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Abstract Anthropogenic emissions of carbon dioxide (CO2) and methane (CH4) in the
atmosphere constitute an important component of the related carbon budget. The main source
of anthropogenic CO2 is burning of fossil fuels, especially in densely populated areas. Similar
emissions of CH4 are associated with the agricultural sector, coal mining, and other human
activities, such as waste management and storage and natural gas networks supplying methane
to large urban, industrial centers. We discuss several methods aimed at characterizing and
quantifying atmospheric loads and fluxes of CO2 and CH4 in Krakow, the second largest city
in Poland. The methods are based on atmospheric observations of mixing ratios as well as
isotopic composition of the investigated gases. Atmospheric mixing ratios of CO2 and CH4

were measured using gas chromatography (GC) and cavity ring-down spectroscopy (CRDS).
The isotopic composition of CO2 and CH4 was analyzed using isotope ratio mass spectrometry
(IRMS), accelerator mass spectrometry (AMS), and CRDS techniques. These data, combined
with auxiliary information characterizing the intensity of vertical mixing in the lower atmo-
sphere (height of the nocturnal boundary layer [NBL] and atmospheric 222Rn concentration),
were further used to quantify emission rates of CO2 and CH4 in the urban atmosphere of
Krakow. These methods provide an efficient way of quantifying surface emissions of major
greenhouse gases originating from distributed sources, thus complementing the widely used
bottom-up methodology based on emission statistics.
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1 Introduction

The dynamics of the Earth’s carbon cycle is being studied with growing intensity across
multiple temporal and spatial scales (Le Quéré et al. 2015). The overarching goal of these
studies is a deeper understanding of this cycle, in particular better quantification of carbon
exchange between the atmosphere and the Earth’s surface in response to anthropogenic
emissions of carbon dioxide and methane, the two main anthropogenic greenhouse gases.
From this perspective, urbanized and industrialized regions of the northern hemisphere play an
important role, as they are responsible for the majority of anthropogenic emissions of carbon to
the atmosphere (Boden and Anders 2015; Turnbull et al. 2011; Gioli et al. 2012; McKain et al.
2012; Kotthaus and Grimmond 2012; Liu et al. 2012; McMeeking et al. 2012). The European
continent, with its dense transportation network, developed industrial infrastructure, and high
population density is currently responsible for almost 10% of the global fossil fuel carbon
dioxide (CO2) emissions (Edgar 2015). Urban agglomerations are also an important source of
methane (CH4). It has been estimated that aging natural gas distribution networks are leaking
at a rate of up to 8% of the total gas consumption (Alvarez et al. 2014). Several projects have
been performed in different urban environments in Europe. For example, Demény and Haszpra
(2002) studied a stable carbon isotope composition of CO2 in background air (Hegyhátsál and
K-puszta, Hungary) and compared it to two localities in the area of a major pollution source.
They demonstrated a constant 13C composition of a background CO2 in the region; however,
complex diurnal and seasonal variability attributed to fractionation processes during biological
activity (Demény and Haszpra 2002). Widory and Javoy (2003) studied the carbon isotope
composition of atmospheric CO2 in Paris. They applied the combined isotope and concentra-
tion method to study different pollution sources in the first few meters above ground. The
results showed that air pollution in this layer results mainly from vehicles (ca. 90% of the
total). An interesting element was the assessment of human respiration contribution into the
atmospheric load (Widory and Javoy 2003). An application of atmospheric 14C measurement
for estimation of fossil fuel emission into the atmosphere in regional scale was demonstrated
by Levin et al. (2003), and the example of application of this method in urban area has been
demonstrated by Molnar et al. (2010). Based on measurements in Debrecen and a rural site
(Hegyhatsal) as a background, authors calculated the annual variation of fossil fuel CO2

component for the city. In Poland, application of the 13C isotope composition regarding the
investigation of atmospheric CO2 and dissolved inorganic carbon in precipitation water for the
urban area of Wroclaw was demonstrated by Górka et al. (2011). No statistical correlation was
observed between the concentration and δ13C value of atmospheric CO2 and dissolved
inorganic carbon (DIC) in precipitation by the authors. This team assessed the natural and
anthropogenic contributions of CO2 on the urban atmosphere of Wroclaw City (SW Poland)
with combined quantitative (CO2 concentrations) and qualitative analysis (δ13C of CO2)
(Górka and Lewicka-Szczebak 2013).

Global emissions of carbon dioxide from fossil fuel burning and cement production have
increased by about 58%, from 6.2 PgC in 1990 to 9.8 PgC in 2014 (Le Quéré et al. 2015). This
growth highlights a general failure of the Kyoto Protocol that was aimed at a significant
reduction of CO2 emissions relative to 1990, rather than an increase. The reference method
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used for determination of emissions is based on statistical data reported by signatory countries
of the United Nations Framework Convention on Climate Change (UNFCCC) and represents
the country level. The uncertainty of greenhouse gas emissions at the regional level is
significantly higher than at the country level (Danylo et al. 2015). To improve the quality of
emission data at a regional and local scale, several disaggregation methods based on statistical
analysis using several proxies (e.g., population density), geographic information system (GIS)
methods, questionnaires, and interviews are used (Bun et al. 2018; Rosicki and Załupka 2015).
It is clear that for future strategies towards controlling carbon emissions at the regional and
local scales to be successful, independent, science-driven methods for quantifying emissions of
greenhouse gases in the atmosphere must be developed and implemented (Gurney 2013). The
top-down approach based on atmospheric observations of the greenhouse gas mixing ratio is
an example of an independent method. There may be some synergy in combining top-down
and bottom-up approaches, based on different independent data sources. In addition, the top-
down approach delivers data as input for inverse modeling, allowing an extension of the flux
assessment for larger areas (regions, countries).

