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Abstract. Improving estimates of city emissions requires a better understanding of pollutant transport dynamics
within the urban boundary layer (UBL), particularly for greenhouse gases (GHGs), given the importance of
cities in mitigation efforts. Due to heterogeneous emission sources and complex atmospheric processes, diverse
observational datasets are needed to constrain urban transport and support inversion frameworks to estimate
emissions. In this context, vertical profiles of GHGs provide critical information. This study presents results of
11 vertical profiling campaigns conducted in Krakow, southern Poland, over one year (March 2021–February
2022). The aim was to obtain high-resolution measurements of CO2 and CH4 mole fractions, together with key
meteorological variables, within the urban boundary layer of a mid-latitude city with a population of close to
one million. Such datasets of vertical profiles up to 280 m above ground level (a.g.l.) are rare, particularly within
city limits, and are intended to support the development of a city-scale inversion system. Measurements were
carried out using a Picarro G2311-f cavity ring-down spectrometer deployed on two platforms: (i) a tethered
tourist balloon in the city centre, reaching up to 280 m a.g.l., and (ii) an uncrewed aerial vehicle (UAV) operating
up to 100 m a.g.l. For UAV measurements, the analyser remained on the ground and sampled air through a 200 m
tube. To our knowledge, this is the first application of this approach for vertical GHG profiling. Meteorological
variables, including temperature, relative humidity, pressure, and wind, were measured using calibrated low-cost
sensors mounted on both platforms. The observations enabled a detailed analysis of the structure and evolution
of the UBL under varying meteorological conditions throughout the year. The altitude range of the platforms
allowed frequent detection of stable nocturnal boundary layers, as well as elevated CO2 and CH4 plumes above
them during the night and morning periods, likely associated with strong emission sources outside the city. In
general, the dataset provides a valuable record of high-resolution vertical GHG distributions and meteorological
conditions in an urban environment. It helps fill a key observational gap in the lower troposphere over cities and
offers important insights for studying urban boundary layer processes and improving emission estimates.
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1 Introduction

Stabilising the global temperature rise in the 21st century be-
low 2 °C requires comprehensive mitigation efforts targeting
emissions of all greenhouse gases (GHGs), including both
CO2 and non-CO2 GHGs (Ou et al., 2021; IPCC, 2023).
Despite several global policies already implemented (most
notably the 2015 Paris Agreement; UN, 2015), the mole
fractions of the main atmospheric greenhouse gases emit-
ted through human activity have continued to maintain their
historically high growth rates. The global average CO2 dry
air mole fraction rose by 2.13 ppm (1 ppm= 1 µmol mol−1),
reaching 417.06 ppm in 2022 (NOAA, 2024), and is now
over 50 % higher than the pre-industrial level of approxi-
mately 280 ppm. Background levels of atmospheric methane
in 2022 have also increased to an average of 1911.9 ppb, with
an annual increase of 14.0 ppb yr−1, the fourth largest annual
increase recorded since NOAA’s systematic measurements
began in 1983. The growth rates of both primary greenhouse
gases have remained high over more than a decade, raising
concern about the realism of planned mitigation measures. A
recent report from United Nations Environment Programme
(United Nations Environment Programme, 2025) estimated
that the current global warming projections foresee a total
global warming projection of between 2.3 and 2.5 °C by year
2100 – assuming that all declared Nationally Determined
Contributions are fully implemented. If only the policies al-
ready in place (as of 2025) are considered, the projected
global average temperature is 2.8 °C, underlining the urgency
of further mitigation efforts.

Urban areas, which constitute 2 % of the land surface, are
responsible for around 70 % of fossil-fuel CO2 emissions
(IEA, 2008; Seto et al., 2014), which makes them partic-
ularly relevant in the context of emission mitigation. How-
ever, due to cultural, political and administrative differences,
combined with the extreme administrative, technical and fi-
nancial complexity of implementation of city-wide policies
targeting GHG emissions, the development of mitigation
strategies for cities has been fragmented and focused on the
largest and usually wealthiest, urban agglomerations. One of
the greatest challenges in developing such policies results
from the high spatial and temporal heterogeneity of urban
GHG emissions. Dispersed sources with variable diurnal or
seasonal variability, like road transport and individual heat-
ing, often contribute to the overall emission budget (Duren
and Miller, 2012), making the accurate quantification of
emissions through bottom-up approaches challenging. In re-
sponse, various top-down techniques for city emission mon-
itoring have been developed. Direct estimations of city emis-
sions using observations have been performed using in situ
ground-based atmospheric observations (Lowry et al., 2001),
airborne measurements using mass-balance technique (Mays
et al., 2009; Turnbull et al., 2011; Cambaliza et al., 2014; He-
imburger et al., 2017; Ashworth et al., 2020; Klausner et al.,
2020), and more recently using remote sensing total column

observations, either from ground based instruments (Dietrich
et al., 2021; Park et al., 2024) or from space-borne sensors
(e.g. de Foy et al., 2023). Each of these approaches, how-
ever, has important limitations for monitoring urban emis-
sions, including incomplete representation of the full atmo-
sphere (surface-based), high measurement costs (airborne),
and low sensitivity to weaker sources (remote sensing). More
importantly, each direct emission estimation method heavily
relies on assumptions regarding atmospheric flows in urban
areas, for which additional observation datasets are valuable
for more accurate wind fields, or for validation.

To overcome challenges in direct emission estimations, the
modelling frameworks based on Bayesian inversions have
gained prominence, as they allow to representation of com-
plex atmospheric conditions, and to utilize limited observa-
tions to the maximum effect in a strict methodological frame-
work. Inversion systems were first developed for global (Ent-
ing et al., 1995; Rödenbeck et al., 2003) and regional scales
(e.g. Gerbig et al., 2003; Bergamaschi et al., 2015), but as
the resolution of the models and their overall accuracy im-
proved, city-scale inversions became feasible. One of the ear-
liest attempts for application at the city-scale was reported by
Lauvaux et al. (2013), and was followed by a series of stud-
ies in other cities (e.g. Lauvaux et al., 2016; Nalini et al.,
2022; Chen et al., 2022; Ponomarev et al., 2026). Nowadays,
inversion modelling is considered to be one of the recom-
mended techniques in the World Meteorological Organisa-
tion’s report on Urban Emission Observation and Monitor-
ing Good Research Practice Guidelines (WMO, 2025). In
those modelling systems, one of the primary challenges is
the existence of the transport model error, difficult to esti-
mate and in most cases non-random. As accuracy of inferred
emissions critically depends on the transport model’s abil-
ity to correctly simulate the pollutant’s dispersion, selection
of appropriate model and fine-tuning of its settings are nec-
essary steps for realistic emission estimates. Despite gradual
development of the models at the city scales, often spurred by
activities within larger multi-partner projects like INFLUX
(Lauvaux et al., 2016) or ICOS-Cities (ICOS-Cities, 2026),
no standard solutions exist for high-resolution urban settings,
and additional observations over various urban landscapes
are necessary for setting up a modelling system for any new
city.

