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Abstract. Quantifying greenhouse gas (GHG) emissions from urban areas is critical for assessing progress toward climate
goals. Aircraft-based measurements provide valuable information on urban emission fluxes; however, their interpretation is
often limited by uncertainties in atmospheric background concentrations. Here, we present an emission estimate of Berlin city
emissions that explicitly includes background concentrations from a Eulerian background run as state vector elements in a
Bayesian inversion framework. Using data from the 20" of July flight of the 2018 3DO aircraft campaign of the [UC]?* (“Ur-
ban Climates Under Change”) project over Berlin and high-resolution GHG and meteorological simulations using Weather
Research and Forecasting (WRF) model, we derive a CO, emission estimate for the city of Berlin. We find an optimized
Berlin emission rate of 13.4 & 4.6 MtCOqa~!. The emissions rate is about 48 % higher than the prior total annual emissions
of the TNO anthropogenic bottom-up inventory (time-scaled emissions, 10.8 MtCOqa~!) and VPRM biogenic (time-varying,
-1.7MtCOsa~1) and about 30 % of the estimate from the traditional mass balance approach (44 424 MtCOsa~"'), while
reducing the uncertainty by over a factor of five. We verify our posterior background concentration with independent concen-
tration measurements above the boundary layer. This study provides an improved independent estimate of urban emissions and

demonstrates that explicit treatment of background concentrations in inversions improves aircraft-based urban flux estimates.

1 Introduction

Urban areas account for the majority of anthropogenic CO, emissions and are therefore key targets for mitigation and monitor-
ing efforts. Accurately quantifying urban CO, emissions at high spatial and temporal resolution is essential to track mitigation
progress and inform policy. Independent assessments of urban emissions require inference from atmospheric measurements
rather than sole reliance on bottom-up emission inventories. However, a measurement-based approach to urban emissions re-
mains challenging due to a combination of the large and variable uncertainties in atmospheric transport, and the diffuse and
temporally variable emissions over a comparatively large area. Additionally, the difficult separation of local enhancements
from a background signal, and the limited sampling in time and space further complicate the emission estimation.

Several complementary observational strategies have emerged to address this challenge, which can be broadly grouped into
space-based remote sensing and ground-based measurements. Space-based retrievals of column-averaged CO, (XCO2) from

dedicated missions such as GOSAT, OCO-2 and S5P have demonstrated the capability to resolve plumes from individual
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power plants and megacities (Nassar et al., 2017; Reuter et al., 2019), and the upcoming Copernicus Anthropogenic CO,
Monitoring (CO2M) constellation has been designed specifically for systematic monitoring of anthropogenic emissions at the
city and facility scale (Kuhlmann et al., 2019). While satellite observations are inherently scalable across many cities, the small
column enhancement over urban areas relative to the atmospheric background, sensitivity to clouds and aerosols, and revisit
times of several days to weeks currently limit their utility for continuous monitoring and for resolving short-term emission
variability (Kuhlmann et al., 2019; Reuter et al., 2019). Ground-based remote sensing approaches such as in Paris (Vogel et al.,
2019) and in Munich (Dietrich et al., 2021) are cheaper to deploy, however they suffer from similar problems regarding signal
magnitude and can only retrieve total column values. Complementing these measurements are ground-based in-situ approaches
such as eddy-covariance measurements (Christen et al., 2011; Turnbull et al., 2015; Lauvaux et al., 2016; Molinier et al., 2026)
or networks in various cities like Los Angeles (Verhulst et al., 2017), Salt Lake City (Kunik et al., 2019), Paris (Staufer
et al., 2016; Lian et al., 2024; Ponomarev et al., 2026), Zurich (Grange et al., 2025), Berkeley (Shusterman et al., 2016;
Turner et al., 2016), or Munich (Aigner et al., 2026), which provide continuous, high-precision measurements at sub-hourly
resolution. In Liiken-Winkels et al. (2026), the authors show that ground-based in-situ networks will aid independent urban
emissions monitoring and will likely be able to help reduce the large uncertainties of emission inventories. However, the spatial
representativeness of the networks is constrained by the limited number of stations and their proximity to heterogeneous near-
surface sources within the urban canopy, which can strongly bias inferred city-wide fluxes and if not carefully treated can
pose issues, as they are not able to directly and homogeneously sample the urban plume downwind of the city (Li et al., 2026).
Airborne in-situ measurements represent a middle ground between these approaches: a single flight can sample an urban plume
across horizontal scales of tens of kilometers and vertically probe the full depth of the boundary layer, integrating signals from
broad upwind source regions while avoiding the strong local heterogeneity that affects surface observations (Cambaliza et al.,
2014; Pitt et al., 2019; Klausner et al., 2020; Lopez-Coto et al., 2020; Kostinek et al., 2021; Luther et al., 2022; Hajny et al.,
2023). At the same time, aircraft campaigns are resource-intensive and provide only snapshots in time, so extracting the
maximum information from each flight is essential.