Here, we present a brief overview of long-term investigations aimed at quantification of
atmospheric loads and fluxes of CO2 and CH4 in Krakow’s agglomeration, using atmospheric
observations combined with ground-level measurements and modeling (Kuc et al. 2003;
Zimnoch et al. 2010; Zimnoch et al. 2012; Zimnoch et al. 2014). Presented methods link
different disciplines, including atmospheric mixing ratio measurements, application of the
natural isotope tracers, boundary layer dynamics study, and numerical modeling. In the first
part, we demonstrate how measurements of atmospheric mixing ratios of carbon dioxide,
combined with analyses of its carbon isotope composition (13C/12C and 14C/12C ratios), can be
used to partition the local atmospheric CO2 budget and quantify the contribution of fossil fuel
derived CO2 in the local atmosphere. In the second part, we present two independent methods
of assessing surface fluxes of CO2 and CH4 originating from distributed sources. Typical for
urban regions are generally elevated concentrations of CO2 and CH4 in the local atmosphere,
compared to remote, clean areas (Chmura et al. 2008; Rozanski et al. 2014). These local loads
are caused by intense surface emissions of CO2 and CH4 from both point and distributed
sources. When combined with diurnal variations in the intensity of vertical mixing of the lower
atmosphere, they often lead to characteristic variations in atmospheric concentrations of CO2,
CH4, and

222Rn in the urban atmosphere, with high levels of those gases recorded during the
night and reduced concentrations during the midday and afternoon hours. This diurnal
variability can be used to quantify the surface fluxes of those gases.

2 Material and methods

2.1 Site description

The presented CO2 and CH4 source apportionment and emission assessment methods were
tested in the urban area of Krakow, the second largest city in Poland. Krakow has an urban
agglomeration of about one million inhabitants, located in the Vistula River Valley in the
southern part of the country, approximately 100 km north of the Tatra Mountains. The valley is
oriented along the west-east direction and surrounded by hilly terrain from the south and flat
upland areas from the north. The elevation of the city is approximately 200 m a.s.l., while the
tops of the surrounding hills reach 250–300 m a.s.l. Weak winds blowing along the valley
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(average wind speed calculated for the period of 2005 to 2009 was approximately 3.3 m s−1),
frequent calm periods with the wind speed below 1 m s−1 (ca. 36% of the time period
mentioned above), and frequent temperature inversions in the lower atmosphere, often ex-
tending over several days during the winter, constitute typical features of the local climate.
These factors favor accumulation of trace gases emitted by local sources within the boundary
layer over the city. The monthly mean air temperature shows a distinct seasonal variation with
maximum values of 20–25 °C recorded in July and August and minimum of − 5–0 °C in
January and February. Monthly precipitation has a weak seasonal cycle with the maximum of
ca. 65 mm during the summer and the minimum of around 25 mm during the winter.

The anthropogenic emissions of CO2 within the city limits result from the burning of coal,
oil, and natural gas for communal purposes, steadily growing car traffic and industry. There are
still more than 23,000 old-fashioned stoves used in the city (Monit-Air 2016). The total
number of cars registered in Krakow region from 2010 to 2014 has increased by 14% (GUS
2016). In addition, there are three large power plants and a large metallurgical factory within
50-km radius from the city center. With prevailing westerly circulation, the Krakow region is
under substantial influence of large coal mining and the industrial district (Upper Silesia),
located approximately 60 km west of the city. Anthropogenic emissions of CH4 are associated
mainly with natural gas distribution networks, especially dense and potentially leaking in
urban centers and numerous landfills in the region.

Measurements of atmospheric CO2 and CH4 mixing ratios, complemented by measure-
ments of isotopic composition of CO2 and atmospheric radon concentration, were conducted
in the western part of the city (50° 04′ N, 19° 55′ E, 220 m a.s.l.) at a distance of 2 km from the
city center, on the campus of the AGH University of Science and Technology (Fig. 1). The
campus is surrounded by recreation and sports grounds. Air intake was located on the roof of
the Faculty of Physics and Applied Computer Science building, at an elevation of 20 m in case
of radon and gas chromatographic measurements and 40 m above local ground in case of
CRDS analyzer. Mixing height within the nocturnal boundary layer (NBL) was monitored
using the vertical Doppler sodar system (VDS), built by the Krakow Branch of the Institute of
Meteorology and Water Management (Netzel et al. 1995) and operated inside the park
complex between the city center and the industrial district, at a distance of ca. 6 km east of
the location of the main measurement site. Sodar records were analyzed manually. Stability of
the surface layer was identified through unique features of sodar echoes, and its range was
defined by determining the height of observed structures at the upper level, where mixing
processes still exist (Piringer and Joffre 2005). To examine possible influences of the distance
between sodar and mixing ratio measurement sites, two dedicated measurement campaigns
were conducted. The first was performed in August 2008, when the CO2 mixing ratio
measurements were moved to the sodar location. From March to May 2009, the second
campaign was conducted, when the sodar system was moved to the GC system. No significant
change in the mixing layer height variability or the range of calculated fluxes was observed
(Zimnoch et al. 2010).

