ATMOSPHERIC ENVIRONMENT: X 32 (2026) 100524

ATMOSPHERIC
E T:

Contents lists available at ScienceDirect

Atmospheric Environment: X

journal homepage: www.journals.elsevier.com/atmospheric-environment-x

Continuous fossil fuel CO, emission estimates based on '“C-calibrated urban
eddy-covariance fluxes of co-emitted species

Ann-Kristin Kunz »*©-*, Samuel Hammer >®, Patrick Aigner ‘2, Lars Borchardt ¢,

Jia Chen ®| Julian Della Coletta ¢, Markus Eritt **®, Ronny Friedrich ", Xochilt Gutiérrez©,
Rainer Hilland *®-!, Christopher Holst ¢, Armin Jordan ¢*?, Natascha Kljun"®,

Richard Kneif’]¢, Daniel Kiihbacher 4©| Changxing Lan 8”, Junwei Li ‘Y, Betty Molinier ",
Susanne Preunkert ¢, Andreas Christen ?

a Chair of Environmental Meteorology, University of Freiburg, Werthmannstrafe 10, Freiburg, 79085, Germany

Y Institute for Environmental Physics, Heidelberg University, Im Neuenheimer Feld 229, Heidelberg, 69120, Germany

¢ICOS Central Radiocarbon Laboratory, Heidelberg University, Berliner Strafse 53, Heidelberg, 69120, Germany

d Associate Professorship of Environmental Sensing and Modeling, Technical University of Munich, Theresienstrafe 90, Munich, 80333, Germany
¢ Max Planck Institute for Biogeochemistry, Kahlaische StrafSe 4, Jena, 07745, Germany

f Curt-Engelhorn-Zentrum Archdometrie gGmbH, D6, Mannheim, 68159, Germany

8 Institute of Meteorology and Climate Research Atmospheric Environmental Research, Karlsruhe Institute of Technology, Kreuzeckbahnstrafe

19, Garmisch-Partenkirchen, 82467, Germany

b Department of Earth and Environmental Sciences, Lund University, Solvegatan 12, Lund, 22362, Sweden

ARTICLE INFO ABSTRACT
Keywordsf ) o Atmospheric tall-tower measurements of radiocarbon ('*C0O,), carbon monoxide (CO), and nitrogen oxides
Carbon dioxide emissions (NO,) show great potential for determining fossil fuel (ff) CO, emissions. While '“CO, relaxed eddy ac-

Fossil fuels
Biogenic flux
Tall-tower eddy covariance

cumulation (REA) enables Fio, estimation during individual hours, Fr, and Fyo , measured directly and
continuously by eddy covariance (EC), can be used as proxies for continuous F”CO'2 once local Fy/ Fiico,
Relaxed eddy accumulation ratios (Ryy,,) are known. We combined for the first time half-hourly EC F, and Fyo_, measured along Fco,
Emission inventory at a tall tower in Munich from July 2024 to February 2025, with co-located Fyo, from 76 hour-long '“CO,
Urban environment REA measurements. First, we examined the general applicability of CO- and NO,-based F;, estimation by

analyzing the *C-based Ryyoxy- Then, we applied the Y4C-calibrated (Ryroxy) to the F,, time series to obtain
continuous ffCO, and non-fossil (nf) CO, fluxes, and analyze the F-, composition. We demonstrate the
potential of the purely observation-based partitioning approach by compaf‘ing R,y and half-hourly Fiy, and
Fico, with modeled fluxes obtained from a footprint-weighted state-of-the-art Munich emission inventory and
biospheric flux model. Although variability in R, limits precision and accuracy of half-hourly, proxy-based
Fico,, average daytime fluxes could be estimated with about 20% uncertainty. On average, Fi, accounted
for 70% of Fg, during daytime. The absolute modeled Fico, Was 46% higher due to increased modeled heating
emissions in the cold months. Observation-based and modeled Fco, indicated substantial human respiration
and minor biospheric flux contributions. The multi-proxy EC and REA measurements enabled unique analysis
and independent evaluation of urban ffCO, and nfCO, fluxes.
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A.-K. Kunz et al.
1. Introduction

Monitoring urban greenhouse gas emissions with high temporal
and spatial resolution requires both atmospheric measurements and
modeling (e.g., Christen, 2014; Turnbull et al., 2025). State-of-the-
art emission inventories provide annual emission estimates for entire
cities with a spatial resolution of, e.g., 10m and a 30 min temporal
resolution based on either human activity data and emission factors
(“bottom-up”) or on nationally reported annual emission data and
downscaling proxies (‘“downscaled”). Atmospheric measurements are
usually restricted to smaller spatial and temporal subsets, e.g., several
months of collected data covering a certain city district, and only
provide aggregated signals from all emission sectors; however, they
are crucial for independent validation and refinement of the emis-
sion estimates (e.g., Christen, 2014; Chen et al., 2016; Gurney et al.,
2017; Stagakis et al., 2023a,b; Brunner et al., 2025). For example,
eddy covariance (EC) measurements on urban tall towers can provide
direct flux estimates of various greenhouse gases, including carbon
dioxide (CO,), carbon monoxide (CO), nitrogen oxides (NO and NO,,
summarized as NO,), and methane (CH,), at the neighborhood scale
with a temporal resolution of 30 min (e.g., Feigenwinter et al., 2012;
Karl et al., 2017; Hilland et al., 2025b). Using turbulence data and
surface characteristics to estimate the source area contributions (flux
footprint modeling; e.g., Kljun et al.,, 2015), the observation-based
fluxes can be directly compared to inventory-based flux estimates (e.g.,
Christen et al., 2011; Wu et al., 2022; Molinier et al., 2026). However,
in the case of CO,, the comparison between observation-based and
modeled fluxes is complicated by the fact that emission inventories
only account for anthropogenic CO, emissions, i.e., primarily emissions
from fossil fuel combustion, possibly also emissions from biofuels and
human respiration. In contrast, net atmospheric CO, measurements
include all CO, flux contributions, including biospheric fluxes from
soil and plant respiration, and photosynthetic uptake. To compare net
CO, fluxes, biospheric fluxes can be estimated using urban vegetation
models (e.g., Stagakis et al., 2025; Li et al., 2026). However, modeling
biogenic fluxes involves considerable uncertainties, and comparing net
CO, fluxes does not allow for independent, separate validation of fossil
fuel (ff) and non-fossil (nf) CO, fluxes (hereafter referred to as Fyco,
and Fy¢co,)- Independent validation of Fyy(, requires a partitioning of
the observation-based net CO, fluxes.

The ideal tracer for separating ffCO, and nfCO, is radiocarbon
(**C), which is commonly denoted in A-notation according to Stu-
iver and Polach (1977). Due to its radioactive decay with a half-
life of 5730yr, millions of years old fossil fuels are depleted of '“C,
and their combustion dilutes the natural atmospheric “C/'2C ratio.
Consequently, low atmospheric '“C/'C ratios indicate large CO, con-
tributions from ffCO, emissions (e.g., Levin et al., 2003; Turnbull
et al., 2016; Maier et al., 2023). While “CO, EC measurements have
not yet been possible due to the lack of accurate, fast-response gas
analyzers for 14C02, relaxed eddy accumulation (REA) measurements
for '4CO, enable a purely observation-based estimation of ffCO, fluxes
(Kunz et al., 2025b, 2026a). However, due to the labor and logistical
requirements associated with '*CO, measurements, REA ffCO, fluxes
can only be determined for a limited number of discrete sampling
periods (Kunz et al., 2025b).

To obtain continuous ffCO, fluxes, EC CO and NO, fluxes show
great potential. Both CO and NO, fluxes are proxies for ffCO, emis-
sions, because both gases are co-emitted with ffCO, during the com-
bustion of fossil fuels. They are therefore referred to as F,,,, in the
following. However, the F./Fitco, ratio varies depending on the
fuel carbon content and combustion conditions (Turnbull et al., 2015;
Rosendahl, 2022; Maier et al., 2024a). Consequently, different source
sectors, e.g., stationary combustion and road transport, have signifi-
cantly different emission ratios. Moreover, a large variability within the
source sectors has been reported (Karl et al., 2017; Rosendahl, 2022).
Due to regional differences, e.g., in fleet composition and heating types,
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Foroxy/ Fitco, rtatios are site-specific (Rosendahl et al., 2022). Con-
sequently, accurate, proxy-based determination of continuous ffCO,
fluxes requires knowledge of the temporally varying local F/Fifco,
ratios. Due to the lack of direct observations of Fy,/Firco, ratios
and their temporal variability, different proxy-based approaches have
been applied to partition net CO, fluxes. Hilland et al. (2025b) consid-
ered average Fco/Fco, and Fyo /Fco, ratios obtained for the sectors
stationary combustion and road transport from a city inventory in a
4 x 4km? square centered at the 112m high EC tower in the city of
Zurich. However, improbable and impossible results for some cardinal
directions and some times of the day indicated that using constant,
inventory-based emission ratios was not appropriate for CO, flux parti-
tioning. Wu et al. (2022) used a constant Fqq/ Fypco, ratio, which was
determined from differences in molar mixing ratios between upwind
and downwind flask samples. However, applying ratios of concen-
tration differences to turbulent flux measurements implicitly assumes
that the concentration footprint is representative of the flux footprint,
which is generally not the case in a heterogeneous urban environment.
Similar approaches were used with excess concentrations, considering
a clean background concentration (4c). Turnbull et al. (2015), Maier
et al. (2024a), and Juchem et al. (2025), for example, used average
Acprony / Actico, Tatios obtained from flask concentration measurements
to calculate continuous proxy-based Acisco, time series. The Acgco,
record can be used to estimate urban ffCO, fluxes, but this method
relies on the use of inversion models (Maier et al., 2024b). While the
aforementioned studies justified the use of a constant proxy/ffCO,
ratio based on sufficiently high correlations between observed proxy
and ffCO, excess concentrations and small or no temporal or spatial
differences, its applicability to direct flux measurements has not yet
been investigated, to our knowledge.

In this study, we use REA 14CO, and EC CO and NO, observations
taken at a tall tower in the city of Munich between July 2024 and
March 2025, a Munich emission inventory, a Vegetation Photosynthesis
and Respiration Model (VPRM), and modeled flux footprints to inves-
tigate the composition of urban CO, fluxes and to compare different
methodological approaches. The study consists of three parts:

* First of all, we analyze purely observation-based Fyoyy/ Ftico,
ratios from 76 hour-long REA '“CO, and co-located EC CO and
NO, measurements to address the general applicability of proxy-
based ffCO, flux estimation in an urban environment. For this
purpose, we evaluate the correlations between F¢q and Fyo_with
Fitco, and their dependence on air temperature and wind direc-
tion (HSections 3.1, 4.1, and 4.2). We also analyze the similarities
and differences between the two proxies, and discuss the resulting
uncertainties in the proxy-based Fico, -

We then apply the !“C-calibrated Foroxy/ Fitco, ratios from the
REA measurements to the continuous EC proxy fluxes to obtain a
continuous, purely observation-based Fysc, time series at 30 min
temporal resolution (Section 3.2). Based on the CO- and NO,-
based Fico, time series, we investigate the average contributions
of fossil and non-fossil CO, fluxes to net EC CO, fluxes measured
at the Munich tall tower (Section 4.3).

In both steps, we compare our observation-based Fyx/ Fttco, ra-
tios and the observation-based, continuous Fyco, and Fyco, time
series with modeled fluxes and flux ratios obtained by convolving
a state-of-the-art Munich emission inventory (Droge et al., 2024;
Kiihbacher et al., 2025, 2026b; Aigner et al., 2026) and a VPRM
model set up for the city of Munich (Li et al., 2026) with flux
footprints that were calculated for a 15 x 15km? area around the
measurement site at a 10 m spatial resolution and 30 min temporal
resolution (Molinier and Kljun, 2024). Since both observation-
and model-based approaches to estimating Fyco, and Fyco, are
subject to substantial uncertainties, this comparison enables a
first independent evaluation of both approaches and lays the
foundation for future methodological improvements.
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Fig. 1. Overview of the methodological approach used to estimate fossil fuel (ff) and non-fossil (nf) CO, fluxes based on eddy covariance (EC) and relaxed eddy

accumulation (REA) measurements. (R ) denotes the average F,

proxy roxy

/Fiico, ratio obtained through an orthogonal distance regression (ODR). The modeled fluxes

are based on a state-of-the-art emission inventory for the city of Munich, a high-resolution Vegetation, Photosynthesis, and Respiration Model (VPRM) for the
Munich area, and flux footprints modeled for the EC measurements in Munich, which have been described in detail in Kiihbacher et al. (2026b), Li et al. (2026),
and Molinier and Kljun (2024), respectively. Bold numbers in parentheses denote the sections in which the data, processing, and comparison of observation-based

and modeled flux estimates are described.

