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HIGHLIGHTS

e A methodology to detect wildfire
plumes from European source regions
was implemented.

e Integration of in-situ CO observations
with detection from satellite and trans-
port modelling.

e Eastern Europe dominated wildfire
events from September to May, Medi-
terranean sectors during summer.

e CO, increase detected with wildfires
during October—April, no robust signal
during summer.
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This work aimed at investigating on a multi-year framework (2015-2021) the contributions of wildfire emissions to atmospheric CO5 observed at the ICOS atmo-
spheric class-2 station Mt. Cimone (CMN, 2165 m a.s.l. - Italy). Based on the analysis of a case study occurred in March 2020, a methodology providing indications
about the possible presence of wildfire plumes from different European source regions was implemented. The methodology used observed CO at CMN, active fire
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detection by MODIS and air mass back-trajectories. An alternative detection method based on the use of a reanalysis dataset (CAMS) providing information about the

amount of PM10 tagged to wildfires was also used.

The results suggested that CMN could be affected by wildfire plumes for a fraction of time ranging from 1% to 10% (as a function of the adopted methodology
setting). Over the studied period, we found a potentially important contribution of plumes from eastern Europe during October—April, while during May-September

there was a prevalence from the Mediterranean sectors.

Looking at the possible impact of these events to the observed CO,, we detected a notable increase of CO; residuals with respect to periods not affected by fire
perturbations during October—April (from +1.8 to +3.9 ppm, on average). We did not find evident impacts during the summer months, possibly due to a contribution
by biospheric uptake during air mass transport to CMN (at least for a fraction of selected events).

We discussed the sensitivity of results as a function of the selection methodology settings, suggesting that the strictest set-up based on the detection of large CO
excesses could trace “major” events. A medium level of agreement was found when comparing the results of our selection methodology with CAMS reanalysis

(fraction of PM10 emitted by wildfires).

Even if it is still preliminary, our study indicated that the observations from CMN can represent, if supported by adequate diagnostic tools, a powerful dataset to

evaluate the impact of wildfires to the atmospheric CO, variability.

1. Introduction

Wildfires are well-known global sources of greenhouse gases (GHG)
and precursors of secondary aerosol and ozone (Randerson et al., 2006;
Ward et al., 2012). As result of emissions of several chemical species and
large amount of aerosol particles, wildfires affect air composition on
large spatial scales leading to health and ecological impacts (e.g.,
Johnston and Henderson, 2012; Langmann et al., 2009; Stephens et al.,
2014), modifications of atmospheric chemical reactivity and impacts to
the regional climate, water, and biogeochemical cycles (Andreae et al.,
2004; Bowman et al., 2009). Shi et al. (2015) estimated that the average
global CO, emissions related to wildfires ranged from 6.5 to 9.7 PgCO,
yr~L. According to van der Werf et al. (2017), the average total annual
emissions related with wildfires were 7.3 PgCO yr~ L. Andreae (2019)
estimated that global biomass burning related with wildfires contributed
to 10.1 PgCO, yr 1. By assuming an annual global fossil fuel emission of
34.8 PgCO, yr ! over the period 2011-2020 (Friedlingstein et al.,
2022), these numbers would represent a contribution ranging from 19%
to 29% of the global fossil fuel emissions.

It should be considered that wildfires are not generally considered a
net CO; source to the atmosphere over time scales from years to decades
because regrowing vegetation would sequester a roughly equivalent
amount of CO, during post-fire stages (Landry and Matthews, 2016). In
general, only fires that are not balanced by regrowth are a net CO,
source, like fires used in deforestation or those that burn drained peat-
lands. Nevertheless, it should be considered that changes in the vege-
tation ecosystems and fire regimes due to climate changes (Baudena
et al., 2020; Dupuy et al., 2020; Vasques et al., 2023) can add further
uncertainties on the actual impact of wildfires on the decadal carbon
cycle.

Wildfires are one of the primary causes of interannual variability in
the growth rate of several atmospheric trace gases, including CO,
(Duncan et al., 2003; Langenfelds et al., 2002; Patra et al., 2005; Putero
et al., 2023; Ramonet et al., 2020; Rodenbeck et al., 2020; Su et al.,
2023). Furthermore, biomass burning emissions can represent a source
of uncertainty in atmospheric transport simulations of trace gases (Bian
et al.,, 2007) that can potentially affect the quantification of carbon
sources and sinks when not explicitly accounted for in inversion
modelling frameworks. Other studies (Mallia et al., 2015; McClure et al.,
2016) suggested that in some cases wildfires could play a negligible role
towards in-situ enhancements in atmospheric CO3 due to the dominant
role played by anthropogenic emissions and/or to the counter-action of
CO, removal in the planetary boundary layer (PBL) by vegetation
uptake.

Concerning the European domain, a significant contribution to
emissions is related to the recurring wildfires which occur in spring over
eastern Europe. Barnaba et al. (2011), by considering long term
(2002-2007) satellite-based fires and aerosol data coupled to atmo-
spheric trajectory modelling, pointed out a large impact of wildfires over
eastern and central Europe to the European atmospheric aerosol load.
These represent most of the wildland fires in the European area and are

typically related to human-induced cropland burning occurring in
Ukraine, Kazakhstan and the Russian Federation (e.g. Korontzi et al.,
2006; Mollicone et al., 2006). Stohl et al. (2007) demonstrated that
record air pollution levels in the European Arctic were due to agricul-
tural fires in eastern Europe in spring 2006. Cristofanelli et al. (2009,
2013) pointed out, for specific transport events, notable impacts of
wildfires occurring over the eastern Europe and the Mediterranean basin
to trace gases and aerosol variability observed at the Mt. Cimone World
Meteorological Organization/Global Atmosphere Watch (WMO/GAW)
global station (Italy, 2165 m a.s.l.). Rodenbeck et al. (2020) suggested
that a large anomaly in the Net Ecosystem Exchange (NEE) appeared
over East Europe because of the large occurrence of wildfires in summer
2010.

Networks of in-situ observatories providing continuous observations
of atmospheric species can represent a powerful tool to detect and assess
the impact of these events on the atmospheric composition variability,
when coupled with atmospheric transport models and with the use of
suitable metrics (e.g. Halliday et al., 2019).