2.2 Methodology

2.2.1 Partitioning of CO2 budget in the urban atmosphere

Concentration of carbon dioxide in the urban atmosphere is controlled by intensity of vertical
mixing in the planetary boundary layer (PBL), horizontal transport by wind, and the strength
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of local CO2 sources and sinks. While variability of boundary layer mixing, as well as
horizontal advection processes, dissolves local emissions by remote air—they control the
contribution of the background component in local atmospheric balance. In the case of
different sources and sinks of this gas, they are usually characterized by different isotope
signatures; thus, their contribution in the atmospheric load controls the resultant isotopic
composition of this trace gas in the atmosphere. The following mass and isotope balance
equations, facilitating source attribution of the measured CO2 load in the local atmosphere, can
be formulated:

catm¼cbgþcbioþcfoss; ð1Þ

catm∙δ13Catm ¼ cbg∙δ13Cbg þ cbio∙δ13Cbio þ cfoss∙δ13Cfoss; ð2Þ

catm∙Δ14Catm ¼ cbg ∙Δ14Cbg þ cbio∙Δ14Cbio þ cfoss∙Δ14Cfoss; ð3Þ
where:

catm measured CO2 mixing ratio in the local atmosphere (ppm),
cbg CO2 mixing ratio in the regional background air (ppm),
cbio biogenic CO2 contribution (ppm),
cfoss fossil fuel derived CO2 contribution (ppm),
δ13Catm

13C isotope composition of CO2 in the local atmosphere (‰),
δ13Cbg

13C isotope composition of CO2 in the regional background air (‰),
δ13Cbio

13C isotope composition of biogenic CO2 source (‰),
δ13Cant

13C isotope composition of fossil fuel derived CO2 source (‰),
Δ14Catm

14C isotope composition of CO2 in the local atmosphere (‰),
Δ14Cbg

14C isotope composition of CO2 in the regional background air (‰),
Δ14Cbio

14C isotope composition of biogenic CO2 source (‰),
Δ14Cant

14C isotope composition of fossil fuel derived CO2 source (‰).

The measured 13C/12C ratios are expressed in delta notation on the VPDB scale
(Coplen 1996):

Fig. 1 Location of the measurement point, sodar site, and characteristic objects in Krakow (power plant,
ironworks, and old town location)—left panel. Location of Krakow on the map of Poland—right panel
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δ13C ¼ Rsa

Rst
−1

� �
∙1000 ‰ð Þ; ð4Þ

where:

Rsa
13C/12C ratio in sample,

Rst
13C/12C ration in reference standard,

while the radiocarbon content is expressed in capital delta notation, corrected for isotope
fractionation, relative to the oxalic acid standard, and normalized for the year 1950 (Mook and
van der Plicht 1999):

Δ14C ¼ Asa

Ast
∙

0:975

1þ δ13C

� �
−1

� �
∙1000 ‰ð Þ; ð5Þ

where:

Asa radiocarbon activity in sample,
Ast radiocarbon activity in reference standard,
δ13C 13C isotopic composition of sample.

Source apportionment of the total CO2 load in the urban atmosphere with the aid of Eqs.
(1)–(3) requires measurements of atmospheric mixing ratios of this gas, as well as its carbon
isotope composition (δ13C and/or Δ14C). Also, a priori knowledge of isotopic signatures of the
CO2 sources is necessary.

Identification of the dominant CO2 source in the local atmosphere, based on stable isotope
composition of this gas, was first demonstrated by Keeling (1960). Using the mass and isotope
balance approach, he found that in the case of two-component mixing (CO2 in the background
atmosphere mixes with CO2 emitted by the mean local source), there is a linear relationship
between the 13C/12C ratio in atmospheric CO2 (expressed in delta notation) and reciprocity of
its atmospheric mixing ratio, according to the equation:

δ13Catm ¼ cbg∙ δ13Cbg−δ13Csrc
� �� 	

∙
1

catm
þ δ13Csrc; ð6Þ

where:

δ13Csrc
13C isotope composition of local CO2 source.

The isotopic signature of the local CO2 source (δ13Csrc) can be calculated when the
time series of the mixing ratio and δ13C values of atmospheric CO2 are available. Recent
developments of laser-based spectrometric techniques facilitate such measurements and
enable application of this approach to monitor isotopic signature of local sources of CO2

or other trace gases, such as CH4 or N2O in various environments (Tuzson et al. 2011;
Vogel et al. 2013).