This study was conducted within the ICOS (Integrated Carbon Obser-
vation System) Cities project, a Horizon 2020 project funded by the
European Union to implement and evaluate greenhouse gas measure-
ment methodologies and services for cities in order to support climate
action.

2. Methods

Estimating ffCO, and nfCO, fluxes at a half-hourly resolution and
comparing them with modeled flux estimates involves several data
sets and methodological steps (Fig. 1). Section 2.1 describes the mea-
surement site and data sets, while Sections 2.2-2.4 explain the data
processing and analysis.

2.1. Site and data description

2.1.1. Munich flux tall tower

Flux measurements were conducted on an active telecommunica-
tions tower located near the city center of Munich, Germany (48°
8'50.9”N, 11° 32/59.3"E, 85m above ground level, ICOS Station ID
DE-Opd). Munich is the largest city and capital of Bavaria, with approx-
imately 1.6 million inhabitants as of 2024 (Statistisches Amt Miinchen,
2026). The inner-city area is located alongside the River Isar and com-
prises a variety of residential and office buildings (mostly multi-family
buildings connected to a district heating system; Aigner et al., 2026),
a historical old town, the central railway station and several parks.
The inner city is surrounded by the middle ring, which experiences
heavy traffic. The outskirts are characterized by single-family and semi-
detached houses that are predominantly heated by natural gas (Aigner
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Fig. 2. Location of the tall tower and cumulative flux footprint of the continuous, quality-controlled, closed-path EC CO, flux measurements according to Kljun
et al. (2015). The depicted areas contributed an average of 10 %-90% to the turbulent fluxes at the measurement site (Section 2.1.7). The base map shows for
a 15 x 15km’ area centered around the measurement site (a) the mean annual CO, emissions from road transport, stationary combustion, and public power
in 2024 according to the Munich emission inventory (Section 2.1.5), and (b) the mean annual net ecosystem exchange (NEE), according to a high-resolution
VPRM model for 2024 (Section 2.1.6). Inventory data is only available within the administrative boundary of the City of Munich. Air temperature and radiation
measurements used in this study were taken at the meteorological station of the Ludwig-Maximilian University (LMU).

et al.,, 2026), as well as several large green areas, such as the En-
glish Garden, the Botanical Garden, and the Olympia Park. Deciduous
trees dominate evergreens (Li et al., 2026). Several combined heat
and power plants within the administrative city boundary supply the
district heating network (Aigner et al., 2026). The measurement site
was located approximately 2km northeast of the historical city center,
and 1km northeast of the central railway station, within the middle
ring (Fig. 2). The 80% flux footprint encompassed an area that was
usually well within a 15 x 15km? area centered on the flux tower (Fig.
2, Section 2.1.7). Atmospheric flux measurements were most influenced
by processes in the city center, but could also contain signals from
the middle ring and beyond. At 10m gridded scale, about 60% of
this area is covered by buildings (mostly residential buildings), about
30 % by vegetation, and about 10 % by roads, railways, and other land
cover types. In all cardinal wind directions, the vegetated surface area
fraction increases with distance from the tower. In a 5 x 5km’ area
centered on the tower, the fraction of built-up and vegetated area is
approximately 54 % and 28 % west of the tower, and 71% and 16 %
east of the tower, respectively. The tower itself is 59 m high and has
a 42m antenna on top. On the antenna, a horizontal boom with an
anemometer, an open-path gas analyzer, and gas inlets for a closed-
path gas analyzer and flask measurements was mounted. The boom was
approximately 1.2 m long and oriented towards the south at a height of
85 m above ground level. Further information on the measurement site,
including a photo of the tower and a detailed analysis of flow distortion
effects, can be found in Lan et al. (2024) and Kunz et al. (2026a).

2.1.2. Continuous eddy covariance measurements (Fco,, Fco, Fro,)
From July 2024 to March 2025, two EC gas analyzers were operated
at the Munich flux tall tower: an open-path CO,/H,O gas analyzer
integrated into a 3D sonic anemometer (IRGASON, Campbell Scientific,
Inc., Logan, UT, USA), which measured CO,, H,j, and 3D turbulence
at a frequency of 20 Hz, and a closed-path multicompound gas analyzer
(MGA?7, MIRO Analytical AG, Wallisellen, Switzerland), which mea-
sured CO,, CO, NO, NO,, H,0, CH,, and N,O at a frequency of 10 Hz
using four lasers for mid-infrared quantum cascade laser spectroscopy

(Hilland et al., 2025b). Due to a laser failure of the MGA” in March
2025, EC measurements from the MGA’ were only available until
the end of February 2025. Based on the high-frequency EC measure-
ments of the MGA’, we calculated CO,, CO, NO, and NO, turbulent
fluxes using the EddyPro software (v7.0.9, Li-COR Biosystems) with
an averaging period of 30min (Lan et al.,, 2024) and common EC
processing options for urban flux measurements. As NO and NO, are
quickly converted into each other, we considered the sum of the two
fluxes (NO,) for further analysis. The average normalized spectra and
co-spectra of all gases showed sufficient agreement with theoretical
expectations (Fig. A.13), indicating good quality of the EC flux results.
The good quality of the MGA” CO, fluxes was also demonstrated by
their good agreement with the IRGASON CO, fluxes (Appendix A).
Due to the greater data availability and consistency with the CO and
NO, measurements by the MGA?, the MGA” CO, fluxes rather than the
IRGASON CO, fluxes were considered in this study. For details on the
EC data processing, see Appendix A, Hilland et al. (2025b), and Kunz
et al. (2026a).

For quality control purposes, we applied common EC filters, as well
as site-specific flagging criteria. For example, we excluded unusually
high CO fluxes from the southeast as these were not captured by
the REA measurements (Appendix A). In addition, we only considered
data from working days (Section 2.1.3) and data for which quality-
controlled flux footprints were available (Section 2.1.7). After quality
control, 3017 half-hourly flux measurements (26 %) from working days
with quality-controlled footprint data were available (Table A.4, Fig.
3b). The retained flux measurements with quality-controlled footprint
data were representative of the total number of quality- controlled EC
data during working days. On average, 20 EC flux data points were
retained per hour between 07:00 and 20:00 local time (LT = UTC +
2 during Central European Summer Time and UTC + 1 during Central
European Winter Time), and 10 per hour between 20:00 and 07:00 LT
(Fig. 3b).

During the half-hourly timestamps with quality-controlled EC and
footprint data, the wind predominantly blew from the northeast-east
or southwest-west (Fig. 4). The observed wind statistics were represen-
tative of the prevailing wind conditions in Munich.
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Fig. 3. (a) Number of Fy;co, REA measurements Nz, with concurrent, quality-controlled F, and/or Fy, measurements. Six REA measurements with flask-based
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per month, meaning N, = 42.25 half-hourly flux values correspond to 100 % for each hour of the day. (c) Mean air temperature T,;. during the 30 min periods

with quality-controlled EC flux data.

2.1.3. Discrete relaxed eddy accumulation measurements (Fysco,)

In addition to continuous EC flux measurements, REA measurements
for “C-based ffCO, flux estimation were conducted during daytime
on working days, usually every other hour when there was no pre-
cipitation. No REA measurements were taken on weekends, public
holidays, or at night because the limited number of REA flask samples
that could be analyzed in the laboratory (for logistical and financial
reasons) would not have been sufficient to resolve the systematic
differences in anthropogenic emissions compared to weekday daytime.
In addition, suppressed turbulence limits REA measurements at night
(Fotiadi et al., 2005). The REA flask sampling system, the “C-based
estimation of ffCO, concentration differences and ffCO, fluxes, as well
as the collection, quality control, and flagging of the REA measurements
in Munich are briefly summarized below, while detailed descriptions
can be found in Kunz et al. (2025b, 2026a).

During the hour-long REA measurement periods, air was condi-
tionally collected in separate updraft and downdraft reservoirs based
on the 20 Hz vertical wind velocity from the 3D sonic anemometer.
To increase the concentration differences between the updraft and
downdraft samples, air was rejected during periods of low vertical
wind. This so-called “deadband” was defined as 1.16,, where the
standard deviation of the vertical wind velocity ¢,, was determined
from the preceding 30 min time period. For seven REA measurements

conducted in July, August, and September, when surface emissions
were expected to be small, hyperbolic REA with a “hole size” H of 0.8
was applied to further increase the concentration difference between
the updraft and downdraft samples (Kunz et al., 2026a). After the
sampling periods, the collected air was transferred to glass flasks. Based
on suitable micrometeorological conditions, 99 updraft and downdraft
flask sample pairs were selected for laboratory analysis (Kunz et al.,
2026a). The selected flask pairs were analyzed, for CO,, CO, and other
gases at the ICOS Flask and Calibration Laboratory in Jena, Germany,
and for '4CO, at the ICOS Central Radiocarbon Laboratory in Heidel-
berg, Germany. Based on the CO, and '“C-based ffCO, concentration
differences between updraft and downdraft flask samples (4CO, and
AffCO,, respectively) and the average CO, fluxes measured during
the REA sampling period by EC (Fo,), ffCO, fluxes were calculated
according to Eq. (1) (Kunz et al., 2025b).
14C-based Fyico,*

_ Feo,
Fiico, = P 0 Pm ATECO, = ~70

AffCO,. €}
2

6, is the standard deviation of the vertical wind velocity, p,, is the
mean molar density of dry air, and f is a proportionality factor. o, p,,
was determined for each REA measurement period based on 4CO,
and Fco,. After final quality control, the dataset included 76 hours
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Fig. 4. Frequency of counts by horizontal wind direction and wind speed
measured by the 3D sonic anemometer for all 30 min flux measurement periods
that passed the quality control tests and for which footprint data are available
(N = 3017). Measurements with wind direction >340°N or <20°N were
removed due to flow distortion effects.

with good-quality ffCO, and CO flux observations, and 65 hours with
ffCO, and NO, flux observations. For these measurements, the CO,
quality control flag according to Mauder and Foken (2004) was <2, the
friction velocity u, was >0.2ms~!, the absolute CO, storage flux was
<20 pmol m~2 57!, the p-coefficient was between 0.1 and 1, and the min-
imum of the relative ffCO, and nfCO, flux uncertainties was <100 %
(Kunz et al., 2026a). Unlike the EC fluxes, the REA ffCO, fluxes could
not be corrected for changes in storage below the measurement height.
However, since measurements from periods with large storage fluxes
were excluded, storage fluxes can be considered negligible (Kunz et al.,
2026a). Since REA measurements were only conducted during daytime
on working days (Fig. 3a), and differences between day and night, as
well as between working days and weekends or public holidays, could
not be resolved, we primarily focus on the time period between 07:00
and 20:00 LT on working days.

2.1.4. Continuous air temperature and radiation measurements

To analyze how the flux measurement results depended on ambi-
ent air temperature and shortwave downwelling radiation, we used
continuous temperature and radiation measurements conducted by the
Meteorological Institute of the Ludwig-Maximilian University (LMU)
in Munich. The measurement station (“Stadtstation”, ID MIMO1) is
located approximately 2km east of the flux tower (Fig. 2). Air tem-
perature was measured 30m above ground level. For 67 half-hourly
time periods without temperature data from the LMU station, we used
air temperature measurements from the IRGASON. To account for the
55m height difference and any minor instrument differences between
the two temperature sensors, we added the average observed offset of
1°C to the IRGASON measurements.
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2.1.5. Munich emission inventory (Fco,, Fco, Fno,)

A gridded emission inventory, developed as part of the ICOS Cities
project, provided flux estimates of CO, (distinguishing between fossil
and non-fossil CO,), CO, and NO, within the administrative borders
of the city of Munich in 2024 and 2025, with a spatial resolution
of 1/600° x 1/1200° (approximately 100m x 100m) and an hourly
temporal resolution (Aigner et al., 2025; Kiihbacher et al., 2026b).
The inventory is a combined product of bottom-up estimates for the
Gridded Nomenclature For Reporting (GNFR) sectors of public power
(GNFR A), stationary combustion (GNFR C), road transport (GNFR
F), and human respiration, developed by the Technical University
of Munich (TUM), and a spatially downscaled regional inventory for
the remaining sectors, provided by the Netherlands Organization for
Applied Scientific Research (TNO). For the bottom-up estimation, as
well as for the spatial downscaling, activity data (e.g., fuel input and
traffic counting data), meteorological data (e.g., air temperature), and
geospatial data (e.g., land cover maps), were used (Fig. 1). In this study,
we used Version 2.6.0 of the emission inventory. The emissions of the
road transport sector were estimated using HBEFA (Handbook Emission
Factors for Road Transport) emission factors, Version 5.107 (Notter
et al.,, 2026). For comparison, we present results from a previous
version of the emission inventory, which used HBEFA 4.2 emission
factors (Notter et al., 2022) for the road transport sector, as presented
in Kiihbacher et al. (2025) (Appendix F). The bottom-up sectors covered
97 % of the annual CO, emissions, 93 % of the annual NO, emissions,
and 71 % of the annual CO emissions in the inventory. The annual
mean CO, emissions from road transport and stationary combustion, as
well as point-source emissions from the public power sector are shown
in Fig. 2a. These three source sectors were the major contributors to
the annual anthropogenic CO, emissions within a 15 x 15km? area
centered on the measurement site. The relative contributions of all
source sectors to the annual CO,, CO, and NO, emissions are provided
in Appendix E. For detailed descriptions of the bottom-up approaches
for stationary combustion, public power, and road transport, as well
as of the downscaling of the other sectors and estimation of human
respiration, we refer to Aigner et al. (2026), Kiihbacher et al. (2025),
and Droge et al. (2024).