In this work, we described the occurrence of a large event of wildfires
occurring over eastern Europe in March 2020: the signals of the emis-
sions related to this event were clearly observed at Mt. Cimone (CMN;
44.19°N, 10.70°E) WMO/GAW global station, which belongs to the
observing network of the Integrated Carbon Observation System (ICOS,
www.icos-ri.eu). We provided a description of this special event by
means of in-situ observations at CMN, air mass transport analysis by
back-trajectory, dispersion models and satellite observations. Based on
the analysis of the March 2020 case study, we proposed a methodology
to identify possible fingerprints on atmospheric CO, variability of
wildfire at CMN: the methodology is based on in-situ observations of
carbon monoxide (CO), satellite observation of wildfires (MODIS) and a
Lagrangian transport model. Air quality reanalyses for Europe (CAMS)
and outputs by a dispersion model (STILT) for the CMN location were
also used to discuss the obtained results. We provided a first systematic
assessment of the potential impact of wildfire emissions over Europe to
the CO, variability at CMN over January 2015-July 2021 and we dis-
cussed the sensitivity of the results as a function of changes of the set-
tings of the detection methodology.

2. Experimental and methods
2.1. Atmospheric observations at CMN

CMN is the highest peak of the northern Italian Apennines and
overlooks the Po basin (towards NW-SE) and northern Tuscany (towards
S-NW). Within several kilometers from the site, human activity is very
limited. As reported in previous studies, the atmospheric observations
carried out at CMN can be considered mostly representative of the free
tropospheric conditions in the Mediterranean basin/southern Europe
during November-February (Cristofanelli et al., 2018, 2021), as well as
during night-time in the remaining period. However, especially from
May to September, the measurement site can be affected by thermal
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wind circulation (slope and valley winds, diurnal PBL growth) and
convective vertical transport of air masses (Cristofanelli et al., 2021).
This favors the advection of polluted air masses from northern Italy
where the Po basin, one of the most polluted areas in Europe, is located.
As shown by the 10-day footprints calculated by the Stochastic Time
Inverted Lagrangian model Transport (STILT, Lin et al., 2003; more
details are provided by Section 2.5), CMN observations are strongly
sensitive to emissions occurring over northern Italy, but they can still
retain signals of emissions occurring over a large fraction of the Euro-
pean domain (Fig. 1). It is also interesting to note that, according to
STILT analysis, a high sensitivity is related to surface covered by forests
and crops, suggesting that atmospheric observations at this measure-
ment site can be profitably used to investigate the impact of wildfires on
atmospheric composition variability.

From January 2015 to April 2018, we considered the CO5 mea-
surements carried out by CAMM - Italian Air Force produced by mea-
surements based on the Cavity Ring Down Spectroscopy technique
(Picarro G2401) in the framework of WMO/GAW. For January
2015-December 2016, CO observations were produced by CNR-ISAC
using the non-dispersive infrared (NDIR) absorption technique. The
system was based on a Tei48C-TL analyzer (Thermo Environmental),
which uses gas filter correlation technology for determining CO ambient
mole fraction (for more technical details see Cristofanelli et al. (2021)).
From January 2017 to April 2018, the CO mole fraction data were
produced by the University of Urbino by using a GC-FID system (Agilent
GC6890). Both CO5 and CO data were obtained from the World Data
Centre for Greenhouse Gases (Amendola, 2024; Arduini et al., 2023;
Cristofanelli et al., 2023) with COy (CO) referred to the WMO CO2
X2019 (WMO CO X2014) calibration scale.

Since May 2018, CO and CO, observations have been carried out at
CMN in the framework of ICOS. Within ICOS, atmospheric observations
of CO and CO;, are carried out in a standardized way for measurement
set-up, used materials, quality assurance strategy and data creation
workflow (see 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-h time
averaged data that underwent the final quality check by site PIs;
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Cristofanelli and Trisolino; 2023a,b).

The presence of atmospheric fire plumes can be also detected by the
presence of absorbing aerosol particles. For this reason, with the aim of
further supporting the presence of wildfire plumes at CMN, we consid-
ered the aerosol absorption coefficient (AAC) recorded at CMN from
2018 to 2021 (Fig. S1 in the supplementary material). AAC was
measured by means of a multi-angle absorption photometer (MAAP,
Model 5012 Thermo Scientific) working at a wavelength of 670 nm and
using the method described in Petzold and Schonlinner (2004) with the
facility set-up described by Marinoni et al. (2008). AAC data were
recorded with a 1-min time resolution and then aggregated to 1-h mean
values after final quality check by the site PIs by adopting the standard
operation procedures by WMO/GAW (World Meteorological Organ-
ization/Global Atmosphere Watch, 2003) adopted by the “Aerosol,
Clouds and Trace Gases Research Infrastructure (ACTRIS)”.

2.2. Decomposition of CMN time series

With the aim of investigating the temporal variability of CO, and CO,
we decomposed the time series by using the CCGCRV curve fitting
program from NOAA (Thoning et al., 1989), which allows the extraction
of long-term (i.e. trend), seasonal and remaining (i.e. residual) compo-
nents. Since in this study we are interested to the atmospheric variability
related to regional (i.e. synoptic-scale) transport of wildfire plumes, we
used the CCGCRV methodology to remove from the time series the
component related to long-term trends and seasonal variability, thus
focusing on the so-called “residuals” (see Conil et al., 2019). CCGCRV
approximates the seasonal cycle and long-term variation by fitting a
polynomial equation (with n polynomial terms) combined with a har-
monic function (with h harmonics) to the data. The residuals of the input
data to the fit are filtered using a Fast Fourier Transform (FFT) and a
low-pass filter, which are used to smooth the data (by applying a
short-term cut-off, fs) and to represent interannual variations in the data
(by applying a long-term cut-off, f;). Further details on the CCGCRV can
be found in Pickers and Manning (2015), hereafter referred to as PM15.
We ran CCGCRV with the “standard parameters” setting (i.e.n =3, h =
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Fig. 1. Left: average nighttime (18:00-3:00 UTC) percentage of total footprint sensitivity for CMN (see triangle for its location) based on STILT model over
2018-2022 (Carbon Portal ICOS, 2022). Right: contributions of different land cover types within CMN average footprint. The total contributions are listed in the
legend and their relative occurrences in the different directions of the stations (North-East, East, South-East etc.). STILT is implemented as an online tool at the ICOS
Carbon Portal (https://jupyter.icos-cp.eu/). See more details about footprint aggregation in the Supplementary Material. Output footprints are provided on a grid
with 1/12 x 1/8° cells (approximately 10 km x 10 km) where the cell values represent the estimated surface influence (“sensitivity™) in ppm/(pmol/(m?s)) on the

