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Net CO2 surface emissions at Bern, Switzerland
inferred from ambient observations of CO2,
δ(O2/N2), and 222Rn using a customized
radon tracer inversion
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1Physics Institute and Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland, 2Now at
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Abstract The 222Radon tracer method is a powerful tool to estimate local and regional surface emissions
of, e.g., greenhouse gases. In this paper we demonstrate that in practice, the method as it is commonly used,
produces inaccurate results in case of nonhomogeneously spread emission sources, and we propose a
different approach to account for this. We have applied the new methodology to ambient observations of
CO2 and

222Radon to estimate CO2 surface emissions for the city of Bern, Switzerland. Furthermore, by
utilizing combined measurements of CO2 and δ(O2/N2) we obtain valuable information about the spatial and
temporal variability of the main emission sources. Mean net CO2 emissions based on 2 years of observations
are estimated at (11.2 ± 2.9) kt km�2 a�1. Oxidative ratios indicate a significant influence from the regional
biosphere in summer/spring and fossil fuel combustion processes in winter/autumn. Our data indicate that
the emissions from fossil fuels are, to a large degree, related to the combustion of natural gas which is used
for heating purposes.

1. Introduction

The 222Radon (222Rn) tracer method is a powerful tool to determine local-regional surface fluxes because it
can be applied to a wide range of (e.g., greenhouse) gases, and most importantly, because it is a purely
observationally based approach. The method revolves around 222Rn, a radioactive noble gas that is produced
at a constant rate from 226Radium, which is relatively uniformly distributed in all soils. When released into the
atmosphere, 222Rn experiences the same atmospheric circumstances (transport and mixing) as all other
gases. If the 222Rn surface flux is known, its ratio to a measured 222Rn concentration difference over time at
a certain observation height can be applied to calculate the surface flux of another constituent (e.g., CO2)
from its concurrently observed concentration difference at the same height. The method has been suc-
cessfully applied for a wide range of gases such as CO2 [Levin, 1987; Schmidt et al., 2001], CH4 [Schmidt et al.,
1996; van der Laan et al., 2009], N2O [van der Laan et al., 2009; Wilson et al., 1997], CFCs [Biraud et al., 2000],
H2 [Popa et al., 2011; Yver et al., 2010], and fossil fuel-based CO2 [van der Laan et al., 2010]. Generally, a
constant 222Rn soil emission rate is assumed and multiplied by the ratio of observed CO2 and

222Rn con-
centrations. This ratio is usually determined with a linear regression fit of the observations within specific
periods: e.g., monthly means [Levin, 1987], nighttime-restricted data [Schmidt et al., 2001; Yver et al., 2010],
or specific events of sudden concentration enhancements [Biraud et al., 2000]. The latter approach has the
advantage that it allows for source allocation by back trajectory analysis [Messager et al., 2008; van der Laan
et al., 2009]. The resulting CO2 flux is a net flux integrated over the observed source region (footprint) and
the observation time and weighted toward the sensitivity of the observations to the emission sources
[Hirsch, 2007].

In section 2 we will demonstrate that, in practice, the regression slope method does not produce reliable
results because it assumes a linear correlation between the 222Rn flux and the flux of the tracer of interest.
In practice, this condition is almost never met (e.g., for CO2) because the emission sources are generally
not constant in time and not homogeneously spread within the observed footprint. Therefore, we suggest
a customized method (section 2.3) based on using single pair of observations for a given event. This
approach was applied to ambient observations of CO2 and 222Radon to estimate CO2 surface emissions
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for the region of Bern, Switzerland. Furthermore, we use ambient observations of δ(O2/N2) to deter-
mine the oxidative ratio (OR) of the CO2 emissions. The OR identifies the different emission sources
(e.g., traffic or natural gas combustion) and sinks (i.e., CO2 exchange with the biosphere) and provides
valuable information regarding the temporal and spatial variability of the main CO2 sources and sinks
in our region. The measurement location and used equipment as well as the data selection procedures
are described in section 3, and the results are described in section 4. A discussion and our conclusions
follow in section 5.

2. Theory
2.1. 222Rn as a Tool for Atmospheric Inversion Studies

The concept of using 222Rn as a tool to calculate the surface flux of a specie x from their measured
ambient concentrations is based on the fact that both species experience the same atmospheric
transport and dilution. During well-mixed atmospheric conditions, ambient concentrations are
observed at (local) background levels, but during stable conditions the surface fluxes accumulate
within the planetary boundary layer leading to a departure from background conditions as follows
[Biraud et al., 2000]:

ΔCx

Δt
¼ ∫

tn

t0

h tð Þ�1 Φx tð Þ dt ¼ h�1 Φx (1)

where h(t) is the time dependent mixing height, Φx(t) represents the surface flux of a species x,
and ΔCx is the departure of its related concentration relative to background levels for a given obser-
vation time Δt (i.e., tn � t0). The overbar indicates averaging in space and time, i.e., representing the
average mixing height for the observation period and the mean net surface flux of the catchment
area. Because equation (1) is obtained both for CO2 and 222Rn, the mixing height and time step are
canceled out yielding