High-resolution information in the vertical profiles in-
side the cities is one of the most valuable data streams for
modelling-based studies, as it provides information about
processes, and at scales, most relevant to the transport model
errors. Direct profile observations of meteorological data can
be used to assess the model configuration and determine the
accuracy of key variables influencing pollutant dispersion,
including temperature, wind speed and direction, and the
height of the urban boundary layer (UBL). Measurements of
the lowest part of the troposphere are especially important.
While meteorology within the city is driven by mesoscale
weather systems (Zhang et al., 2022), special phenomena oc-
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cur (city canyons, urban heat island) that modify the atmo-
spheric characteristics and GHG transport. Highly heteroge-
neous urban landscapes drive the atmosphere in the city, and
any modelling system must realistically represent them. Si-
multaneously, emissions of GHGs occur on the same char-
acteristic spatial scales, as many emissions are also tightly
linked to land-cover (e.g. transport for CO2, waste/sewage
for CH4) (Li et al., 2014; Giovannini et al., 2020; van der
Woude et al., 2023). This implies that, for urban applica-
tions, models should ideally be capable of resolving transport
at spatial resolutions of 100 m or finer, within the lower end
of the so-called “grey zone”, where turbulence is only par-
tially resolved (Honnert et al., 2020). In practice, it has been
shown that city-scale simulations of the GHGs can be run
at coarser (1 km) resolutions using urban parametrisations
of boundary layer processes developed for regional applica-
tions, provided that the transport error is carefully assessed
(e.g. Lopez-Coto et al., 2020b, a; Peng et al., 2023). While in-
verse frameworks using surface-data only, heavily supported
by ceilometers and LiDAR for detection of the mixed layer
have been employed (Lopez-Coto et al., 2020a), data from
the atmospheric column can be of high benefit as sources
located in the vicinity of measurement points might not yet
be fully mixed across the UBL, potentially leading to biased
estimations. Measurements in the lowest part of the tropo-
sphere also open the possibility of utilisation of the night-
time data, discarded in most inverse modelling applications
by providing an accurate representation of the vertical struc-
ture within the stable boundary layer (SBL) together with
transition between stable and convective BL (CBL) (Lopez-
Coto et al., 2020a). The ability to simultaneously measure
vertical variability of meteorological variables and GHG pro-
files could then serve a double purpose – by helping to cor-
rectly fine-tune the modelling framework, as well as to pro-
vide data used for the inversion.

Research on the vertical structure of GHGs in urban ar-
eas can be attempted using in situ tall-tower infrastructure
(Lowry et al., 2001; Richardson et al., 2017), aircraft (Fiehn
et al., 2020; Gałkowski et al., 2021), uncrewed aerial ve-
hicles (UAVs; Kunz et al., 2018) or tethered balloons (Li
et al., 2014). Airborne platforms are typically the best choice
for this purpose, as only they allow measurements through-
out the boundary layer. The atmospheric mole fractions of
GHGs on airborne platforms can be performed by in situ
sensors (e.g. Kunz et al., 2018; Turnbull et al., 2011), by
discrete sampling (Lampert et al., 2020), and using aircore
systems (Andersen et al., 2018). Remote sensing instrumen-
tation can also be used for this purpose, but studies pub-
lished so far have mostly targeted point sources rather than
cities (e.g. Krings et al., 2018; Wolff et al., 2021). Especially
over the densest parts of the cities, obtaining such data poses
an organisational and logistical challenge, as measurements
of vertical profiles require airborne platforms equipped with
heavy instrumentation to achieve the necessary precision and
accuracy. In addition, many cities limit the possibility to fly

low over their central areas due to safety and security consid-
erations. Consequently, the amount of urban vertical profile
data is still relatively limited, and most studies utilising air-
borne sampling throughout the BL either limit measurements
to the areas outside of the urban zones, especially if the mass-
balance technique is attempted (Turnbull et al., 2011; Fiehn
et al., 2020)

In this work, we report measurements of vertical distri-
butions of basic meteorological variables (temperature, hu-
midity, wind) and selected GHGs (CO2, CH4) within the
urban boundary layer of Krakow, a city of approximately
800 000 inhabitants, collected over 11 single-day measure-
ment campaigns throughout 2022. We used two dedicated
airborne platforms: (i) a tethered tourist balloon operating in
the strict city centre as the primary platform, allowing for
in situ measurements of up to 280 m a.g.l., and a UAV plat-
form flying to the altitude of 100 m a.g.l. Both platforms used
the same instrumental setup, including a precise weather sta-
tion and a wavelength-scanning cavity ring-down spectrom-
eter (CRDS) Picarro G2311-f, carried onboard (balloon) or
connected to the airborne platform by a long tube (UAV). All
reported measurements are directly linked to the appropri-
ate WMO reference scales through calibration against stan-
dard reference gas mixtures. To the best of our knowledge,
this is the first work reporting measurements by UAV con-
nected to a high-precision instrument through a long tube
for precise vertical profile measurements. Although Ander-
sen et al. (2018) already showed an example of how this can
be achieved when the Aircore system is employed with UAV,
with additional advantage of allowing for free flight path, un-
constrained by the tube presence. However, their system ex-
hibits greater spatial smoothing – caused by mixing within
the Aircore tubing – and is more complex in terms of design,
manufacturing, and data analysis. In studies in which dedi-
cated on-board sensors were employed, lower measurement
accuracy is usually achieved and more effort is needed to as-
sure the link to the WMO reference scales (e.g. Zhou et al.,
2025; Bolek et al., 2024).

We analyse the measurement data to discuss diurnal and
seasonal variability of the GHGs in the lower troposphere
over Krakow, with particular emphasis of boundary layer dy-
namics. We also present selected case studies for which a typ-
ical vertical structures were observed, likely linked to point
source activity in the upwind areas. The presented measure-
ments form the primary observational dataset for setup and
validation of the inversion modelling framework for Krakow
established as part of the CoCO2 (Prototype System for a
Copernicus CO2 service) project (ECMWF, 2026).