Application of the Keeling method to a 3-year record (2011 to 2014) of continuous
CO2 and δ13CO2 measurements performed in Krakow, using the Picarro G2101-i CRDS
instrument enabled characterization of short-term and seasonal variability of δ13C isotope
signature of the mean local CO2 source. The data were analyzed on a daily basis and
presented in Sect. 3.1. Each data point presented in Fig. 2 was calculated using Eq. (6)
applied to the measurement data covering 24-h periods (from midnight to midnight).
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Days for which the standard deviation of the diurnal mean CO2 mixing ratio was lower
than 10 ppm and were not considered in the calculation. Similar calculations based on
the Keeling method were applied to measurements of the methane concentration and its
carbon isotope composition in the urban atmosphere of Krakow from 1996 to 1997.
Mixing ratios of CH4 were measured with gas chromatography (GC), whereas isotope
ratio mass spectrometry (IRMS) was used for δ13CCH4 measurements, after appropriate
preparation of the samples (Miroslaw 1997).

When more than one type of local CO2 sources is considered, the Keeling approach
assumes two-component mixing to only characterize isotopically the mean local source
of this gas. More detailed calculation of atmospheric CO2 budget, enabling quantitative
source partitioning and accounting for more than one type of local CO2 sources (e.g.,
biospheric respiration and fossil fuel emissions), requires additional information. One of
the possibilities is including an additional isotope balance equation into the system,
related to other isotope tracers linked to CO2 molecules such as radiocarbon (14C) or
heavy isotopes of oxygen (18O). It has been demonstrated by several authors that
radiocarbon is an excellent tool for studying anthropogenic contribution to atmospheric
CO2, originating from the burning of fossil fuels (de Jong and Mook 1982; Meijer et al.
1996; Levin et al. 2003; Levin et al. 2008). Carbon dioxide in the background
atmosphere contains radiocarbon, radioactive carbon isotope with a half-life of
5730 years, originating from atmospheric nuclear bomb tests conducted in the 60s
and 70s of the twentieth century. It also contains 14C, which is continuously produced
in the upper atmosphere by cosmic-ray induced nuclear reactions with atmospheric
nitrogen. Carbon present in coal, oil, and natural gas is devoid of radiocarbon due to a
very long storage period of these fuels in geological formations. Such fossil (14C-free)
carbon is emitted into the atmosphere in the form of CO2 during the combustion
process and reduces the natural abundance of 14C. A large contrast in the abundance
of this isotope in fossil-fuel derived CO2 emissions and the background atmosphere
yields this balance method to be extremely sensitive. Equations (1) and (3) can be

Fig. 2 Seasonal variability of carbon isotope signature (δ13Csrc) of mean CO2 source in Krakow from 2011 to
2014. Rectangles represent ranges of δ13C values of CO2, emitted from major sources of this gas in the city
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solved for cfoss and cbio in the local atmosphere, if all other parameters are measured or
can be reliably assessed according to equations:

cfoss ¼ catm∙
Δ14Cbg−Δ14Catm

Δ14Cbg þ 1000
; ð7Þ

and

cbio ¼ catm−cbg−cfoss; ð8Þ
where:

catm CO2 mixing ratio measured in the local atmosphere (ppm),
cbg CO2 mixing ratio in the regional background air (ppm),
cbio contribution of the biogenic component (ppm),
cfoss contribution of the fossil-fuel derived component (ppm),
Δ14Catm

14C isotope composition of CO2 in atmospheric sample (‰),
Δ14Cbg

14C isotope composition of CO2 in the regional background air (‰).

Equations (7)–(8) were derived from the assumption that radiocarbon content in the
biospheric and background CO2 is identical (Δ14Cbio = Δ14Cbg), and the fossil CO2 component
contains no radiocarbon (Δ14Cfoss = − 1000‰).

As indicated, radiocarbon is a unique tracer to quantify the contribution of fossil-fuel derived
CO2 from the budget of this gas in the local atmosphere. When regional background levels of
CO2 are known or assessed, the isotope mass balance equations calculate the biospheric
component of the budget. Two examples of CO2 source partitioning from radiocarbon analysis
are then applied to different time scales and are seen in the second part of Sect. 3.1.

The first example illustrates the use of Eqs. (7) and (8) for apportionment of CO2 sources in
the local atmosphere of Krakow. In this case, monthly means of CO2 mixing ratios and their
carbon isotopic composition are derived for air samples collected in Krakow from 2005 to
2010, which were then analyzed. The measurements of CO2 mixing ratios were performed
using automatic gas chromatograph HP6890 (Necki et al. 2003), while the radiocarbon content
in the local atmosphere was determined using weekly cumulative CO2 samples collected with a
molecular sieve and analyzed by the liquid scintillation technique (Kuc 1991). Typical uncer-
tainty of CO2 mixing ratio measurements andΔ14C analyses was on the order of 0.1 ppm and
5‰, respectively. Details of the adopted methodology can be found in Zimnoch et al. (2012).

