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A B S T R A C T   

Methane (CH4) is an important climate forcer, contributing about 17% of the total radiative forcing by long living 
greenhouse gases. The Po basin is one of the most polluted and densely populated areas in Europe representing 
an important source region for CH4. 

The aim of this work was to test an inter-species correlation approach to derive estimates of anthropogenic 
CH4 emissions for the period 2015–2019 from the Po basin by combining CO bottom-up inventory data and 
continuous CH4 and CO observations from a mountain site in the northern Italy. The tested methodology sug-
gested lower emissions in respect to EDGAR (− 17%) and the Italian National Inventory (− 40%) for the Po basin. 
However, despite the two bottom-up inventories, the emissions derived from the atmospheric observations re-
ported an increasing tendency from 2015 to 2019 for the CH4 emissions. A sensitivity study revealed that using 
different subsets of the atmospheric observations implied a difference of 26% in the CH4 emission estimates. The 
highest agreement with two bottom-up CH4 inventories (EDGAR and the Italian national inventory) were ob-
tained when atmospheric data were strictly selected for periods representative of air mass transport from the Po 
basin. 

Our study identified various challenges when using this methodology as a benchmark to verify bottom-up CH4 
inventories. Issues could be attributed to the annual aggregation of the proxies used to derive the emission 
amounts, to the CO bottom-up inventory used as input information and to the relatively high sensitivity of the 
results to the different subsets of the atmospheric observations. However, the use of different bottom-up in-
ventories as input data for CO emissions can potentially provide information that should be carefully considered 
for the purpose of integrating CH4 bottom-up inventories.   

1. Introduction 

Methane (CH4) is the second most important anthropogenic GHG, 
representing about 17% of the total radiative forcing by long living 
greenhouse gases. The global mean CH4 mole fraction is constantly 
increasing over time, reaching 1908 ± 2 ppb in 2021, that is about 262% 
higher than the pre-industrial values, and showing an average yearly 
growth rate of about 9 ppb/year in the last decade (World Meteoro-
logical Organization, 2022). CH4 is also a precursor of ozone (O3) in the 

troposphere: reducing global CH4 emissions will lead to reductions of 
the background O3 with co-benefits for climate change, ecosystem 
integrity, crop yields and human health (Szopa et al., 2021). These are 
the reasons why on 17 September 2021, the European Union and the 
United States of America announced the Global Methane Pledge (GMP). 
Participants joining the Pledge agreed to take voluntary actions to 
contribute to the global goal of reducing CH4 emissions by at least 30% 
by 2030 compared to 2020 levels (Caputo et al., 2022). 

Total emissions of greenhouse gases (GHGs) by anthropogenic 
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activities are periodically estimated by national governments, interna-
tional agencies and research institutes with the aim of monitoring 
emissions in the framework of national and international regulatory 
treaties. These estimates are generally provided by means of both 
“bottom-up” and “top-down” methods (Deng et al., 2022). While the 
former are based on the combination of socio-economic and geograph-
ical information (e.g. population density, land use, fuel consumption), 
the latter also rely on the use of atmospheric observations. In order to 
estimate total emissions of a given species, top-down methods use either 
the combination of atmospheric transport models with observed mole 
fractions (i.e. atmospheric inversion modelling) or the so-called 
“inter-species correlation”, which is based on the analysis of the 
co-variability of a “reference” species to obtain information about the 
emissions of another pollutant or climate-altering compound (Flerlage 
et al., 2021). Being the emission estimates affected by different uncer-
tainty contributions, these two approaches (i.e. “bottom-up” and 
“top-down”) can be jointly used to provide more comprehensive esti-
mation of uncertainties, to point out possible issues in the process of 
emission calculation and, finally, to provide more robust emission data 
(Cheewaphongphan et al., 2019; Nisbet and Weiss, 2010). 

World-wide long-term CH4 measurements have been coordinated 
since 1989 by the Global Atmospheric Watch program of the World 
Meteorological Organization (GAW/WMO) by taking advantage of 
measurements performed at global and regional stations. Moreover, 
recent efforts from the European Union led to the implementation of the 
Integrated Carbon Observation System (ICOS) Research Infrastructure 
(Heiskanen et al., 2022; http://www.icos-ri.eu) which provides, among 
several products, standardized and quality checked CH4 data from a 
network of 37 atmospheric sites (ICOS RI et al., 2022). 

At global scale, ~40% of atmospheric CH4 is related to natural source 
emissions (e.g. wetlands, termites, seeps), while ~60% is attributed to 
anthropogenic sources (e.g. ruminants, rice agriculture, fossil fuel 
exploitation and distribution, waste management and combustion of 
biomass). In the atmosphere, the main sink for CH4 (about 90% of the 
total sink) is the removal by hydroxyl radical (OH). By using top-down 
methodologies, CH4 global emissions were estimated to be in the range 
524–560 Tg CH4 yr− 1 for the period 2008–2017, while bottom-up ap-
proaches provide higher estimates of about 737 Tg CH4 yr− 1, thus 
showing important inconsistencies in the two approaches (Saunois et al., 
2020). Noteworthy, a recent work showed a fair consistency in CH4 
emission estimates by bottom-up and top-down approaches in the Eu-
ropean region (Bergamaschi et al., 2022).The inconsistent results from 
different studies aiming at the estimation of CH4 emissions and the 
important role of this species in the global radiative budget, highlights 
the need for further investigations. Moreover, level of agreement be-
tween bottom-up and top-down estimates can significantly change when 
down-scaling to regional and local scales. 

Top-down approaches that analysed the inter-species correlation by 
using atmospheric observations (in-situ, remote-sensing, aircraft-based) 
were carried out in the last years to integrate bottom-up inventories and 
quantify GHG emissions from given regions (Anderson et al., 2021; Plant 
et al., 2022; Ren et al., 2018; Silva et al., 2013; Worthy et al., 2009). 

