistry transport model CHIMERE
(Menut et al., 2013) and the adjoint of this model (Fortems-Cheiney et al., 2021). The
CHIMERE configuration for France covers the domain: 11°W-12°E ; 39,5°N-54,5°N (cf Figure
3). Its zoomed grid has a 10 km horizontal resolution over France (Figure 3). CHIMERE is
driven by the ECMWF / IFS operational meteorological forecasts. The CIF-CHIMERE
inversions of the CO; fluxes in France separately control the anthropogenic, terrestrial
ecosystem and ocean CO:- fluxes in addition to the model initial and boundary conditions. In
particular:

e the anthropogenic (fossil fuel and biofuel) emissions are controlled at the scale of 5
aggregated sectors of activity (public power, industry, other stationary combustion,
road transport, other) per administrative region (in France) and per country (outside of
France), and at 1-day temporal resolution

e the ocean and terrestrial ecosystem fluxes are controlled at 10-km and 6-hourly
resolution

In the frame of T4.4 in WP4, various experiments have been conducted with this CIF-
CHIMERE configuration using different products for the prior estimates of the control vector,
assimilating different observation datasets, and varying some of the system parameters. A
description of the CIF-CHIMERE configuration parameters, of these datasets and of the
results will be provided in deliverable 4.6.

Here, a specific set-up of the CIF-CHIMERE configuration is used to generate Monte Carlo
ensembles of prior and posterior estimates of the CO; fluxes in France in July 2018 with a
corresponding ensemble of observation vectors.

This set-up relies on the prior estimate of the anthropogenic emissions and terrestrial
ecosystem fluxes from the TNO inventory and Vegetation Photosynthesis Respiration Model
(VPRM) simulations delivered in the frame of WP2 (Denier van Der Gon et al., 2022). The
prior estimate of the initial and boundary conditions is derived from the CAMS global CO-
inversions v20r2 (assimilating surface data). The corresponding CIF-CHIMERE inversion

ENSEMBLE OF ESTIMATES FOR ASSIMILATION INTO PROTOTYPE 11



CoCO, 2023

assimilates both in situ hourly CO, observations from ground based continuous measurement
stations in France and in its vicinity (mainly from the ICOS network, all accessed from the
ICOS carbon portal, https://data.icos-cp.eu/portal/), and satellite total column CO; (XCOy)
observations from the OCO-2 NASA-JPL mission (the v11 dataset, see Figure 3). For both
the in situ and satellite observations the inversion systems accounts for both transport model
and observation errors. The observation error covariance matrix of the system is set-up as a
diagonal matrix (without spatial or temporal correlation across the observations) with the
observation error values provided in the observation products, and with values for the transport
model error for the in situ and satellite observations respectively taken from Broquet et al.
(2013) and Potier et al. (2022). The set-up of the part corresponding to the CO; natural fluxes
in the prior uncertainty covariance matrix in the system is derived from that of the PYVAR-
CHIMERE CO:; NEE inversions in Monteil et al. (2020), albeit with 100-km scale spatial
correlations for the terrestrial ecosystems (instead of 200-km spatial correlations, since the
system operates at much higher spatial resolution here) and some other slight differences.
The set-up of the part corresponding to the CO, anthropogenic emissions in the prior
uncertainty covariance matrix assumes a 50% 1-sigma uncertainty in the total emissions per
administrative region and day (i.e. a bit more than 100% 1-sigma uncertainty in the total
emissions per large sector of activity, administrative region and day). It ignores spatial
correlations across the regions, and temporal day-to-day correlations. The prior uncertainty in
the boundary conditions is characterised by a 500 km horizontal correlation scale and by a 2
ppm 1-sigma uncertainty in the total columns in the prior error covariance matrix. This matrix
does not include any correlation between the different main components of the control vector
(ocean, terrestrial ecosystem and anthropogenic fluxes, and boundary conditions).

