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Abstract.

Eddy covariance measurement of species that are co-emitted with carbon dioxide (CO2), such as carbon monoxide (CO)

and nitrogen oxides NO and NO2 (NOx), provides an opportunity to attribute a net flux to individual source or sink categories.

We present eight months of continuous simultaneous measurements of fluxes (F ) of CO2, CO, NOx, methane (CH4), and

nitrous oxide (N2O) from a tall tower (112 m agl) in Zurich, Switzerland. Median daily fluxes of FCO2 were 1.47 times larger5

in the winter (Nov-Mar) as opposed to summer (Aug-Oct) months (10.9 vs. 7.4 µmol m−2 s−1); 1.08 times greater for FCO

(30 vs. 28 nmol m−2 s−1); 1.08 times greater for FNOx
(14 vs. 13 nmol m−2 s−1); 1.01 times greater for FCH4

(13.5 vs.

13.3 nmol m−2 s−1); and not statistically significantly different for FN2O. Flux ratios of FCO/FCO2
and FNOx

/FCO2
are well

characterised by inventory emission ratios of stationary combustion and road transport in cold months. In warm months both

FCO/FCO2 and FNOx /FCO2 systematically exceed expected inventory ratios during the day, while no statistically significant10

seasonal difference is observed in FNOx /FCO, indicating biospheric photosynthetic activity. A linear mixing model is proposed

and applied to attribute half-hourly FCO2
, FCO, and FNOx

to stationary combustion and road transport emission categories as

well as determine the biospheric FCO2
. Flux attribution is reasonable at certain times and from certain wind directions, but

over-attributes CO and NOx fluxes to road traffic and CO2 fluxes to stationary combustion, and overestimates photosynthetic

CO2 uptake.15

1 Introduction

The majority of the world’s population now lives in urban areas, with the projected proportion to reach 68% by 2050. In the

European Union, this proportion already exceeds 70% (United Nations, 2019). Cities are estimated to cause 70% of global

energy-related greenhouse gas emissions (Lwasa et al., 2022) despite covering only 3% of the Earth’s land surface (Liu et al.,

2014). Cities are therefore crucial for emission mitigation initiatives (European Commission, 2021; Lwasa et al., 2022), and20
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some cities are already pursuing ambitious plans for reduction of carbon dioxide (CO2) emissions above and beyond national-

level plans (e.g., Stadt Zürich, 2023). To understand emissions at the city-scale, many cities have developed emission inven-

tories based on bottom-up approaches in which emissions are estimated based on local activity data such as traffic counts and

fuel usage. Estimates in the form of emission inventories are temporally coarse, and rely on a series of assumptions and scaling

factors to downscale yearly bulk emissions to spatially and temporally resolved estimates, with large associated errors and25

uncertainties (Simon et al., 2008; Gately and Hutyra, 2017; Gurney et al., 2021).

Independent monitoring of total CO2 emissions and the attribution of emissions to specific sectors is critical to determine

the efficacy of emission reduction efforts and policy changes (Wu et al., 2016; Lauvaux et al., 2020). Eddy covariance (EC)

flux measurements are currently the best available method for providing direct and time-resolved in situ measurements of the

vertical exchange of scalars in the atmosphere. Although urban areas violate the fundamental assumption of surface homo-30

geneity that is inherent to estimating long-term exchange irrespective of wind direction (Aubinet et al., 2012), EC has been

successfully applied in cities for over two decades to quantify dynamics of CO2 emissions and monitor long- and short-term

emission changes (e.g., Grimmond et al., 2002; Christen et al., 2011; Stagakis et al., 2019).

However, the EC method integrates all sources and sinks of CO2 within its source area, making sectoral attribution of fossil

CO2 or separation of fossil (ff) and biospheric (bio) CO2 difficult. Spatially and temporally resolved high-resolution emission35

inventories combined with footprint modelling have been used to attribute integral fluxes of CO2 to emission sectors (e.g.,

Christen et al., 2011; Stagakis et al., 2023). Another promising approach is that of co-emitted species ratios (Nathan et al.,

2018) in which the ratio between CO2 and another species is used to attribute measured fluxes to specific emission processes

or to separate bio and ffCO2, e.g., by using the co-emitted species carbon monoxide (CO) and the CO/ffCO2 ratio. Diurnal

changes in concentrations of CO/ffCO2 have been shown to correspond to diurnal changes in road traffic (Turnbull et al., 2015)40

in a city where CO emissions were predominantly traffic related. There is currently no method to measure ffCO2 directly with

the frequency needed to calculate EC fluxes. However, if the CO/ffCO2 emission ratio is known then the measured flux ratios

of CO and total CO2 may be used to partition the CO2 flux into biospheric and fossil components (Wu et al., 2022). Further, if

the sector-specific CO/ffCO2 ratio is known, it may be possible to partition integral EC fluxes to specific emission sectors. City

emission inventories therefore offer intriguing possibilities to estimate sector-specific emission ratios of CO2 and co-emitted45

species, which may be used in turn to attribute integral EC fluxes to specific sectors at a half-hourly scale without the need for

individual footprint modelling.