2 Methods

2.1 Study area

Krakow is the second largest city in Poland, located in the
Lesser Poland region, with an area of 326.8 km2 and the
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number of inhabitants reaching over 800 000 according to
official statistics (USK, 2023). The Krakow agglomeration
includes the city itself as well as the densely populated sur-
rounding towns and villages, forming a metropolitan area
with a total population of nearly 1.4 million. The central
part of the city is located in the Wisła (Vistula) River val-
ley, at a mean altitude of about 200 m above sea level (a.s.l.;
Fig. 1). The valley is oriented along the east-west direction
and surrounded by hilly terrain: in the the south by West-
ern Carpathians foothills, relatively flat upland areas from
the north (Lesser Poland Uplands region) and scattered hilly
ridges closing the valley from the west. The hilltops in the
immediate vicinity of the city reach over 100 m above the
river valley floor, and their elevation gradually increases to
the south and to the north. Overall, the surrounding topog-
raphy forms a semi-concave landform open only to the east,
partially sheltering the lower atmosphere above the city from
the overhead winds, usually westerly. A narrow opening im-
mediately to the west (the Krakow Gate) creates a passage
through which the air can be channelled under favourable
wind conditions. Multiple local scale processes are impacted
by orography: it induces frequent air temperature inversions
in winter, promotes cold air pool formation with katabatic
flows towards the river and reduces wind speeds in the val-
ley floor as compared to areas over surrounding hills (Sekuła
et al., 2021b, a). All these factors favour the accumulation
of pollutants emitted within the city in the lower boundary
layer.

Krakow’s GHG emissions are representative of a typical
urban environment, with CO2 driven by a mixture of anthro-
pogenic and natural sources and sinks, including households,
industry, transport, water reservoirs and city biosphere. Here,
we understand the biosphere to consist of flora and fauna, the
latter of which includes citizens and domesticated animals
(Jasek-Kamińska et al., 2020). Apart from distributed emis-
sions, three major point sources are active within the city
or in its immediate vicinity: the Krakow Power Plant (PP;
coal-powered, co-generation plant), a steel mill located in an
industrial compound, on the eastern side of the city (Steel
Mill Krakow, ArcelorMittal Poland) and the Skawina Power
Plant (Skawina PP), located 15 km to the south-west of the
Krakow centre (Fig. 1). A majority of CO2 emissions from
these sources are released from tall stacks. Krakow PP uses
two main stacks, a primary of 120 m and an auxiliary, used in
winter, of 260 m. The tall stack in Skawina is 120 m, and the
steel mill in Krakow emits primarily into two 200 m stacks.

Anthropogenic emissions of CH4 are primarily associated
with the natural gas distribution network, especially dense
in the urban centre, with heterogeneous and difficult to esti-
mate leak rates. These are exacerbated by emissions from the
wastewater network, limited industrial emissions (steel mill)
and individual waste bins (Zimnoch et al., 2019; Menoud
et al., 2021). Additionally. on the south-eastern city out-
skirts, a small municipal landfill (Barycz) is located, with

no methane emissions reported in the Industrial Emission
Database (Fig. 1; EEA, 2023).

Vertical profile sampling of GHG mole fractions and me-
teorological variables was carried out using two distinct mea-
surement platforms operated at one of the two locations
within the city: (i) a tethered tourist balloon operating com-
mercially near the historical city centre (Balloon, 50.046° N
19.936° E), ca. 1800 m south from the main market square
in the Old Town or (ii) a ZFS-HEXA multi-rotor UAV plat-
form launched from the immediate vicinity of the building
of the Faculty of Physics and Applied Computer Science,
within the campus of the AGH University of Krakow (AGH,
50.067° N 19.913° E, Fig. 1), 2.9 km to the north-west from
the balloon site. The balloon site is located among recre-
ational areas, 30 m from the west bank of the Vistula River,
with the surrounding area made up of promenades and green
areas to the north and the south, and a busy communication
artery passing 130 m to the west. Within the radius of one
kilometre, only buildings connected to the municipal heating
network were identified, i.e. those without individual com-
bustion sources. The UAV measurements were carried out
at the AGH site due to the lack of necessary infrastructure
at the balloon site. Near AGH site, the surrounding area is
more densely populated, mainly surrounded by university or
private residential buildings connected to the central munic-
ipal heating system. A large sports stadium and a major city
park are located immediately to the to the south and south-
east, respectively, and a busy road passes 100 m to the north.
Overall, both sites are located well within the city centre and
no significant differences in the characteristics of the bound-
ary layer are expected.

2.2 Measurement techniques

2.2.1 Flight organisation and schedule

The vertical profiles of CO2 and CH4 presented were mea-
sured with the use of two airborne platforms – a sightseeing
tethered balloon (eight campaigns) and a UAV (three cam-
paigns). The maximum flight altitude for the UAV was equal
to 100 m a.g.l., a maximum allowed by the aviation regula-
tions. In the case of the balloon, the maximum flight alti-
tude varied over the campaigns between 100 and 280 m a.g.l.,
depending on the wind strength across the profile and, dur-
ing the day, the number of passengers onboard. If passen-
gers were present, flights were executed approximately every
15 min, otherwise they occurred at approximately hourly in-
tervals. UAV flights were performed at hourly intervals. The
timing of the measurement campaign was mostly determined
by meteorological conditions, with the decision to fly on a
given day based on the available weather forecast (IMGW-
PIB, 2023). The factors preventing flying included the occur-
rence or forecast wind gusts above 8 m s−1 (or greater than
10 m s−1 for the UAV), the risk of storms or an incoming at-
mospheric front, balloon icing, low air temperature (for bal-
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Figure 1. Study area with points of interest overlaid on a topography map. PP – power plants (coal powered cogeneration plants).

loon below −10 °C), strong atmospheric precipitation or low
visibility. Each measurement campaign (except June 2021)
was performed between afternoon or early evening, and run
through the whole night until completion in the morning,
in order to capture a full cycle of UBL development. The
longest campaign lasted from 08:45 to 05:00 UTC the next
day and included 44 flights, and the shortest from 20:20 to
07:00 UTC next day, with a total of 12 flights. The balloon’s
vertical flight speed did not exceed 1 m s−1. The ascent time
depended on the maximum altitude and ranged from 2–3 min
(maximum height of 100 m a.g.l.) up to 6–10 min (for the
maximum height of 280 m a.g.l.). For the UAV flights, the
vertical speed of the UAV also did not exceed 1 m s−1, with
an average of 0.5 m s−1. The ascent time for the UAV system
varied from 2 to 5 min. Table 1 contains detailed informa-
tion about each measurement campaign, including the type
of platform and number of performed flights.

All times in the study are reported in Coordinated Uni-
versal Time (UTC). Krakow’s timezone is Central Euro-
pean Time, which corresponds to UTC+1 (standard time,
late October–late March) or UTC+2 for daylight saving
time (late March–late October). Sunrise and sunset times
were calculated using the algorithm provided in the Almanac
for Computers (Nautical Almanac Office, 1990). More de-
tailed campaign characteristics, including flight frequency
and flight altitude distributions, are presented in Fig. S1 in
the Supplement.