From 2007 to 2009, several measurement campaigns were conducted with the main aim
being to investigate diurnal variability of the CO2 budget in the urban atmosphere of Krakow
(Jelen 2012). Air samples for the mixing ratio and isotopic analyses of CO2 were collected
with an hourly resolution. During each campaign, five to seven air samples were collected.
Mixing ratio measurements of CO2 in the collected samples used GC. After the mixing ratio
measurement, carbon dioxide was cryogenically extracted from collected air samples for
further isotope analyses, using IRMS and AMS techniques to determine the isotopic compo-
sition of carbon (δ13C and Δ14C) (Zimnoch et al. 2004; Goslar and Czernik 2000). Overall
uncertainty of isotope measurements was on the order of 0.2‰ for δ13C and 0.7‰ for Δ14C.
As background concentrations of radiocarbon, the data available from the Kasprowy Wierch
station, ca. 100 km south of Krakow, located on top of the Kasprowy Wierch Mountain in the
Polish Tatras (1989 m a.s.l) were used. This station is considered to be a regional background
station, free of local influences (Necki et al. 2003).
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2.2.2 Top-down assessment of CO2 and CH4 fluxes using measurements of atmospheric
222Rn concentrations

During the day, when thermal convection operates in the lower atmosphere, trace gases
emitted from the surface are diluted in a large volume of the well-mixed layer of the PBL,
leading to relatively low concentrations of those gases at the level close to the urban
canopy height (we neglect street canyon effects). Inversion of the vertical temperature
profile in the lower atmosphere during the late afternoon leads to a drastic reduction of the
intensity of vertical mixing and subsequent accumulation of trace gases in the near-ground
atmosphere.

Radon-222 is a radioactive inert gas produced by the decay of 226Ra. Radium-226,
belonging to the 238U-series, is ubiquitous in the Earth’s crust and in soil. Radon-222
diffuses from the soil into the atmosphere where it decays to lead 210Pb, via a chain of
intermediate decay products. The flux of 222Rn into the atmosphere is controlled by the
226Ra content in the soil, physical properties of the upper soil layer, and to some extent
by physical parameters characterizing the soil-atmosphere interface (Levin et al. 2002).
Due to lack of important sinks apart of radioactive decay, 222Rn is an excellent tracer for
the evaluation of atmospheric transport models (Dörr et al. 1983; Gupta et al. 2004;
Zhang et al. 2011).

Assuming spatially homogeneous and known constant flux of radon into the atmo-
sphere, it is possible to determine the flux of other trace gases emitted from the Earth’s
surface, based on parallel measurements of the concentration increase of 222Rn and the
analyzed trace gas in the near-ground atmosphere during nocturnal inversion (Levin et al.
1999):

dcx
dcRn

¼ f x
f Rn

; ð9Þ

where:

dcx
dcRn

the slope of the linear relationship between the measured mixing ratios of the
investigated gas and radon,

fx surface flux of the investigated gas (e.g., CO2 or CH4),
fRn flux of radon into the atmosphere (known or assumed).

Calculations of surface night fluxes of CO2 and CH4, based on simplified atmospheric
budget and parallel measurements of atmospheric radon concentrations, were done from
2005 to 2009 according to the methodology above. The method assumes a predetermined
level of surface radon flux and seasonal variability. The radon flux is assumed to fluctuate
with the season, with maximum values of ca. 60 Bq m−2 h−1 in September and October and
minimum values of ca. 35 Bq m−2 h−1 in February and March, based on a study by
Zimnoch et al. (2014).

2.2.3 Top-down assessment of CO2 and CH4 fluxes using measurements of mixing layer
height

Diurnal changes in the dynamics of vertical mixing within the PBL, in combination with NBL
height measurements, can be also applied for the assessment of surface fluxes of investigated
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trace gases. The rate of nocturnal increase of atmospheric concentrations of trace gases within
the NBL is controlled by the mixing layer height, according to the mass balance equation
(Zimnoch et al. 2010):

H
d ch i
dt

¼ Fin−Fout; ð10Þ

where:

H height of the mixing layer,
〈c〉 mean concentration within NBL,
Fin surface flux of the analyzed trace gas,
Fout flux of the analyzed trace gas associated with removal processes (horizontal and vertical

transport). For nights with low wind speed (< 1 m s−1) and the adopted frequency of
measurements, this term can be neglected.

During stable atmospheric conditions with low wind speeds, a distinct vertical gradient of
trace gas concentration is established within the NBL. As measurements are performed close to
the surface at the height of ca. 20 m, a correction factor relating the average increase of the
concentration within the NBL (d <C > /dt) to the increase of this concentration, observed at the
measurement height, is required:

Fin ¼ H
k
∙
dcsurf
dt

; ð11Þ

where:

k correction factor,
csurf concentration of the measured trace gas at the adopted measurement height.

Application of the approach, based on simplified atmospheric budget of these gases, linked
to measurements of NBL height, was performed from May 2005 to May 2009. The correction
factor k in Eq. (11) was calculated using numerical simulation of vertical profiles of atmo-
spheric 222Rn, along with the EMEP atmospheric model (Zimnoch et al. 2014). The NBL
height H was monitored using VDS sodar. Details of the approach can be found in Zimnoch
et al. (2010).