2.1.6. VPRM model (NEE)

Net ecosystem exchange (NEE), i.e., biospheric net CO, fluxes, were
modeled for the entire measurement period and the entire 15 x 15km?
domain using a biospheric CO, flux estimation framework with 10m
spatial and hourly temporal resolution developed by Li et al. (2026).
This fine-scale biospheric model is based on the Vegetation Photo-
synthesis and Respiration Model (VPRM). The model was driven by
air temperature at a height of 2m above ground level and shortwave
downward solar radiation at the surface measured at the meteorological
station “Stadtstation” of the LMU (Fig. 2, Section 2.1.4), as well as by
the Enhanced Vegetation Index (EVI) and the Land Surface Water Index
(LSWI) derived from the Sentinel-2 multispectral imaging satellite with
a spatial resolution of 10 m. The annual average NEE was slightly pos-
itive in the built-up area and slightly negative in the highly vegetated
area, e.g., along the River Isar (Fig. 2b). Further details on the VPRM
model can be found in Li et al. (2026).

2.1.7. Flux footprints

The source area contributions to the turbulent flux measurements
(in m~2) were derived as part of the ICOS Cities project for a 15 x 15
km? area centered at the measurement site using the Flux Footprint
Prediction (FFP) by Kljun et al. (2015) (Molinier and Kljun, 2024).
The gridded flux footprint functions (here denoted as “flux footprints”)
have a spatial resolution of 10 m and temporal resolution of 30 min. For
the FFP, roughness length and displacement height were derived from
building and vegetation height maps (Molinier et al., 2026). Boundary
layer heights were obtained from the ERA5 reanalysis estimates from
the Copernicus Climate Change Service (Hersbach et al., 2023), and
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turbulence data were taken from the open-path EC measurements
(ICOS Ecosystem Thematic Centre et al., 2025). Since meaningful EC
measurements require well-developed turbulence, footprints were only
calculated for 30min time periods with a friction velocity of u, >
0.2ms~! and with data that passed the integrated turbulence char-
acteristics test according to Foken et al. (2004). To avoid conditions
with potential decoupling between the measurement height and the
surface, we removed data from periods when the boundary layer height
was below 105 m (measurement height+20 m), as suggested in Molinier
and Kljun (2024). Furthermore, due to the finite size of the modeled
footprint, we only considered periods for which at least 80 % of the
observation-based flux originated from within the 15 x 15 km? area. For
details on the flux footprint modeling, see Molinier and Kljun (2024)
and Molinier et al. (2026).

2.2. Calculation of observation-based Fyyy / Fico, ratios ((Rpexy))

To calculate the average Fp,/Fyico, ratio from the REA and EC
measurements, we first determined the average proxy fluxes (i.e., Frq
and Fyp, ) during the individual hour-long REA measurement peri-
ods from the 30min MGA? flux data. For further analysis, we only
considered measurement periods in which both 30min proxy fluxes
passed the EC quality control. For the final six REA measurements taken
in March 2025, we estimated F, based on CO molar mixing ratios
measured in the REA flask samples (Appendix B). These flux estimates
have larger uncertainties; however, the additional data were considered
more important, given the small overall number of REA measurements.
In contrast to CO, NO, is highly reactive and cannot be measured in

flask samples. Therefore, the flask-based calculation of F,,, was only
possible for CO.
For the measurement periods with good-quality Fo, and Fyco,

data, we then determined the average Fy o /Fico, ratio using a
weighted total least-squares regression. This regression is a special case
of an orthogonal distance regression (ODR) and considers uncertainties
in both variables. In our case, the weights were determined as 1/6F2,
where 6F is the measurement uncertainty of Fy., or the Fico,-
Following Maier et al. (2024a), the slope of this linear regression
provides a bias-free average flux ratio, in the following denoted as
(Rproxy)- To analyze the variability of Ry, average ratios were also
determined for subgroups of REA measurement periods depending on
various variables such as the average wind direction and the average
air temperature. In this case, (R, is a function of wind direction
or air temperature (Eq. (2), Appendix C). A temperature-driven change
in the relative contribution of stationary combustion to the total CO,
emissions, and thus in R, may depend not only on the current air
temperature but also on the average temperature of the recent past.
Therefore, we also considered the average air temperatures 24 h prior
to the start of the measurement, denoted as T)yy,-

constant
R _ F, Proxy  _ 9
( proxy) - <FffCO > - f(T24h) ( )
2 f(wind direction)

A parameterization of (R,o.y) 0n Toy, was possible for CO, whereas
Ryo, showed a larger dependence on the horizontal wind direction.
Assuming that there were no significant non-fossil CO or NO, fluxes
within the flux footprint, we forced the ODR through the origin. Known
photochemical reactions affecting CO or NO, mixing ratios can be
assumed to be negligible over short time scales between emission and
measurement (Lee et al., 2015; Vaughan et al., 2016; Hilland et al.,
2025b). However, when the ODR is forced through the origin, the
fitted line does not necessarily pass through the centroid of the data, as
this property only holds when the intercept is estimated freely. When
calculating average, proxy-based ffCO, fluxes, we therefore considered
an additional uncertainty contribution due to the fit through the origin
(Section 2.3).
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2.3. Construction of continuous Fysco, and Fyeco, time series and estima-
tion of uncertainties

To obtain a quasi-continuous Fysco, time series with a tempo-
ral resolution of 30 min, we divided the quality-controlled EC proxy
flux data by (Rpyxy) (Eq. (3)). Using (Rco)s (Rco)(Taan)s (Rno, ), and
(Rno, )(wind direction) we obtained two CO-based and two NO,-based
Fytco, records. We calculated non-fossil CO, fluxes as the difference
between the net EC CO, fluxes measured by the MGA? and the proxy-
based ffCO, fluxes (Eq. (4)).

Proxy-based Fico, using 14C-calibrated (Rproxy):
F
proxy
F, = — 3
€02 = Ry ®
Futco, = Fco, — Frrco, G

Note that the Fico, calculated from half-hourly EC proxy measure-

ments and '*C-calibrated Fpoy/Firco, ratios (Eq. (3)) differs from the

Fyico, calculated directly from the 14C0O, measurements for the REA
sampling periods (Eq. (1)). We refer to these as “proxy-based” or “1*C-
based” Fyjco,- In general, the Fico, estimates used to analyze Ry,
(Section 3.1) were calculated from Eq. (1), while the continuous Fitco,
estimates (Section 3.2) were calculated from Eq. (3). As the calculation
is always clear from the context, we do not use different symbols to
improve readability. There are several sources of uncertainty in the
calculation of Fitco, (Eq. (3)):

(a) The assumption of a constant or temperature-/wind direction-
dependent (R;o.,) does not capture the temporal variability in
Rproxy at the measurement site, which is caused by the variability
in the source sector contributions and their emission ratios, and
by measurement uncertainties.

(b) (Rpyroxy) determined from the limited number of REA measure-
ments may differ from the “true” average ratio of all 30 min time
steps. By definition, a sampling bias in (R y will cause the
same relative bias in the Fyyco, time series.

proxy

(c) Average ffCO, fluxes include an uncertainty component from the
forcing of the ODR through the origin, which does not conserve
averages.

To estimate the magnitudes of the uncertainty components (a), (b),
and (c), we calculated the root-mean-square deviation (RMSD) be-
tween '“C-based and proxy-based ffCO, flux estimates during the
REA periods, compared observation-based and modeled (R, ), and
conducted a synthetic data experiment, where we considered all three
uncertainty components by simulating the observation-based approach
and assuming the inventory-based fluxes as the “truth” (Appendix D).
Following Maier et al. (2024a), we also estimated the contributions
of measurement uncertainties and unaccounted variability in Ry, to
the RMSD between '“C-based and proxy-based ffCO, flux. To compare
the RMSD of the observation-based fluxes with the RMSD between
the modeled Fircp, and modeled Fyoyy/{Rproxy) We computed the
normalized RMSD (NRMSD) by dividing the RMSD by the mean Fi¢c), -
Details and results of the synthetic data experiments and uncertainty
estimation are described in Appendix D.

2.4. Modeling of inventory-based Fitco,, Fyrco,» Fcor Fno,, and flux
ratios

To estimate the CO, NO,, ffCO,, and nfCO, fluxes that would
be measured at the tower according to the emission inventory and
the VPRM model, we convolved the Munich emission inventory (Sec-
tion 2.1.5) and the VPRM model results (Section 2.1.6) with the mod-
eled flux footprint functions (Section 2.1.7) for each 30 min time step
as in Molinier et al. (2026). To this end, we converted the unit of the
inventory fluxes from kgcell™! year™! topmolm™s~! and interpolated
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b) Modeled fluxes

0.175 :. ; 7 27
T.—‘ 0.150 5
N 0.125
7
£ 0.100 159
©° §
g 0:.075 10 ¥
— 0.050 .
8 07:00-20:00 LT -
L 0.025 20:00-07:00 LT

® REA periods
0.000 1

0 20 40 60
Fttco, [umol m=2 s71]
————— Road transport (modeled)
- Off-road transport (modeled)

Fig. 5. (a) Observation-based F, and '*C-based Fiico, during the REA sampling periods. The colors indicate the mean air temperatures 24 h prior to the start of
the REA sampling (T,4,). Solid lines illustrate the orthogonal distance regressions (ODR) for all data points and the respective temperature-based subgroups. For
reference, the slopes of the dashed lines represent the average flux ratios of the dominant source sectors obtained from the footprint-averaged emission inventory.
(b) Modeled Fc, and Fyco, at the measurement site for all 30 min timestamps of the EC measurements between 07:00 and 20:00 LT (gray) and between 20:00 and
07:00 LT (black), as well as for the 60 min REA sampling periods (colored circles). For clarity, individual data points with modeled Fico, up to 140 pmol m2s!

were omitted in (b).

the inventory and the VPRM data to the grid of each flux footprint using
a nearest-neighbor approach. Then, for each grid cell, for each time
step, and for each emission sector, we multiplied the re-gridded inven-
tory/VPRM data (pmol m2s 1) by the respective flux footprint (m~2)
and the cell area (m2), and summed over the entire 15 x 15km? area
for which the flux footprints were modeled (in the following denoted
as “footprint domain”). To account for flux contributions outside the
footprint domain, or for areas without emission data (i.e., outside the
administrative boundary of the city of Munich, see Fig. 2), we assumed
that the average emissions outside of the footprint domain were equal
to the average emissions inside the footprint domain (Christen et al.,
2011; Molinier et al., 2026). Since the proportion of the measured flux
that originates from within the footprint domain is given by the spatial
sum of the flux footprint (i.e., the sum of all footprint function values
multiplied by the cell area, dimensionless), we divided the estimated
flux (pmol m2s1) by this value. In the case of the emission inventory,
we only considered the area of the footprint domain in the spatial sum
that is within the city boundary. For the quality-controlled data, on av-
erage, 93 + 3 % of the modeled flux originated from within the footprint
domain. Modeled nfCO, fluxes denote the sum of footprint-averaged
human respiration fluxes and biofuel emissions from stationary com-
bustion and road transport, as derived from the emission inventory,
as well as footprint-averaged NEE derived from the VPRM model. The
relative contributions of the individual source sectors to the modeled
ffCO,, nfCO,, CO, and NO, fluxes are provided in Appendix E.

3. Results
3.1. Flux ratios during REA sampling periods

3.1.1. Feo/Firco, ratios

The observation-based Fcq and '“C-based Ficq, during the 76 REA
sampling periods were only weakly correlated (r = 0.38, Fig. 5a, Table
1). Except for a few observations with unreasonable negative ratios
caused by slightly negative ffCO, fluxes (within the uncertainties), R
varied between 1.4 and 17.8 mmol mol~'. The ratios mostly were within
the average flux ratios obtained from the emission inventory for the
individual source sectors (Fig. 5a, Table 1). The average observation-
based flux ratio (Rco) was 4.49 + 0.31 mmolmol™'. With (Reg) =
4.49mmolmol™', the RMSD between CO-based and '*C-based Fico,
of the REA measurements was 9.79 pmol m~2s~! (Table 3). While the

Table 1

Average observation-based and modeled Fr,/F;o, ratios. N is the number

of data points considered in the individual subgroups. r describes the Pearson

correlation coefficient between Fr, and Fco,- (Reo) equals the slope of an

ODR forced through the origin. In addition, the uncertainty of the slope from

the ODR is given.