A specific driver of the CIF allows for a direct derivation of ensembles reflecting the
uncertainties in the prior estimate of the control vector, the model and observation errors and
the uncertainties in the posterior estimate of the control vector. They are respectively
characterised by an ensemble of perturbed prior estimates of the control vector, an ensemble
of perturbed observations and an ensemble of corresponding posterior estimates of the control
vector. Therefore, these ensembles fulfil the requirements for the assimilation into the global
IFS inversion system.

9°wW 6°W 3°W 0° 3°E 6°E 9°E

54°N 2. ' 410
52°N g)/ — ! 0
. 408
100
50°N . :

50 1

48°N

— 404 501

—100
402
—-150

400

gC/m?/month
o

e

Figure 3: Domain of the CIF-CHIMERE inversions showing for the month of July 2018 (left):
binned OCO-2 v11 observations, and (right): prior biogenic CO; fluxes from VPRM interpolated
onto CHIMERE zoomed grid and ground-based measurement stations used for the inversions.

3.3.2 Output from simulation

An ensemble of 50 perturbed members has been generated at this stage. The flux estimates
from these members, as well as the corresponding unperturbed prior and posterior inversion
estimates have been reprojected at 1-hour temporal resolution (using the products
corresponding to the prior estimates of the fluxes) and regridded on the template of the IFS
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grid provided by ECMWEF in NetCDF format. They have been uploaded to the project ftp under
the folder data-exchange/WP4/WP4_WP6_exchange/CHIMERE.

The delivered files from the ensemble of 51 perturbed and unperturbed inversions consist of:

- 51 prior emission files CHIMERE _prior_<n>_sfc_em.grib

- 51 posterior emission files CHIMERE _posterior_<n>_sfc_em.grib

- 51 directories, each one with two files containing the corresponding CO, observations
from, respectively, the surface network (obsvect_<n>/concs/C02/monitor.nc)
and OCO-2 (obsvect_<n>/satellites/C02/monitor.nc)

where the perturbed inversions are numbered n=1 to 50 (zero-padded to four digits) and where
the  unperturbed inversion is  numbered n=0. The folder data-
exchange/WP4/WP4_WP6_exchange/CHIMERE also contains three archive (tar) files with
the prior emission files, the posterior emission files and the observation directories:
respectively prior.tar, posterior.tar and obsvect.tar.

3.4.1 Description of modelling system

For our forward model, we use the GEOS-Chem version 12.5.2 atmospheric chemistry and
transport model which we run at 0.25° x 0.3125° resolution for a nested European domain (-
15 to 35 ° E longitude and 34 to 66 ° N latitude) with 47 vertical levels. GEOS-Chem is driven
by meteorological reanalysis fields from the NASA Global Modelling and Assimilation Office
(GMAO) Global Circulation Model.

Our a priori flux estimates include all sources contributing to observed atmospheric CO- and
CO. Sources for CO; include combustion emissions (CO,®°™usY  non-combustion fluxes
(CO2%9), and background CO; that is transported to and from our domain (CO,™™").
Atmospheric CO sources include combustion emissions (CO®°™bust) - transport (CO™"), and
production of CO through oxidation (CO®"™), We linearize our CO simulation by using pre-
calculated 3-D loss fields of OH generated by a full-chemistry version of the model

For our 2018-2021 a priori fluxes, we use a combination of regional and global inventories.
Combustion emissions for both species (CO,c™ust and COCMPust are from the TNO GHGco
v3.0 emission inventory at 0.1° x 0.1° resolution (Super et al., 2020; Kuenen et al., 2022) with
national totals based on emissions reported in national inventories and extrapolated from 2019
to more recent years. We apply scaling factors provided by TNO to reflect monthly, hourly,
and daily patterns in emissions by sector. Our combustion source also includes biomass
burning emissions from the GFAS v1.2 inventory (Kaiser et al., 2021). Non-combustion fluxes
(CO2°) include ocean fluxes from the NEMO-PISCES model (Lefévre et al., 2020), lateral
carbon fluxes related to crop removal (Deng et al., 2022), and hourly terrestrial biosphere
fluxes at 1/120° x 1/60° resolution produced by the VPRM model following methods described
by Gerbig (2021) driven by ERA5 meteorology. We include non-combustion anthropogenic
emissions from the TNO inventory in our non-combustion fluxes.