A summary of presented methods and their area of application can be seen in Table 1.

3 Results and discussion

3.1 Partitioning of CO2 budget in the urban atmosphere

Results of application of the method described in Sect. 2.2.1 are presented in Fig. 2.
The data presented in Fig. 2 show a clear seasonal cycle of δ13Csrc with minimum values

(ca. − 40‰) observed during winter and maximum values (ca. − 25‰) during summer. Most
of the data gathered during the summer points to signatures close to biogenic respiration and
car traffic values, suggesting biospheric respiration flux as an important source of CO2 in the
city at this time of the year. It is also possible to obtain such values by mixing methane and
coal burning sources, but independent results of radiocarbon balance show that during
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summer, anthropogenic source contribution to the atmospheric load is very small (3–6 ppm);
on the other hand, the chamber measurements performed in the city show the significant
biospheric activity, for results of both analyses to be consistent. Gradual decrease of δ13Csrc

values during autumn reflects decreasing strength of biospheric respiration and growing
consumption of methane for heating purposes. It is apparent from Fig. 2 that burning of
methane may constitute up to 50% of total CO2 emissions in the local atmosphere of Krakow
in winter. This reflects a growing role of this fuel in the mix burned within the city limits.
Twenty years ago, most houses in the city were heated by coal in the fireplaces, whereas
recently, a significant part has been upgraded to more ecologic natural gas heating systems or
connected to the city central heating network.

It is also apparent from Fig. 2 that from time to time, coal burning is a dominant source of
CO2. Analysis of one episode is presented in Fig. 3.

Table 1 The summary of methods presented in the paper

No. Name Calculated parameter Input parameters Application

1 Two component
mixing approach

Isotopic signature of
the mean emission
source

Atmospheric CO2/CH4

concentration and its
13C isotopic
composition

Identification of the
dominant local
CO2/CH4 source

2 Three component
mixing approach

Anthropogenic and
biogenic CO2

component

Atmospheric CO2

concentration and
radiocarbon content in
the urban and
background
atmosphere

Calculation of the
contribution of
anthropogenic and
biogenic emission in
the urban atmospheric
CO2 load

3 Radon-based
top-down night flux
assessment

CO2/CH4 flux Atmospheric CO2/CH4

and 222Rn
concentration

Estimation of the night
surface flux of selected
trace gases,
representing city size
footprint

4 PBL height-based
top-down night flux
assessment

CO2/CH4 flux Atmospheric CO2/CH4

and PBL height
Estimation of the night

surface flux of selected
trace gases,
representing city size
footprint

Fig. 3 Example of synoptic event demonstrating impact of high-emission point source of CO2 on the concen-
tration of this gas measured close to the ground in Krakow (see text for details). The left panel demonstrates
change of isotopic signature of mean CO2 source observed at the measurement point to values characteristic for
coal burning (points 2 and 3). The right panel shows air mass circulation change. The elevated values of isotopic
signatures correspond to air masses passing over the power plant before reaching the measurement point
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Back trajectory calculations done by the HySplit model (Draxler and Rolph 2011) showed
that during the episode of high δ13Csrc values observed from 10 to 12 February 2012, the
direction of air mass inflow to the monitoring site changed from northeast to southeast. During
this time, the monitoring station was partly under direct influence of emissions originating
from the Krakow power plant (black dot on the map in Fig. 3b) and the isotopic signature of
atmospheric CO2 observed in this period moved to values close to − 24‰ (characteristic for
hard coal burning). With prevailing westerly circulation in Krakow, such situations are not
common. Nevertheless, the presented case illustrates a possible influence of strong, high-
emission point sources of CO2 located in the city on local atmospheric CO2 budget.

Similar calculations and measurements of methane showed that carbon isotope signature of
the mean source of CH4 obtained from the Keeling plot (δ13Csrc = − 54.2‰) agree with the
mean value of δ13C analyses of methane distributed in the city gas network (δ13CCH4 = − 54.4
± 0.6‰). This similarity points to network leakages as the main local source of methane in the
Krakow area (Kuc et al. 2003). The amplitude of daily variations of CH4 mixing ratios was
used to assess average flux of CH4 for the Krakow metropolitan area from 1996 to 1997. The
estimated emission flux of CH4 for the entire city was on the order of 140 μmol m−2 h−1.

The results of CO2 apportionment using Eqs. (7)–(8) in the urban atmosphere of Krakow
from 2005 to 2010 are presented in Fig. 4.

The fossil fuel-derived component of the CO2 budget varies from few ppm during the
summer, up to ca. 20 ppm during winter months. The biospheric component varies between ca.