ΦCO2 ¼ ΔCO2

ΔRn
ΦRn (2)

where ΔCO2 and ΔRn represent the concentration enhancements of CO2 and
222Rn from their respective

background levels for a given observation period and ΦCO2 and ΦRn represent the mean surface fluxes of
CO2 and

222Rn of the sources within the observed catchment area. To correct for the decay of 222Rn during its
travel to the observation site, the result from equation (2) is multiplied with

1� e�λ Δt

λ Δt
(3)

where λ is the decay constant of 222Rn (0.182 d�1) and Δt represents the transit time of the air mass
from the source to the observation site [van der Laan et al., 2009]. As explained in section 1 it is
common procedure to determine the quotient of equation (2) with a linear regression fit on a bulk of
CO2 versus 222Rn observations. In the next section we use a theoretical example to explain why
this method yields biased results and in the subsequent section we propose a modified version as a solu-
tion to this problem.

2.2. Problem Definition

Consider a theoretical example in which ambient concentrations of CO2 and 222Rn are sampled at the
same height and measured simultaneously (Figure 1a). Starting at local background conditions, both
concentrations are observed to rise (Figure 1b) because of increasing atmospheric stability (usually in
the late afternoon or at night) accumulating their respective surface emissions in the lower part of the
atmosphere. In this simplified example we consider an event consisting of 10 observations of CO2 and
222Rn concentrations above background levels (i.e., indicated by ΔCO2 and Δ222Rn, respectively). After
the tenth observation, the event ends when atmospheric turbulence is restarted (often observed early
in the morning when the Sun rises) and the measured concentrations drop back to their respective
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background levels. We further assume a constant wind speed and wind direction during the event such
that with each time step t, the surface fluxes of both species (ΦCO2 and ΦRn) are transported from a
consecutive distance (defined as sector xt) to the site. So, with the assumed wind speed the air mass is
transported over the area of the size of a sector in each time step. For example, the first concentration
increases (at time step 1) represent ΔCO2(t1) and ΔRn(t1) related to ΦCO2 and ΦRn from sector 1. Equally
so, ΦCO2 and ΦRn from both sector 1 (for time step 2) and sector 2 (for time step 1, since it takes two
time steps for the air to reach the observation site) are collected and integrated by the air mass during
its trajectory to the station and observed at time step 2 as ΔCO2(t2) and ΔRn(t2). In Table 1 this example
is further illustrated using synthetic surface fluxes for each sector within our catchment area which have
been converted to concentration enhancements assuming a mixing height of 50m. In our example, the
mean net CO2 flux for the total fetch is 8.5 kt km�2 a�1. However, using a least squares linear regression
fit on all observations (Figure 1c, green dashed line) and applying equation (2) returns a mean flux of
9.6 kt km�2 a�1. The mean value given by the regression fit method differs from the arithmetic mean
because the CO2 and

222Rn fluxes are not perfectly correlated. This makes sense because the buildup in
concentrations observed in CO2 and

222Rn are not only related to atmospheric transport and dilution but
also to the behavior of their sources which obviously differ. To obtain the arithmetic mean of the prior
fluxes using all observations, one should use the average of all individual slopes for each consecutive
time step:

ΦCO2 ¼
Xn
n�1

CO2 tnð Þ � CO2 tn�1ð Þ
Rn tnð Þ � Rn tn�1ð Þ

 !
�ΦRn

n
(4)

which, in Table 1 is demonstrated in the second to the last column. However, such an approach assumes the
sources to remain constant in time for the total observation period, a requirement which is rarely fulfilled.

Figure 1. Simplified illustration of (a) CO2 and
222

Rn surface emissions being transported to a measurement tower under stationary conditions, (b) the corresponding observed concentration
increases at the site and (c) CO2 versus

222
Rn fitted with a linear regression fit (green dashed line) and comparison with single pair of observations method (red dotted line).
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Note that if the sources would remain stationary, this approach would, theoretically, enable one to calculate
sector-specific surface fluxes from their related concentration changes. For example, the slope determined
from the observed concentration differences between time steps 1 and 2 represents the mean surface flux
for sector 2 specifically.

2.3. Single Pair of Observations Approach

During its transport to the observation site, an air parcel collects and integrates the surface emissions
from the underlying sectors and therefore represents the mean surface flux integrated over the total
area and the observation time. Therefore, the mean net CO2 flux for the total catchment area of our
example is given by

ΦCO2 ¼ CO2 tnð Þ � CO2 t0ð Þ
Rn tnð Þ � Rn t0ð Þ �ΦRn (5)

with tn corresponding to the observations at the final time step of the event (i.e., 10 in our example) and
t0 representing local background levels. The results for each consecutive observation are given in Table 1
(last column), and the final value is indeed equal to the mean of the prior fluxes (indicated in Figure 1c,
red dotted line).