For our nested domain, we use boundary conditions for CO, (CO.'™) from the CAMS
inversion-optimised global greenhouse gas analysis with assimilation of in situ observations
(version v19r2, Chevallier, 2020). Our boundary conditions for CO (CO™") are from the
CAMS global reanalysis (Inness et al., 2019). We use the CAMS fields at their provided
temporal resolution (3-hourly) and re-grid to the GEOS-Chem horizontal spatial resolution of
2° x 2.5°. Because the vertical resolution of GEOS-Chem does not align with CAMS, we
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translate the CAMS native vertical resolution to our 47 model layers using linear interpolation
of logarithmic pressure values. We fill in the species concentrations at the lowest or highest
pressure level in CAMS for the top or surface of the atmosphere, respectively, when the
GEOS-Chem pressure levels go beyond the bounds of CAMS.

For our inversion we use the Ensemble Kalman Filter (EnKF) approach as discussed in detail
by others (e.g., Feng et al., 2009; Liu et al., 2016). We specifically follow the methods derived
by Hunt et al. (2007) and summarized by Liu et al. (2016) for the Local Ensemble Transform
Kalman Filter (LETKF). We solve for the mean a posteriori state vector that represents the
mean of our 100 ensemble members. The benefit of the LETKF is that we can localize the
inversion so that each state vector element is only influenced by a subset of observations. For
our inversions using in situ observations, we localize by distance so that each state vector
element that represents a grid-scale variable is only influenced by observations within a 1000
km range.

For CO., we use an a priori model error of 1.5 ppm for the satellite inversion (Feng et al., 2017)
and 3 ppm for the in situ inversion (within the range of Monteil et al., 2020 and White et al.,
2019). For CO, we use an a priori model error of 15 and 20 ppb for the satellite and in situ
inversions, respectively (Northern Hemisphere CO column and surface mole fraction model-
observation differences from Bukosa et al., 2023). We use the observation errors as provided
for the satellite or in situ network, averaged to the model resolution. We generate the off-
diagonal covariance based on the spatial and temporal proximity of observations following an
exponential decay with spatial and temporal length scales of 100 km and 4 hours, respectively.

We use an assimilation window of two weeks and a lag window of one month, accounting for
the impact of historical emissions on our assimilation period. We perform our inversion
sequentially, using the a posteriori scale factors for a given assimilation window to update the
a priori scale factors for the next lag window over the same date range. To avoid unrealistically
small prior uncertainties, we apply a 10% error inflation when we update the a priori state
vector.

3.4.2 Output from simulation

Output for 2018 has been made available for the joint CO-CO; inversion based on surface
measurements only, and is available on the project ftp under

Data-exchange/WP4/WP4_WP6_exchange/ ..
GEOSChem/UoE_Tia_C02_CO_insitu_inv.nc.

It contains the prior and posterior ensembles of the CO; biogenic and anthropogenic fluxes
separately, as well as the CO anthropogenic prior and posterior flux ensembles. The perturbed
observation ensembles are included as well.

In addition, the same model output for an inversion using both surface and satellite
measurements is available in the same folder, with the file name

UoE_Tia_C02_CO_satellite_inv.nc.gz.

4 Conclusion

This deliverable documents the datasets that were provided from the local- and regional-scale
inversions of WP4 as input to the multi-scale, multi-model inversion system foreseen within
WP6. The inclusion of not only perturbed prior fluxes but also perturbed observations proved
to be computationally prohibitive for some of the Ensemble Kalman-Filter approaches to
implement, but the use of output from deterministic square-root ensemble Kalman filter
approaches will be tested in the future. Within the scope of this deliverable, example datasets
were provided on a variety of temporal and spatial scales, as described in Section 3. This
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provides sample datasets in order to test the implementation of the multi-scale, multi-model
approach within WP6.
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