atmospheric concentration at the station.
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4, fs = 80, f; = 667) typically used by the scientific community (see also
PM15). Since the results of the time series decomposition strongly relies
to these settings, we performed a sensitivity test by running CCGCRV by
adopting f; = 221 and f; = 1500 as suggested by PM15. As reported in
the supplementary material (Fig. S2), changing these setting parameters
had only a limited impact on long-term CO5 trend, while the seasonal
components appeared more smoothed with the inner quantile of
monthly deviations between the original and the PM15 seasonal com-
ponents ranging from —0.48 to 0.69 ppm. Varying these input param-
eters had a more evident effect on the long-term trend and seasonal
cycles for CO, with both the long-term trend and the seasonal compo-
nents appearing to be more smoothed after application of PM15. A
sensitivity study (Section 3.3.3) has been carried out to investigate the
potential effects of changing CCGRCYV settings to the obtained results.

2.3. LAGRANTO air mass back-trajectories and clustering

To determine the synoptic origin of the air masses reaching CMN and
to assess the possibility that air masses were impacted by wildfire
emissions during their travel towards CMN, 5-days night-time 3D back-
trajectories (at 00:00 UTC) were calculated based on six-hourly meteo-
rological data with the Lagrangian Analysis Tool LAGRANTO (Sprenger
and Wernli, 2015; Wernli and Davies, 1997) over 2015-2022.
LAGRANTO is a tool for calculating air parcel trajectories starting from
3D meteorological field input data. For this study, for each time, three
back-trajectories were computed, with starting points shifted by a ver-
tical range of +50 hPa with respect to the station location (i.e., at 840,
790, and 740 hPa). The trajectory calculations were based on the ERA5
reanalysis dataset of the European Centre for Medium-Range Weather
Forecasts (ECMWF, see Hersbach et al., 2020). A more detailed
description of LAGRANTO in term of input data, tool structure and
trajectory calculations can be found in Sprenger and Wernli (2015).

A cluster analysis (see Dorling et al., 1992) was performed to identify
the main synoptic-scale flow patterns. The standard Euclidean distance
between each pair of trajectories was chosen to compute the different
clusters. The Davies-Bouldin Index (DBI, Davies and Bouldin, 1979; Cui
et al., 2021) was calculated and used as support to define the optimal
number of clusters. We adopted a slight different number of clusters
(equal to 6) in respect with DBI identification (4 clusters) to better
represent the atmospheric circulation related to different source regions.

The identified back-trajectory clusters can be broadly summarized as
follows (Fig. S3, supplementary material):

@ Eastern Europe (EEU): air masses mostly following a westward
advection path to CMN, with evident transport at relatively high
pressure levels;

@ Western Europe (WEU): air masses mostly following a south/east-
ward and downward advection path to CMN;

@ North-Atlantic (NATL): air masses originating over northern Atlantic
Ocean and advected easterly towards the measurement site;

@ Hemispheric transport (HT): air masses originating over (or farther)
the West coast of North America, typically in the free troposphere
and easterly advected towards the measurement sites;

@ Central Europe (CEU): air masses originating mostly over central
Europe and central Mediterranean basin that mostly undergone to
upward transport toward CMN;

@ Western Mediterranean (WMED): air masses mostly following north/
eastward advection path to CMN.

2.4. Fire location (MODIS - GFED4)

With the aim of identifying the occurrence of vegetation fires over
Europe, the Global Fire Emission Dataset - Version 4 (GFED4) was
considered. By using the online GFED Analysis Tool (http://www.global
firedata.org/analysis.html), the number of fire counts over 6 emission
regions (Fig. S4, supplementary material) were obtained daily for the
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period 2015-2021. Fire count data were derived by the MODIS (Mod-
erate Resolution Imaging Spectroradiometer) L2 fire product (Giglio
et al., 2020; Ichoku et al., 2012; Justice et al., 2002). In the GFED
Analysis Tool, the original data with 1-km data resolution (at the
NADIR) were considered. The 6 source regions (Eastern Europe - E-EU;
Central Europe - C-EU; Iberian Peninsula - IB-P; Central Mediterranean -
C-MED; Eastern Mediterranean - E-MED, Northern Africa - N-AF) were
selected also considering the feature of the atmospheric circulation at
CMN as diagnosed by the cluster analysis (Section 2.3). The monthly
time series of the fire number for each source region is reported in
Fig. S5 (supplementary material). The fire seasonality was dominated by
a summer peak for E-MED and N-AF. A summer peak was evident also
for C-MED, IB-P and C-EU but with a peak (that in some years became
the largest one) in spring. For E-EU, which is the region characterized by
the highest fire occurrence, the dominant fire season appeared to be
spring with a secondary peak in late summer - early autumn.

2.5. STILT model

With the purpose of better interpreting and attributing the variability
of CO, at CMN, we considered the output from the STILT dispersion
model, which simulates atmospheric transport from the surface of re-
gions located upstream to the measurement site creating the so-called
footprints. These footprints, generated every 3 h and based on a 10-
days backward simulation, are combined with surface maps of natural
and anthropogenic carbon fluxes, to trace the temporal variability in the
atmospheric CO,. The model set-up is described in Karstens (2023) and
has been used in previous studies in which more technical details can be
found (e.g. Levin et al., 2020; Munassar et al., 2023; Pieber et al., 2022;
Storm et al., 2023). We used the output available from the web-based
service at the ICOS Carbon Portal (Karstens et al., 2023a, 2023b;
2023c), which are produced by a model framework consisting of STILT
together with emission-sector and fuel-type specific emissions based on
EDGARv4.3 and BP statistics 2023 for 2005-2022 (Koch and Gerbig,
2023), and biospheric fluxes from the diagnostic biosphere model VPRM
(Vegetation Photosynthesis and Respiration Model; Mahadevan et al.,
2008). For CMN, backward simulation were started at 760 m a.g.l. to
optimize transport simulation in a complex mountain area. STILT pro-
vided the simulated time series of CO, at CMN from 2015 to 2022 as
resulting from the integration of contributions from different fluxes:
natural (split up into uptake of CO3 by photosynthesis and release of CO,
by respiration), anthropogenic (split into emissions from different
source categories: energy production, industrial processes, trans-
portation, residential heating, and other processes), sources and sinks
outside the model domain (i.e. the so-called background). A comparison
between the atmospheric CO; observed at CMN and simulated by STILT
is reported in the supplement (Fig. S6, Table S1 in the supplementary
material). In general, STILT appeared to have reasonable skills in
reproducing the variability of CO5 at CMN, in agreement with a similar
analysis performed by Pieber et al. (2022) for the high-alpine site
Jungfraujoch.