Data N r

[-] [-]

(Reo)
[mmol mol™']

Observation-based data

All REA periods 76 0.38 4.49 + 0.31
For T,,: —4°C-15°C 18 0.41 3.31 + 0.32
5°C-10°C 14 0.34 4.04 + 0.36
10°C-15°C 17 0.16 4.36 + 0.79
15°C-20°C 11 0.27 5.27 + 1.77
20°C-27°C 16 0.44 6.74 + 1.0
Modeled data
All 30 min periods 3017 0.31 4.48 + 0.04
07:00-20:00 LT 2140 0.08 4.77 + 0.05
20:00-07:00 LT 877 0.49 3.31 + 0.05
REA periods 76 0.4 5.57 = 0.24
Public power 2140 0.97 0.0507 + 0.0003
Stationary combustion 2140 0.83 0.98 + 0.01
Road transport 2140 0.90 8.90 + 0.03
Off-road transport 2140 0.86 72.92 + 0.16

ratios did not clearly depend on wind direction or the hour of the
day, they were generally lower at low temperatures and higher at high
temperatures. Describing (Rq) as a linear function of T,4, (Appendix
C) reduced the RMSD of Fiyco, to 9.37 pmolm™s~! (Table 3). 71%
of the RMSD could be attributed to measurement uncertainties, the
remaining 29% (21 % of the average observation-based ffCO, flux)
must have been due to unaccounted variability of R-q (Appendix D).
The inventory-based R values at the REA sampling periods ranged
from 3.0 to 11.5mmolmol~! (Fig. 5b). Considering all 30 min data
between 07:00 and 20:00 LT on working days, individual 30 min pe-
riods had modeled R, values as low as 0.5mmol mol~!' due to public
power emissions. Rqy was often larger than the ratio from road trans-
port due to a substantial Fy contribution from off-road transport
(27 % during the day, 49 % at night, see Table E.6). Due to these off-
road emissions, Foo was always >0.06 umol m~—2s~! during the day and
>0.02pmol m~2s™! at night. The correlation coefficient r between the
modeled F¢q and Fico, of all 30 min periods between 07:00 and 20:00
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Fig. 6. (a) Observation-based Fy, and 14C-based Fj;co, during the REA sampling periods. The colors indicate the mean horizontal wind direction sector. Solid
lines illustrate the orthogonal distance regressions (ODR) for all data points and the respective wind direction-based subgroups. For reference, the slopes of the
dashed lines represent the average flux ratios of the dominant source sectors obtained from the footprint-averaged emission inventory. (b) Modeled Fy, and
FffCOZ at the measurement site for all 30 min timestamps of the EC measurements between 07:00 and 20:00 LT (gray) and between 20:00 and 07:00 LT (black),
as well as for the 60 min REA sampling periods (colored circles). For clarity, individual data points with modeled Fi;co, up to 140 pmol m~2s~! were omitted in

(b).

LT was 0.08, with an average flux ratio of 4.77 + 0.05 mmol mol~! (Ta-
ble 1). At night, the correlation coefficient was higher (» = 0.49), while
(Rco) was lower (3.31 + 0.05 mmol mol™!). For the REA sampling peri-
ods, the average modeled flux ratio was (R¢g) = 5.57+0.24 mmol mol~!.
If Firco, was calculated as Fo/(Reo), as with the observation-based
fluxes, the NRMSD of the inventory-based fluxes at the REA sampling
periods was 41 % (Table 3). As with the observation-based fluxes, the
modeled Feo/ Firco, ratios tended to increase with temperature due to
the smaller relative flux contribution of stationary combustion (which
has a much lower (Rq) than road transport) at higher temperatures.
Note that the modeled R values depended strongly on the emission
ratios of road transport considered in the emission inventory. Using the
previous version of emission factors (HBEFA 4.2), the modeled (Rcp)
of all 30 min periods was 28 % lower than with the latest HBEFA 5.1
version presented in Fig. 5 (Appendix F).

3.1.2. Fyo,/Fiico, ratios

The observation-based Ryo_ values > 0 varied between 0.43 and
7.1 mmol mol~!, with an average ratio of (Ryo_) = 1.50.11 mmol mol™'
(Fig. 6a, Table 2). With this average ratio, the RMSD between the
1C-based Fico, and the NO,-based Fiyco, was 9.77 pmolm™>s~! (Ta-
ble 3). Measurement uncertainties accounted for 69 % of the RMSD;
the remaining 31% (18% of the average ffCO, flux) was due to
an unaccounted variability in Ryo, (Appendix D). The correlation
coefficient between Fyo and Fyco, was 0.5. On average, Ryo, was
56 % larger for measurements during southerly winds than for mea-
surements during northerly winds (Fig. 6a, Table 2). Considering wind
sector-specific (Ryq_) values (Appendix C), slightly reduced the RMSD
to 9.66 pmol m~2s~! (Table 2). Unlike for R, an ODR through the
observation-based Fyo_ and Fyyco, did not reveal a linear dependence
on Troyy,.

The modeled Ry, values were between the ratios of stationary
combustion and road transport in the emission inventory (Fig. 6b). As
with CO, off-road transport had a higher (Ryo, ) than road transport.
However, the difference in the ratios of road transport and off-road
transport was smaller than for CO, and off-road emissions contributed
only 8% during the day (14 % at night) to the total modeled NO,
fluxes (Table E.6). The correlation coefficient of all 30 min time periods
between 07:00 and 20:00 LT was 0.72, with an average ratio (Ryo, ) =
0.85 + 0.01 mmol mol~!. Similar results were obtained when nighttime
data was included (r = 0.71, (Ryo, ) = 0.80320.005 mmol mol™!), though

Table 2

Average observation-based and modeled Fyo /Feico, ratios. N is the number

of data points considered in the individual subgrouﬁs. r describes the Pearson

correlation coefficient between Fyo_and Fyico,. (Ryo,) equals the slope of an

ODR forced through the origin. In addition, the uncertainty of the slope from

the ODR is given.

Data N r

[-] [-]

(Rno,)
[mmol mol™']

Observation-based data

All REA periods 65 0.50 1.50 + 0.11
For wind from: NE 25 0.46 1.28 + 0.14

SE 18 0.52 1.71 + 0.22

SwW 14 0.11 1.85 + 0.34

NwW 8 0.36 1.00 + 0.24
Modeled data
All 30 min periods 3017 0.71 0.803 + 0.005
07:00-20:00 LT 2140 0.72 0.85 + 0.01
20:00-07:00 LT 877 0.81 0.61 + 0.01
REA periods 65 0.78 0.92 + 0.03
Public power 2140 0.99 0.43 + 0.0013
Stationary combustion 2140 0.99 0.3827 + 0.0006
Road transport 2140 0.99 1.6797 + 0.0018
Off-road 2140 0.92 3.4663 + 0.0075

the correlation was slightly higher at night (- = 0.81) and (Ryo, ) was
lower (0.61 + 0.01 mmol mol~!). While the minimum modeled flux ratio
was only 7 % lower than the minimum observation-based flux ratio > 0,
the modeled maximum was 77 % lower (1.7 mmol mol~!). For the REA
sampling periods, the modeled (Ryq_ ) was 0.92 + 0.03 mmol mol~!. The
NRMSD between the modeled F;co, and the modeled Fyo /{Ryo, ) at
the REA sampling periods was 28 % (Table 3). As with the observa-
tions, Ryp, was higher for southerly winds than for northerly winds.
Unlike the observation-based flux ratios, the modeled Ry, generally
increased with increasing mean air temperature. With the HBEFA 5.1
emission ratios, the modeled (Ryo ) from all 30 min periods was 8 %
higher than with the HBEFA 4.2 ratios (Appendix F).

3.2. Hdlf-hourly Fyco, and Feco,
3.2.1. Average diurnal cycles per month

Applying (R ) (Table 3) to the quality-controlled continuous
EC fluxes, the proxy-based ffCO, fluxes showed distinct diurnal and
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Table 3

Average  Fi/ Fiico, (Ryoxy) and root-mean-square deviations
(RMSD) between '“C- and proxy-based Firco, USINg (Ryroxy)- (Rco)(Taan)
was obtained by a linear fit through the (R.,) values of the five
T,,,-dependent subgroups of REA measurements (Appendix C). NRMSD
denotes the normalized RMSD with respect to the average Ficq,
due to measurement uncertainties (§) or an unaccounted variabilit}}
in the F,uy/Fco, ratio (R). For comparison, the results from the
footprint-averaged emission inventory for the REA sampling periods are
shown.

ratios

Proxy (Riroxy) RMSD NRMSD

[mmol mol™'] [pmol m~2s~'] ©) [-] (R) [-]
Observation-based data
CO (const. ratio) 4.49 + 0.31 9.79 43 % 21%
CO (Thyy) (0.14 - Tyy) + 3.15 9.37 43% 18%
NO, (const. ratio) 1.5 + 0.11 9.77 42% 18%
NO, (wind dir) 1.28 + 0.14 (NE) 9.66 42% 18%

1.71 + 0.22 (SE)

1.85 + 0.34 (SW)

1.00 + 0.24 (NW)
Modeled data
CO (const. ratio) 5.57 + 0.24 6.64 - 41 %
NO, (const. ratio) 0.92 + 0.03 4.59 - 28%

seasonal patterns (Fig. 7a). In general, the fluxes were larger dur-
ing the day than at night and larger in the cold season than in the
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warm season. Between 07:00 and 20:00 LT, the average observation-
based Fico, was about 9 pmol m~2s~! for July to September and about
16 pmolm™~2 s~! for December to February (average of Fifco, calculated
with (Reo)(Thay) and (Ryo, )(wind dir)). There was no significant differ-
ence in the NO,-based fluxes between the approach with a constant
<RNOX) and the approach with wind direction-dependent ratios, as
all wind directions were considered. For the CO-based approach, the
temperature-dependent ratios lead to slightly smaller Fyco, in the
warm season and slightly larger Fyco, in the cold season compared
to the constant (Rcp). In general, CO- and NO,-based fluxes agreed
well. However, from October to February, the CO-based fluxes were
considerably larger in the afternoon than the NO,-based fluxes. While
the CO-based fluxes mostly peaked in the morning and in the after-
noon, the NO,-based fluxes were largest around 08:00/09:00 LT and
decreased during the day. By definition, the diurnal cycles of the proxy-
based ffCO, fluxes reflected the temporal changes of the COor NO,
fluxes, respectively.

The modeled ffCO, fluxes were generally larger than the
observation-based fluxes. Between 07:00 and 20:00 LT, the modeled
fluxes were on average 2.6pmolm 2s~! larger between July and
September and 9.2 pmol m~2s~! larger between December and Febru-
ary. Thus, the modeled seasonal difference was approximately twice
as high as the average observed seasonal difference. From July to
November, particularly in November, the modeled Fco, showed a
characteristic, traffic-dominated pattern with two peaks during the
morning and the afternoon rush hours. For the other months, the
diurnal pattern was less distinct. At night, the modeled Fy;co, was



A.-K. Kunz et al.

a) NW (N =520)

Atmospheric Environment: X 32 (2026) 100524

b) NE (N =779)

35 35
30 1 30 4
T 25 T T 251 — T
0 + n T
h \T o
c 20 4 1 c 20 A T
© ©
€ 15 : € 151
3 e L Stationary 3 e S
= combustion = .
S S Stationary
O 10 A O 10 - combustion
W - w
fossil
5 fossil 5
i Road 1
Road
transport transport
0 T T 0 T T
Obs. Obs. Mod. Obs. Obs. Mod.
CO-based NOy-based CO-based NOy-based
c) SW (N=727) d) SE (N=114)
35 35
I
30 4 30 4 ‘I'
T 251 T 251
0 7))
o~ o~
| | \
= 204 I = 20 A
S \i IS
g 15 A g 15 A L
— Stationary —
S combustion o) Stationary
O 10 A O 10 A combustion
w L w fossil
fossil
5 Road 54
Road
transport T
0 T T 0 T T
Obs. Obs. Mod. Obs. Obs. Mod.
CO-based NOy-based CO-based NOx-based

[ Obs. CO-based fossil
Obs. CO-based non-fossil
Obs. constant ratio

I Obs. NOy-based fossil

[ Obs. NOx-based non-fossil

[ Mod. road transport
[ Mod. stationary combustion
I Mod. public power

3 Mod. other fossil
X3 Mod. human respiration
Mod. other non-fossil
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the modeled fluxes represent the uncertainties of the average fluxes (std/v/ N). The error bar of the partitioning of observation-based Fy;co, and Fyco, is about
0.2 times the absolute average Fy;o,, estimated from a synthetic data experiment (Appendix D). N denotes the number of measurements.

more than twice as high as the observation-based flux, with the largest
difference in December.