While studying the source categories that affected CH4 emissions 
from the Los Angeles basin (US), an interspecies correlation approach 
was used by Kuwayama et al. (2019), hereinafter KU2019. In this study, 
the authors used as input data a combination of in-situ atmospheric 
measurement of the CH4/CO ratio at a station representative for air 
masses affected by emissions occurring over the source region, with CO 
emission data obtained from bottom-up inventories for the same source 
region. 

This approach is rather simple (especially in terms of computational 
efforts) if compared to the more complex inversion methods, where the 
integration of atmospheric transport modelling, statistical Bayesian 
methods and a-priori bottom-up emission fields are required (Berga-
maschi et al., 2018). In particular, KU2019 took advantage of the 
CH4/CO ratio measured at the mountain site of Mt. Wilson, which is 

located at 1742 m a.s.l., overlooking Los Angeles city. This suggested 
that a similar method could be applied to other regions presenting 
relatively high emission rates, when compared to the surrounding re-
gions, and where CH4 and CO observations are available from a receptor 
site impacted by the emissions from the tagged source region. This site 
must be also far away enough to guarantee that the air masses emitted 
from the underlying source region are well mixed when reaching the 
measurement site, so that the atmospheric observations can be consid-
ered as representative of a sufficiently wide area. Nevertheless, before 
using a similar approach to other specific source regions, it is necessary 
to validate it and to assess different contributions to the overall 
uncertainty. 

The Po basin is one of the most polluted and densely populated areas 
in Europe (Crippa et al., 2016), and it is strongly industrialised. The 
diversity of land use in the Po basin makes this region a contributor to 
GHGs emissions from different sources. Medium and large cities, as well 
as industrialised areas, contribute significantly to emissions from in-
dustrial processes, combustion, waste management and natural gas 
distribution. Large rural areas and intensive farming activity lead to 
important emissions related to agriculture and livestock sectors (Meiji-
dea et al., 2017; Pezzagno et al., 2020). 

The important contribution of the Po basin to the Italian national 
emission budget makes routine and accurate monitoring of natural and 
anthropogenic GHG emissions from this region to be pivotal. Up to now, 
no specific efforts have been pursued to use atmospheric observations to 
specifically quantify CH4 emissions from this source region. Some in-
formation can be found in the recent inverse modelling exercise by 
Bergamaschi et al. (2022). In this work, three bottom-up inventories (i.e. 
EDGAR v6.0, TNO-VERIFY v3.0, GCP-CH4) used for the prior estimates 
of CH4 , identified the Po basin as a high emission area, with fluxes 
ranging from 15 to 50 mg CH4 m− 2 day− 1 over different parts of the 
basin. 

Here, we applied the interspecies correlation approach (KU2019) to 
the dataset of continuous CH4 and CO observations at Mt. Cimone, the 
highest mountain of the Italian northern Apennines. Our goals were to 
determine the CH4 emissions from the Po basin and to consider the 
source of uncertainties related to the different steps of this methodology 
and, finally, discuss the applicability of this methodology for estimating 
the CH4 emissions. Moreover, a critical comparison of our results with 
the emission data provided by two “bottom-up” inventories is also 
provided. 

2. Methodology 

2.1. Measurement site 

Continuous ground-based in-situ CH4 and CO observations were 
performed at the Mt. Cimone station (CMN, 44◦ 11′ 38′′ N, 10◦ 42′ 5′′ E, 
2165 m a.s.l.; Fig. 1) from January 2015 to December 2019. 

During the daytime in the warmest months and during favourable 
meteorological conditions during the rest of the year, CMN is affected by 
the transport of air masses from the underlying Po basin which extends 
from North-West to the East of the measurement site (Cristofanelli et al., 
2020). The “O. Vittori” atmospheric observatory is located about 50 m 
below the top of the mountain. It is a WMO/GAW global station and it 
has been labelled as an ICOS class-2 atmospheric site since May 2018. It 
is managed by the Institute for Atmospheric and Climate Sciences of the 
National Research Council of Italy (CNR-ISAC) in cooperation with the 
Italian Air Force (CAMM - Monte Cimone). The dominant circulation at 
the site is from the NE and SW sectors (Fig. 2). 

In order to evaluate the representativeness of CMN observations for 
the Po basin emissions, the surface influence of the emissions occurring 
over northern Italy was calculated for different seasons for both CO and 
CH4 by combining the footprints provided by the Stochastic Time 
Inverted Lagrangian Transport (STILT) model (Lin et al., 2003) with the 
EDGAR emission inventories for the two species (EDGARv6.0 for CH4 , 
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EDGARv6.1 for CO, further details and references are reported in Sec-
tion 2.4). The obtained results are reported in Fig. 1 for the June–August 
season (JJA), while the surface influence for the other seasons is shown 
in the supplementary material. Then, a “target” emission region was 
defined (dashed boundaries in Fig. 1) as the spatial region that maxi-
mised the relative contribution of the surface influence of emissions in 
respect to the whole European domain and that exhibited a fairly ho-
mogeneous emission pattern (more details about the definition of the 
target emission region are reported in the Supplementary Material). 
Please note that the spatial boundaries of the administrative districts in 
the Po basin were used to define the target region. We evaluated the 
seasonal percentage contribution of the total surface influence inside the 
selected target emission region with respect to the wider European 
domain (Fig. 1, right). This percentage ranged between 12.2%-20.1% 
and 11.6%–21.5% for CO and CH4 respectively, with higher values 

obtained during JJA. The higher surface influence of the selected target 
emission region in the summer period is likely to be related to the higher 
planetary boundary layer (PBL) height during the warmer months that, 
together with the development of mesoscale circulation, favor the 
transport of air masses from the Po basin to CMN (Cristofanelli et al., 
2020). 