Urban EC has mostly focused on CO2 measurements (Feigenwinter et al., 2012; Matthews and Schume, 2022). However, the

EC method may be applied to any scalar measured with sufficient frequency. CO is a common urban pollutant and short-lived

greenhouse gas produced by, among other processes, incomplete combustion of hydrocarbons, and is commonly co-emitted50

during combustion along with CO2. Due to its role as a pollutant, CO is commonly measured by air quality networks as

lower-frequency (30 min to 1 h) average concentrations. Flux measurements of CO via EC are rare. A few studies have been

conducted over agricultural sites (e.g., Cowan et al., 2018; Murphy et al., 2023) and CO is occasionally measured in urban

environments as part of multi-species campaigns, e.g., alongside NOx (Karl et al., 2017), CH4 (Helfter et al., 2016), or N2O

(Famulari et al., 2010). Nitrogen oxides (NOx) are other common urban pollutants created in combustion processes. Urban EC55
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studies of NOx are similarly scarce but have revealed significant underestimation of traffic emissions in selected inventories

(Marr et al., 2013; Lee et al., 2015; Vaughan et al., 2016; Karl et al., 2017). Methane (CH4) is a potent greenhouse gas also

emitted through human activity. While methane is released by combustion processes, it is less suitable as a tracer for fossil

fuel emissions given its abundant non-combustion sources like leakage of natural-gas distribution networks, and non-fossil

sources like landfills and agriculture (Nathan et al., 2018). Nevertheless, due to its strong global warming potential, urban60

methane emissions are receiving increasing attention, though only a few direct urban EC studies exist (Helfter et al., 2016;

Pawlak and Fortuniak, 2016; Stichaner et al., 2024). Nitrous oxide (N2O) is another long-lived potent greenhouse gas emitted

through anthropogenic activities. Similarly to CH4, it is less suited as an ffCO2 tracer as there are many non-fossil production

mechanisms of N2O, and anthropogenic N2O emissions are overwhelmingly agricultural on a global scale (Nathan et al., 2018;

Tian et al., 2020). However, N2O fluxes may be a useful tracer for fossil-fuel emissions within cities themselves where they65

have been shown to scale well with road traffic (Famulari et al., 2010) and have shown no seasonal variability in a semi-urban

site (Järvi et al., 2014).

This work has three research goals:

1. To characterise the diurnal patterns of fluxes of CO2, CO, NOx, CH4, and N2O in Zurich, and quantify possible seasonal

differences;70

2. to compare measured ratios of CO2, CO, and NOx to a local emissions inventory; and

3. to investigate whether net fluxes of CO2, CO, and NOx can be attributed to source categories using a linear mixing

model.

In Sec. 3.1 we address research goal 1 and present simultaneous eddy covariance fluxes of the aforementioned species

measured on a tall tower near the city centre of Zurich, Switzerland, using a single instrument employing laser absorption75

spectroscopy. To our knowledge this is the first time that EC fluxes of these species have been measured together. Aggregated

diurnal and seasonal fluxes of each species are shown. In Sec. 3.2 we address research goal 2 and present ratios of the three

most common and well-correlated species (CO2, CO, and NOx). Finally, in Sec. 3.3 we present a linear mixing model for

partitioning total fluxes into source sectors and for estimating the biogenic CO2 flux from observed species flux ratios and

their expected ratios from the inventory.80

2 Methods

2.1 Study Location and Site Description

The city of Zurich is the largest city in Switzerland with approximately 443,000 inhabitants in the city proper and approximately

1.6 million inhabitants in the wider metropolitan area. The city is situated at the northern edge of Lake Zurich at approximately

400 m asl in a valley surrounding the Limmat river running roughly SE-NW. The valley floor is relatively flat with a gentle85

slope towards the NW. The valley edges reach about 600 m asl to the N/NE and about 850 m asl to the S/SW (Fig. 2).
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The city has roughly 55,000 individual buildings and 236,000 residential units as of 2024. Heating is primarily via natural

gas (� 110,000 units), district heating (� 50,000 units) and oil (� 45,000 units). A small number of residential units (�

3,000) use wood heating. The city's economy is almost entirely service-oriented, aside from limited infrastructure such as a

waste incineration plant which lies to the far NE of the city limits. The city's vehicle �eet comprises approximately 131,00090

personal cars of which 74,000 are gasoline, 34,000 diesel, 15,000 hybrid, and 7,000 electric. Signi�cant non-personal transport

occurs within and through the city. The city proper has approximately 70,000 urban trees excluding the forested areas (roughly

25% of the city) of which about 90% are broadleaf deciduous trees and 10% are coniferous trees. The city's climate is oceanic

according to the Köppen climate classi�cation (Köppen: Cfb) with an annual mean temperature of 9.3 °C. All data on buildings,

heating, vehicle �eet, and trees, is obtained from the city of Zurich climate and/or statistics webpages (Stadt Zürich, 2025).95

2.2 Instrumentation and Measurements

Eddy covariance (EC) measurements were carried out from August 2022 to March 2023 roughly 1.5 km NW of the city centre

on a communications antenna on the top of a high-rise apartment building (Bullingerstrasse 73: 47° 22' 52" N, 8° 30' 26"

E) built in the late 1970s. The building itself is 95 m tall and square in plan form with sides of 22.8 m. The instruments

were installed 17 m above rooftop level on the antenna. The building is signi�cantly taller than the surrounding buildings, the100

mean height of which is 13.3 m� 8 m in a 1.5 km radius, though the building is in a cluster of four nearly identical high-rise

residential buildings set 43 to 68 m apart with heights 76 m (S), 85 m (SW), and 66 m (NNW). The displacement height within

this 1.5 km radius is 23.4 m according to the parameterisation of Kanda et al. (2013).