Both observation-based and modeled nfCO, fluxes showed clear
diurnal cycles in July, August, and September, with lower values during
the day and higher values at night (Fig. 7b). However, the amplitude
of the diurnal cycles of Fyco, were larger for the observation-based
than for the modeled fluxes. While the modeled fluxes were always
positive, the observation-based fluxes were approximately zero, or
slightly negative at noon. From October to February, the modeled fluxes
were relatively constant, both on a diurnal and seasonal scale. The
observation-based fluxes showed a larger variability, but no distinct
diurnal cycles. In January and February, evening fluxes were much
higher in the NO,-based approach than in the CO-based approach,
where Fy¢co, Was even negative, due to the relatively small NO, and
relatively large CO fluxes. On average, observation-based Fyco, be-
tween 07:00 and 20:00 LT increased from approximately 1 pmol m=2s™!
in July to 8 pymolm~2s~! in January, while the modeled fluxes increased
from approximately 2 pmolm=2s~! to 5umolm=2s~!.
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3.2.2. Average daytime fluxes per wind sector

Considering the average wind directions during the flux measure-
ments revealed differences in the fluxes from the east and west (Fig.
8). Net observation-based CO, fluxes from the east were approximately
twice as high as those from the west. As the ffCO, fluxes were only
slightly larger during easterly than during westerly winds, this differ-
ence was mainly due to significantly larger nfCO, fluxes in the east than
in the west. Due to the lower Ryo_values in the south than in the north,
the wind direction-dependent (Ryq ) lead to slightly lower Fyjcp, in
the south and slightly higher Fico, in the north than the approach
using a constant ratio independent of wind direction. Except for the
southwest, the NO,-based fluxes agreed better with the CO-based flux
estimates when considering spatial variability in Ryo . Overall, the
average CO- and NO, -based ffCO, and nfCO, fluxes agreed within their
uncertainties.

The modeled Fgp, did not show such pronounced spatial differ-
ences and best agreed with the observation-based fluxes from the
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northeast. While the magnitude of the modeled Fy;c, was similar in
all four sectors, ranging from 16.3 umolm™2s~! in the southwest to
20.6 pmolm~2s™! in the northwest, the compositions differed. In the
north, stationary combustion contributed the most, in the southwest
road transport dominated, and in the southeast, public power had
a significant contribution. There were more observations from the
northeast (36 %) and the southwest (34 %) than from the northwest
(24 %) and from the southeast (5%). However, the timestamps of the
observation-based and modeled data were the same.

Combining spatial, temporal, and sectoral information Fig. 9 shows
that the discrepancy between the observation-based and modeled
Fico, was largest in the northwest from November to February. The
modeled emissions from road transport in the flux footprint were
approximately constant throughout the year, with the highest emissions
in the footprint for the southwestern sector. In the northeast, emissions
from the public power sector were only slightly higher in the cold
months than in the warm months. In contrast, substantial public
power emissions in the southeast only occurred in December, January,
and February. CO- and NO,-based Fico, mostly agreed within their
uncertainties from July to October. Only in the southeast significant
differences were observed. From November to February, CO-based
fluxes were larger than NO,-based fluxes in all wind directions, except
in the southeast, where NO,-based fluxes were mostly larger.

3.2.3. Average nfCO, fluxes in dependence of air temperature and radia-
tion

While the modeled Fy;co, was similar in magnitude in all wind
directions, the observation-based F¢o, was much larger in the east
than in the west. In all wind directions except for the southeast, Fyco,
decreased as downwelling shortwave radiation increased (Fig. 10). The
decrease was strongest in the northwest, where the average Fyco,
decreased approximately linearly with shortwave radiation up to about
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500 Wm™2. For higher shortwave radiation, Fiico, did not decrease
further and was approximately —3 pmol m~2 s, In the southeast, Fytco,
was approximately constant, independent of the downwelling short-
wave radiation, which was <600 W m™2. The modeled nfCO, fluxes
generally decreased with increasing radiation, but the differences were
much smaller. The modeled Fco, was always positive as it was
dominated by human respiration.

Similarly, the average Fyco, from the west decreased with increas-
ing air temperature when the downwelling shortwave radiation was
>100W m2, i.e., during daylight (Fig. 11). However, at night and in
cloudy conditions with downwelling shortwave radiation <100 W m~2,
Fytco, generally increased with increasing temperature. The relation
was less clear for fluxes from the east (Appendix G).

3.2.4. Average fluxes of all timestamps

Between 07:00 and 20:00 LT on working days between 01 July
2024 and 28 February 2025, the average observation-based Fco,
was 17.8 + 0.6pmolm~2s~! (Fig. 12a). With (Rco)(Thy), the CO-
based Fyrco, accounted for approximately 77 % of Fgo,, or 14 + 3

pmolm~2s~!. NO, -based separation using (Rno, )(wind dir) resulted in
a smaller ffCO, contribution (63 % or 11.3 + 2.2 pmolm™s~!, respec-
tively). Similar results were obtained when using constant (R )-
The average CO-based Fyico, Was 4 + 3pmol m~2s~! and the av-

erage NO,-based Fyco, was 6.5 + 2.3 pmol m~2s~!, Particularly the

CO-based Fyco, agreed well with the average inventory- and VPRM-
based Fysco, of 3.88 + 0.13 pmol m~2s~!. The latter was composed
of NEE, which was slightly negative, human respiration, which ac-
counted for 76% of the modeled Fycp,, and other anthropogenic
nfCO, emissions from stationary combustion (e.g., wood burning) and
road transport (i.e., biofuels) (Appendix E). The inventory-based aver-
age Firco, was 46 % larger than the average observation-based estimate
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Data with N < 10 is shown in faded colors.

(18.2 + 0.6 pmol m~2s71). It accounted for 82% of the modeled Feo,-
The largest contributions came from stationary combustion (51 %) and
road transport (39 %) (Appendix E).

Including nocturnal data, the average fluxes were generally smaller
(Fig. 12b). Due to the small observation-based Fico, at night, the
ffCO, contribution to net observation-based Fro, was significantly
smaller (58% of Fgp,) when considering all time periods than when

considering only daytime fluxes. On the contrary, the relative ffCO,
and nfCO, contributions in the modeled CO, fluxes did not change
significantly (80 % fossil).

4. Discussion
4.1. Fyroxy/ Firco, ratios

How well are observation-based and modeled Fqq and Fyo, correlated with
Fitco,» and how do the F.,/Fiico, ratios vary?

The correlation coefficient between the observation-based F;oy
and '“C-based Fisco, (Tables 1, 2, and 3) were smaller than those
reported in other urban studies considering proxy and ffCO, excess
concentrations (e.g., Maier et al., 2024a; Juchem et al., 2025). This can
be attributed partly to the generally small signal-to-noise ratio of the
14C-based ffCO, fluxes and the small number of REA measurements.

Generally, a higher correlation was expected between F and Fypco,

proxy
than between F, ., and Fco,. For the continuous EC fluxes, r was 0.6
for Foo and Feo,, and 0.7 for Fyo, and Fgp,. However, convolution
of the emission inventory with the flux footprints indicated that sub-

stantial variability in R and low correlations between F, and

proxy proxy
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Fyco, could still be real effects. Due to variability in the emission
ratios between and within the different emission sectors within the flux
footprint, the variability in flux ratios at the urban tall tower is likely
larger than the variability in ratios of aggregated excess concentrations
(compare modeled and observed variability in Rosendahl (2022) and
Maier et al. (2024a), for example). The observation-based and modeled
correlations were worse for F¢q than for Fyo, . This could be explained
by the highly variable Ry values of the different emission sectors.
Based on the emission inventory, R ranged from 0.05mmolmol ™!
for public power to 72.9 mmolmol~' for off-road transport (Table 1).
In addition, stationary combustion ratios varied due to different fuel
types for heating (oil, gas, and wood). In contrast, Ryo, only varied by
a factor of four in the inventory-based Fico, estimates (Fig. 6, Table

2). A better correlation between ffCO, and NO, than between ffCO,
and CO has also been reported by Rosendahl (2022).

The air temperature dependence of the observation-based R-q was
consistent with the expectation of more stationary combustion in the
cold (heating) than in the warm season (non-heating). Accordingly, air
temperature dependence in Ry, and other dependencies, e.g., on the
hour of the day, would also have been expected. Due to the better data
coverage during the day than at night, modeled (R,) considering
only data between 07:00 and 20:00 LT was similar to (R, of all
quality-controlled modeled fluxes. However, the modeled R~y was
44% larger during the day than at night, and Ryo_ was 39 % larger
(Tables 1 and 2). Resolving diurnal cycles in R, was restricted by the
small signal-to-noise ratio, the small number of measurements, and the
multitude of parameters that determine the flux ratios. Not accounting
for variability in Ry, increases the uncertainty and potential bias in
Fitco, (Section 4.2).
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in Appendix G.

How do observation-based and modeled average Fo.,/Frico, ratios com-
pare?

For CO, the modeled (R() from the REA periods was 24 % higher
than the observation-based (R ). The overestimation of R indicates
that the contribution from road transport was overestimated in the
emission inventory or in the footprint modeling, or that the modeled
(Rco) for road transport was too high. In addition, the contribution
from off-road transport could have been overestimated in the emission
inventory. Off-road emissions only contributed 2.1 % to the modeled
Fttco,» but due to their very high Fo/ Firco, ratio, they accounted for
27 % of the modeled F( (Table E.6). Modeled off-road emissions were
highly uncertain due to limited knowledge of their spatial and temporal
variability at neighborhood scale. Off-road emissions were downscaled
based on different land use types defined in the CORINE Land Cover
2018 and the ESA WorldCover 2021. Although several studies have
shown that off-road emissions from railways and mobile machinery
exhibit diurnal, weekly, and seasonal variability (Super et al., 2023),
and that the emission factors depend strongly on the engine speed and
load and operating conditions (e.g., Abolhasani et al., 2008; Zavala
et al., 2017), off-road emissions were assumed to be constant over time
as no temporal profiles were available for this sector (Droge et al.,
2024). An overestimation of the CO emissions from off-road transport
is further supported by the fact that the NRMSD between the *C-
based Fico, and the CO-based Fyrco, attributed to an unaccounted
variability in Rqo was approximately 20% smaller than the NRMSD
in an analogous inventory-based calculation (Table 3), indicating that
the Rq variability was overestimated in the inventory.
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For NO,, the modeled (Ryo, ) from the REA periods was 39 % lower
than the observation-based (Ryq_). The observation-based Ryo, was
often higher than the modeled Ryq_ for road transport, suggesting that
the latter was underestimated in the emission inventory. A substantial
underestimation of Fyo, /Frco, from the most recent traffic models has

also been reported by Karl et al. (2017) for the city of Innsbruck.
4.2. Proxy-based ffCO, flux estimation

Can observation-based and/or modeled Fpy,

calculate continuous ffCO, fluxes and how large is their uncertainty?
Based on the REA measurements, measurement uncertainties and
neglect of the R, variability caused an uncertainty in the half-
hourly, proxy-based Fyco, values of about 64% (9.8 pmol m~2s~1) for
both the CO- and the NO,-based approaches (Table 3). Since approxi-
mately 70 % of this uncertainty was due to measurement uncertainties,
using different ratios for different temperatures or wind directions
(Appendix C) reduced the uncertainty by less than 0.5pmolm™2s~!
(Table 3). For individual half-hour periods, the REA-based uncertainty
may be underestimated due to the limited number of REA measure-
ments. However, for the quality-controlled EC dataset analyzed in this
study, in which time periods with exceptionally large proxy fluxes and
with spikes in the proxy concentrations were excluded (Section 2.1.2),
an uncertainty of 9.8 pmol m~2 s~'for half-hourly Fitco, is considered
reasonable. Neglecting the variability in R, thus increases the uncer-
tainty of the proxy-based Fy;co, estimates by about 53 % compared to

/Fyeco, ratios be used to
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modeled fluxes represent the uncertainties of the average fluxes (std/v/N). The error bar of the partitioning of Fytco, and Fyco, is about 0.2 times the absolute
average Fyrco,, estimated from a synthetic data experiment (Appendix D). N denotes the number of measurements.

direct '“C-based Fitco, estimates. However, the statistical uncertainty
from neglecting R, variability is negligible when averaging a large
number of proxy-based Fiico, estimates.