2.2. CH4 and CO measurements at CMN 

Observations from January 2015 through December 2019 were used 
in this study to keep an homogeneous observation set-up for CH4. Since 
January 2015 to April 2018, the CH4 measurements carried out by 
CAMM - Italian Air Force and produced by measurements based on the 
Cavity Ring Down Spectroscopy technique (Picarro G2401) were 
considered. For the same years, CO observations were produced by CNR- 

Fig. 1. Averaged surface influence for CH4 (upper) and CO (bottom) during the studied period (2015–2019) for the June–August season (JJA). On the right, for 
comparison, the surface influence extended to the wider European domain isreported. The target emission region used in this study is included inside the dashed 
boundary. In order to compute the surface influence, STILT footprints were obtained from the icoscp.stilt python module (D’Onofrio and ICOS Carbon Portal, 2021) 
run on the icos-cp jupyter hub (https://exploredata.icos-cp.eu/), while the emission data were obtained from the EDGAR v6.0 and v6.1 inventories for CH4 and CO 
respectively. Each pixel corresponds to a 0.1◦ × 0.1◦ grid point in the EDGAR inventory and STILT outputs. The pink triangle shows the CMN location. 
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ISAC using non-dispersive infrared (NDIR) absorption technique. The 
system was based on a Tei48C-TL analyser (Thermo Environmental), 
which uses gas filter correlation technology for determining CO ambient 
mole fraction (for more technical details see Cristofanelli et al. (2021a, 
b)). Both CH4 and CO data were obtained from the World Data Centre for 
Greenhouse Gases (Cristofanelli et al., 2021a ; Italian Air Force Moun-
tain Centre, 2022). CO mole fraction data for 2017 were not available 
due to the decommissioning of the NDIR instrument in this year. 

Since May 2018, CO and CH4 observations have been carried out in 
the framework of the ICOS research infrastructure. The CMN site was 
approved as an ICOS atmospheric class 2 site in November 2018 with 
measurements being available since May 2018. Within ICOS, atmo-
spheric observations of CO and CH4 are carried out in a standardised 
way for the measurement set-up, used materials, quality assurance 
strategy and data creation workflow (Hazan et al., 2016; Yver-Kwok 
et al., 2021). The dataset considered in this work is part of the ICOS 
level-2 data release (1-hourly time averaged data that underwent the 
final quality check, Cristofanelli and Trisolino, 2022a, b). 

The monthly CO mole fraction (median values) at CMN ranged from 
an average monthly value of 170 ppb in February 2018 to 90 ppb in 
December 2016 (Fig. 3). Among the different years, a seasonal cycle 
typically occurred with the highest values in late winter/early spring 
and minima in summer/autumn (Cristofanelli et al., 2013). In respect to 
2016–2019, higher CO values were observed at CMN during 2015. In 
particular, CO high values were observed during the warm months on 
2015: the averaged CO mole fraction on June–September was +31 ppb 
higher than the following year. The inspection of the dataset provided by 

the World Data Center for Greenhouse Gases (https://gaw.kishou.go. 
jp/) revealed that CO increases (but lower than at CMN) were 
observed also at other measurement sites in Europe. As an instance, in 
respect to 2016, the period June–September 2015 reported +9 ppb at 
Jungfraujoch (46.54◦N, 7.98◦E, 3580 m a.s.l.; Switzerland; Seitz and 
Steinbacher, 2022), +12 ppb at Payerne (46.81◦N, 6.94◦E, 490 m a.s.l.; 
Swizterland; Seitz, 2022), +16 ppb at Mt. Zugspitze (47.42◦N, 10.98◦E, 
2671 m a.s.l.; Germany; Couret, 2022) and +10 ppb at Mt. Sonnblick 
(47.05◦N, 12.96◦E, 3106 m a.s.l.; Austria; Spangl and Buxbaum, 2022). 
The inspection of the observations at these other European sites sug-
gested that different processes occurring at local and larger spatial scales 
may have contributed to the observed CO values at CMN. 

As expected, the time series of the CH4 is characterised by an 
increasing trend from 2015 to 2019. It is difficult to find a clear seasonal 
cycle in the CH4 observations, however the highest monthly 95th per-
centiles were usually observed during the summer months, possibly 
tracing the enhanced vertical transport of air masses from the Po basin. 

2.3. Calculation of the Po basin CH4 total emission 

In-situ measurements of CH4 and CO mole fractions were combined 
with CO emission data obtained from two bottom-up emission in-
ventories. By supposing that the air masses that travelled from the target 
emission region to the observatory were well mixed and that 
anthropogenic-emitted CH4 correlates with observed CO, CH4 and CO 
in-situ measurements can be combined with CO emission data from 
bottom-up inventories by following KU2019: 

MCH4 [t] = SCH4/CO[t]×MCO[t] ×
Mmol

CH4

Mmol
CO (1)  

where MCH4[t] and MCO[t] are the total CH4 and CO masses emitted from 
the target emission region during the tth year, as obtained by emission 
inventories, SCH4/CO[t] is the yearly averaged slope obtained by 
orthogonal regression of the in-situ CH4 and CO, Mmol

CH 4 and Mmol
CO are the 

molar masses of CH4 and CO respectively. According with KU2019, the 
yearly averaged slope SCH4/CO is obtained by the observed CH4 and CO 
values at CMN (see Section 2.5). Due to the proximity of the emission 
region to the measurement site, we assumed a low impact on the SCH4/CO 
ratio by the seasonal CO lifetime variation in the atmosphere related to 
the OH radical removal. 