Traditional methods for estimating city emissions from aircraft measurements often rely on mass-balance approaches that
subtract a chosen background and attribute the residual enhancement to sources inside the domain (Cambaliza et al., 2014; Pitt
et al., 2019; Hajny et al., 2023). Those approaches are simple and intuitive, but they depend strongly on how the background
is defined and typically assume spatial homogeneity or steady transport over the sampling period (Klausner et al., 2020). The
resulting sensitivity to background choice and transport errors can produce substantial and difficult-to-quantify uncertainty
in inferred emissions; Klausner et al. (2020) report that plausible alternative background constructions shift the inferred CO,
flux of Berlin by nearly 50 %. Urban inversion frameworks can help address these limitations by combining observations,
transport models, and prior emissions while explicitly considering error covariances. Nevertheless, the treatment of background

concentrations remains a source of uncertainty.

High-resolution aircraft-based inversions have been successfully used for CH4 and CO, fluxes at regional and urban scales (Lau-

vaux et al., 2016; Lopez-Coto et al., 2020; Pitt et al., 2019; Staufer et al., 2016), and urban applications have explored multiple

strategies for constructing or optimizing background inflow fields. In particular, Lopez-Coto et al. (2020) jointly optimize a
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time-varying background together with fluxes for the Washington—Baltimore area, demonstrating that explicitly representing
the inflow field can alter inferred emissions and uncertainty estimates, especially when observations are sparse or winds are
weak.

In this study, we optimize the CO, emissions of Berlin based on aircraft measurements from 2018 by explicitly including the
background concentration field as part of the state vector within a Bayesian inversion. We analyze the 3DO aircraft campaign
as part of the [UC]?> (“Urban Climates Under Change”) project around Berlin in July 2018: airborne in-situ CO, and CH,4
measurements were collected by German Aerospace Center (DLR) using a Cessna 208B equipped with a Picarro cavity ring-
down spectrometer (CRDS) on 5 days between the 16" and 26" of July 2018. We compare results from (i) the conventional
mass-balance approach conducted by Klausner et al. (2020), and (ii) the Bayesian inversion with and without an augmented
state vector that includes background fields and to (iii) bottom-up inventories. We use the most comprehensively sampled flight
(20" of July 2018) as a proof-of-concept case to examine the benefits and limitations of the respective approaches. Our study
explicitly provides an independent validation of the optimized posterior background against in-situ observations above the
planetary boundary layer from the same flight that were not assimilated into the inversion. We additionally introduce a prior-
correlation inflation scheme designed to prevent the local plume signal from being absorbed into the posterior background,
quantify the flux-uncertainty incurred through our prior uncertainty estimate using a dedicated sensitivity experiment, and
compare the results to an inversion where the background is held fixed rather than jointly optimized. We close with a discussion

of implications for future aircraft campaigns and urban monitoring strategies.

2 Data and Methods
2.1 Aircraft Campaign

The aircraft observations analyzed in this study were collected during the Urban Climate Under Change ([UC]?) campaign
around Berlin in July 2018 (Scherer et al., 2019; Klausner et al., 2020). The campaign used the DLR Cessna 208B Grand
Caravan, equipped with the METPOD meteorological sensor suite and a Picarro G1301-m CRDS measuring CO,, CHy, and
H,0. The instrument characteristics and measurement uncertainties are presented in Klausner et al. (2020). Five research
flights were conducted between 16" and 26™ of July 2018, each comprising upwind and downwind transects of the Berlin
metropolitan area to capture urban plume enhancements. The flight on 20™ of July 2018 provided a coherent sampling of the
Berlin urban plume, with a clearly defined boundary layer and well-mixed boundary-layer air. Flights on the other days are not
considered, as the urban plume was either not captured or the boundary layer was not clearly separated (18", 23, 24t 25t
July). The aforementioned flight is therefore used as the representative case for emission optimization. Its flight path is shown
in Figure 1. The aircraft performed one upwind transect northwest of Berlin, a corkscrew vertical profile over the Tempelhofer

Feld inside the city, and three downwind transects southeast of the urban area.
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2.2 Meteorological and Model Data

As a source of meteorological and prior concentration fields, we use the MACRO-2018 dataset (Pilz et al., 2025).

The MACRO-2018 dataset contains hourly simulated meteorology as well as CO, and CO concentrations for the whole year
of 2018. It comprises five focus-domains in German Metropolitan Areas (Berlin, Rhine-Main-Neckar, Rhine-Ruhr, Nuremberg
and Munich) simulated at 1km resolution which are nested in a Germany domain at 5km and a Europe domain at 15 km
resolution. The vertical resolution is 42 layers with 14 levels below 1.5 km, similarly to previous studies like Lian et al. (2018).
The dataset contains two whole WRF simulations, one using the MYJ and another using the YSU boundary-layer schemes. A
comparison of these two simulations gives us a first-order estimate of model transport uncertainty.