Fig. 4 Partitioning of atmospheric CO2 load in the urban atmosphere of Krakow: a monthly means of the fossil
fuel-related component (Cfoss) and b monthly means of the biogenic component (Cbio), both derived using
isotope mass balance approach (see text for details). Monthly means of the marine regional CO2 background are
shown for comparison (c) The uncertainties of cfoss and cbio components calculated using the error propagation
method are equal to ca. 2 ppm, while the marine background values show an uncertainy equal to 0.1 ppm.
Figure reprinted by permission of the publisher (Taylor and Francis Ltd., http://www.tandfonline.com) from
(Zimnoch et al. 2012)
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10 and 30 ppm, with maximum values occurring in summer and early autumn. It is interesting
to note that, contrary to rural areas, the CO2 assimilation processes in an urban environment are
analyzed as a monthly means, apparently unable to compensate fully for the biospheric
respiration, resulting in the positive net CO2 flux into the atmosphere.

The second example concerns the application of Eqs. (7) and (8) to solve the CO2 budget
on a daily time scale. Figure 5 shows the results of event sampling from 20/21 June 2007.
Daily variations of CO2 mixing ratio, δ13C, and radiocarbon content in CO2 are presented.
Distinct diurnal variability of CO2 mixing ratios is observed, with the maximum (417 ppm)
recorded late at night and the minimum (391 ppm) the following afternoon. An initial increase
of CO2 mixing ratio is accompanied by a drop of δ13C with an increase ofΔ14C. Later, during
the day of 21 June, significantly lower Δ14C values were recorded.

The data shown in Fig. 5 were used to partition the CO2 budget in the local atmosphere of
Krakow from 20/21 June 2007. Equations (5) and (6) were used to derive temporal evolution
of individual components of this budget (fossil-fuel derived, biogenic, and regional CO2

background components). The results are presented in Fig. 6. The calculated contributions

Fig. 5 Concentration and carbon
isotope composition of
atmospheric CO2 recorded during
measurement campaign carried out
between 20 and 21 June 2007 in
Krakow
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indicate a dominant role of biogenic CO2 emissions during the night, reaching maximum
contribution of ca. 40 ppm. The nightly anthropogenic contribution is on the order of a few
ppm. During the day, the biogenic contribution is reduced to values close to zero: this is
because of the assimilation processes and anthropogenic emissions that dominate, increasing
urban atmospheric CO2 load by up to 20 ppm.

3.2 Top-down assessment of CO2 and CH4 fluxes using atmospheric 222Rn
concentration

The results of the assessment described in Sect. 2.2.2 are presented in Figs. 7 and 8. There
are some data gaps in both records, due to GC and radon monitor failures. Calculated night
CO2 and CH4 fluxes reflect emissions from both natural and anthropogenic sources, located
in the Krakow area. The calculated CO2 flux reveals seasonal variability, with maximum
values reaching ca. 30 mmol m−2 h−1 during the summer and autumn months and minimum
values of less than 10 mmol m−2 h−1 during the winter and early spring. The range of
summer values of CO2 flux is in good agreement with direct soil CO2 flux measurements in
Krakow from 2009 to 2013, using the static chamber method (Jasek et al. 2014), while the
winter results are significantly higher compared to chamber measurements. This difference
can be explained by different fluxes in these two methods. While chamber measurements
quantify only the CO2 flux originating from autotrophic and heterotrophic respiration in the
soil, the top-down assessment method also takes into account other sources and sinks. The
most important is anthropogenic CO2 flux. During the summer, the energy demand and
associated CO2 emissions are relatively low and can be easily compensated by the assim-
ilation processes linked to the urban biosphere. During winter months, however, the CO2

emissions associated with energy production increase substantially, while the biospheric
activity is almost nonexistent.

Fig. 6 Partitioning of atmospheric CO2 load over Krakow during 20/21 June 2007. Shown are fossil-fuel
derived, biogenic, and regional CO2 background components. The uncertainties of calculated cfoss and cbio
components using the error propagation method are equal to ca. 0.5 ppm, while the marine background value
uncertainty is equal to 0.1 ppm
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Contrary to CO2 flux, the surface fluxes of methane (Fig. 8) do not reveal any distinct
seasonality and, in contrast to chamber measurements, are positive. The monthly means of the
calculated CH4 flux density scatter between ca. 70 and 200 μmol m−2 h−1, with a mean value

Fig. 7 Monthly means of surface-averaged CO2 flux density for the Krakow area, derived from parallel
measurements of atmospheric CO2 and radon concentrations

Fig. 8 Monthly means of surface-averaged CH4 flux for the Krakow area derived from parallel measurements of
atmospheric CH4 and radon concentrations
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for the period shown in Fig. 8, as equal to 131 ± 8 μmol m−2 h−1. It should be emphasized,
however, that the data gaps in the record are much higher, and thus representative of the mean
value is significantly lower when compared to CO2 flux estimates. Direct chamber measure-
ments of soil CH4 flux performed in Krakow indicate small negative values (− 1 to −
2 μmol m−2 h−1—not yet published as our data). Observed large difference between both
methods points to a strong anthropogenic source of methane present in Krakow.

To validate this methodology as a complementary method to the bottom-up estimates,
annual mean values calculated on results presented in Fig. 8 have been compared to total CH4

emission flux reported by EDGAR emission database versions 4.2 and 4.2FT2010 (Edgar
2011; 2013). EDGAR emissions were calculated for the rectangular area of size 29 × 33 km
centered on the closest possible location to the measurement point. The assumed area for
EDGAR flux average calculation is in good agreement with the estimated footprint for the top-
down method. Obtained total CH4 flux values are presented in Table 2.