Equation (1) was then used to evaluate CH4 emissions by using as 
input the MCO value from two bottom-up inventories and the slope SCH4/ 

CO obtained by the orthogonal regressions of the CMN observations. 
The total uncertainty Δ MCH4[t] was obtained from Equation (2) and 

it is equal to: 

ΔMCH4 [t] =
(

ΔSCH4/CO[t]
SCH4/CO[t]

+
ΔMCO[t]
MCO[t]

)

MCH4 [t] (2)  

Fig. 2. Seasonal wind roses at CMN in 2015, 2016, 2018, 2019. The coloured scale report wind speed categories (m/s) as a function of the different sectors of 
wind origin. 

Fig. 3. Monthly boxplot of hourly averaged CO (upper) and CH4 (bottom) 
observed d at CMN from January 2015 to December 2019. For each calendar 
month, the box-and-whiskers plot denote the 5th, 25th, 50th, 75th and 95th 

percentile of the hourly mean values while circles donate outlier data. 
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where Δ MCO [t] represented the error related with the CO emission from 
bottom-up inventories (Section 2.4), while Δ SCH4/CO[t] represented the 
error related with the yearly slope SCH4/CO described in Section 2.5. 

2.4. The EDGAR and ISPRA emission inventories 

Two “bottom-up” inventories were considered in this study: (i) the 
Emissions Database for Global Atmospheric Research (EDGAR) (Crippa 
et al., 2021, 2022) that is released by the Joint Research Centre (JRC) of 
the European Commission and (ii) the Italian National inventory that is 
released by the Italian National Institute for Environmental Protection 
and Research, hereinafter “ISPRA” (Romano et al., 2022). The EDG-
ARv6.0 inventory was used for getting bottom-up CH4 emissions (Crippa 
et al., 2021), while EDGARv6.1 (Crippa et al., 2022) was used for CO 
emissions. 

The EDGAR and ISPRA inventories differed in the spatial resolution 
and coverage: while EDGAR is a global inventory that reports worldwide 
anthropogenic emissions on a 0.1◦ × 0.1◦ spatial grid, the inventory 
provided by ISPRA is available only for Italy and the emissions are 
aggregated over Italian administrative districts. For what concerns the 
ISPRA inventory, district-based emission data were obtained by the 
disaggregation of the national emission values (Istituto Superiore per la 
Protezione e la Ricerca Ambientale, 2022). 

Being emission inventories based on the statistical elaboration of 
socio-economic and geographical information, the results are generally 
provided with time resolution ranging from one to a few years. In this 
study, we relied on the emission estimates with a time resolution of one 
year. However, while EDGAR provided emissions for each year in range 
1970–2018, ISPRA provided data every 5 years during the period 
1990–2015, plus the year 2019. EDGAR emission also provided tem-
poral profiles to derive emissions with monthly resolution (Crippa et al., 
2019). However, for keep the consistency between the two bottom-up 
databases, the yearly aggregation was considered also for EDGAR. For 
what concerns the ISPRA inventory, a linear interpolation was per-
formed in order to obtain values for years 2016 and 2018. Since we 
wanted to focus to anthropogenic emissions and to harmonise the 
overall analysis, categories related to natural sources (waters, wetlands, 
fires, gas seeps, i.e. category 11 of ISPRA inventory) were not 
considered. 

The accuracy of the estimated emissions is strongly related to the 
availability of socio-economic and geographical information at each 
grid point or for each state/region, leading in general to more precise 
estimates in developed countries. In order to fulfil the requirements of 
the international framework (e.g. the United Nations Framework 
Convention on Climate Change - UNFCCC) the quantification of the total 
uncertainty related to the emissions is required, at least for what con-
cerns GHGs. 

Total emissions in bottom-up inventories are obtained by the addi-
tion of total emissions from different source categories, which for the 
EDGAR and ISPRA inventories are defined by Eggleston et al. (2006). 
Each source category is used to group anthropic processes that have 
similar emission patterns (e.g. transportation, agriculture, waste man-
agement), with each source category that can be divided in sub-
categories (e.g. enteric fermentation, manure management and rice 
cultivation are subcategories for the agriculture category). For each 
source category and subcategory, specific Emission Factors (EFs) and 
Activity Data (AD) are defined. They represent, respectively, the emis-
sions for unity of activity (e.g. mean CO emissions per km per car) and 
the activity of the respective source category (e.g. number of cars and 
travelled km per year). By combining EFs with AD, total emissions are 
obtained for each source category. 

Being total emissions obtained by the product between EFs with AD 
and supposing uncorrelation of different source categories (Bergamaschi 
et al., 2015), their uncertainty is given by: 

u=
∑

i

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(uEF)
2
i + (uAD)

2
i

√

(3) 

where uEF and uAD are the uncertainties related to EFs and AD and i 
refers to the i th source category. Both EDGAR and ISPRA inventories 
provided uEF and uAD for different source categories for the main GHGs 
(Romano et al., 2022; Solazzo et al., 2021), thus allowing the calculation 
of the total uncertainty for the CH4 total emission. 

For what concerns the ISPRA inventory, Equation (3) was used in 
order to estimate the uncertainty related to emissions from the seven key 
categories (i.e. the ensemble of source categories that contribute more 
than 90% to the total uncertainty) in Italy for CH4 (4.D.1 domestic 
wastewater, 4.D.2 industrial wastewater, 4.C solid waste, 3.C.7 rice 
cultivation, 1.B.2 fugitive emissions, 3.A.1 enteric fermentation, 3.A.2 
manure management). By adopting the values of uEF and uAD and the 
total national emissions of CH4 in 2020 which are reported in Romano 
et al. (2022), we inferred a relative emission uncertainty of 17% for the 
whole Italy. By adopting the values of uEF and uAD reported in Solazzo 
et al. (2021), a relative emission uncertainty of 37% was obtained for 
EDGAR v6.0. 