2.2.2 Observation platforms

On the balloon, a set of meteorological sensors was fixed to
the outer side of the passenger gondola. The Picarro G2311-
f analyser and battery power supply system was placed in-

side the gondola, and the air inlet was installed 3 m above
the gondola’s deck, protruding towards the exterior by 30 cm,
to avoid contamination with CO2 exhaled by the passengers
(Fig. 2A). On the UAV system, a suite of meteorological sen-
sors consisting of air temperature, relative humidity, atmo-
spheric pressure, and wind speed was installed on top of the
UAV platform. In order to minimise the influence of turbu-
lence generated by the propellers and provide proper ven-
tilation of meteorological sensors and air inlet (GHG mea-
surements), these were located in the middle part of a UAV
and elevated ca. 25 cm above the propeller height (similar
to McKinney et al., 2019; Hedworth et al., 2022). The air
inlet at the top of the UAV was connected through a 200 m
long 1/8 in. OD tube to the same Picarro analyser installed in
the Gas Laboratory inside the Faculty building. It should be
noted that wind direction measurements were not considered
in the current study due to the horizontal oscillations of the
balloon during the flight. During UAV flights, the data were
also rendered unusable due to the strong interference of the
electronic compass with the magnetic field generated around
the power cables of the UAV motors (Fig. 2B).

To provide detailed information on the location of the
measurement, the system was equipped with a GPS receiver
(NEO-7 GNSS module, u-blox AG, Thalwil, Switzerland). A
detailed analysis has shown that the altitude calculated from
the barometric formula (Eq. 1) is more precise than GPS
measurements (Fig. S2), therefore the position was estimated
using a combination of GPS and barometer signals for hori-
zontal and vertical location, respectively.

h=

[(
P

P0

)1/5.257

− 1

]
×

T

0.0065
(1)
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Table 1. Campaigns details, flights were conducted with the use of two aircraft systems – sightseeing balloon and UAV – at two locations:
for balloon (signed as BAL) – 50.046° N 19.936° E, 207 m a.s.l.; for UAV – 50.067° N 19.913° E, 220 m a.s.l. Sunrise and sunset calculated
using https://gml.noaa.gov/grad/solcalc/sunrise.html (last access: 20 April 2026).

No. Date Sunrise Sunset First flight Last flight Number of Platform
(UTC) (UTC) (UTC) (UTC) flights type

1 10–11 March 2021 05:02 16:37 20:20 07:00 12 BAL
2 28–29 April 2021 03:20 17:54 19:00 08:00 15 BAL
3 1–2 June 2021 02:35 18:41 08:45 05:00 44 BAL
4 13–14 July 2021 02:47 18:46 17:40 06:20 28 BAL
5 7–8 September 2021 04:06 17:11 15:20 08:00 29 BAL
6 11–12 October 2021 04:57 15:57 17:00 07:00 13 UAV
7 25–26 October 2021 05:20 15:29 16:20 10:00 27 BAL
8 24–25 November 2021 06:08 14:46 13:20 12:00 34 BAL
9 22–23 December 2021 06:37 14:41 14:10 11:30 21 BAL
10 11–12 January 2022 06:35 15:01 14:00 05:00 16 UAV
11 31 January–1 February 2022 06:14 15:32 14:00 10:15 19 UAV

Figure 2. Measurement setup for platforms used in the study. (A) Balloon. (B) UAV system.

where: h – altitude in m a.g.l.; P0 – atmospheric pressure at
the surface level in hPa; P – atmospheric pressure at the cur-
rent position in hPa; and T – air temperature at the current
position in K.

In this study, only measurements collected during the as-
cent were considered. During the flight, the balloon often ro-
tated and oscillated horizontally during the descent, which

had a significant impact on the measurement of meteoro-
logical variables (especially wind measurements) and GHGs
mole fractions under specific conditions. In the case of the as-
cending flight, these movements were much gentler and less
frequent. Furthermore, due to the air inlet location above the
balloon gondola, it was possible that the measured air might
become contaminated with the passengers’ exhaled air dur-
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ing the descent. For UAV-based measurements, a recent study
by Hedworth et al. (2022) indicated that vertical measure-
ments of gaseous pollutants during ascent are characterised
by the lowest relative error (on the order of a few %), while
during the descent, the relative error of measured mole frac-
tions of gaseous pollutants may be as much as an order of
magnitude higher, depending on atmospheric stability condi-
tions.

2.2.3 Measurements of CO2 and CH4 mole fractions

Measurements of carbon dioxide and methane mole fractions
were performed using a CRDS Picarro G2311-f analyser (Pi-
carro, Inc., USA). For vertical profiling, the instrument oper-
ated in the flux mode (low-flow mode), enabling measure-
ments with a precision of 0.2 ppm for CO2 and 3 ppb for
CH4 at a frequency of 10 Hz. Before and shortly after each
measurement campaign (Table 1), a calibration procedure
was performed, similar to the standard procedures employed
within the ICOS (Integrated Carbon Observation System) at-
mospheric network (ICOS RI, 2020). The calibration proce-
dures were as follows: for 1 h, the GHG mole fractions in the
two standard dry mixtures (calibration standards) of known
composition were measured by the CRDS instrument. Two
mixtures were selected from the cylinders available in the
lab, ranging from 380 to 524 ppm for CO2, and from 1883
to 2289 ppb for CH4. Calibration standards consisted of two
primary standards provided by the ICOS Central Analytical
Laboratories (D048624, D048638) and four working stan-
dards produced in-house at AGH. All results presented here
are reported in WMO GAW (Global Atmospheric Watch)
scales, WMO X2019 for CO2 and WMO X2004A for CH4
after applying the linear calibration corrections based on
calibration curves (y = 1.001x+ 2.7192 for CO2 and y =
0.996x+ 12.109 for CH4), obtained from collective calibra-
tion data obtained over all measurement campaigns. To avoid
measurement contamination by human respired CO2 during
the balloon campaigns, a 10 m long 1/8 in. OD inlet tube was
used allowing to place the air inlet ca. 3 m above the balloon
gondola. In the case of UAV campaigns 200 m long, a 1/8 in.
OD inlet tube was used to connect the air inlet fixed to the
UAV with the stationary analyser, located in the laboratory.
The Picarro pump was sufficient for flushing the tube. The
inlet tubing introduced a signal delay which was determined
before each campaign through a simple test performed by
injecting CO2-rich air respired by the operator and measur-
ing the response time of the analyser (Fig. S3 in the Supple-
ment). In the case of both species, the correlation coefficient
R2 for calibration lines was equal to 1 within four significant
digits. The maximum long-term drift of measured standards
mole fractions was 0.2 ppm for CO2 and 1 ppb for CH4, re-
spectively. We applied internal instrument water correction,
which is sufficient in the typically observed ranges of water
vapour mole fractions (from tenths to ca. 2.5 %) (Reum et al.,
2019).