The result from equation (5) represents a net mean flux over the total catchment area and thus relates to the
total observation time and the air mass trajectory. For example, if each observation in our example represents
an hourly integrated value and the mean wind speed is 2m s�1, the result represents the mean value for a
fetch range of 72 km in distance. This approach to estimate the maximum fetch range assumes the wind
speed and direction remain constant during the observation period and can therefore only be applied to
local-scale estimates (i.e., short events). For emission estimates involving relatively large distances, back
trajectory analysis can be applied to estimate the source regions [e.g., van der Laan et al., 2009]. Note also that
the result obtained from equation (5) represents a mean value corresponding to the total observation period
but constructed from fluxes emitted at different times. For example, the result from our example represents a
mean emission integrated over a period of 10 time steps (i.e., 10 h for hourly integrated observations) but
consists of the flux from sector 10 from 10 h ago, the flux from sector 9 from 9 h ago, etc. Therefore, one
cannot interpret the results as a single snapshot for the given period but has to take atmospheric transport
into account.

In our theoretical example, the difference between the fluxes calculated from our approach and the linear
regression fit method is 13% for the whole event. In practice, the difference between the two methods
depends highly on the variability and magnitude of the observed emission sources. For example, at our site a
mean difference of 32% was found for three randomly chosen events (see supporting information).

Table 1. Example Illustrating the Difference Between the Commonly Applied Regression Fit Method and the Single Pair of Observations
Method With Synthetic Dataa

Time Step
(Sector)

Input Surface Flux
Observed Concentration

Difference
Calculated Net Surface Emission

(kt km
�2

a
�1
)

ΦRn

(Bqm
�2

h
�1
)

ΦCO2

(kt km
�2

a
�1
)

ΔRn
(Bq)

ΔCO2

(ppm)
Lin. Regr.
(t0…t10)

Single Pair
(tn�1–tn)

Single
Pair
t0–tn

0 0 0
1 50 6 1 7 6 6.0
2 50 2 2 9 2 4.0
3 50 2 3 12 2 3.3
4 50 8 4 21 8 4.5
5 50 12 5 35 12 6.0
6 50 22 6 60 22 8.7
7 50 10 7 72 10 8.9
8 50 12 8 86 12 9.3
9 50 5 9 92 5 8.8
10 50 6 10 99 6 8.5
Mean flux total area 8.5 9.6 8.5 8.5

aValues are calculated for a mixing height of 50m using equations (4) and (5) and a conversion factor of 22.4 dm
3
per 1mol of air.
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In this study we have estimated surface fluxes for Bern using equation (5). We assumed a constant 222Rn soil
emission rate of 0.73 atoms cm�2 s�1 based on a 222Rn soil flux map for Europe from Szegvary [2007] and
corresponding to the grid cell in which Bern is situated. The uncertainty in the 222Rn soil flux is assumed to be
about 25% [Szegvary, 2007].

3. Application to Ambient Observations in Bern
3.1. Measurement Location

The single pair of observations approach was applied to ambient observations of CO2 and
222Rn concentrations

and δ(O2/N2) sampled at the roof of our laboratory (46°57’04″N, 7°26’20″E, 575mabove sea level) in the center
of the city of Bern; see Figure 2. The sampling location is marked with an “A,” and the “B” indicator refers to a
nearby waste incineration facility. The local wind distribution for the period of 1 May 2004 to 1 November 2011
is given in Figure 3. Wind speeds< 1ms�1 are dominant with approximately 49% occurrence followed by
1–2ms�1 (about 33%) and2�3ms�1 (<10%). Dominantwinddirections areWSW (about 34%of the time), N (23%),
and SE (20%). Since our sampling location is in the center of the city and slightly elevated compared to most of
the surroundings, our observations are to a good degree representative for CO2 emissions from Bern.

Bern is a relatively small capital with about 124,500 inhabitants. Of the total area of about 51.6 km2, 45%
consists of built area, 20% agricultural area, and about 35% forests and parks [Swiss Federal Statistical Office,

2012]. Mean anthropogenic CO2 emissions for
Bern are estimated at 12.1 kt km�2 a�1 [Stillhardt,
2009]. About 28% of the fossil fuel-based CO2

emissions are from natural gas combustion
which is mostly used for heating purposes
[Klimagasbilanz für die Stadt Bern, 2009].

3.2. Measurement Equipment

The air is sampled from an aspirated intake on the
roof of our laboratory (approximately 15m above
ground level) and transported down to the labora-
tory with a pump (KNF Neuberger, Switzerland,
model N86KNDC with EPDM (ethylene propylene
dienemonomer) diaphragm) using Dekabon tubing
(Synflex, 40m long, 6mm outer diameter) and
cryogenically cooled to<�80°C to remove water
vapor from the sample air. Concentrations of CO2

and δ(O2/N2) are measured for each 10min inter-
val using an isotope ratio mass spectrometer
(DELTAplusXP, Thermo Electron, Bremen, Germany).

Figure 2. Map of the city of Bern, Switzerland, with (a) our sampling location in the center and (b) a nearby waste incineration facility.

Figure 3. Distribution of local wind speeds and directions. Wind speeds
2m s

�1
and wind direction WSW are dominant with approximately 80%

and 35% occurrence, respectively.
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