For the ISPRA dataset, we assumed that the national-scale CH4 
emission uncertainties are representative also for our regional domain. 
This choice can be questionable, considering that differences in the 
relative weight of specific category emissions exist moving from the 
national to the regional domain. 

Up to now, the EDGAR and ISPRA uncertainties on EFs and AD were 
officially released only for GHGs, thus not allowing the uncertainty 
estimation for CO emissions. To overcome this problem, we considered 
the mean relative difference between the CO emissions obtained from 
the EDGAR and ISPRA inventories over the period 1990–2019 (1.37 Mt 
and 1.18 Mt, respectively) as a possible estimation of the uncertainty 
related to the CO emissions for the two inventories. The obtained rela-
tive uncertainty is equal to 14.9%. The same method applied to CH4 
emissions led to a relative uncertainty equal to 13.9%, that represents 
the 82% and the 38% of the uncertainties estimated explicitly by using 
uAD and uEF for the ISPRA and EDGAR inventories. By applying the 
scaling factors valid for CH4 uncertainties, we obtained CO emission 
uncertainties of 18.9% for ISPRA and 39% for EDGAR. 

2.5. Calculation of yearly average observed slope CH4/CO 

According with KU2019, the yearly averaged slope SCH4/CO is ob-
tained by calculating orthogonal regressions over monthly aggregated 
hourly values of observed CH4 and CO and by averaging the monthly 
slope values over the whole year. As suggested by KU2019, each 
monthly dataset was tested in order to retain only results from robust 
regressions. This test consisted in performing multiple regressions on 
different random subsets of the original dataset and by requiring that the 
results from the different subsets do not differ more than a given 
threshold. According to KU2019, we calculated the mean slopes of each 
single year by averaging the monthly SCH4/CO that passed the robustness 
test. The error associated to the slope (i.e. Δ SCH4/CO in Equation (2)) was 
evaluated as the 95% confidence interval of the mean SCH4/CO value. 
Monthly regressions for 2019 on the original dataset are reported in 
Figure SM5 in the supplementary material as an example. 

It should be considered that the target emission region considered by 
KU2019 for the Los Angeles basin was much more homogenous than the 
Po basin. In particular, the signal of emissions from the Po basin caught 
by CMN can be mixed with those from other national regions as well as 
from continental European regions upwind from the Po basin. Thus, it 
was necessary to subset the CMN observations to retain periods that are 
more representative of emissions from the Po basin. To this aim, 
different data selection criteria were considered and tested. A first data 
selection was made by only considering daytime observations in order to 
select the air masses that could have been transported to CMN through 
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convection and upslope/up-valley mountain thermal winds (see Cris-
tofanelli et al., 2020). The selection over daytime was performed using 
the python sunset module (https://pypi.org/project/suntime/) to get 
sunrise and sunset times at CMN for each day: daytime measurements 
were defined as those measurements between 3 h after sunrise and 3 h 
before sunset. 

A further selection was performed based on the wind direction (WD) 
in order to specifically select CMN observations representative of local 
circulation transporting air masses from the Po basin (WD in the range 
from 310◦ to 80◦, hereinafter “WD: 310-80”). 

Moreover, the output of the Background Data Selection fit (BaDSfit) 
algorithm (Trisolino et al., 2021) was considered in order to select the 
observations that were carried out in non-background conditions (i.e. 
measurements influenced by regional fluxes, hereinafter “Non-bkg”). In 
order to eliminate possible outliers in the BaDSfit output, only 
non-background conditions that lasted at least three consecutive hours 
were retained in the analysis. A stricter criterion was also set by 
considering observation data that simultaneously satisfied the “WD: 
310-80” and the “Non-bkg” conditions (hereinafter “Non-bkg + WD 
310-80”). 

Finally, a further data selection based on the WD was considered to 
obtain a “control” case: we selected observations recorded under south- 
easterly local circulation (WD in range from 110◦ to 180◦) to catch 
measurement conditions representative for the air-mass transport from a 
near region but different than the Po basin (i.e. Tuscany and Liguria 
Sea). The results from this last selection were compared with the others 
to provide hints about the actual added value of the atmospheric ob-
servations in estimating emissions from the Po basin. 

A further point that should be considered is that the annual vari-
ability of the CMN monthly SCH4/CO values was larger than for the Los 
Angeles basin (Figure SM6 in the supplementary material). This is 
probably related to the different emission profiles characterising the Po 
basin region in respect to the Los Angeles basin (see related discussion in 
the supplementary material). By using yearly averaged SCH4/CO values 
instead of seasonal or monthly values can potentially introduce un-
certainties in emission calculation when specific emission categories 
have strong seasonality (like the case of rice cultivation in the Po basin 
or livestock manure, see Meijidea et al. (2017) and Chen et al. (2018)). 
The potential impact to our estimate in considering seasonal SCH4/CO is 
discussed in Section 3.3. 

3. Results and discussion 

3.1. SCH4/CO values 

For each single year included in the study period, the different values 
obtained for SCH4/CO as a function of the different subset of the original 
dataset were reported in Table 1. The mean value of the yearly slope 
varies between a minimum of 0.9 for 2015 when selecting observations 
recorded under “WD: 310-80”, and a maximum of 1.6 for 2019 when 
selecting observations recorded under “Non-bkg”. 

In general, the calculated SCH4/CO had higher mean yearly values 

when the data were subset for non-background conditions and wind 
coming from the Po basin sector. An increasing tendency of the SCH4/CO 
values was generally observed over the considered years. Nevertheless, 
all the different SCH4/CO were consistent among each other when their 
errors are considered, thus the existence of temporal trends and signif-
icant differences among data subsets cannot be clearly stated. 