2.2.4 Sensors for meteorological variables

The profiles of meteorological variables presented in the arti-
cle were measured using three measurement systems forming
the basic set: the AirDust system (designed and constructed
in-house at the Environmental Physics Group, AGH Univer-
sity of Krakow), the sonic anemometer TriSonica™ Mini
Wind and Weather Sensor (Anemoment LLC, Longmont,
CA, USA) and the Mini Weather Station (HY-WDC6SE,
HONGYUV, China). The auxiliary stationary measurements
are described in the next chapter. The AirDust system was
dedicated for measurements with the use of both UAV
(Sekuła et al., 2021c) and balloon platforms. The acous-
tic wind sensor TriSonica™ was used with the UAV, while
the HY-WDC6SE Mini Weather Station was used in balloon
campaigns. All three systems had duplicated sensors to pro-
vide redundancy during the campaigns. In the majority of
flights, the temperature, pressure and relative humidity were
measured using the AirDust system, while the wind speed
was measured by the TriSonica Mini or HY-WDC6SE sen-
sors. The other redundant sensors were used on per-need ba-
sis in case of primary system failure (see Table S2). The tech-
nical specification of the basic set is summarised in Table 2,
and a full description of sensors, specifications and configu-
rations are provided in the Supplement.

Calibration of all meteorological sensors was performed
through a comparison against the stationary meteorologi-
cal station operating at the AGH site (see Sect. 2.1 and
2.3). Air temperature, relative humidity, atmospheric pres-
sure and wind at the level of 20 m a.g.l., were measured us-
ing a WXT520 weather station (Vaisala, Vantaa, Finland).
Figure S4 in the Supplement presents a comparison between
the tested sensors and reference instruments over three con-
secutive days (from 29 April to 2 May 2022) with 1 h reso-
lution, together with linear regression equations for individu-
ally tested variables. The calibration equation and correlation
coefficient R2 obtained with the use of linear regression are
presented in Table 3. For all instruments except anemome-
ters, the formula y = Ax+B was used in the calibration. For
calibration of the anemometers, the intersection points of the
regression lines were set to 0. Tests of the sensors showed
the correct measurement for atmospheric calm (wind speed
was equal to 0 m s−1). Formulas of linear regression were ap-
plied to raw data to correct the systematic errors and make the
measurements presented in this article consistent regardless
of the specific sensor used at a given time.

2.3 Auxiliary in situ measurements

In addition to measurements conducted directly at the site
of the measurement campaigns, continuous observations of
meteorological variables and CO2 and CH4 mole fractions
were carried out on the university campus in the location
of the UAV flights providing data representing the urban
boundary layer in the vicinity of the campaigns. Meteo-
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Table 2. Technical specifications of basic set of meteorological systems.

Variable Operating range Accuracy Resolution

Bosh BME280 (AirDust system)

Relative Humidity 0 %–100 % ±3 % 0.008 %
Air Pressure 300–1100 hPa ±0.12 hPa 1.8× 10−3 hPa
Dimension/Weight 110× 90× 50 mm/0.235 kg

Thermocouple type T (AirDust system)

Temperature −50–150 °C ±0.1 °C 0.01 °C

TriSonica™ sonic anemometer – UAV campaigns

Wind Speed 0–50 m s−1
±0.1 m s−1 (0–10 m s−1) 0.1 m s−1

Dimension/Weight 91 mm× 91 mm× 52 mm/0.05 kg

Mini Weather Station (HY-WDC6SE) – balloon campaigns

Wind Speed 0–40 m s−1
±5 % 0.1 m s−1

Dimension/Weight 8 84 mm× 210 mm/0.33 kg

Table 3. Meteorological sensors calibration details. All anemome-
ters were calibrated using the y = Ax formula, for all other instru-
ments y = Ax+B was used.

Sensor ID Meteorological R2 Equation
variable

Meteo Wind speed 0.95 y = 0.95x
WDC6SE Air temperature 0.99 y = 1.02x− 0.62

Atmospheric pressure 0.99 y = 1.01x− 7.26
Relative humidity 0.99 y = 1.06x− 3.07

TriSonica Wind speed 0.96 y = 0.85x

Thermocouple Air temperature 0.99 y = 1.02x− 0.89

BOSH BME280 Air temperature 0.99 y = 0.98x+ 0.73

BOSH BME281 Atmospheric pressure 0.99 y = 1.04x− 34.50

BOSH BME282 Relative humidity 0.99 y = 0.96x− 1.60

rological measurements were conducted using the Vaisala
WXT520 weather station located on the roof of the Faculty of
Physics and Applied Computer Science building (50.067° N
19.913° E, 20 m a.g.l.). The station has been operating at this
location since 2012 and provides long-term 1 min temporal
resolution information about the ambient temperature, rela-
tive humidity, atmospheric pressure, wind speed, wind direc-
tion and precipitation (see Figs. S6, S8, S10, S12, S14, S16,
S18, S20, S22, S24 and S26 in the Supplement). In addition
to meteorological measurements, observations of CO2 and
CH4 mole fractions in the periods between profiling cam-
paigns were also carried out continuously using the same Pi-
carro analyser for profile measurements. The air inlet was
placed ca. 40 m a.g.l.).

We also used the CO2 and CH4 atmospheric dry air mole
fractions observed from the KASLAB GHG observation sta-

tion at Kasprowy Wierch (49°14′ N, 19°59′ E, 1989 m a.s.l.)
as background for the urban measurements. This station is lo-
cated in the Tatra Mountains, approximately 120 km south of
Krakow, and has been providing data since 1994 (Rózanski
et al., 2016), and is a GAW regional station.

2.4 Estimation of urban boundary-layer height

In the subsequent analysis, for cases where clearly defined
layering was identifiable, we calculated the height of the Ur-
ban Boundary Layer (UBLH) as the altitude at which mea-
sured mole fractions of the CO2 (or CH4) reach the value
corresponding to half the difference between well-defined
lowest and highest values, corresponding to either residual
layer or boundary layer. We discarded five percentile of data
in both extremes to account for local-scale noise. While this
method has certain limitations, it is easy to apply and, con-
trary to thermodynamic-based methods (e.g. using the poten-
tial temperature gradient or bulk Richardson number; Kot-
thaus et al., 2020), it allows the layer relevant to height of
mixing, most relevant in target applications concerning trans-
port and emissions of GHGs to be calculated. The detailed
algorithm of the calculation is as follows.