This dataset combines 1 km-resolution meteorological WRF simulations with CO, and CO dispersion simulations. It uses
the WRF-Chem model in tracer mode to calculate concentration fields from underlying biogenic CO, fluxes from the Vege-
tation Photosynthesis and Respiration Model (VPRM) (Glauch et al., 2025) and anthropogenic CO, and CO fluxes from the
TNO GHGco v4.1 inventory. Apart from the 3-D meteorological fields, the dataset includes forward-modeled CO, and CO
concentration enhancements within the domain, and a respective background value as initial and boundary condition (from
CAMS experiment ID gqpe — IFS cycle CY43R1). The concentration data the background field is using is generated from
CAMS simulations assimilating data from the Greenhouse Gases Observing Satellite (GOSAT) measured by the Thermal and
Near infrared Sensor for Carbon Observation (TANSO) instrument.

Within the inversion, these meteorological fields are used to calculate footprints using the Lagrangian Particle Dispersion
Model FLEXPART-WRF (Brioude et al., 2013). This model uses gridded meteorology to integrate the dispersion of pseudo-
tracers spawned at a particular measurement point in space and time. These tracers are then integrated backwards in time. The
resulting “footprint” is a 4D scalar field, which serves as measure for the sensitivity of the measurement to the respective grid
cells. Our footprints are sampled by 10000 pseudo-particles per measurement which are integrated backwards in time for 24
hours, resembling the settings in (Litken-Winkels et al., 2026). The measurements for which these footprints are calculated
are spaced at intervals of 5 minutes along the flight track. Because we also perform a background estimation in parallel to the
emissions estimation, we need prior background concentration information for all measurements. These prior background con-
centrations are provided by MACRO-2018, which includes a first estimate thereof using the previously mentioned background

concentration field from outside the Europe domain.
2.3 Bottom-up inventories

Several bottom-up emission inventories are available for Berlin and the surrounding region for the year 2018 or nearby years.
The self-reported Berlin emissions are 15.7 MtCOgza~! and are provided annually by Amt fiir Statistik Berlin-Brandenburg
(2025) and represent the officially reported fossil fuel CO, emissions within the administrative city boundaries. These data are
available only as annual totals without spatial, temporal, or sectoral disaggregation. Klausner et al. (2020) additionally com-
pared the aircraft measurements to the CAMS-REG v5.1 inventory (Kuenen et al., 2014) and the EDGAR v6.0 database (Crippa
et al., 2020), both of which provide anthropogenic CO, emissions for 2015 at 0.1° x 0.1° and 0.0625° x 0.125° resolution, but
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lack temporally explicit information beyond annual means. They give an annual emission estimate of 22.6 and 24.2 MtCOya ™!
for the Berlin city district, respectively.

For the MACRO-2018 simulations and our inversion approach, we use the TNO GHGco v4.1 inventory (Super et al., 2020),
which provides gridded emissions for 2018 at 1 km resolution and includes sector-specific temporal scaling factors that allow
for month-in-year, day-in-week, and hour-in-day emission variability. This feature makes it particularly suitable as a dynamic
prior for our inversion framework. While the annual average equals 15.3 MtCOsa~! for TNO, the time-factor corrected value
for the flight day is 10.8 MtCOsa~!. Differences in the emission inventories arise from variations in input data, emission
factors, spatial proxies, and temporal downscaling methods. As shown by Ahn et al. (2023), relative uncertainties in city-scale
CO, inventories can exceed 50 %, highlighting the difficulty of accurately capturing local emission processes and sectoral
activity data and emphasizing the importance of measurement-based constraints.

In addition to anthropogenic fluxes, we include biogenic CO, fluxes from the Vegetation Photosynthesis and Respiration
Model (VPRM) (Mahadevan et al., 2005; Glauch et al., 2025). During the July 2018 campaign period, the VPRM fluxes indicate
daytime CO, uptake of approximately 1.7 MtCOga~! across the Berlin domain, implying that biogenic fluxes play a minor
role in the overall urban carbon balance during this period. The bottom-up estimate (prior) of total emissions (anthropogenic
and biogenic) equals 9.1 + 6.8 MtCOsa™!.

2.4 Traditional Mass Balance Method

The mass balance approach is a well-established method for estimating urban emissions from aircraft measurements. It derives
CO, fluxes by integrating the product of horizontal wind speed and observed plume enhancements across a vertical cross-
section downwind of the city. The method assumes steady meteorological conditions with horizontally homogeneous inflow, a

well-mixed boundary layer, and negligible storage changes within the domain.