The installation consisted of one integrated open-path eddy covariance system (OPEC) and a high-frequency closed-path

(CPEC) multi-species gas analyser. The measured gases and other variables from these two instruments are summarised in105

Table 2.2. The open-path IRGASON (Campbell Scienti�c, Logan UT, USA) integrates a 3-dimensional sonic anemometer-

thermometer with an open-path infrared gas analyser that measuresCO2 andH2O densities. Both wind and gas measurements

were acquired at 20 Hz. The IRGASON was mounted 111.8 m agl and oriented towards W (270° from N). Logging was

performed on a Campbell Scienti�c CR6 datalogger (Campbell Scienti�c, Logan UT, USA).

The closed-path analyser was an MGA7 (Multi-speciesGasAnalyser,-7 species, MIRO Analytical, Wallisellen, Switzer-110

land) located in a machine room on the roof-level of the high-rise with an inlet co-located with the IRGASON. The analyser

was placed in a temperature-controlled enclosure for temperature stability. The inlet was connected to the analyser via ap-

proximately 33 m of Syn�ex tubing (8 mm outer diameter, 5.6 mm inner diameter). The MGA7 measured 7 different gas

species (summarised in Table 2.2) simultaneously using mid-infrared quantum cascade laser spectroscopy (Li et al., 2013) at

high frequencies suitable for EC measurements (nominally 10.3 Hz). The MGA7 measured all gases as a wet molar fraction115

(mol mol� 1). A NeoDry30E-2DBK (Kashiyama Industries, Saku City, Nagano Japan) dry vacuum pump downstream of the

analyser drew sample air through the analyser at approximately 10 SL min� 1.

The suitability of the instrument for measuring turbulent �uxes of the selected species is demonstrated in Fig. 1, in which

average normalised spectra and co-spectra for each species are shown against the normalised frequency and theoretical slopes

according to Kaimal et al. (1972). As reference, the normalised spectrum and co-spectrum are also shown for the OPEC120
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Table 1. Variables and descriptions measured from the open-path (Campbell Scienti�c IRGASON) and closed-path (MIRO MGA7) EC

systems. Precision and accuracy �gures are as per manufacturer user manuals.

OPEC (Campbell Scienti�c IRGASON) CPEC (Miro MGA7)

Variable Description Units Precision Accuracy Variable Description Units Precision (1 Hz)

ux Longitudinal wind m s� 1 1 mm s� 1 � 2% � CO 2 CO2 molar fraction mol mol� 1 1 ppm

uy Lateral wind m s� 1 1 mm s� 1 � 2% � H 2 O H2O molar fraction mol mol� 1 40 ppm

uz Vertical wind m s� 1 0.5 mm s� 1 � 2% � CO CO molar fraction mol mol� 1 0.4 ppb

Ts Sonic temperature °C 0.025 °C � NO NO molar fraction mol mol� 1 0.8 ppb

Ta Air temperature °C � 0:15 °C � NO 2 NO2 molar fraction mol mol� 1 0.25 ppb

p Air pressure kPa � 1:5 kPa � N 2 O N2O molar fraction mol mol� 1 0.5 ppb

� CO 2 CO2 density mg m� 3 0.2 mg m� 3 � 0:1% °C� 1 � CH 4 CH4 molar fraction mol mol� 1 1 ppb

� H 2 O H2O density g m� 3 3.5 g m� 3 � 0:3% °C� 1

Figure 1. Normalised spectra and co-spectra for each species measured by the CPEC as well as theCO2 from the OPEC. The (co-)spectra

are plotted against the normalised frequency. Theoretical slopes according to Kaimal et al. (1972) are plotted as dashed black lines.

instrument, which is a standard instrument for eddy-covariance studies. The spectra are taken from all unstable periods which

pass quality control (see Sec. 2.3) and have an above-average absolute �ux for the given species. The in�uence of spectral

attenuation in the inlet tubing is visible in all species above normalised frequencies of� 60 (natural frequency� 2 Hz). The

averageN2O spectrum demonstrates noise at normalised frequencies greater than 4 (natural frequency 0.1 Hz). The normalised

co-spectrum with vertical wind �uctuations is shown in the right panel of Fig. 1. Good agreement with the theoretical slope of125

� 4=3 and agreement with the OPEC is shown for all species, though at the noise-equivalent frequencies a noticeable deviation

in N2O exists at similar frequencies to those shown by (Järvi et al., 2014).
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