2.6. CAMS European air quality reanalysis

With the aim of having an independent identification of the occur-
rence of plumes from wildfires at CMN, we analyzed the air quality
reanalysis over Europe provided by the Copernicus Atmospheric Moni-
toring Service (CAMS). This product is a combination of “validated”
(2019-2020) and “interim” (2021 — onwards) datasets both available at
high spatial (0.1° x 0.1°) and temporal (1 h) resolution. A median
ensemble is calculated from 11 air quality data assimilation systems
(Inness et al., 2019a). For years 2019-2021, we extracted the time series
of particulate matter with d < 10 pm (PM10) related to wildfire emis-
sions (hereinafter PM10g;es) for the CMN geographical location and the
vertical level 1000 m above surface (Inness et al., 2019b). The choice of
a vertical level different from the actual CMN height (2165 m a.s.l.) was
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because the CAMS reanalysis is referred to the altitude above Earth’s
surface and selecting higher vertical levels would potentially lead to
strong inconsistencies with respect to the in-situ observations at CMN.
To determine the possible presence of wildfire plumes at CMN, we
applied a lowpass Kolmogrov-Zurbenko filter (Zurbenko, 1986) to the
time series of night-time (i.e. from 21:00 to 3:00 UTC) daily PM10¢;s by
applying three iterations of a 90-day moving average. Days character-
ized by deviations of the PM10ges daily values exceeding the 75t
percentile of the whole period 2019-2021 were retained as possibly
affected by wildfire emissions (see Fig. S7, supplementary material).

3. Results and discussion
3.1. General characteristics of the COz and CO time series at CMN

The time series (2015-2022) of CO; and CO hourly mean values at
CMN are shown in Fig. 2. For CO, a long-term trend was evident with
superimposed seasonal and day-to-day variations. The annual mean
value was 400.0 & 5.6 ppm in 2015 (mean value + 1 ¢) and increased to
419.30 + 5.3 ppm in 2022. The mean atmospheric growth rate
computed using the CCGCRV was 2.6 + 0.1 ppm yr '. A declining
tendency was instead observed for CO with a mean atmospheric growth
rate of —2.9 + 0.8 ppb yr 1.

To describe the variability of the CO5 and CO annual cycles at CMN,
we calculated the monthly mean values of the detrended CO, and CO (i.
e. original data after removing the trend component calculated by
CCGCRV) for daytime and nighttime (Fig. S8, supplementary material).
For CO3, minimum values are reached during summer when vegetation
uptake is maximized and air masses from the boundary layer are more
efficiently transported to CMN by thermal winds and PBL-growth
(Colombo et al., 2000; Trisolino et al., 2021). The average seasonal
peak-to-peak amplitude was 15.1 + 2.0 ppm for daytime measurements
and 12.5 + 1.5 ppm for nighttime. This is because summer nighttime
CO4 showed higher values with respect to daytime, pointing out the role

1 | |
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by vertical transport of air mass and surface fluxes in modulating the
diurnal COy variability. With respect to nighttime, the daytime obser-
vations were characterized by a larger interannual variability during
summer, probably reflecting the variability of the net local/regional
fluxes.

The CO seasonal cycle peaked in winter-spring, with a secondary
peak in late summer-early autumn. Minimum values were typically
observed in June and October. The peak-to-peak amplitude of the CO
seasonal cycle was similar for daytime (38.7 + 11.1 ppb) and nighttime
(38.3 +11.9 ppb) but ranged between 18 and 53 ppb as a function of the
considered year. The differences of the monthly mean values between
daytime and nighttime were maximized in June-September (4.8 + 3.1
ppb), again reflecting the more efficient transport of polluted air masses
from the regional PBL in this period of the year.

To better understand the diurnal-scale variability affecting CO5 and
CO at CMN, we calculated the monthly averaged diel cycles of detrended
values for each calendar year. For CO; (Fig. 3, left), a diurnal minimum
is evident during the summer season with an average diel amplitude of
5.6 £+ 0.6 ppm. The summer CO; diel cycle at CMN, as previously dis-
cussed, was attributed to the systematic thermal transport of PBL air
masses up to the mountain peak during daytime; the valley breeze brings
air masses that are depleted in CO; to the measurement site due to the
vegetation sink, favored by the presence of woods on the slopes of the
mountain (Colombo et al., 2000; Trisolino et al., 2021). A further impact
of the biospheric activity by the grassland around the mountain top
cannot be ruled out. Lower signals of the inverse CO; diel cycle were also
evident in spring (averaged amplitude: 0.9 + 0.6 ppm) and autumn (1.4
=+ 0.6 ppm) with a daytime minimum appearing from May to September.

An opposite diel cycle with respect to CO5 was observed in summer
for CO (Fig. 3, right). Higher values were observed during daytime due
to the transport of more polluted air masses from the regional PBL to
CMN. The averaged diel cycle amplitude was 13.3 + 10.1 ppb, but with
a large interannual variability: it ranged from 6.6 ppb in 2020 to 38.9
ppb in 2015. Despite CO,, evident CO diel cycles were observed for
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Fig. 2. CO, (upper) and CO (bottom) atmospheric mole fractions measured at CMN (hourly mean values). The continuous lines report the trend component as

derived by the application of CCGCRV.
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Fig. 3. CO (left) and CO (right) average monthly diel variations at CMN for years 2015-2022 after detrending by CCGCRV. The shaded bars represent the 95%
confidence level.

spring (average amplitude: 13.6 + 8.0 ppb) and autumn (22.0 + 5.9 May-September and October—April. The distinction between these two

ppb). This could underpin the more efficient role of the ecosystem sinks extended periods is also similar to the typical definition of growing
in modulating the diel cycle of CO, in summer at CMN, if compared to vegetation season for Europe (e.g. Munassar et al., 2022; van der Woude
spring and autumn. et al., 2023).