PBLH b
f= / dz/ dz (e(x, 2) — cpex(, 2)) :ijwu(l‘,z) (1)
0 a

The flux according to the mass balance method is calculated using Eq. 1 with R and M being the ideal gas constant and
molar mass, p(z, z) and T'(x, z) being the observed pressure and temperature, ¢(z, z) and cpek (2, 2) the measured concentration
and background concentration and u(x, z) the wind component perpendicular to the flux plane. Background mole fractions are
typically derived from upwind transects, either through linear interpolation or by using air-parcel back trajectories.

Klausner et al. (2020) apply a mass balance approach to the aircraft data from July 20th, yielding a total emission rate of
44424 MtCOya~!. They attribute the large uncertainties of this estimate primarily to variability in wind-direction, uncertainty
in PBL-height, and the determination of background concentrations. Further details are provided in Klausner et al. (2020).
This estimate of urban CO, emissions is substantially higher than the TNO inventory for the flight period, particularly when

accounting for the net biospheric impact (VPRM estimate: 1.7 MtCOza~'). However, given the large uncertainty associated
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Figure 1. a) Aircraft flight track showing the upwind transect northwest of Berlin, the corkscrew vertical profile and the three downwind
transects southeast of Berlin. b) Flight path used for the inversion and set-up of the state vector showing the five elements: Berlin city (0),
Berlin upwind (1), Berlin downwind (2), Germany upwind (3) and Germany downwind (4). The footprint release points are shown as red

crosses, ¢): Sensitivity of measurements as given by footprints from release points.

with the mass-balance approach, the estimate remains consistent with the EDGAR and CAMS-REG inventory estimates within

error bounds.
2.5 Bayesian Inversion Framework

To overcome some of the limitations of the mass-balance approach, we perform a Bayesian inversion that jointly optimizes
CO; emissions in 5 regions (i.e. Berlin city (0), Berlin upwind (1), Berlin downwind (2), Germany upwind (3) and Germany
downwind (4)), as well as the background concentrations. The flight path and state vector set-up together with the aggregated
footprint are shown in Figure 1. This state vector set-up allows us to determine the emissions of Berlin city under unknown
background conditions. The inversion relates observed mole-fraction enhancements to emissions and background concentration

through a linearized forward model
y=Kx+e 2)

where y is is the vector of measured CO, mole fractions, x contains both emission scaling factors and background offsets, K
is the forward model (Jacobian) and e represents model-data mismatch error.

The first part of the forward model K refers to the emissions and contains a footprint f,, ., i.e. the contribution of emissions
from grid cell ¢; to observation m;, which are aggregated from 1 x 1km cells balanced to the spatial resolution of the state
vector (see Eq. 2). Footprints were initialized every 5 min along the flight track and integrated backwards in time for 24 h.

Along the transects, this temporal spacing corresponds to an approximate horizontal distance of 10 km between release points.
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The second part of the forward model represents the background concentration at each measurement location. As a first
estimate, we use the CO2_BCK field of MACRO-2018, which includes the boundary conditions at the European domain from
CAMS concentrations. The inversion then adjusts these initial background values to account for additional contributions from
fluxes between the edge of the footprints and the model domain boundary.

The resulting forward operator therefore has a block structure, where each measurement is expressed as the sum of an

emission-driven enhancement and a background term:

€co

€cl1
mo me,cO fm(),cl 10
mi | = | fmico fmia 0 1 T +e (3)
. . . bm,O

bml

The state vector therefore contains 5 emission scaling factors (one per region) and N,,, background offsets (one per assimi-
lated measurement), for a total dimension of 5 + NN,,. The Jacobian K is an N,,, x (5+ N,,) matrix whose left block contains
the aggregated footprint sensitivities of each measurement to the five emission regions and whose right block is the N,;, x Ny,
identity, associating each measurement with its own background element. The prior covariance S, is block-diagonal, composed
of a 5 x 5 emission block (Sect. 2.5.1) and an N,,, x N,,, background block.

Assuming Gaussian errors, the posterior state vector Z and its posterior covariance S are obtained analytically following

Rodgers (2000):

=20 + S KT (KS.KT +8.) " (y— Kza) (4)
S=(KTS.'K+8S, 1)! (5)

where x, and S, denote the prior state vector and its covariance and S. the model-data mismatch covariance, which are
described in Sec. 2.5.1.

In order to gain a better understanding of the problem one can define the Gain and Average Kernel matrices. While the
Gain matrix shows the influence of the additional measurement information on the posterior state vector, the Averaging Kernel

matrix indicates the distance of the posterior state vector between prior and true state following Rodgers (2000):

T =X +G(y—Ka:0) (6)
— (1—A)ao+Gy (7)
=AZyrye + (1 — A)zo + Ge 3

While an ideal Averaging Kernel matrix would be an identity matrix, Averaging Kernel matrices with entries exceeding the

[—1,1] range are considered non-physical.
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Prior fluxes are a combination of anthropogenic fluxes which are taken from the TNO GHGco v4.1 inventory and biogenic

fluxes from the VPRM model.
2.5.1 Covariance Structure

There are two covariance matrices for our problem, which we will discuss separately, the model-data mismatch and the prior
covariance matrix. We will start with the model-data mismatch covariance.