While the uncertainty of individual half-hourly, proxy-based Fyico,
estimates is negligible when calculating average fluxes, a synthetic data
experiment that considered measurement uncertainties, unaccounted
variability in Ry, sampling bias due to the limited number of REA
measurements, and uncertainties in average values calculated from
an ODR forced through the origin suggested that the uncertainty of
average, proxy-based daytime Fco, was 23 % or 2.9 pmol m~2s~! for
the CO-based approach and 19 % or 2.4 pmolm~2s~! for the NO, -based
approach (Appendix D). The modeled bias in average daytime fluxes
using a constant (R,) from the selected REA sampling periods was
<5 %, whereas the modeled proxy-based Fico, of individual months or
hours of the day had a bias of up to 46 % (Appendix D). There was also
a systematic underestimation of nighttime Fyco, by about 25%-35%
due to reduced traffic and consequently lower R, at night (Table
1, Table 2, Appendix D). Based on the synthetic data experiment,
we assumed an uncertainty of about 20 % in average daytime Fi¢co,,
noting that temporally or spatially resolved Fico, can be biased by
up to 50% (Appendix D). These uncertainty estimates rely on the
variability of R, in the emission inventory, which may be over-
estimated, particularly for CO (Section 4.1). Moreover, the synthetic
data experiments did not consider a parametrization of (R,oy) On
temperature or wind direction, as was done in the observations. The
latter is expected to reduce the bias. The results also depend on the
time periods considered in the ODR.

An independent measure of the uncertainty in the proxy-based
fluxes was the difference between the CO- and the NO,-based ap-
proaches. If (R, ) was representative of the considered measurement
periods, both approaches should result in the same Fy¢c(, estimate. The
overall good agreement between CO- and NO,-based Fico, indicated
the efficacy of the flux partitioning approach and the uncertainty esti-
mation. Despite the low correlation and the sparse data coverage, the
REA and EC measurements thus suggest that observation-based (Ry,oxy )
values can be used to calculate purely observation-based average day-
time ffCO, and nfCO, fluxes with an uncertainty of about 20 %. Based
on the observations, CO and NO, were equally suited for this purpose.
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Due to differences between observation-based and modeled (Ryoyy)
values and not yet quantified uncertainties in the inventory-based
fluxes, Fyco, should always be calculated using observation-based
Fyroxy/ Frrco, ratios.

4.3. Continuous ffCO, and nfCO, flux estimates

How large are the contributions from fossil and non-fossil emissions to net
CO, fluxes and how do observation-based and modeled fluxes compare?

From 01 July 2024 to 28 February 2025, the average observation-
based Fy¢co, from the 30 min timestamps between 07:00 and 20:00 LT,
with quality-controlled EC and inventory data, was 12.5ymolm=2s™!,
This corresponded to 70% of the net EC CO, flux during these time
periods (Fig. 12). Overall, the CO-based and the NO,-based Fy¢co, and
Fagco, agreed well with each other and with the footprint-averaged
emission inventory and VPRM results. While differences between the
CO- and the NO, -based flux estimates indicate limited representative-
ness of the !“C-calibrated ratios from the REA periods, differences
between the observation-based and the modeled fluxes can help iden-
tify potential improvements or refinements to the emission inventory
and the flux footprint modeling, as described below.

Seasonal cycle. The proxy-based ffCO, flux estimates were on average
78 % larger in the cold season (December — February) than in the warm
season (July — September). Due to higher ffCO, emissions from heating,
seasonal differences were expected and were similarly captured in the
emission inventory (Figs. 7, 9). However, the amplitude of the seasonal
cycle of Fyco, was approximately twice as high in the emission inven-
tory as in the observation-based fluxes. Due to the limited resolution
of the R, variability, the observation-based monthly averages of
Fttco, could be over- or underestimated by up to 50% (Section 4.2,
Appendix D). This potential bias would further reduce the seasonal
difference, indicating that the emission inventory overestimated the
amplitude of the seasonal cycle. Assuming that modeled emissions
from road transport were approximately constant throughout the year,
the increased difference between the modeled and observation-based
Fytco, in the cold season indicates an overestimation of the stationary
combustion component in the emission inventory. This overestimation
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was most pronounced in the northwest (Fig. 9). In the northwest, the
modeled stationary combustion emissions were much larger than in the
south because heating there is primarily based on burning natural gas,
whereas in the south, a larger fraction of buildings are supplied by
district heating (Aigner et al., 2026).

Public power. Although the stationary combustion fluxes were smaller
in the southeast, the modeled total ffCO, fluxes were similar to or
even larger than for the other wind sectors due to a substantial contri-
bution from public power (power plant south) in winter (Fig. 9). The
observation-based Fyjco, was also higher in the southeast than in the
other wind sectors. However, due to local wind conditions, significantly
fewer measurements were taken from the southeast, reducing the rep-
resentativeness of the results from this wind sector. Furthermore, the
modeled fluxes from public power were subject to substantial uncer-
tainty. While the input data are considered to be relatively accurate
(Aigner et al., 2026), the contribution of public power emissions to the
flux at the measurement site, calculated via FFP, was a major source of
uncertainty. The footprint model by Kljun et al. (2015) has been proven
suitable for urban environments in several previous studies (e.g., Wu
et al., 2022; Fasano et al., 2026; Molinier et al., 2026); however, it does
not account for increased emission heights and plume rise from stacks
of large power plants. Further analysis of the results from the southeast
requires a longer time series of measurements and adjustments to the
footprint modeling.

Diurnal cycles. The larger contribution of road transport in the warm
season than in the cold season was also apparent in the peaks of
observation-based and modeled Fico, at around 08:00 and 18:00 LT
from July to November, and their absence or lower amplitude from
December to February (Fig. 7). However, the number of measurements
and the wind directions were different for each month. In January
evening, the CO-based Fy;co, was much larger than the NO,-based
Fitco,, due to comparatively large CO and rather small NO, fluxes.
Using the constant or temperature-dependent (Rq), the CO-based
ffCO, fluxes were larger than the net CO, fluxes, resulting in unrea-
sonably large negative nfCO, fluxes for a winter evening. This indicates
that (Rcp) was not representative of an isolated analysis of January
afternoons, where the “true” Fco/Fysco, ratio was probably higher. In
general, the NO, -based fluxes were often lower in the afternoon than
the CO-based fluxes, indicating an overestimation of (Ryo ) and/or an
underestimation of (Rq) during these time periods. An overestimation
of (Ryo ) and/or an underestimation of (Rcp) in winter afternoons
could, for example, be caused by residential wood burning that was
not adequately captured by the REA measurements.

At night, the observation-based Fy;co, was on average 59 % lower
than the modeled estimate. Consequently, the average ffCO, contribu-
tion to observation-based day- and nighttime CO, fluxes (58 %) was
substantially lower than when considering daytime fluxes only (70 %),
and lower than in the inventory-based fluxes (80 %) (Fig. 12). Although
observation-based Fy;c, were likely underestimated at night (Sections
4.1, 4.2), the sampling bias could not explain the significant difference
in nocturnal Fyico,, indicating that Fyco, was overestimated in the
emission inventory at night.

Non-fossil CO,: Biospheric signals. The decrease in observation-based
Fyco, with increasing shortwave radiation and air temperature during
the day, particularly in the northeast and southeast (Figs. 10, 11),
was a clear biospheric signal. However, the variability, e.g., the am-
plitude of the diurnal cycles in the warm months, was much smaller
for the observation-based Fyco, than for NEE measured in several
parks in Munich close to the tall tower (Li et al., 2026). Apparently,
biospheric fluxes contributed, on average, only a small fraction to
the turbulent flux at the measurement site. Since Fyco, was mostly
positive, even during the day in the warm season, human respiration
and anthropogenic nfCO, emissions must have played a significant
role. A minor role of biospheric fluxes and a major role of human
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respiration was also indicated by the modeled Fco, (Figs. 7b, 10,
and 11; Appendix E). The modeled variability in Fyco, both within
and across different temperature regimes and hours of the day was
smaller than the observation-based variability. As the VPRM model
results showed good agreement with biospheric in situ measurements
conducted in three urban parks close to the measurement site (Li et al.,
2026), it must be further investigated whether and to which degree
the difference in the variability was caused by an underestimation of
the biospheric component, by an underestimation of the variability of
human respiration, or by the measurement uncertainties that limited
the resolution of the relatively small nfCO, fluxes. Due to the rela-
tively small fraction of vegetated area within the main flux footprint,
i.e., closer to the measurement site (Section 2.1.1), the average bio-
spheric flux contribution of the entire city domain is expected to be
much larger than the biospheric flux contribution at the measurement
site (Table E.6). For the entire city of Munich, Li et al. (2026) found that
biospheric daytime uptake can match or even exceed anthropogenic
ffCO, emissions in the warm months.

Non-fossil CO,: Anthropogenic signals. As the fraction of vegetated area
east of the tower was only slightly smaller than in the west (Sec-
tion 2.1.1), the large observation-based F,; -, component in the east,
particularly in the southeast, was likely due to human activity. Hu-
man respiration fluxes were expected to be higher in the southeast
due to the increased number of people at the central railway station
and in the city center. The spatial variability in human respiration,
however, was already included in the emission inventory and only
contributed about 1 pmol m=2s~!. Therefore, the large nfCO, emissions
were probably caused by non-respiratory human activity. One possible
explanation is nfCO, emissions resulting from fermentation processes in
a brewery. One of the five largest breweries in Munich is located 200 m
southeast of the tower, within the peak footprint contribution, and has
been identified as a possible source of large nfCO, fluxes estimated
from the *C REA measurements (Kunz et al., 2025b). These non-
fossil emissions were not included in the emission inventory and could
explain a discrepancy between modeled and observation-based nfCO,
fluxes. Nevertheless, a small, superimposed biospheric signal, i.e., a
temperature- and radiation-dependence of Fco,, would have been ex-
pected also in the southeast. A temperature- or radiation-dependence of
Fico, in the southeast could not be confirmed by the measurements as
there were few or no measurements from the southeast with very high
temperatures and large downwelling shortwave radiation (Fig. 10d).

5. Conclusions

Combining continuous tall-tower eddy covariance (EC) CO and NO,
fluxes with discrete, 14C-based fossil fuel (ff) CO, flux estimates from
co-located relaxed eddy accumulation (REA) measurements demon-
strated the benefits and challenges of CO- or NO,-based estimation
of ffCO, fluxes (Fi;co,), and the subsequent calculation of non-fossil
CO, fluxes (Fyico,), in urban environments. Based on tall-tower flux
measurements conducted near the city center of Munich from July
2024 to February 2025, average daytime Fy;co, and Fyeco, can be esti-
mated from EC CO or NO, fluxes assuming a constant, representative,
observation-based Fyo.,/Firco, ({(Rproxy)) ratio with an uncertainty of
about 20 %. Individual half-hourly Fic, estimates can have uncertain-
ties of about 60% due to the limited ability to accurately determine
the temporally varying R,. Unrepresentative ratios can be identi-
fied by differences between CO- and NO, -based ffCO, flux estimates,
highlighting the benefit of a multi-species analysis. When analyzing
spatial or temporal patterns, such as diurnal or seasonal cycles, the
variability of Ry, should be considered. Based on the tall-tower flux
measurements, CO and NO, are both similarly suitable for Fycq, esti-
mation. While EC NO, measurements require two optical lasers and are
generally more challenging than EC CO measurements, a smaller vari-
ability in Ryp, than in Rgo may better justify the use of one constant
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average Fiocy/Fypco, ratio for NO,. For CO, seasonal cycles in Rco
should be taken into account. Better accounting for the variability in
R, oxy TEquires a larger number of REA 14C0, measurements than in the
current study (N = 76), including measurements at night, and higher
signal-to-noise ratios. However, the number of measurements and the
signal-to-noise ratio are limited by the strict requirements for successful
REA '%CO, measurements, the source strength within the flux foot-
print, and the current 1*CO, measurement precision. Therefore, further
investigation of the integration of information from emission invento-
ries, continuous EC Fo.,/Fco, ratios, observation-based Fyxy/ Firco,
ratios of individual source sectors or proxy/ffCO, ratios of excess
concentrations is warranted.

Application of the 1*C-calibrated Foroxy/ Fieco, ratios to continuous
EC CO and NO, fluxes measured at the Munich tall tower indicated
that the average observation-based Fy;co, during the daytime on work-
ing days accounted for 70% of the observation-based net CO, flux.
Although nfCO, fluxes were more difficult to resolve due to their
smaller magnitude, the general dependence of Fyco, on air temper-
ature and downwelling shortwave radiation west of the measurement
site revealed a biospheric signal in the net CO, fluxes at the Munich
tall tower. Predominantly positive observation-based Fyco, indicated
a major contribution from human respiration fluxes. Large observation-
based nfCO, fluxes without clear temperature- or radiation-dependence
east of the tower could be related to emissions from a nearby brewery.