Due to the different variabilities that characterized CO5 at CMN, we
categorized the analysis of wildfire emission impacts between
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3.2. Wildfire emissions from eastern Europe: case study of March 2020

A notable increase in CO, was observed from 23 to March 27, 2020 at
CMN. With the aim of minimizing the possibility that atmospheric ob-
servations could be influenced by local emissions or sinks (see Ramonet
etal., 2020), Fig. 4 reports daily average values obtained from nighttime
(21:00-3:00 UTC) data when the measurement site is more exposed to
large-scale atmospheric circulation. This approach is similar to that used
in atmospheric inversion exercises (see e.g. Bergamaschi et al., 2022) to
maximize the spatial representativeness of in-situ atmospheric obser-
vations at mountain sites. The March 2020 event gained our attention
because it occurred during the period characterized by the global
implementation of measures to reduce the spread of COVID-19, which
led to a significant decrease in the CO, emissions related to public and
private transportation (Le Quéré et al., 2020). During this period, the
CO- residuals (CO%®, calculated by the application of the CCGCRV
methodology by removing the long-term trend and the seasonal com-
ponents from the original time series) ranged from +0.9 ppm to +5.9
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ppm (Fig. 4B). The high CO, values were accompanied by an increase in
CO (Fig. 4A) that showed residuals from 5 ppb to 41 ppb in the same
period (Fig. 4B). We calculated the enhancement ratio (ER) of
ACO/ACO; by assuming that the CO and the CO; residuals are repre-
sentative of the atmospheric enhancements with respect to the back-
ground (Hooghiem et al., 2020). The COy and CO increases were
reflected in the ACO/ACO, enhancement ratio (ER) that peaked to 26.5
ppb ppm~! on 27 March.

To identify the possible origin of the detected CO2 increase, we
analyzed the atmospheric circulation and the behavior of fire occurrence
over Europe. From 23 to 27 March, LAGRANTO diagnosed air masses
related to CEU and EEU clusters at CMN (Fig. 5). The MODIS observa-
tions revealed enhanced fire activity from 19 to 29 March over C-EU/E-
EU and during 17-24 March over C-MED. The highest number of active
fires were observed over E-EU (with a peak of 1000 fires on 20 March
and 1500 fires on 28 March). This evidence suggested that wildfires
from Europe strongly affected the observed increases in COy and CO.
The possibility that wildfire plumes from C-MED and E-EU affected CMN

LAGRANTO clustering for CMN
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Fig. 5. Upper plot: daily occurrence of LAGRANTO back-trajectories clusters for CMN in March 2020. Bottom plot: time series of daily number of active fires detected
by MODIS over the source regions in March 2020. Note that the number of fires are reported as a 2-day moving average with respect to the original GFED data to take
into account the transport time to CMN. The number of fires over E-EU were reported by the secondary y axis.
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was also supported by the analyses provided by the NAAPS modelling
system (Navy Aerosol Analysis and Prediction System, see Ge et al.,
2017). From 23 March, a fire plume originating from eastern Europe
elongated toward SW affecting a large region from the Balkans to
northern Italy during 24 — 26 March (Fig. S9).

As deduced by the increase in PM10ges, also the CAMS reanalysis
suggested that air masses affected by wildfire emissions could be present
at CMN during 23 — 27 March (Fig. 4C). Nevertheless, the reanalysis
suggested the occurrence of plumes also on 19 — 22 March. NAAPS
simulations (Fig. S9) indicated that the smoke origin could be related to
the Balkan peninsula and the eastern Europe. In this case, negative
(positive) CO, (CO) residuals were observed and ERs were not calcu-
lated due to the lack of CO, enhancements. As reported by Mallia et al.
(2015) and McClure et al. (2016), CO2 removal in the PBL by vegetation
uptake can counter-act the emissions from wildfires. For the period 19 —
22 March, a high biosphere activity was suggested by STILT simulations
(Fig. 4B) as indicated by the enhanced biospheric respiration and gross
ecosystem exchange (GEE) values for air masses affecting CMN. This
could be tentatively attributed to the combination of favorable meteo-
rological conditions (higher air temperature observed at CMN with
respect to the following days) and air mass transport (high surface
sensitivity was diagnosed by STILT over the Alpine region and the Italian
peninsula). It is thus likely that the CO; signal in the wildfire plume was
masked by the relatively high biospheric activity over the region crossed
by air masses before reaching CMN.

It should be noted that our calculated ERs were lower than the values
reported in previous studies that ranged from 30 to 200 ppb ppm™!
(Hooghiem et al., 2020; Mauzerall et al., 1998; McClure et al., 2016).
Different reasons can be considered to explain this behavior. Among
them, a role of air mass mixing during the transport and/or CO removal
and/or further CO; contributions related to non-combustion sources.

3.3. Multi-annual detection of wildfire plumes at CMN

3.3.1. Definition of the selection methodology based on CMN observations

As shown by the analysis of the March 2020 case study, atmospheric
plumes from wildfires had fingerprints on the CO, and CO variability
observed at CMN. This suggested the possibility to analyze in a more
systematic way the CMN observations to investigate the possible impact
of wildfire emissions occurring over the European domain to the
observed CO; variability.

In particular, we defined a combined approach by using in-situ ob-
servations of CO, satellite fire detections and LAGRANTO air mass back-
trajectories to identify the possible periods in which wildfire plumes
from the European domain affected CMN during January 2015 — July
2021. The length of the investigation period was constrained by the
availability of GFED fire data (2015 — 2021) used in this study. A further
constraint was related to the CO observations at CMN that temporarily
stopped on July 2021 for a major instrumental failure (they re-started on
2022, as shown in Section 2.1).