Since CH4 is affected by a global scale increasing trend, we also 
calculated the slope SCH4/CO after removing the global long-term trend 
(WMO, 2022). The long-term trend was diagnosed by using the CH4 time 
series recorded at the high Alpine site Jungfraujoch (46.54◦ N, 7.98◦ E; 
3580 m a.s.l.) from 2005 to 2021 (Steinbacher, 2022) by applying the 
“ccgcrv” method developed by Thoning et al. (1989). No significant 
changes with respect to the values reported in Table 1 were found when 
detrended CH4 observations were considered. The same test was not 
performed for CO: even if CO is affected by significant year-to-year and 
seasonal variabilities at global scale, a clear trend cannot be observed 
over the period 2015–2019 (Japan Meteorological Agency and World 
Meteorological Organization, 2022). 

3.2. CH4 emissions based on bottom-up emissions 

For the studied period, total CH4 and CO emissions from the target 
region were obtained from both ISPRA and EDGAR inventories with 
their relative uncertainties (Fig. 4). 

Generally, the two bottom-up datasets agreed (within the estimated 
uncertainties) in depicting declining emissions over the Po basin for CO 
and CH4. Both EDGAR and ISPRA reported stronger declining CO 
emissions from 1990 to 2005. From 2010, they diagnosed a levelling-off 
of the CO decrease. The higher temporal resolution provided by EDGAR 
provides some information about the year-to-year variability of emis-
sions. According to EDGAR, the emission peak occurred from 1993 to 
1996 over the Po basin, a temporary levelling-off occurred from 2006 to 
2008 and a renewed (but less intense) declining tendency occurred 
around 2010. In 2019, the total CO emissions from the Po basin were 
− 72% and − 70% than 1990, for ISPRA and EDGAR respectively. In 
general, the ISPRA inventories reported lower emissions than EDGAR, 
with absolute differences between the two inventories decreasing in 
recent years. 

A different picture characterised the CH4 emissions. Like for CO, both 
the bottom-up dataset agreed within their uncertainties. The ISPRA in-
ventory reported higher CH4 emissions than EDGAR (+8% from 2015 to 
2019). In 2019, the total CH4 emissions diagnosed by ISPRA and EDGAR 
were − 22% and − 24% than those reported for 1990. These values are 
largerthan the total National reduction of − 13.4% reported by ISPRA 
from 1990 to 2020 (Caputo et al., 2022). Both the inventories suggested 
an almost monotonic decreasing tendency for CH4 emissions with an 
average declining rate of 6 kt/year (equivalent to 0.8%/year). These 
numbers highlight the need for further efforts to meet the target on 
emissions set by the GMP (− 30% by 2030 compared to 2020, equivalent 
to a decrease of − 3%/year) at regional scale. Moreover, the averaged 
deviation (6%) between absolute EDGAR and ISPRA emission values 
represents a not-negligible fraction (20%) of the reduction goal set 

Table 1 
Yearly average slope SCH4/CO and related error for each year obtained from the original dataset (all data) and from different subsets of the original dataset. “daytime”: 
only data between 3 h after sunrise and 3 h before sunset time. “WD: 310-80”: only data with wind direction in range 310◦–80◦. “WD: 110–180”: only data with wind 
direction in range 110–180◦. “Non-bkg”: only data corresponding to non-background conditions according to the BaDSfit algorithm. The slopes and their errors are 
equal to the mean value of the months that passed the robustness test and to the 95% confidence interval of the mean value respectively. In the "Mean" column are 
reported the mean value and the relative error of the respective year after averaging over the different subsets of the original dataset. Within brackets, the percentage of 
the data selected for the different subsets in respect to the whole dataset is reported.   

all data daytime WD:310-80 WD:110-180 Non-bkg Non-bkg + WD:310-80 Mean 

2015 1.0 ± 0.2 1.0 ± 0.2 (28%) 0.9 ± 0.2 (27%) 1.3 ± 0.5 (9.2%) 1.0 ± 0.3 (7.9%) 1.2 ± 0.4 (3.9%) 1.1 ± 0.3 
2016 1.2 ± 0.5 1.2 ± 0.2 (27%) 1.2 ± 0.3 (20%) 1.2 ± 0.2 (6.3%) 1.2 ± 0.4 (8.6%) 1.6 ± 0.5 (3.3%) 1.3 ± 0.3 
2018 1.1 ± 0.2 1.3 ± 0.3 (26%) 1.4 ± 0.3 (38%) 1.3 ± 0.3 (9.4%) 1.3 ± 0.3 (5.0%) 1.5 ± 0.4 (3.9%) 1.3 ± 0.3 
2019 1.4 ± 0.2 1.4 ± 0.3 (26%) 1.4 ± 0.3 (28%) 1.3 ± 0.1 (9.6%) 1.6 ± 0.2 (9.5%) 1.5 ± 0.3 (5.5%) 1.4 ± 0.2  
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within the GMP in 2030. A better understanding of these deviations can 
help local policymakers in defining the correct road-map to achieve the 
emission reduction goals. 

3.3. CH4 emissions based on CMN observations 

To provide a semi-independent assessment of the total CH4 emissions 
from the Po basin, the method presented in Section 2.3 was applied to 
the CMN observations for each single calendar year (2015, 2016, 2018, 
2019). As stated before, the year 2017 was excluded because of the 
absence of a continuous time series for CO at CMN, while years 2020 and 
2021 were excluded due to the absence of data for the ISPRA inventory. 
Moreover, the COVID-19 pandemic and its related restrictions could 
lead to significant variations of total emissions in these years (Le Quéré 
et al., 2020) which cannot be assessed by extrapolating data from pre-
vious years. 

Equation (1) was applied twice by using the total yearly CO emis-
sions obtained from the EDGAR and ISPRA inventories as MCO[t] values 
and the yearly slope values reported in Table 1 as SCH4/CO[t] values. 