The comparison of the observation-based Fj/Ftco, ratios and
the observation-based continuous Fyico, and Fyeco, time series with
modeling results highlighted the benefits from comparing two com-
pletely independent methodological approaches for future method-
ological improvements. In Munich, the comparison indicated that the
Fno,/Firco, ratio of road transport was likely underestimated in the
emission inventory, underscoring the challenges and uncertainties in-
volved in accurately representing the fleet composition and emission
factors for different engine types, fuels, and driving patterns. The
importance of accurately representing the emission factors from road
transport for modeling greenhouse gas emissions was also shown by
the significantly lower modeled R values in a previous version of the
emission inventory that used HBEFA 4.2 emission factors (Appendix F).
Substantial off-road contributions to modeled CO emissions limited the
comparison of observation-based (Rq) with individual source sectors
in the emission inventory, as well as the suitability of CO as a proxy
for ffCO, emissions from an inventory perspective. To reduce the
uncertainty in modeled off-road emissions, the downscaling of off-road
emissions or a bottom-up emission estimation should be investigated
further. While the observation-based and modeled continuous Fico,
estimates generally agreed well during the day in the warm months,
increased differences at night and in the cold months showed that sam-
pling bias in the observation-based approach and stationary combustion
fluxes in the emission inventory should be investigated further. To
validate large point-source emissions from power plants, the elevated
emission height should be considered in the flux footprint modeling.
Similarly, the comparison of the observation-based and modeled nfCO,
fluxes showed that both methodological approaches capture diurnal
cycles and dependence on air temperature and downwelling shortwave
radiation. However, the magnitude of the variability in Fsco, requires
further investigation. The fact that the observation-based Fcq, esti-
mates during south-easterly winds were much larger than the modeled
fluxes underscored the necessity of including non-respiratory anthro-
pogenic nfCO, emission sources, such as breweries and waste-burning
facilities, in emission inventories.
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Fig. A.13. Normalized spectra and co-spectra as function of the normalized frequency for CO,, CO, NO,, and NO measured by the MGA” as well as for CO,
measured by the open-path IRGASON instrument (OPEC) at the EC tall tower in Munich between July 2024 and February 2025, calculated before the application
of spectral corrections. The normalized frequency is given by n = fz/U, the normalized spectra by nS, /7', and the normalized co-spectra by nC,, v Jw'y,
with f being the frequency, z the measurement height, U the mean horizontal wind speed, y’ the fluctuations of the mole fraction, w’ the fluctuations of the
vertical wind velocity, S,,,, the power spectral density of y’, and C,,,, the co-spectrum between w’ and y’. Dashed black lines indicate the theoretical slopes

according to Kaimal et al. (1972).

Appendix A. Eddy covariance measurements

To calculate net CO,, CO, and NO, fluxes, we upsampled the 10 Hz
MGA” measurements to 20 Hz using a nearest-neighbor approach, and
synchronized the MGA” measurements with the vertical wind measure-
ments of the IRGASON based on a comparison of the high-frequency
time series of CO, molar mixing ratios from the MGA” and the IRGA-
SON, as described in Hilland et al. (2025b) and Kunz et al. (2026a).
We performed coordinate rotation via double rotation (Wilczak et al.,
2001) and defined turbulent fluctuations by block averaging (Rebmann
et al., 2012) using a 30min averaging period as suggested in Lan
et al. (2024). To account for high-frequency spectral attenuation in
the intake line of the MGA?, indicated by differences between the
spectra and co-spectra of the MGA” and the open-path IRGASON before
the application of spectral corrections at normalized frequencies >10°
(Fig. A.13), we applied the low-pass correction according to Fratini
et al. (2012). High-pass filtering effects were corrected according to
Moncrieff et al. (2004). While NO measurements contained substantial
noise in the high-frequency regime, the average normalized spectra and
co-spectra of CO, CO, and NO, measured by the MGA” showed good
agreement with standard EC CO, measurements by the IRGASON at
normalized frequencies <10°, where most turbulent energy is found
(Fig. A.13). Good agreement between the IRGASON and theoretical
slopes according to Kaimal et al. (1972) throughout the inertial sub-
range indicates well-measured spectra from the open-path instrument
against which spectral corrections can be made. For the flux periods
with quality control flags <2, the median spectral correction factor for
all MGA” species was 1.04 + 0.02, indicating median spectral losses of
4%. After spectral corrections and filtering of EC fluxes with a quality
control flag of 2 or a friction velocity > 0.2ms™!, the CO, daytime
fluxes of the MGA” showed excellent agreement with the CO, fluxes of
the TRGASON which is unaffected by the geometry of the MGA” inlet
(linear fit with slope 0.98, offset 0.07 pmolm=2s~!, r2 = 0.96, and a
mean bias of 0.2 pmol m~2 s~1). With the respective high-frequency cor-
rections, the MGA” proved suitable for measuring turbulent CO,, CO,
and NO, fluxes. We calculated a storage correction from concentration
measurements using a single-point profile and estimated random errors
based on Finkelstein and Sims (2001). See also Hilland et al. (2025b)
and Kunz et al. (2026a) for details on the EC data processing.

For quality control purposes, we applied common EC filters, and
discarded measurements lacking well-developed turbulence and sta-
tionarity (quality control flag 2 according to Mauder and Foken (2004)
or friction velocities u, < 0.2ms~!), as well as measurements with flow
distortion due to the instrument or the tower structure (average wind
directions between 340 and 20°N or absolute angle of attack values >
20°). These criteria removed approximately 49 % of the half-hourly flux
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Table A.4

Number and percentage of retained half-hourly EC measurements after con-
secutively applying different quality control and flagging criteria. QC denotes
the 0-1-2 quality-control flag according to Mauder and Foken (2004); wind
dir denotes the average horizontal wind direction; AoA denotes the angle
of attack; u, denotes the friction velocity; spikes are defined as three or
more consecutive concentration measurements (1 min aggregated data) with
a median absolute deviation z-score > 7; P0.01 and P0.99 denote the first and
99th percentiles of the respective quality-controlled EC fluxes; blh denotes the
boundary layer height from the ERA5 reanalysis estimate (Hersbach et al.,
2023); zpes denotes the measurement height; and fp_sum denotes the sum
of the flux footprint values modeled in a 15 x 15km” area multiplied by
100, such that fp_sum > 0.8 means that more than 80 % of the observed flux
originates from within the modeled area. Lower rows include the application
of the quality control criteria listed above. The percentages are given with
respect to a total of 11666 half-hourly time steps between 01 July 2024 and
28 February 2025 (inclusive).

Flagging criteria

Number (percentage) of
retained measurements

EC quality control

QC <2 7332 (63 %)
20° < wind dir < 340° 7103 (61 %)
| AoA| < 20° 7071 (61 %)
u, > 0.2ms™! 5962 (51 %)

No spikes in CO or NO,
P0.01 < Feo,/como, < P0.99

5769 (49 %)
5380 (46 %)

Availability of quality-controlled modeled fluxes

Footprint data available
blh > z, ., +20m
fp_sum > 0.8

5347 (46 %)
4421 (38%)
4262 (37 %)

Selected time periods

3017 (26 %)
2140 (18%)

Working days
07:00 - 20:00 LT

estimates (Table A.4), with a larger proportion of measurements being
removed at night than during the day due to suppressed turbulence
at night. Despite the stationarity test considered through the quality
control flagging according to Mauder and Foken (2004), some of the
retained EC fluxes had extraordinarily large random uncertainties due
to large spikes in molar mixing ratios. For CO, these spikes were mostly
observed with wind from the southeast, indicating an intermittent,
large CO source located upwind in this direction. Since these spikes
were generally not correlated with spikes in CO, and not adequately
captured by the REA measurements (Section 2.1.3), these time periods
were not suitable for the proxy-based ffCO, flux estimation. The same
is true for time periods with extraordinarily large or small/negative
EC fluxes. Therefore, we also discarded measurements that passed the
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aforementioned quality control tests, but had large spikes in the CO or
NO, molar mixing ratio time series or CO, NO,, or CO, fluxes below the
first or above the 99th percentile of the retained flux values. Similar to
the despiking algorithm by Mauder et al. (2013), spikes were defined
as three or more consecutive concentration measurements (using 1 min
aggregated measurements) with a median absolute deviation z-score >
7. After removal of measurements with extraordinarily large CO or NO,
concentrations and/or CO, NO,, or CO, fluxes below the first or above
the 99th percentile, 5380 half-hourly EC data (46 %) were retained
(Table A.4). These high- or medium-quality EC data were divided into
observations during working days, and observations during Saturdays,
Sundays, or public holidays. Due to changes in the human behavior,
differences in the magnitude and the temporal patterns of greenhouse
gas fluxes and flux ratios were expected between working days and
weekend/holidays (e.g., Crawford and Christen, 2015; Karl et al., 2017;
Hilland et al., 2025b). As REA measurements were only conducted on
working days (Section 2.1.3), we focused on the 3759 half-hourly EC
data (32 %) taken on working days. To compare the observations with
modeled flux estimates, we only considered time periods for which
quality-controlled flux footprints were available (Section 2.1.7). The
limited availability of quality-controlled flux footprints reduced the
amount of retained data to 3017 half-hourly flux measurements (26 %).
2140 measurements (18 %) were taken on working days between 07:00
and 20:00 LT (Table A.4).

Appendix B. REA-based F(

Due to failure of the MGA’ in March 2025, we calculated F
during the final six REA measurements conducted in March based on
the difference in the molar mixing ratio (yo) between the updraft and
downdraft REA flask samples. In REA, the turbulent flux is given by:

F, = o pm(x! = 1H. (B.1)

where g is an empirical constant, o, is the standard deviation of the
vertical wind velocity, and p,, is the mean molar air density (e.g.,
Rinne et al., 2021). Assuming scalar similarity between CO and CO,, we
calculated g from the EC F, and the flask ¢, for each measurement
period using Eq. (B.1), in analogy to Eq. (1) for Fy(,. We estimated the
uncertainty from the REA measurements with available EC F, data.
For these periods, the RMSD, and thus the considered uncertainty, was
0.012 pmol m~2sL,

Appendix C. Calculation of (R¢o)(T24) and (Ryg, )(wind direction)

As the observation-based R values generally increased with the
average air temperature of the 24h time period prior to the REA
measurements (Fig. 5), we described (Rcq) as a function of T,4;,. For
this purpose, we divided the 76 REA measurements into five subgroups
based on T,4,. For each subgroup, we determined the average R
value using ODR (Fig. 5). In addition, we calculated the average Ty,
value for each subgroup. Since the ODR considers the uncertainties
in Foo and Fyc,, We also weighted the average Ty, by the uncer-
tainties of the individual Feo/Fico, values. We then fitted a linear
function to the (Rq) values and the error-weighted T, values of each
subgroup (Fig. C.14). Using this fitted function, we calculated (Rcq)
(in mmolmol~" for each 30 min timestamp depending on Ty, (in °C)
according to Eq. (C.1).

(Reo)(Tagy) = (0.14 - Tyy) +3.15. (c.1)

For NO,, there was no linear relationship between (Ryo_ ) and Toup-
Since Ryo was generally higher during southerly winds than during
northerly winds (Fig. 6), we defined (Ryo,_ ) in mmol mol~! as a function
of wind direction according to Eq. (C.2) (compare Fig. 6, Table 2).
1.28 if
1.71
1.85
1.00

0° < wind direction < 90°
if 90° < wind direction < 180°
if 180° < wind direction < 270°
if 270° < wind direction < 360°

(C.2)

(Ryo, )(wind direction) =
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Appendix D. Uncertainty estimation of average proxy-based
Fitco,

To estimate the uncertainties in the proxy-based half-hourly and av-
erage Fyco, due to the assumption of a constant or temperature-/ wind
direction-dependent (R0 ) (@), due to the limited number of REA
measurements (b), and due to the forcing of the ODR through the origin
(c), we calculated the root-mean-square deviation (RMSD) between
14C-based and proxy-based ffCO, flux estimates during the REA peri-
ods, compared observation-based and modeled (R, ), and conducted
a synthetic data experiment, where we considered all three uncertainty
components (a, b, and c¢) by simulating the observation-based approach
and assuming the inventory-based fluxes as the “truth”.