This covariance is constructed from a combination of the model and the measurement uncertainty. As a first-order estimate,
we use the two separate simulations with two different boundary layer schemes which are included in the MACRO-2018
dataset. This average inter-physics difference between MYJ and YSU configurations of MACRO-2018 yields a model-induced
concentration uncertainty of 0.49 ppm for the aircraft measurements used. The instrumental precision of the Picarro G1301-
m of 0.15 ppm is used as the measurement uncertainty (Klausner et al., 2020). Combining these contributions using sum of
squares yields a model-data mismatch uncertainty of 0.51 ppm.

The prior covariance matrix can be split into an emissions and a background concentration part. To find the uncertainty of
the prior emissions in Berlin city, we conduct a sensitivity analysis. We run our inversion with Berlin city uncertainties of 25,
50, 75, 100, and 125 % (see Fig. A1) and find that above 75 %, the results become physically unsound as the off-diagonals
exceed [—1,1]. Therefore, we choose 75 % as the uncertainty of the prior emissions in Berlin city.

The uncertainties of the other state vector elements are scaled relative to the Berlin cell based on the size of the state vector
elements using sum of squares of gridcell-based inventory uncertainties which are provided by TNO. Note that since these
grid-cell-based uncertainties do not account for temporal or height associated uncertainties, they therefore cannot be used as a
complete prior uncertainty estimate and are thus used only in a relative sense.

Background concentration uncertainties are estimated from the temporal variability of the MACRO-2018 background field
(75 min around the measurement). These uncertainties are inflated by 0.5 ppm to allow for adjustments of the background,
accounting for fluxes between the edge of the footprints and the boundaries of the European domain which would otherwise
not be captured. We determine the correlation of the background state vector elements by analyzing the correlation of the
background concentration time series and use this value as a lower bound. We further increase the correlation among the
individual background concentrations so that the correlation of the background to the measurements does not increase between
prior and posterior (0.46 on average). This is performed to avoid imprinting the local enhancements measured during the flight

onto the posterior background concentration estimate, which is expected to vary on larger temporal scales.

3 Results
3.1 Evaluation of model transport

We evaluate the meteorology and CO, enhancements of the MACRO-2018 dataset against the [UC]? aircraft observations to

assess whether both the meteorological fields and the transport of prior emissions are suitable for use in the optimization. Model
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Table 1. Mean absolute bias comparison of MACRO-2018 variables to flight measurements for the July 20th 2018 vertical profile. Separated

into values below and above 2 km altitude.

below 2 km above 2 km
MYJ] YSU MYJ YSU

0 [K] 0.2 0.1 1.3 1.2
RH [%] 3.4 34 230 208
wind speed [m/s] 1.3 1.4 1.1 1.1
CO; v2 [ppm] 0.6 0.7 1.9 2.1

output was sampled in space and time along the aircraft flight path on 20 July 2018, and the extracted data were compared
directly to the in-situ measurements.

Panel a) in Figure 2 shows the comparison of measured CO, mole fractions with the simulated concentrations from MACRO-
2018 (using the VPRM biogenic emissions) for the two planetary boundary layer (PBL) schemes, MYJ and YSU. Both simu-
lations fit the measurement well with the largest deviation occurring during the vertical profile (hatched part). The mean biases
and bias-corrected mean absolute biases between the two simulations are similar to one another. Between the PBL schemes,
the MYJ configuration yields a slightly lower mean bias (by about 0.2 ppm) than YSU. The largest deviations occur during the
vertical spiral profile over Tempelhofer Feld, where observed concentrations reflect strong vertical gradients not fully resolved
in the model.

The observed vertical profile exhibits a pronounced capping inversion at 2737 + 2m (Klausner et al., 2020), typical of
summertime convective conditions over Berlin. The model reproduces the general structure well up to about 2 km but un-
derestimates and smooths the mixing-layer height, likely due to limited vertical resolution (cf. Table 1). Above this altitude
deviations increase, reflecting the low vertical resolution of the model and uncertainty in boundary layer structure (cf. Table
1). Consequently, the simulated CO, concentrations do not capture the distinct peak associated with plume entrainment into
the capping inversion at the top of the PBL seen in the observations. Above the PBL, simulated concentrations are overes-
timated, indicating that the large-scale background in MACRO-2018 is slightly too high. Both PBL schemes reproduce the
thermodynamic structure of the boundary layer well, but differences arise in wind speed and mixing depth. The MYJ scheme
shows slightly better agreement with observed wind speeds (mean bias 1.3 ms™! below 2km) than YSU (1.4ms™") and there-
fore provides a more consistent basis for the inversion. It is thus used to drive the footprint calculations and prior background
sampling.