In Fig. 5 is reported the total yearly Po basin CH4 emissions for 
EDGAR (plate A) and ISPRA (Plate B) inventories together with calcu-
lated MCH4

ISPRA and MCH4
EDGAR. To assess the sensitivity of MCH4 calculation as 

a function of the different subsets of the CMN observations, we reported 
MCH4

ISPRA and MCH4
EDGAR as obtained for (i) the whole CMN dataset, (ii) 

daytime, (iii) WD from the Po basin sector (WD from 310◦ to 80◦), (iv) 
non-background observations, (v) non-background observations and 
WD from the Po basin and (vi) from the control subset (WD from 110◦ to 
180◦). The MCH4

ISPRA and MCH4
EDGAR uncertainties were obtained by 

combining the uncertainties related with the different terms of Equation 
(1): thus they were larger than those obtained for the bottom-up 
inventories. 

For the single years, the differences between the MCH4
EDGAR values ob-

tained by the various subsets of the CMN observations varied from 18% 
(2019) to 26% (2015). When compared with EDGAR CH4 emissions, our 
MCH4

EDGAR estimates diagnosed lower values for the different years and for 

the different data subsets (from − 30% in 2015, to − 7% in 2019). Despite 
constant CH4 emissions reported by the EDGAR inventory, our estimates 
were mostly characterised by an increasing tendency from 2015 to 2019: 
the observed increase ranged from +28% to +48%, depending on the 
different subsets (i-vi) of CMN data. The CH4 emission estimated based 
on the “Non-bkg + WD (310-80)” CMN data selection were equal than 
those provided by EDGAR for years 2016, 2018 and 2019. 

The yearly MCH4
ISPRA values were also lower than the original data 

provided by the ISPRA inventory. When compared with ISPRA CH4 
emissions, our MCH4

ISPRA estimates diagnosed lower values for the different 
years and for the different data subsets (from − 48% in 2015, to − 34% in 
2019). Similarly to what was observed for the EDGAR case, the CH4 
emissions derived by using CMN observations were mostly characterised 
by an increasing tendency over the period 2015–2019. Nevertheless, 
also in 2019, the estimated MCH4

ISPRA were lower than the bottom-up in-
ventory (− 34%). On average, MCH4

EDGAR and MCH4
ISPRA agreed within 18% 

over 2015–2019. An average difference of +15% was instead calculated 
between the two original ISPRA and EDGAR inventories. The applica-
tion of the methodology by KU2019 led to a stronger decrease of the 
original ISPRA CH4 emission data due to the lower CO emissions re-
ported by ISPRA (Fig. 4, top). It is interesting to note that the differences 
with EDGAR and ISPRA inventories were minimised when the subset of 
CMN observations in non-background conditions and WD from the Po 
basin (“Non-bkg + WD (310-80)”, see Fig. 5) were considered. The very 
strict selection criteria adopted for the “Non-bkg + WD (310-80)”, lead 
to the selection of a relatively low number of observations (Table 1): this 
stresses the importance of performing continuous atmospheric obser-
vations with high time resolution to obtain a sufficient quantity of 
representative data. 

Fig. 4. CO (top) and CH4 (bottom) total emissions from the target region ob-
tained from ISPRA (excluding natural sources) and EDGAR inventories. Error 
bars for EDGAR and ISPRA were estimated following the procedure described in 
Section 2.4. 

Fig. 5. CH4 emissions obtained from bottom-up inventories (A: EDGAR, B: 
ISPRA) and estimated using Equation (1). 
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For what concern the results obtained for the “control” subset of the 
CMN data (i.e. WD from 110◦ to 180◦), we obtained MCH4

EDGAR and MCH4
ISPRA 

values that were in the range of the other data subsets. Only in respect to 
the most strict selection criterion “Non-bkg + WD (310-80)”, the control 
case reported lower CH4 emissions (for 3 out of 4 years). One explana-
tion could be related to the fact that specific high emission areas of CO 
and CH4 were present along the western coast-line of northern Italy 
(Fig. 1), leading to SCH4/CO values similar to those observed for the Po 
basin (Table 1). This would suggest that extreme caution must be used in 
interpreting the results from studies based on the interspecies correla-
tion methodology, especially if observation data are not subset for 
measurement conditions representative of the air-mass transport from 
the source region. 

As described in Section 2.5, according with the approach by KU2019, 
we used the yearly mean SCH4/CO value for scaling the regional CO in-
ventories and obtaining CH4 emission estimates for the Po basin. Since 
the monthly SCH4/CO values were characterised by an evident seasonal 
variability at CMN (see Figure SM2 in the supplementary material), we 
assessed the impact of using seasonal SCH4/CO values instead of the mean 
yearly SCH4/CO to the CH4 emission obtained by Equation (1). To this 
aim, Equation (1) was applied to the CO emission by EDGAR and ISPRA 
data but using SCH4/CO calculated for October–March and for 
April–September. In general, by adopting the SCH4/CO obtained for the 
cold months lead to lower CH4 emissions (ranging from − 35% to − 3% as 
a function of the different year and data subset). On the other side, by 
adopting the SCH4/CO calculated for the warm months lead to higher 
emissions (from 0% to 44%). As an example, for the data subset “Non- 
bkg + WD (310-80)”, when the SCH4/CO obtained for cold months were 
considered, the calculated CH4 emissions decreased by − 33% on 2015, 
-28% on 2016, -32% on 2018 and -9% on 2019. On the other hand, when 
the SCH4/CO obtained for warm months were considered, the emissions 
increased by 20% on 2015, 0% on 2016, 21% on 2018 and 15% on 2019. 
This means that, despite the two emission bottom-up inventories, 
increasing trends of CH4 emissions were still observed from 2016 to 
2019 even if seasonal SCH4/CO were considered. It is interesting to note 
that when the SCH4/CO calculated for April–September were used, our 
calculated CH4 emission were higher than EDGAR and ISPRA on 2018 
and 2019. The higher CH4 emissions obtained by considering the SCH4/ 

CO calculated during the warm months would suggest that adopting 
yearly-averaged proxies for the emission calculation would potentially 
underestimate the contributions from source categories characterised by 
a significant seasonal behaviour (e.g. rice paddies and livestock 
manure). 