First, we selected the periods characterized by an increase in the
mean daily nighttime CO residuals (CO™®) obtained by the application of
the CCGRCV methodology. Different threshold values for CO™* (here-
inafter t CO™®) were considered to test the sensitivity of the results by
the observed CO increase: 4 ppb (i.e. twice the WMO/GAW inter-
comparability goal of +2 ppb; World Meteorological Organization,
2020), 10 ppb, 20 ppb and 30 ppb.

To assure that the observed CO increases were related to wildfire
emissions occurring over Europe, we selected the days characterized by
atmospheric circulation favorable to the advection of air masses from
source regions with active fires. To this aim, at least 50% of the daily
back-trajectories had to be associated to clusters related to the origin or
passage of air masses through one of the source regions specified in
Section 2.4. Please note that there was no univocal relation between
source regions and air mass clusters: one source region could be asso-
ciated with more than one air mass cluster, and the same cluster could be
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related to multiple source regions. In particular, the CW-EU source re-
gion was related to the WEU and CEU clusters; the E-EU source region to
the EEU cluster; the IB-P source region to the WEU, NATL and WMED
clusters; the C-MED source region to the CEU cluster; the E-MED source
region to the EEU and EMED clusters. The presence of active fires over
the emission regions had to be confirmed by MODIS data. The time se-
ries of active fires were smoothed by a running mean with a 2-day lag
time to (roughly) take into account the transport time from the emission
source regions to the observation site. It must be considered that the
MODIS L2 fire product does not make any difference between vegetation
fires and other fire types (e.g., volcanoes or other “anthropogenic” fires;
Justice et al., 2006). To avoid spurious fires not related to vegetation
burning, we set threshold values in the number of daily fire occurrences
(i.e., larger than the 75t percentile of the daily fire number).

Table 1 reports the percentages of days selected as possibly impacted
by wildfire emissions as a function of the different t CO™. In total, the
selected days ranged from 10.1% for t_ CO™* = 4 ppb to 1.3% for t CO™*
= 30 ppb, indicating that adopting t. CO™ > 10 ppb leaded to a very
strict event selection. Fig. 6 summarizes the monthly frequency of
selected days for the different settings of t_ CO™. By excluding the re-
sults obtained by the strictest criterion (t. CO™ = 30 ppb), the days
selected as influenced by wildfire plumes were mostly concentrated in
March — April, August and October. It is interesting to note that no
events were detected by the two strictest criteria (t_CO™ = 20 ppb and
t_.CO™ = 30 ppb) for July, which represents one of the most active
period for fire occurrence in Europe (Fig. S5 and European Forest Fire
Information System, 2024). This would imply that these criteria might
underestimate the frequency of wildfire plumes during the summer,
capturing only large events.

The different degree of selectivity of the four settings was reflected in
a dissimilar ability of detecting the March 2020 event. As an instance,
the adoption of t_ CO™ = 4 ppb indicated the period 22 — 28 March as
possibly affected by the presence of wildfire event plumes, while by
adopting t CO™* = 30 ppb only 2 days (25 and 26 March 2020) were
retained, corresponding to the peak CO and CO, values observed at
CMN. This, together with the lack of event detection for July, suggested
that the criteria based on t_CO™* = 20 ppb and t_CO"* = 30 ppb could be
only able to detect specific events.

Looking to the potential source regions for the detected wildfire
plumes (Fig. 7) during the period October — April, we found a clear
prevalence of E-EU cases (from 46% to 82% as function of the different
detection settings). The sharing of the detected events among the source
regions did not vary as a function of the adopted settings. Only when
t_CO"™ = 30 ppb was used, no occurrences were observed for C-EU, IB-P
and E-MED. For May - September, we detected an increase of cases
related to the transport from Mediterranean regions (C-MED, IB-P, N-
AF) that, all together, represented the dominant source regions (ranging
from 50% to 61% as function of the different detection settings) for this
period of the year. Concerning May — September, the sharing of potential
source regions did not change dramatically as a function of the adopted
settings.

3.3.2. Quantification of the influence of wildfires to the atmospheric CO2
To assess the possible impact of European wildfires to the CO5 at

CMN, we considered the daily mean values of CO%*. The results are

Table 1

Occurrence of wildfire event detection at CMN
as a function of different threshold values for
CO™ (t.CO™).

t_CO™ Total
CO_4 ppb 10.1 %
CO_10 ppb 6.4 %
C0_20 ppb 3.2%
CO_30 ppb 1.3%
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reported in Fig. 8, which shows the mean and percentiles of nighttime
CO%*® values for the detected events, as a function of the different t CO™*
as well as for the remaining days (“Others™), not selected as potentially
affected by wildfire plumes.

For May-September, we did not find any robust deviation of COy
during the days possibly affected by wildfires (Fig. 8A). Only for the
events detected by large CO™ (i.e., >10 ppb), an increase of the 75%
percentile was detected with respect to the remaining data. With the aim
of further supporting the presence of fire plumes at CMN during the
identified events, we considered the AAC data recorded at CMN. For the
May — September period, AACRES showed higher values for the selected
days with respect to the remaining period (Fig. 8C): the 25t percentile
of daily AAC values for the events almost exceeded the 75 percentile of

the remaining data. AAC™ values increased by t CO™, suggesting the
presence of enhanced aerosol loading for the events with higher CO™,

To understand if the detected AAC™ increases could be affected by
anthropogenic emissions, we analyzed the STILT outputs for CMN. As
reported in Section 2.3, STILT cannot fully reproduce the observed CO»
variability at this complex mountain site, but it can provide useful in-
formation to better discuss the obtained results. In particular, we
analyzed the CCGCRV residuals of the fraction of anthropogenic CO5
simulated by STILT for CMN (COsant™®, Fig. 8E). The population of
COqant™ data did not show any difference between the data identified
as potentially affected by wildfires and the remaining period, suggesting
that the increase of AAC™ by CO™* could be related to sources different
than anthropogenic emissions.

We also considered the CCGCRV residuals of the fraction of biogenic
CO- simulated by STILT for CMN (CO2bio™, Fig. 8G). The periods
detected as events by t CO™ < 20 ppb, were characterized by the
prevalence of negative CO2bio™* (—2.1 ppm, on average) suggesting
that ecosystem CO; uptakes downwind of emission regions could limit
the actual detection of CO5 related to fire emissions. On the other side,
the days selected by adopting higher t CO™® were characterized by an
average COzbio higher than the remaining days (+0.61 ppm), suggest-
ing that ecosystem CO; fluxes different from fires could have contrib-
uted to the observed CO».