Since the highest measurements included in the inversion are at 1.6 km and the observed meteorology and CO, concentra-
tions match well with observations up to 2 km, this comparison indicates that the MACRO-2018 dataset is sufficiently accurate
for the inversion. Remaining discrepancies, particularly in the upper PBL and free-tropospheric background, highlight the

importance of jointly optimizing the background field.
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3.2 Optimized CO; emissions and background CO,

We calculate footprints of the observations along the upwind and downwind transects, consistent with the measurements used
in the mass balance estimate of Klausner et al. (2020). These observations are expected to contain the most information for
the inversion. We further exclude measurements that exhibit negative prior correlations in background concentrations, as the
background of a single air mass is, by definition, positively correlated. This filtering ensures that the assumption of a smooth
background field from a single air-mass is satisfied for all included measurements. After filtering, NV,,, = 15 measurements
are included in the inversion. As input concentration values, we use a 20 s rolling average of the measured CO, concentration
values, corresponding to an effective averaging length of approximately 1 km, consistent with the model resolution.

We use an inversion setup similar to Liiken-Winkels et al. (2026). In order to perform the analytical Bayesian Inver-
sion, we use the python package pyinverse (Maiwald et al., 2025). Input and output processing are performed using the
python script FlexWrfInversion (commit 30ce5b89 between v0.1.3 and v0.1.4; https://github.com/ATMO-IUP-UHEI/
FlexWrflInversion/). Run scripts for FLEXPART-WRF and postprocessing its output can be found in the FlexWrf python pack-
age (v0.1.4; https://github.com/ATMO-IUP-UHEI/FlexWrf/releases/tag/v0.1.5). And as stated previously, the meteorological
data to drive FLEXPART-WRF is from MACRO-2018 (Pilz et al., 2025).

Applying the inversion, we find a posterior CO, emission for the Berlin city cell of 13.4 + 4.3 MtCOqa~!. We quantify
the uncertainty introduced through the sensitivity study by using the maximum difference in emissions estimation between 50,
75, and 100 % (1.5 MtCOqa~1). This yields a final emissions estimate for Berlin of 13.4 + 4.3 MtCOza ™!, up from a prior
emissions estimate of 9.1 4= 6.8 MtCOsa~!. The relative emission changes amount to +47.7 % for the Berlin city cell and
+31.5 % for the Berlin upwind cell, while all other cells show much smaller adjustments. The posterior CO, emissions field
shows the largest error reduction in Berlin city cell and its upwind neighbor (36.6 to 57.7 %), corresponding to the regions of
highest sensitivity in the measurement footprints (cmp. Fig. 1).

The inversion adjusts the background concentrations downwards from approximately 403.5 = 0.5 ppm to 402.4 & 0.3 ppm,
while reducing its uncertainty by about half. This is achieved without increasing its correlation to the observations (prior and
posterior correlation both 0.46). The downward adjustment is physically consistent, as the background concentrations between
the outer footprint boundaries and the larger European domain are expected to be slightly lower, reflecting predominantly
negative fluxes in these regions. The resulting posterior background concentration of 402.4 £ 0.3 ppm closely agrees with the
median of the observed CO, mixing ratios above the planetary boundary layer (402.6 ppm; cf. Fig. 3). These free-tropospheric
values represent the far-field background of the sampled air masses, which are largely unaffected by local emissions. It is
noteworthy that this background correction emerges solely from measurements within the boundary layer (up to 1.6 km), as
the measurements from the corkscrew flight pattern are not assimilated. Yet the inferred posterior background aligns remarkably
well with independent observations above the mixing layer height (see Fig. 2). This agreement provides a strong indication of
the robustness of the inversion framework.

The averaging kernel matrix (Fig. 3d) quantifies the sensitivity of the posterior state to the true state, providing a measure of

how strongly the inversion is constrained by the observations rather than by the prior. Values close to unity along the diagonal
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Figure 2. a) Comparison of measured and modeled CO, concentrations along the whole flight track. Shaded areas are upwind and downwind
transects, hatched area is vertical profile. We find generally good agreement between measurement and model along the transects with Mean
Biases (MB) of 0.5 and 0.7 ppm and bias-corrected MAB of 0.5 ppm for both simulations. Panels b) to e) show a comparison of modeled
and measured variables along the vertical profile. The variables shown are (from left to right) potential temperature, relative humidity, wind
speed, and CO; concentration. There is very good agreement between model and observations up to 2 km, with larger deviations above,

likely due to the coarse vertical resolution of the simulation.

indicate that the corresponding grid cells are well resolved by the available data, whereas low or off-diagonal values reflect
limited or spatially mixed information.