First, the profiles were visually filtered to exclude en-
hanced values in the lowest 5 m (for CO2 those could be
caused by high enhancements directly at surface likely due
to the exhaled breath of crew, tourists, passers-by etc.; for
CH4 no clear cause was identified). Second, any enhance-
ments above the UBL related to long-range transport, were
excluded from the dataset as they would distort the resid-
ual layer values (see Sect. 3.3 and 3.4). Third, for each ver-
tical profile, values below the 5th and above the 95th per-
centile were discarded. The remaining data formed a filtered
profile dataset. In the fourth step, mole fractions of the 5th
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and 95th of the mole fraction value were marked as GHGmin
and GHGmax, representing the residual layer or the boundary
layer values. Here, the percentiles were used rather than min-
ima and maxima to avoid distortions due to small variabilities
of mole fractions within UBL and residual layer. UBLH was
determined as the height at which the mole fraction profile
crossed the mean of GHGmin and GHGmax. If the above con-
dition was met multiple times for a single vertical profile, the
UBLH was designated as the average of all such heights. Fi-
nally, to ensure the accuracy of the obtained boundary layer
height, the profiles for a given campaign were inspected visu-
ally (together with the meteorological profiles) to exclude a
limited number of events where the UBLH was identified as a
false positive (afternoon flights, convective boundary layer).

3 Results and Discussion

3.1 Overview

Stationary measurements of GHGs at the AGH site (AGH
University of Krakow, Faculty of Physics and Applied Com-
puter Science, 50.067° N 19.913° E) during the period from
March 2021 till April 2022 illustrate a seasonal (Fig. 3A
and B) and day-to-day (Fig. 3C and D) variability of CO2
and CH4 respectively at the constant altitude of 40 m a.g.l.
in the location close to the city centre (black symbols) com-
pared to the regional background observed at the KASLAB
high mountain station located ca. 100 km south of Krakow
in the Tatra Mountains (blue symbols). The lowest monthly
mole fraction of CO2 and CH4 was measured in May and
the highest in October and are well correlated with the dif-
ference between levels observed in the UBL compared to the
regional background. The annual amplitude calculated based
on monthly mean values was equal to 25 ppm and 120 ppb
for CO2 and CH4 respectively. The locations of minimum
and maximum values are determined by two factors: (i) the
seasonal variability of source/sink activity; and (ii) the inten-
sity of mixing processes occurring in the UBL. A larger day-
to-day change observed on the daily means recorded during
the cold season is the result of the higher intensity of anthro-
pogenic emission sources in this season and the significant
influence of the synoptic situation on the daily mean values.

Figure 4 presents a box and whisker plot showing the data
distribution of CO2 and CH4 mole fractions during each cam-
paign representing the variability observed at three different
altitude ranges (20–50, 80–100 and 180–200 m a.g.l. within
the city and regional background. It can be seen that the val-
ues observed in the highest layer of the urban atmosphere are
close to the regional background value, but their variability
is often slightly greater, which is the result of the proxim-
ity of emission sources compared to the mountain station.
In turn, the highest values and the greatest variability are ob-
served in the lowest layer. In the case of CO2, a greater scatter
of data observed in the lowest layer exists in summer com-
pared to the winter time, while in the case of CH4 the scat-

ter seasonal variability is less pronounced. This suggests that
methane emissions in the city originate from of a relatively
constant source (leakages in the city gas network) and partly
from temperature-dependent processes (like municipal waste
and sewage system). The intensity of CO2 sources in turn
varies throughout the year with changes in biosphere activity
(respiration and assimilation processes).

Systematic measurements of CO2 and CH4 vertical pro-
files (Fig. 5) allowed us to study their variability on different
timescales in the urban environment of Krakow. Distinct sea-
sonal and diurnal variability is observed when data is filtered
accordingly: by seasons (colours) and time of the day (panel
columns). CO2 mole fraction varied with altitude depend-
ing on time of day. During the day, turbulent mixing of air
within the boundary layer averaged the mole fraction within
the profile, and CO2 emissions from anthropogenic and bio-
genic sources with their own diurnal pattern in the area were
compensated by the photosynthesis sink. During the night,
the diminishing of photosynthesis caused an increase in the
net CO2 flux from the surface, and as a result, together with
stable boundary layer (SBL) formation, accumulation of CO2
near the surface was observed. At the same time, CO2 mole
fraction within the higher part of the profile remained con-
stant regardless of the time of day. The most distinct diur-
nal variation of the CO2 profile occurred during the warm
season, when the biosphere was most active; the highest ob-
served difference between the surface and the free atmo-
sphere of around 150 ppm was observed in autumn. In winter,
CO2 vertical profile varied less, with a minimum observed
vertical gradient of 50 ppm. In this season, CO2 net flux from
the biosphere, which is a main driver of diurnal variabil-
ity of surface emissions, is drastically diminished (Zimnoch
et al., 2004), so the near-surface CO2 mole fraction remains
influenced mainly by the boundary layer diurnal dynamics.
CH4 diurnal variation has very weak seasonal dependence,
with the highest observed mole fraction difference between
the surface and free atmosphere of around 0.6 ppm (dark red
line on Fig. 5A) and background level lowest in summer and
highest in winter time (gray-winter and blue-summer lines
on Fig. 5A–D). This weak variability may reflect the natural
seasonal variability of CH4 primarily controlled by its main
sink – the hydroxyl radical (OH). Similarly to CO2, BL di-
urnal dynamics influenced the vertical profiles of methane. It
is worth emphasising that most of the profiles observed be-
tween sunset and sunrise show increased concentrations up
to a height of 100 m a.g.l. which corresponds to the depth of
the valley in which Krakow is located. This fact clearly illus-
trates the influence of local topography on the depth of the
SBL in the city and the dynamics of vertical mixing of the
boundary layer under stable atmospheric conditions.

A detailed BL dynamics description is included in the fol-
lowing sections. A full overview of the data collected in the
scope of this study, grouped by campaign and augmented
with meteorological data from the AGH site, is available in
the Supplement (Figs. S5–S26).
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Figure 3. Monthly (A–B) and daily (C–D) means of CO2 and CH4 mole fractions from AGH site (dark line) at 40 m a.g.l. measured using
a Picarro G-2311-f analyser and from KASLAB high-mountain station (blue line) for the period from March 2021 to April 2022. The grey
shading in panels (C)–(D) indicates the diurnal variability at the AGH site, defined as the daily minimum and maximum mole fractions. The
dates of vertical profile measurement campaigns are marked by vertical red lines.