A further point of concern was related to the possible impact of the 
long-range air mass transport to the variability of the ratio CH4/CO 
observed at CMN and, thus, on the representativeness of CMN obser-
vations for the regional emissions. In fact, the application of the KU2019 
method at CMN relied on the hypothesis that the CH4/CO variability at 
the measurement site was representative of the emissions from the un-
derlying target emission region. As shown in Section 2.1, for CMN, the 
surface influence of the target emission region considered in our study 
ranged from 11% to 22% of the total surface influence of the European 
domain. This would suggest that emission signals related with long- 
range transport could play a significant impact on the observed CH4/ 
CO variability. The subset of the CMN observations obtained by 
imposing conditions on the wind regime and on BaDSfit results could 
help in increasing the representativeness of CMN observations in respect 
to the emissions from the Po basin. Nevertheless a remaining contribu-
tion related to trans-boundary air mass transport cannot be ruled out. To 
better elucidate this point, we performed a test in which the CH4/CO 
ratio was calculated by using deviations of hourly mean values in respect 
to the baseline calculated according to BaDSfit (Apadula et al., 2019; 
Thoning et al., 1989; Trisolino et al., 2021) (a detailed description of the 
baseline calculation is reported in the supplementary material). Indeed, 
the deviations of the measurements in respect to an atmospheric base-
line would further help in retaining the signal of regional sources or 

sinks (Brantley et al., 2014; Drewnick et al., 2012; El Yazidi et al., 2018; 
Giostra et al., 2011). The test was carried out for the “Non-bkg + WD 
(310-80)” CMN data selection: no significant differences were found in 
respect to using absolute CH4 and CO values. This would support that 
the obtained results were not significantly hindered by the contribution 
related to the long-range air mass transport. 

Finally, it should be pointed out that natural emissions were not 
reported by EDGAR and we did not consider natural emissions in the 
ISPRA inventory (which represented 17% of the total anthropogenic 
emission over the period 2015–2019). Due to the diffuse presence of gas 
seeps and wetlands, the natural emissions represent an important 
contribution to the overall CH4 budget over the Po Basin. In our 
approach, we considered CO as a “reference” species to derive the 
anthropogenic CH4 emission and as a “surrogate” for tracing the trans-
port of well-mixed air massed affected by emissions from the Po basin. 
These assumptions could represent a simplification because naturally- 
emitted CH4 is mixed with anthropogenic-emitted CH4 within the air 
masses observed at CMN. However, we assumed that naturally-emitted 
CH4 emissions have had a weaker correlation to CO with respect to 
anthropogenic-emitted CH4. In this case, the presence of naturally- 
emitted CH4 would affect only marginally the observed SCH4/CO values 
and, thus, the emission values obtained by the KU2019 method. On the 
other side, assuming that the calculated estimates were also represen-
tative for the contribution from natural emissions would imply a sub-
stantial overestimation of the bottom-up inventories in respect to the 
KU2019 method. 

4. Conclusions 

In this work, we tested the application of an interspecies correlation 
top-down methodology to derive yearly CH4 emissions from the Po basin 
region in northern Italy. 

The comparison with the CH4 emission data from the two bottom-up 
inventories, revealed lower emissions when the tested methodology is 
used (− 40% in respect to ISPRA and − 17% in respect to EDGAR over 
years 2015–2019, on average). Interestingly, despite the two bottom-up 
inventories, the CH4 emissions derived from the CMN atmospheric ob-
servations mostly revealed an increasing tendency from 2015 to 2019. 

The obtained results were sensitive to the data selection performed 
on the measured atmospheric data with the range of the emission esti-
mates varying by 18%–26%. When using similar approaches, a “control” 
case designed to select air masses which did not have obvious origin 
from the target emission region should be considered to evaluate the 
effectiveness of the considered atmospheric observations in estimating 
the targeted emissions. For the Po basin case, we suggest to use the CMN 
observation periods characterised by non-background conditions and 
local wind from the NE sector which also lead to an higher consistency 
with bottom-up inventories. 

Further uncertainties can arise from the annual aggregation of the 
proxy (i.e. the slope SCH4/CO) used to derive the CH4 emissions because 
specific emission categories can have a strong seasonality behaviour 
(like rice cultivation emissions or livestock manures in the Po basin). 

The results provided by the applied methodology were also sensitive 
to the CO emissions provided by the bottom-up inventories which are 
scaled by the slope of the observed CH4/CO correlation. Accurate CO 
emission data are of paramount importance for a correct application of 
this methodology. Since uncertainties of bottom-up CO inventories were 
around 20% (or even higher, see Crippa et al., 2018), important ques-
tions should be raised about the effectiveness of using CO emission data 
as reference for obtaining CH4 emissions. The alternative or combined 
use of other atmospheric tracers sensitive to CH4 emission sources (like 
222Rn, CO2, specific volatile organic compounds, stable CH4 isotopes) 
can represent further constraints to provide more robust results. 

To summarise, it looked challenging to use this methodology as a 
“solid” benchmark to evaluate the quality of bottom-up CH4 inventories, 
especially when a representative study of the atmospheric observations 
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and an uncertainty quantification of CO bottom-up inventories are not 
available. However, the use of different CO bottom-up inventories to 
obtain an “ensemble” of results can potentially provide information to 
highlight possible differences with CH4 bottom-up inventories (see e.g. 
the increasing CH4 emission tendency observed for the Po basin) and to 
start a process of attribution involving the compilers of bottom-up 
inventories. 
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