The averaging kernel matrix reveals that the diagonal elements corresponding to the Berlin city and Berlin upwind cell (0
and 1) are close to unity, indicating that the inversion system is well constrained in these areas. However, the off-diagonal
terms between the Berlin city (CO0), the Berlin upwind (C1), and the Germany upwind (C3) cells are comparatively large,
implying that these regions are not fully independent of each other. This cross-sensitivity results from overlapping footprints
and a limited number of measurements, which restricts the ability to fully disentangle the emission signals from the individual
cells. The averaging kernel diagonals corresponding to the other regions is low as expected due to the poor sensitivities.

The gain matrix (Fig. 3e), in turn, represents the sensitivity of the posterior state to the measurements and thus illustrates
which observations contribute most to constraining the solution. The highest gain values are found for the downwind transects
(DW1-DW3), consistent with their large footprint sensitivities over the Berlin city cell. Furthermore, looking at Fig. 4, we find

that the inversion adjusts the posterior concentrations so that the deviation from the measurements decreases.
3.3 Influence of Background Optimization on the Inversion

A key aspect of our inversion framework is the explicit inclusion of background concentration values as part of the state
vector (see Sect. 2.4). To assess the importance of this design choice, we conducted a sensitivity experiment in which the prior

background uncertainty was set to zero, effectively fixing the background to its prior value from the MACRO-2018 dataset (Pilz
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Figure 3. a) Difference of posterior emissions to prior emissions in Mt/a (47.7 % for Berlin, 31.5 % for Berlin upwind). b) Error reduction
of 36.6 % for Berlin and 57.7 % for Berlin upwind. ¢) Prior and posterior background concentrations, showing a substantial downward shift
in the posterior due to the inversion. d) Averaging kernel of inversion: diagonal elements are close to one while there are large off-diagonal

elements for the upwind Germany cell. e) Gain matrix shows large impact of measurements on Berlin city cell.
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Figure 4. Comparison of prior and measured concentrations with concentrations optimized by the inversion. Deviations from measurements

decrease due to assimilation of measurements in inversion.
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et al., 2025). In this configuration, the inversion could only adjust the emissions field, while the background contributed as a
fixed offset to the simulated concentrations.

The outcome of this test highlights the critical role of jointly assimilating the background and emissions. Figure 5 shows the
resulting residuals and the degraded fit to the aircraft observations when the background is excluded from the optimization.
When the background concentration is held fixed, the inversion yields a posterior emission estimate of 7.9 4= 4.0 MtCOsa ™1,
which is approximately 40 % lower than the estimate obtained when the background is optimized simultaneously, although both
estimates still agree within their uncertainties. This systematic underestimation arises because part of the urban enhancement
signal is attributed to an overestimated background. Furthermore, elements of the averaging kernel exceed [—1, 1], indicating
a loss of physical consistency in the inversion. The experiment demonstrates that optimizing the background field is essential
for correctly partitioning observed concentration variations between background and local emissions. Accordingly, including

the background as part of the state vector substantially improves both the accuracy and robustness of the inversion results.

4 Discussion

Aircraft-based studies are particularly sensitive to assumptions about the atmospheric background, which often constitute the
largest single source of uncertainty in city-scale emission estimates (Lauvaux et al., 2016; Lopez-Coto et al., 2020; Klaus-
ner et al., 2020). Existing inversion frameworks have addressed this challenge in different ways: Lauvaux et al. (2016) use
wind-direction-dependent tower measurement as prescribed background for Indianapolis, Lopez-Coto et al. (2020) optimize
a time-varying background jointly with fluxes for Washington—Baltimore but do not independently validate the resulting pos-
terior background. In traditional approaches, such as the mass-balance method applied by Klausner et al. (2020), background
concentrations are subtracted a priori using upwind transects or regional model output. This relies on the assumption that the
background field is spatially homogeneous and temporally stationary. These conditions are rarely met in complex summertime
boundary layers, which can lead to substantial uncertainties in flux estimates. Our results show that explicitly representing
the background field within a Bayesian inversion framework, together with independent constraints from free-tropospheric
observations, substantially reduces these uncertainties.

By including background concentrations as part of the state vector, the inversion system can partition observed concentration
variability into local emission signals and large-scale background gradients. The sensitivity test in Sect. 3.3 highlights the
importance of this design choice: constraining the background field (i.e. removing its degrees of freedom) results in a 40 %
underestimation of the posterior emissions. This demonstrates that jointly optimizing the background and emissions is essential
to avoid systematic errors inherent to simplified background subtraction methods.