For October — April, we observed an evident increase of CO5™ for the
days possibly affected by wildfire plumes with respect to the remaining
data (Fig. 8B): the mean daily CO5™ increased with t_.CO™* (from +1.6
ppm to +4.5 ppm). For all the adopted t CO™ values, an evident shift
towards higher CO%™ was detected. AAC™® showed higher values with
respect to the remaining periods (Fig. 8D); however, we did not detect a
dependence by t_CO™S. With respect to other data, COzant™ by STILT
showed higher values for the detected events (from +1.0 ppm to +1.5
ppm, Fig. 8F). Nevertheless, the COant™ distributions were similar
among the four selection classes, suggesting that anthropogenic contri-
butions cannot explain the CO5® enhancements observed when higher
t_CO™ were adopted. The same tendency was also observed for
CObio™*® (Fig. 8H) with a shift towards higher values of the data pop-
ulation during the detected events but not dependency by t CO™: the
relative increase in anthropogenic and biogenic contributions to COy
during the detected events is not unconceivable because air masses
originated from and/or travelled over continental regions before
reaching CMN.

The ACO/ACO4 ERs were calculated for the different categories of
data (detected event and remaining data, see Fig. 9). In general, for the
selected events, higher ERs were observed with respect to the remaining
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data. For May — September, 75% of days with no influence of fire
emissions reported negative ERs (mean value: 14 ppb ppm’l). However,
for the detected events, rather low ERs were observed with 75" per-
centiles not exceeding 10 ppb ppm ™! and with a not-negligible fractions
of data reporting negative ERs (i.e. negative CO5®): for the most
restrictive selection (t_CO™® > 30 ppb), only positive ERs were detected.
For October — April, higher ERs were typically observed: while the mean
ER values did not change substantially among the different events and
the remaining data, the 75% and 90 percentiles of ER data increased
with t.CO™. The highest ERs (averaged value: 30 ppb ppm™!) were
observed when t_CO™ = 10 ppb was adopted. In general our ERs were
lower than values reported in literature and ranging from 34 to 200 ppb
ppm_1 (Andreae et al., 2001; Jost et al., 2004; Akagi et al., 2011;
McClure et al., 2016; Hooghiem et al., 2020; DiGangi et al., 2021).
Reasons that can explain our low ERs can be related to the plume aging
and the OH-related destruction of CO as well as the possible mixing and
dilution of the plumes along the transport to CMN. Moreover, it is
well-known that the determination of the CO and CO5 enhancements to
be used for the ER calculations are sensitive by the background deter-
mination (e.g. Hooghiem et al., 2020; DiGangi et al., 2021) which, in our
case, was represented by the sum of the long-term trend and the seasonal
components of the time series.

3.3.3. Sensitivity analysis

With the purpose of investigating the extent to which different set-up
of our analysis could affect our results, we conducted a set of tests by
modifying the setting of the detection methodology. Our “reference”
case was the selection with t CO™ = 10 ppb (Fig. 10, denoted as
“Fires_75”), which seemed a good compromise among the different de-
gree of selectivity for the adopted t_CO"®. In particular, we changed: (i)
the threshold values of the fire number to determine the presence of
active wildfires over the considered source regions by adopting
threshold values equal to 25™ (“Fire_25”) and 50" (“Fire_50") percen-
tiles of total daily fire numbers over the tagged regions, (ii) the fraction
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of the daily back-trajectories related to air mass origin or passage over
one of the selected source regions by increasing it to 75% (“Cluster_75")
and (iii) the setting of the CCGCRV methodology by adopting the set-up
suggested by PM15 (denoted as “ccgerv™),.

For both of the considered periods (May — September and October —
April), we found a limited impact of the change in the considered set-
tings on CO%® during possible wildfire plume occurrence. Looking to
mean values, differences lower than 0.4 ppm were detected when
shifting from the base case (“Fire_75”) to other cases. Only for the
October — April period, with respect to the base case, larger differences
were observed for “Fire_25” (0.6 ppm, p = 0.04). This suggested that
changing the setting of the CCGCRV algorithm used to derive residuals,
as well as changes in the definition of the prevalent air mass circulation,
did not largely impact the results. However, it should be considered that
uncertainties intrinsic in the LAGRANTO back-trajectories could, at least
partially, hinder our ability to correctly diagnose the advection of fire
plumes to the measurement site. One can assess that maximum location
uncertainties (i.e. error positions) related to Lagrangian air mass back-
trajectories can be estimated around 20% of the travelled distance
from the receptor site (Stohl, 1998). However, our approach based on
the analysis of back-trajectory ensembles and on the daily clustering of
ensemble members should, at least partially, cope with the uncertainty
related to the correct diagnosis of the spatial and temporal location of
single back-trajectory points.

Another point that can introduce further uncertainty in our detection
is the smoke plume height for each active fire. The smoke injection
height depends on several factors, such as the fire radiative energy
released by each fire and the local meteorology present at the time of
burning; for this work, we have set a threshold, above which the
catchment of fire emissions by air-mass was considered unlikely. Basing
on the survey of specific literature dealing with the determination of
aerosol smoke plume heights (e.g. Val Martin et al., 2010; Labonne et al.,
2007; Sofiev et al., 2012; Vadrevu et al., 2015; Moisseeva and Stull,
2021; Ke et al., 2021), we considered 3 km a.g.l. as the maximum
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Fig. 10. Same as Fig. 8 but for days identified as possibly affected by wildfire plumes by the adoption of different settings in the detection methodology.
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possible extent of biomass burning plume height. Since a notable frac-
tion of the cluster members related with air mass transport from the
selected source regions were travelling to pressure level below 800 hPa
(Fig. S3, supplementary material), we were confident that our di-
agnostics were representative enough to trace the wildfire transport.

3.3.4. Event selection by CAMS reanalysis

In this section, we used the event detection based on CAMS rean-
alysis (Section 2.6) to provide an alternative method to detect the
presence of wildfires plumes to CMN over 2019 — 2021.