3.2 Atmospheric boundary layer dynamics

3.2.1 Transition from convective boundary layer (CBL)
to stable boundary layer (SBL)

Measurements collected during the vertical profiling of the
UBL confirmed the key influence of UBL dynamics on the
vertical profiles of CO2 and CH4 mole fractions. The evolu-
tion of the convective boundary layer and the development of
a stable boundary layer is presented in Fig. 6 based on results
from the third measurement campaign (No. 3), carried out
from 1 June 2021 08:00 UTC until 2 June 2021 05:00 UTC,
with a total of 44 vertical profiles sampled. Because the day-
time flights were performed every 10 min, to maintain the
readability of Fig. 6, only the selected profiles representing
characteristic situations are presented (6 vertical profiles).
During the daytime, strong vertical mixing resulted in a con-
stant mole fraction of GHGs in the vertical profile. Between
09:00 and 16:00 UTC, the GHG mole fractions in the ver-
tical profile ranged between 408 and 415 ppm for CO2 and
between 1.98 and 2.01 ppm for CH4, respectively. Both val-
ues were also very close to regional background observed at
KASLAB station (Fig. 7). A convective character of BL was
also confirmed by the temperature profile showing a mono-
tonic slightly negative gradient stimulating vertical mixing of
BL and an almost constant wind speed ranging between 2–
4 m s−1 in the whole profile. After 18:00 UTC, BL dynamics
changed. The wind speed gradually decreased in the lower

part of the profile down to ca. 1 m s−1 and the temperature
gradient changed to a positive value, indicating the formation
of an SBL in the first 100–150 m. This situation favoured the
accumulation of emitted gases near the earth’s surface and an
increase of CO2 and CH4 mole fraction was observed close
to the ground level. The vertical CO2 and CH4 profiles dur-
ing this period were characterised by an approximately linear
decrease in mole fraction up to an altitude of ca. 100 m a.g.l.
After sunrise (last profile) a homogenisation of the lower at-
mospheric part is observed along with inversion of the tem-
perature gradient in the first 150 m and a gradual increase in
depth and a decrease in the maximum concentration at the
ground, which illustrates the initiation of convective move-
ments mixing the ground layer and carrying the gases accu-
mulated at the surface to greater heights. The presence of
an inversion aloft above 150 m, observed on the tempera-
ture profile resulted in a limitation of mixing at higher al-
titudes and the development of a sharp GHG gradient at the
boundary between the lower convective layer and the inver-
sion aloft. The estimated inverse height marked by a horizon-
tal lines in Fig. 6A and B shows gradual increase from cre-
ation after sunset through development during the night until
decay in the morning. The temporal evolution of CO2 and
CH4 mole fractions averaged in three altitude ranges (30–50,
80–100, and 150–180 m a.g.l.) along with the regional back-
ground level and the marked night period, summarizing the
processes discussed is presented in Fig. 7.
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Figure 4. Box-plots of (A) CO2 and (B) CH4 mole fractions measured during flight campaigns at three altitude ranges (20–50, 80–100, and
180–200 m a.g.l.). The distributions are compared with background concentrations recorded at the KASLAB high-mountain station during
the corresponding campaign periods.

3.2.2 Transition from stable boundary layer (SBL) to
convective boundary layer (CBL)

An example of the evolution from a stable boundary layer
through the development of the convective layer occurring in
the morning hours is better presented using data from cam-
paign no. 7 (26 October 2021; Fig. 8). The atmospheric tem-
perature, CO2 and CH4 vertical profiles show that over 5 h
between 04:47 and 09:48 UTC the near-ground temperature
inversion (of approximately 7 °C initially), clearly visible in
the temperature profile, is gradually erased as the increasing
surface temperature causes turbulence and mixing, evolving
into a well-mixed lower atmosphere when surface temper-
atures exceed 10 °C. Initially the night-time atmosphere is
clearly structured, with enhanced levels of CO2 and CH4
visible up to 100 m a.g.l. and distinct elevated CO2 plumes
high aloft (above 200 m a.g.l.). These high and vertically lo-
calised gradients, together with an elevated and gently vary-
ing specific humidity above 100 m a.g.l. point to a strong
shear of plumes emitted upwind into a residual layer formed
on the previous day, transported by varying horizontal winds,
strongest at 150 m a.g.l. at 06:58 and 07:36 UTC, and reach-

ing a maximum of 4 m s−1. Over the morning, the enhance-
ment in GHG mole fractions develops a well-mixed layer
that rises together with the inversion cap, crossing 90 m a.g.l.
at 08:56 UTC, and reaching approximately 180 m a.g.l. at
09:46 UTC, which is the last flight of the campaign. A com-
plete set of profiles on that day is available in the Supplement
(Fig. S17).

Analysis of the time course of mole fractions (Fig. 9)
averaged for the lower (20–50 m a.g.l.), intermediate (80–
100 m a.g.l.), and upper (180–200 m a.g.l.) layers shows a
gradual increase in the lower and intermediate layers during
the night, followed by a sharp decline shortly after sunrise.
The levels observed in the upper layer remain close to the re-
gional background until about 04:00 UTC, after which they
begin to gradually increase, indicating the initiation of SBL
degradation and the slow transport of accumulated gases to
higher regions of the BL. The methane peak observed at
03:00 UTC (Fig. 9B) in the intermediate layer may indicate
the detection of a plume of this gas originating from a nearby
emission source whose height is within the SBL. An incon-
sistency observed between the CO2 and CH4 time course
for the intermediate layer (Fig. 9A and B) clearly confirms
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Figure 5. Selected representative CO2 and CH4 vertical profiles divided by season (different colours) and time of day (different columns).
The selection was made to increase the readability of the graph. The whole dataset is included in the supplement for individual campaigns.
Dashed lines on panels (A)–(C) indicate the boundary layer height determined separately for each individual CO2 and CH4 vertical profile.

the different origin and location of the plumes observed at
the higher levels. A more detailed analysis of such observed
cases can be found in the following subsections.

3.3 Anomalies in vertical distribution of GHGs – CO2
case study

Figure 10 presents results from two measurement campaigns
for which a plume of CO2 was visible at an altitudes be-
tween 190–230 m a.g.l. (measurements from 8 September
2021) and 200–250 m a.g.l. (measurements from 26 October
2021).

The strong maxima of CO2 mole fractions observed in the
vertical profiles measured on 8 September between 01:00 and
06:20 UTC at approximately 200 m a.g.l. are clearly of differ-
ent origin than gradually increasing signals closer to the sur-
face (Fig. 10A). Such relatively thin night-time layers with

strong enhancements of CO2 are often generated by CO2 tall
stack emissions typically associated with power generation
or industrial activities located upwind of the measurement
point. Due to the weak vertical transport in a stable night-
time atmosphere, such plumes can be transported for long
distances.