An expert judgment of uncertainty estimates for total methane emission for the EDGAR
database reported by Olivier et al. (1999) as equal to ca. 50%. Assuming reported uncertainty

Table 2 Annual mean values of total CH4 flux calculated for Krakow agglomeration area, estimated by a top-
down methodology described in Sect. 3.2 compared with emission values reported by two versions of the
EDGAR emission database (Edgar 2013; Edgar 2011). The fluxes are reported in (μmol m−2 h−1)

Year 2005 2006 2007 2008

Top-down assessment CH4_TOT 111 ± 14 149 ± 18 138 ± 3 134 ± 13
EDGAR v.4.2FT2010 CH4_TOT 125 ± 63 129 ± 65 128 ± 64 127 ± 64
EDGAR v.4.2 CH4_TOT 343 ± 172 333 ± 167 324 ± 162 315 ± 158

Fig. 9 Monthly means of surface-averaged CO2 flux density for the Krakow area, derived from the atmospheric
balance method (see text for details). Figure reprinted from Zimnoch et al. (2010), based on creative commons
license
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(error bars in Fig. 8 and EDGAR estimates), the top-down emission fluxes agree well with
values reported in version 4.2FT2010 of the EDGAR database; however, there is a significant
difference when comparing it to version 4.2. This demonstrates the usefulness of the presented
top-down method as complementary to bottom-up estimates.

3.3 Top-down assessment of CO2 and CH4 fluxes using sodar mixing height
measurements

The calculated monthly mean surface fluxes of CO2 (Fig. 9) reveal distinct seasonal changes,
with a minimum of ca. 2 mmol m−2 h−1 occurring during the winter (December to March) and
a maximum of ca. 20 mmol m−2 h−1 during the summer (July to August). Relative uncertainty
of the monthly mean CO2 fluxes as derived from simplified atmospheric budget, varying
between ca. 1 and 87% of the calculated value. The mean values representing the analyzed
period obtained by both methods using radon as a tracer and PBL height measurements (13.74
± 0.76 mmol m−2 h−1 and 12.21 ± 0.87 mmol m−2 h−1) agree within standard uncertainty;
however, large differences are observed for individual monthly mean values. This can be the
effect of different data selection procedures based on the correlation between radon and CO2

increase, in the case of the radon tracer method, wind speed, and PBL height variability criteria
in the PBL method. Such an effect tends to treat both as qualitative assessment methods, which
are more reliable for longer averaging periods. While both methods produce comparable
results and variability, the decision as to which should be used depends on the availability
of the data.

Monthly means of the calculated CH4 flux scatter between ca. 50 and 200 μmol m−2 h−1

(Fig. 10), with relative uncertainty of the mean values varying between 10 and 227%. The

Fig. 10 Monthly means of surface-averaged CH4 flux density for the Krakow area, derived from the atmo-
spheric balance method (see text for details). Figure reprinted from Zimnoch et al. (2010), based on creative
commons license
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mean CH4 flux calculated for the analyzed period (May 2005 to December 2008) is equal to
97.2 ± 5.4 μmol m−2 h−1. The quoted uncertainty represents one standard deviation of the
mean value. The mean values obtained by both methods agree within expanded uncertainty
with coverage factor k = 3. Multiplying the mean CH4 flux by the surface area of the city
(326.8 km2) leads to the mean annual emission of methane into the atmosphere in Krakow, on
the order of (6.2 ± 0.4) × 106 m3 year−1. Previous studies (Kuc et al. 2003) have shown
leakages of the city gas network as a main anthropogenic source of methane in Krakow.
The assessment of CH4 flux for the period 1996 to 1997 (ca.140 μmol m−2 h−1), compared to
the value obtained from 2005 to 2008 (ca. 97 μmol m−2 h−1), demonstrates reduction of natural
gas leakages by 30% over 10 years.

4 Summary and conclusions

Urban centers are important elements of the global carbon cycle. Their relevance will
likely increase in the future, with continuing transformation of the world’s population
from a rural to urban one. We must gain a deeper understanding of carbon cycling in the
urban environment to design appropriate strategies to control emissions and mitigate
local and global climate changes from increased release of anthropogenic greenhouse
gases into the atmosphere.

The above-presented overview of long-term investigations in Krakow agglomeration along
with atmospheric observations reveals the potential of this approach for quantifying atmo-
spheric loads and surface fluxes of major greenhouse gases in complex urban environments.
Presented methods aimed to quantify atmospheric loads and fluxes of CO2 and CH4, based on
the application of natural isotope tracers; observations of PBL height demonstrates the top-
down approach complementing the widely used bottom-up methodology of reporting emis-
sions of greenhouse gases based on emission statistics. Such methods combined with ground-
level measurements may be used for the monitoring of the efficiency of long term mitigation
strategies. Moreover, supplementing them by high-resolution dispersion modeling provides an
independent tool for policy-makers to test the effectiveness of potential climate change
mitigation scenarios on a local urban scale.
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