In total, the days selected as influenced by wildfire plumes repre-
sented the 8.8% of the dataset, with the majority of events as in March —
April and in June - September (especially for 2019 and 2020, see
Fig. 11). The absolute event total frequency was comparable to that
obtained for the t_CO™* = 4 ppb methodology (Section 3.3.1): this would
suggest that the detection methodology based on CAMS reanalysis
would be rather broad in selecting events. We also compared the
agreement of the two methods in detecting the same events: 40% of the
events detected by the t CO™* = 4 ppb method were also captured by the
selection by CAMS. This fraction increased to 50% if contiguous de-
tections were considered.

For May-September, the CAMS method did not provide obviously
different CO%® with respect to the selection based on the combined an-
alyses of CO variability, LAGRANTO back-trajectories and MODIS ob-
servations (Fig. 10). For October—April, it provided lower CO%* with
respect to days detected by the other methods (e.g. —2.2 ppm with p <
0.01 when compared with “Fire_75), similar to days identified as no
events (i.e., “Others” in Fig. 8). It was difficult to attribute these dif-
ferences, but they can certainly be related to the large number of days
not simultaneously detected by the different methods. When the days
identified both by the t CO™ = 4 ppb and the CAMS methods are
considered (6.3 % of the dataset 2019-2021), we obtained average
mean CO5® values of 1.7 ppm (IQR range: [-0.2, 5.0]) for May-Sep-
tember and 0.6 ppm (IQR range: [0.1, 2.2]) for April-October.

4. Conclusions

This work aimed at investigating the possibility of detecting the
presence of wildfire plumes from the European domain by merging at-
mospheric composition observations at an high-mountain measurement
site in Italy (CMN, northern Apennines), air mass transport and satellite
wildfires. The interest is to better constrain wildfire contributions to the
variability of the measured atmospheric COs.

As shown by the analysis of a “textbook™ case study occurred in
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March 2020, the atmospheric observations of CO and CO, were able to
detect the advection of plumes related to fires that occurred over eastern
Europe. For January 2015 — July 2021, a methodology to provide
indication about the possible presence at CMN of wildfire plumes from
different European source regions was implemented and run on a daily
basis. The methodology was based on the synergic inspection of daily CO
residuals at CMN (after removal from the time series of long-term trend
and seasonal components by the CCGCRV method) and the presence of
active wildfires over predominant air mass source regions defined by
LAGRANTO back-trajectories. Different threshold values for the CO re-
sidual increase were tested both to assess the sensitivity of the results
and to categorise the events to different degree of magnitude.

As expected, the overall fraction of detected events strongly depends
by the CO™ threshold values (t_CO™) adopted: it ranged from 10.1 %
for the lowest t CO™ (+4 ppb) to 1.3% for the highest one (+30 ppb).
For all the selections, a seasonality in the event occurrence was evident
with maxima during spring and late summer — autumn. The strictest
t_CO™* (t_.CO™* = 20 ppb and t_ CO™ = 30 ppb) appeared to be able to
detect only major events. Therefore, using only these t CO™ may un-
derestimate the true frequency of wildfire plumes. The regional origin of
the detected plumes was rather consistent among the various selections
with important contributions from Eastern Europe and the Mediterra-
nean sectors (especially during May-September).

Looking at the possible impact of these events to the observed CO2,
we detected an increase of CO5 residuals with respect to periods not
affected by fire perturbations during October-April (from +1.8 to +3.9
ppm on average, as a function of adopted t_CO"™®), while we did not find
any significant variations during summer months. For the latter cases,
STILT analyses suggested that ecosystem CO2 uptakes along the air mass
transport could partially explain the lack of CO, enhancements related
to the fire emissions. STILT outputs provided the information about the
different CO5 components contributing to the simulated atmospheric
mole fraction at CMN. We considered the contributions from natural
fluxes (CO2bio), resulting from the uptake of CO, by photosynthesis and
release of COy by respiration. What we found was that for May-Sep-
tember (see Section 3.3.2), the periods detected as events by t CO™* =
[4, 10] ppb, were characterized by the prevalence of negative COsbio
(—2.1 ppm, on average) suggesting that ecosystem uptakes downwind of
emission regions could partially hinder the detectable CO5 increase
related to fire emissions (see also Mallia et al., 2015; McClure et al.,
2016). Since a notable fraction of the cluster members related with air
mass transport from the selected fire regions were travelling to pressure
level below 800 hPa (Fig. S3, supplementary material), the possibility of
mixing with air masses depleted by CO5 uptake by vegetation during the

2021
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Fig. 11. Monthly occurrence (%) of wildfire plume events as detected by the methodology based on CAMS reanalysis.
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growing season (van der Woude et al., 2023) is not unlikely. However, it
should be noted that this was not true for the events characterized by
higher CO increases (i.e. t_ CO™ = [20, 30] ppb) in which COybio was
comparable with that recorded during periods not affected by fire
plumes, in May-September. Further work should be deserved in better
attributing this behaviour.

Only a limited impact (typically lower than +0.4 ppm) to the esti-
mated CO5® increase attributable to wildfire emissions was noted by
changing the settings in the detection methodology for what concern the
identification of active fire regions and calculation of the CO and CO,
residuals.

An alternative selection methodology based on the analysis of the
CAMS air-quality reanalysis over 2019-2021 was also tested. We found
a medium level agreement (40-50 %) in the event selection with our
methodology with t CO™ = 4 ppb. However, events selected only by
analysing CAMS reanalysis did not provide evidences for CO3 increase at
CMN under the influence of fire plumes. Further works will be deserved
in better understanding these differences. When the days identified both
by the t_ CO™ = 4 ppb and the CAMS methods are considered (3.3 % of
the dataset 2019-2021), we obtained average mean COXES values of 1.7
ppm (IQR range: [-0.2, 5.0]) for May-September and 0.6 ppm (IQR
range: [0.1, 2.2]) for April-October.

Future efforts will be deserved in studying the impact of wildfires
which underwent meso-scale transport that are unlikely to be identified
by the proposed methodologies or which had emission ages older than 5
days (i.e. the length of the considered LAGRANTO trajectories) as well as
to implement the use of other observed tracers to better disentangle the
contributions to CO; from other natural and anthropogenic sources.
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