Based on the prevalent wind conditions on the measure-
ment day, as well as available knowledge on the location
of the power plants in the vicinity of Krakow, we hypothe-
sise that the observed signal originates from one of the two
nearby co-generation plants, each powered by hard coal com-
bustion. Those were Skawina PP and Krakow PP (Fig. 1).
As the available measurements of wind speed and direction
were sparse and variable in time and the wind patterns are
often complex in the urban environment, it was not possible
to identify the source responsible for observed CO2 enhance-
ments based on meteorological variables only.
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Figure 6. Selected vertical profiles of (A) CO2 and (B) CH4 mole fraction, (C) wind speed, (D) air temperature and (E) specific humidity
for campaign No. 3 (1–2 June 2021). Dashed lines in panels (A)–(B) indicate the boundary layer height determined separately for each
individual CH4 and CO2 vertical profile. Explanations: WS – wind speed, AT – air temperature, SH – specific humidity.

Figure 7. Time course of (A) CO2 and (B) CH4 mole fractions measured during campaign no. 3 (1–2 June 2021) averaged at three altitude
ranges (20–50, 80–100, and 180–200 m a.g.l.). The averages are compared with regional background recorded at the KASLAB high-mountain
station (dashed line) during the corresponding campaign period. Azure background presents night-time period. The regional background was
calculated as the 5th percentile of 10 min averaged mole fractions from KASLAB station.
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Figure 8. Selected vertical profiles of CH4 and CO2 mole fractions, wind speed, air temperature, and specific humidity measured during
sampling campaign no. 7 (26 October 2021). Dashed lines on panels (A)–(B) indicate the boundary layer height determined separately for
each individual CH4 and CO2 vertical profile. Explanations: WS – wind speed, AT – air temperature, SH – specific humidity.

Figure 9. Time course of (A) CO2 and (B) CH4 mole fractions measured during campaign no. 7 (25–26 October 2021) averaged at three
altitude ranges (20–50, 80–100, and 180–200 m a.g.l.). The averages are compared with regional background recorded at the KASLAB
high-mountain station (dashed line) during the corresponding campaign period. Azure background presents night-time period. The regional
background was calculated as the 5th percentile of 10 min averaged mole fractions from KASLAB station.
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Figure 10. Vertical profiles of CO2 and wind speed (WS) for specific hours at: (A) campaign No. 5 (flights 26–30; date: 8 September
2021) and (B) campaign No. 7 (flights 21, 22, 25; date: 26 October 2021). On both nights a plume of CO2 was observed aloft, between
200–250 m a.g.l. Dashed lines indicate the boundary layer height determined separately for each individual CO2 vertical profile.

Based on preliminary back-trajectory HySplit model cal-
culations (Stein et al., 2015; NOAA ARL, 2026), it can
be concluded that the observed plume originated from the
Skawina PP (Fig. 11). Knowing the location of the emission
source and terrain properties, the presented case may be a
useful benchmark for testing of the vertical transport perfor-
mance in the numerical atmospheric models.

3.4 Anomalies in greenhouse gas vertical distribution –
CH4 case study

Similar peaks were also observed in the case of CH4 mole
fraction (Fig. 12), however, the time of the detected plumes
and their altitude differs from CO2. In most cases the
methane peaks appear within the SBL. This suggests that
we were also able to detect the plumes emitted from a point
source, but the origin and temporal dynamics of this source
are different from CO2. The lower altitude of detected peaks
suggests that locations of the emissions were not associated
with industrial sources emitting methane from stacks at the
elevated level (as in case of the CO2). Due to the lack of evi-
dent possible source locations, it was not possible to attribute
the specific plumes to particular locations. Although the most
likely source of emissions are leaks in the city gas network,
or sewerage network, identification of emission sources re-
quires further studies using model simulations with more re-
alistic methane emission fields for the city.

4 Conclusions

The measurement report describes 11 UBL profiling mea-
surement campaigns conducted between March 2021 and
February 2022 in the city of Krakow (Southern Poland) with
approximately monthly frequency. The measurements incor-
porated the basic meteorological variables (temperature, rel-
ative humidity, pressure, wind speed) and CO2 and CH4 mole
fractions recorded with 1 s temporal resolution along the pro-
files ranging from ground level up to 280 m a.g.l. During each
campaign, several profiles were collected with at least hourly
resolution covering all periods of the day, mainly focused on
the formation, development and decaying of the SBL within
the UBL. However, the data also illustrate the influence of
terrain on the vertical distribution of trace gas contents in
the boundary layer and also contain interesting point source
contaminant plume data detected above and within the SBL,
allowing their use to test the parametrisation of vertical trans-
port under stable atmospheric conditions in numerical atmo-
spheric models.

The case studies presented in this article capture clear
temporal and spatial gradients, particularly within the lower
PBL. The broader value of this dataset lies in its poten-
tial application for model validation. Specifically, the pro-
files can serve as a benchmark for evaluating regional or
mesoscale transport models, offering a means to assess the
performance of modelled vertical mixing, advection, and sur-
face flux parametrisations. As such, these data contribute not
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Figure 11. Hysplit back trajectory calculated using GFS0p25 meteo fields for 26 October 2021 06:00 UTC. Starting point in the balloon
location at 230 m a.g.l. Position of Skawina PP marked with red star. Lower panel presents trajectory altitude.

Figure 12. Vertical profiles of CH4 and wind speed (WS) for specific hours at (A) campaign no. 3 (flights 39–41; 1 June 2021) and (B)
campaign no. 7 (flights 15–17; 26 October 2021), when Gaussian plumes of CH4 were observed. Dashed lines indicate the boundary layer
height determined separately for each individual CH4 vertical profile.

only to observational insights, but also to the refinement of
process-based and inverse modelling approaches within the
carbon cycle research community. From the methodological
point of view, we showed that carrying out profile measure-
ments requires instruments capable of fast and precise detec-

tion of changes in measured variables (both GHG mole frac-
tions and meteorological variables) which can change rapidly
with height. In the case of measuring the wind direction, it
turned out that despite corrections using an accelerometer
and magnetometer, interference related to the disturbance of
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the magnetic field generated by powering the UAV’s engines,
or uncontrolled sudden rotational and lateral movements of
the tethered balloon during descent caused the measurement
to be unreliable.

The identification of CH4 signals in the UBL also indi-
cates the potential for reporting unexpected methane emis-
sions. Identifying the specific sources needs to be done in
tandem with analysis of spatial emission distribution. This
can be achieved by direct analysis of the backward trajecto-
ries, as presented here. A more sophisticated approach using
a full Bayesian inversion framework is in preparation.

Code and data availability. ERA5 data available via Copernicus
Climate Data Store (CDS; https://doi.org/10.24381/cds.143582cf,
Hersbach et al., 2017). The measurements dataset is
available for download from the ICOS Carbon Portal
(https://doi.org/10.18160/8DSK-R4JS, Zimnoch et al., 2023).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-26-7061-2026-supplement.
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