Our posterior estimate for Berlin emissions of 13.4 4 4.3 MtCOqa ™! is about 47 % larger than the prior estimate (cf. Fig. 6).
It is, however, substantially lower than the values inferred from the mass-balance approach of Klausner et al. (2020), which
yielded emissions approximately three times higher from the same data. This level of discrepancy is consistent with the findings
of Pitt et al. (2019), who showed that mass-balance estimates can be strongly biased for cities whose emissions are not cleanly

isolated from surrounding source regions — a condition that also applies to Berlin due to non-negligible upwind contributions
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Figure 5. Results of inversion with background concentration uncertainty set to zero (only emissions optimization). Posterior is shifted

downwards of prior, to 7.9 £ 4.0 MtCO2a~". The off-diagonal elements of the Averaging Kernel far exceed [—1, 1].
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Figure 6. Comparison of emissions estimates for Berlin. Yellow bar is the mass balance estimate performed by T. Klausner, blue and green
bars are from this study. Hatched blue bar is the anthropogenic prior emissions (TNO with timefactors) and green bar is biogenic prior
(uptake from VPRM). Solid blue bars are prior and posterior emissions. Error reduction of 36.6 % clearly visible, error of posterior is factor

five below mass balance error. Grey bars are average daily emissions from multiple sources including CAMS-REG, EDGAR, the City of
Berlin and TNO.

from the broader German domain. A further contribution to this difference is the large footprint of the mass balance estimate
which also includes sources outside of the city boundaries. Nevertheless, the inversion-induced increase relative to the prior is
consistent between methods, suggesting either underestimated anthropogenic emissions or unaccounted biogenic respiration
in the priors (or a combination of both). The posterior uncertainty of 4-4.6 MtCOqa ™" represents an error reduction by over
a factor of five compared to the mass-balance estimate (4-24 MtCOsa~1). The large uncertainty reported by Klausner et al.
(2020) reflects their transparent and conservative treatment of the substantial background uncertainties inherent to applying a
mass-balance approach under these non-ideal source-attribution conditions. This substantial uncertainty reduction highlights
the ability of the Bayesian Inversion framework with explicit background estimation to more efficiently extract the available
information from the aircraft observations.

Given the short-term nature of the aircraft observations, the resulting estimate is not representative of the full annual mean,
which complicates comparisons with annual inventories such as EDGAR, CAMS-REG and the Berlin inventory. These in-
ventories report emissions of 24.4, 22.6, and 15.7 MtCOsa~! while the TNO annual average emission is 15.3 MtCOsa~ 1.
Applying temporal scaling factors (hour-in-day, day-in-week, month-in-year) to the TNO emissions reduced their magnitude.

However, these factors are averaged over the whole year and are not necessarily representative on the daily level. Using the
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prior biogenic flux estimate as a baseline, our estimate suggests 15.1 + 4.3 MtCOga~! anthropogenic emissions on this par-
ticular day. While this is broadly consistent with the annual averages especially when considering increased winter emissions
by heating, lower daily anthropogenic emissions are expected in summer. This implies that the TNO inventory underestimates
annual mean emissions, or that a short-term event increased the emissions on the measurement day. Alternatively, higher to-
tal emissions could also reflect enhanced biogenic respiration or reduced photosynthetic uptake not properly captured in the
VPRM model, and which cannot be effectively distinguished from anthropogenic emissions using total CO; only.

Future applications may extend this framework to multi-flight or multi-species inversions, potentially combining CO, with
co-emitted tracers (e.g. CO, CHy) or with isotopic constraints. The explicit treatment of background and uncertainty covariance

makes this system flexible and scalable to aircraft campaigns in other urban regions.

5 Conclusions

We have developed and applied a Bayesian inversion framework that jointly optimizes urban CO, emissions and background
concentrations using aircraft observations over Berlin from the 3DO data collected as part of the [UC]? campaign. This ap-
proach directly addresses one of the dominant error sources in aircraft-based flux estimation, namely the representation of
the background. In particular, the inversion yields posterior CO, emissions for Berlin of 13.4 4= 4.3 MtCOsa™!, which are
higher than the prior but consistent with independent bottom-up inventories, and markedly lower than the mass-balance esti-
mate by Klausner et al. (2020). We reduce the flux uncertainty by around a factor of five compared to the one in Klausner et al.
(2020) (424 MtCOza~1), who identified the background uncertainty as the main error source. A sensitivity analysis of the
prior uncertainty indicates an additional contribution of +1.5 MtCOza~" to the emissions uncertainty. Overall, the emissions
uncertainty is reduced by more than a factor of five compared to the mass-balance approach.

The inclusion of background concentration in the state vector was shown to have a significant influence on the result, and
independent observation above the PBL indicate that the posterior background concentration is effectively adjusted within the
inversion. These findings demonstrate that the joint optimization of background concentrations and emissions substantially
improves both the accuracy and interpretability of urban CO, inversions, and provides a framework for the evaluation of future
aircraft campaigns.

Looking ahead, this framework can be extended to multi-day or multi-flight inversions once suitable campaign data are
available, enabling temporal aggregation toward seasonal or annual emission estimates and increasing the statistical robustness

beyond what a single flight can provide.
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