Uncertainty component (a). The uncertainty of the half-hourly, proxy-
based Fyyco,, assuming the REA fluxes were representative of the entire
time series (a), could be determined directly from the observations.
To this end, we calculated the root-mean-square deviation (RMSD)
between the discrete, '*C-based Fijco, measured with REA (Eq. (1))
and Fico, estimated as Fyoyy /{Rproxy) (EQ. (3)) during the respective
measurement periods. This uncertainty is larger than the uncertainty
of the direct REA measurements due to contributions from measure-
ment uncertainty and from an unaccounted variability in Rjo.. We
analyzed the magnitude of these two uncertainty contributions through
a synthetic-data experiment. Following Maier et al. (2024a), we cal-
culated for each '“C-based ffCO, REA flux the corresponding proxy
flux, assuming that the observed average ratio (R.y) was “true”
and constant. Then, we added random errors to the proxy and ffCO,
fluxes, and divided the error-prone synthetic proxy fluxes again by the
ratio (Ry;ey ). To mimic real measurements, the random errors were
drawn from Gaussian distributions with standard deviations equal to
the true average measurement uncertainties during the considered REA
sampling periods (0.0084 pmolm=2s~! for Fg, 0.0024 pmolm=2s~! for
Fyo,» and 6.5 pmol m~2s~! for Fico,)- The RMSD between these syn-
thetic, proxy-based ffCO, fluxes and the error-prone ffCO, fluxes
provided an estimate of the uncertainty in the proxy-based ffCO, flux
due to measurement uncertainties alone. We attributed the remaining
part of the observed RMSD to the unaccounted variability of R,-
As the RMSD depends on the range of the Fico,, we also computed a
normalized RMSD (NRMSD) by dividing the RMSD by the mean Fy¢c, -
For details, we refer to an analogous analysis of the uncertainties in
proxy-based ffCO, concentration enhancements in Maier et al. (2024a).

Uncertainty component (b). Since a potential bias in (R, ) calculated
from the REA and EC measurements could not be estimated based on
observations, we compared (R, ) obtained from an ODR through the
modeled proxy and ffCO, fluxes at the analyzed REA sampling periods
with (Ry,,,) obtained from an ODR through the continuous modeled
flux time series. Comparing the two modeled (R, ) values provided
an estimate of the sampling bias in Fyco, (b) based on the modeled

variability in Ryoxy-

Uncertainty components (a), (b), and (c). To estimate the uncertainty
in average proxy-based Fico, values, accounting also for measurement
uncertainties and bias in average fluxes due to a forced fit through the
origin (a, b, and c), we conducted a second synthetic data experiment:

1. To generate a synthetic, continuous measurement record that
includes variability in R, and measurement uncertainties, we
considered the modeled half-hourly Fico, and Fp, values ob-
tained from the convolution of the temporally and spatially re-
solved emission inventory and flux footprints (Section 2.4) as
the “truth”, and added random errors representative of actual
measurement uncertainties to each modeled flux value.

2. We only considered the time periods during which REA measure-
ments were conducted, as in reality. For simplicity, we used one
30 min value for each measurement instead of averaging the two
30 min values covering the hour-long REA measurements.
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Fig. C.14. Average Fqo/Fyjco, ratio ((Rco)) obtained from ODRs through five subgroups of REA measurements in dependence of the respective average air

temperatures 24h before the REA sampling period (T,y,). The subgroups were defined based on T, of each REA measurement. 7,, was weighted by the

uncertainties in R, similar to (Rq).

Table D.5

Uncertainty estimates of the average CO- and NO,-based ffCO, flux (Fyco,)
estimated from the synthetic data experiment. The average standard de-
viations of the differences between proxy-based and “true” Fyco, (error
bars in Fig. D.15) are given for total, daytime, nighttime, monthly, hourly,
and wind-sector-specific averages. Monthly and wind-sector-specific averages
include only daytime data. The inventory-based results are given with respect
to the average modeled Fio, between 07:00 and 20:00 LT (FI'I'COZ,dz\y =
18.1umolm~s~"). The absolute uncertainty of the observation-based Feico,
estimates was obtained through multiplication with the average observation-
based Fico, between 07:00 and 20:00 LT (Frrcozydﬂy =12.5pmolm™2s71).

Temporal or spatial ~ Relative Fncoz Absolute Fi uncertain-

scale uncertainty [%] ty (obs.) [pmolAm’2 s

CO NO, CO NO,
All 30 min periods 20 17 2.5 2.1
07:00-20:00 LT 23 19 2.9 2.4
20:00-07:00 LT 12 10 1.5 1.3
Monthly 23 19 2.8 2.4
Hourly 35 26 4.4 3.2
Per wind sector 24 20 2.9 2.5

3. For these selected timestamps, we determined the average Fyy, Frco,
ratio by ODR forced through the origin.

4. By dividing the average error-prone proxy flux by this average
ratio (R, ), We determined the synthetic proxy-based average
ffCO, flux, representing our observation-based approach.

In the synthetic data experiment, the uncertainty of the average proxy-
based Fysco, could thus be determined by comparing this synthetic,
proxy-based average ffCO, flux with the “true” average Fico,. To
obtain a statistically representative uncertainty, we repeated the exper-
iment 10000 times. In each experiment, the random flux uncertainties
representing the measurement uncertainties changed, while the “true”
fluxes and the timestamps used in the ODR remained constant. We then
calculated the standard deviation of the 10000 synthetic uncertainty
estimates to obtain an estimate of the uncertainty in average, proxy-
based ffCO, fluxes. Since the standard deviation (in pmol m2Zs 1)
depends on the magnitude of the modeled fluxes, we divided the
standard deviation by the average modeled ffCO, flux of the quality-
controlled data between 07:00 and 20:00 LT to scale the uncertainty
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back to the observation-based flux estimates. The data experiment
also provided an estimate of the bias in the average Fyco, caused by
the non-linearity of dividing Fj., by (R, ) and the sampling bias.
Bias and uncertainty in monthly, hourly, or wind direction-dependent
average Firco, estimates were obtained analogously by comparing the
“true” and synthetic, proxy-based average fluxes for each time period
or wind sector.

Considering all quality-controlled 30 min data, the average differ-
ence between the synthetic proxy-based Fyjco, and the “true” Fico,
was —10 20 % for the CO-based approach and —7 + 17 for the NO,-
based approach (Fig. D.15a, Table D.5). When considering only data
between 07:00 and 20:00 LT, the bias reduced to —4 % and —0.6 %,
respectively. For nighttime data, the differences between the synthetic
proxy-based and direct Fyco, were —25% and —23%. As Fyoy/ Firco,
ratios were determined from the (daytime) REA measurement periods,
during which the flux contribution from road transport was generally
higher than at night, the proxy-based ffCO, flux estimates were more
accurate during the day than at night. The underestimation of Fico,
between 07:00 and 20:00 LT was also evident in the hourly averages
(Fig. D.15c¢). The average uncertainty of the hourly averages was 35 %
for the CO-based approach and 26 % for the NO,-based approach.

Using a constant Fyo,/Freco, Tatio, proxy-based Fico, estimates
were up to 37 % too high from July to October, and up to 46 % too low
from November to February (Fig. D.15b). The difference was slightly
larger for CO than for NO,, as the difference between Ry of road
transport and R of stationary combustion was larger for CO than for
NO,. The standard deviation of the monthly Afffc% was on average
23 % for the CO-based Fircp, and 19 % for the NO,-based Fico,

Due to slightly higher F, .,/ Fsco, ratios in the south than in the
north, proxy-based Fico, estimates using a constant Fyo,/ Firco, ratio
were underestimated in the northeast by about 16 % and overestimated
in the southwest by 8 % for COand 18 % for NO, . The average standard
deviation of the synthetic Afffcoz for each wind sector was 24 % for
the CO-based approach and 20 % for the NO,-based approach.

Based on the average standard deviations of the differences between
proxy-based and “true” Fyco, estimates (error bars in Fig. D.15), we
assumed an uncertainty of about 20 % for total, daytime, monthly, and
wind sector specific averages, and about 30% for monthly averages
(Table D.5). Although the synthetic data experiment reflected the as-
sumption of one constant (R, ) value, we used the estimated relative
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Fig. D.15. Results from a synthetic data experiment used to estimate the uncertainty of average proxy-based ffCO, fluxes. Shown is the relative difference
between the average inventory-based ffCO, flux (“true”) and the average ffCO, flux calculated from an error-prone inventory-based proxy flux and an average
Fyroxy/ Fyco, Tatio obtained from error-prone inventory-based fluxes. The data points and error bars represent the means and standard deviations from 10000

repetitions of the experiment. The results are given with respect to the average modeled Fi-, between 07:00 and 20:00 LT (fffcomduy = 18.1pmolm~?s71). In

(b), (c), and (d), only data between 07:00 and 20:00 LT was considered.

uncertainty also for the approach with wind direction- or temperature-
dependent flux ratios. These approaches should only decrease the
uncertainty and the bias, if at all. In our study, an independent measure
of bias in Firo, was the difference between CO- and NO,-based Fico,
estimates.

Appendix E. Source sector contributions to modeled fluxes
See Table E.6 and Fig. E.16.

Appendix F. Comparison of modeled flux estimates using HBEFA
4.2 and HBEFA 5.1 emission factors

The latest emissions inventory data used in this study (Version
2.6.0) were the result of several updates and improvements based partly
on identified discrepancies between the modeled and observation-based
flux estimates, which have repeatedly improved their agreement. Inde-
pendent of observation-based results, Version 2.6.0 involved updating
the HBEFA emission factors used to calculate road transport emissions
from Version 4.2 to 5.1. This update substantially extended the contents
compared to HBEFA 4.2, including new vehicle types and processes
(Notter et al., 2026). With the update of the HBEFA factors, the annual
emissions from road transport within the administrative boundary of
the city of Munich increased by 10% for CO,, by 7% for nfCO,, by
19% for NO,, and by 102% for CO. While the footprint-averaged
CO, and NO, fluxes, and Fyq_/Fysco, ratios increased only slightly,
the increase in modeled Fcq, and thus in the Fco/Fipco, ratio, was
substantial (Fig. F.17). While the average modeled R agreed better
with the average observation-based R-y with HBEFA 4.2, the modeled
CO emissions with HBEFA 4.2 were even more dominated by
the emissions from off-road transport (40 %). Due to the substantial
uncertainties in the modeled off-road emissions, and given that the
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observation-based R values were often higher than (Rqy) from road
transport, the REA measurements suggested that (Rcn) was underes-
timated in HBEFA 4.2. Similarly, an underestimation of (Ryo ) from
road transport in the emission inventory was suggested. The higher
emission ratios in HBEFA 5.1 were therefore consistent with previous
findings. A more quantitative evaluation of the emission ratios of road
transport remained limited by the substantial CO contribution from
off-road emissions (40 % with HBEFA 4.2, 28 % with HBEFA 5.1). The
substantial changes resulting from an update of emission factors high-
lights the importance of an observation-based evaluations of emissions
and emission ratios.

Appendix G. Average nfCO, fluxes in dependence of air tempera-
ture for easterly fluxes

See Fig. G.18.
Data availability

The VPRM model results for 2024 and 2025 are available upon
request. All other datasets used in the present study are available in
the ICOS Cities Data Portal or a Zenodo repository under Creative
Commons Licence CC-BY-4.0:

* Relaxed eddy accumulation dataset Kunz et al. (2025a)

+ Eddy covariance dataset: Hilland et al. (2025a)

» Flux footprints and turbulence data used: Molinier and Kljun (2026),
ICOS Ecosystem Thematic Centre et al. (2025)

* Munich emission inventory (annual means and temporal profiles):
Aigner et al. (2025), Kiihbacher et al. (2026a,b)

+ Observation-based and modeled flux estimates as well as meteorolog-
ical data and quality control flags at half-hourly resolution: Kunz et al.
(2026b)
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Table E.6

Absolute fluxes and relative flux contributions to the inventory-
and VPRM-based ffCO,, nfCO,, CO, and NO, fluxes per source
sector. Given are the annual averages within the 15 x 15km?
footprint domain and, in parentheses, the averages of the mod-
eled, footprint-weighted daytime fluxes, as presented in Figs. 8, 9,
and 12a. To avoid overrepresentation of time periods with more
available data (Fig. 3b), the footprint-weighted fluxes were first
averaged per hour, then averaged over all hours. Relative con-
tributions <0.5% were omitted for clarity (“~”). For the sectors
shipping, waste, AgriLivestock, and AgriOther, the contributions
were <0.5% for all gases.

Sector ffCO, nfCO, Cco NO,
Absolute fluxes [pmolm=2s~']
All sectors 13 3 0.05 0.099
18) @ 0.10)  (0.017)
Relative flux contributions [%]
Public power 46 87 1 33
(5) (5) ) 3)
. 31 8 17 16
Stat. combustion
(51) @) [©)] 1)
Road transp. (hot) 20 6 25 4
37) 13) 27) (63)
1 28 3
Road transp. (cold) -
@ (33) 5)
Off-road ! - 28 6
2) 27) ®)
Fugitive !
& @
Solvents 1 - 2 -
3) “@
. 42
Human respiration - - -
(76)
NEE - 8 - —
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