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HIGHLIGHTS

o First study of atmospheric CO,, CH4 and CO time series in southern France.

e CO, and CH,4 annual growth rate congruent with north hemisphere annual growth rates.
e 30% of the 6.5 years time series are impacted by anthropic emissions.

e Enhancement ratios for winter anthropic impact reflect traffic and heating emissions.

o Biogenic sink and sources highlighted with vertical gradient between 100 and 10 m.

ARTICLE INFO ABSTRACT
Keywords: Since 2014, a 100 m tall tower measures continuously greenhouse gases at the Observatoire de haute Provence
Atmospheric greenhouse gases (OHP) located in the southeast of France (43° 55’ 51” N, 5° 42’ 48" E) as a monitoring station of the French

lsinhal:;ement ratio National Greenhouse Gases Observation network (ICOS-Fr). This rural station allows to study the short, mid, and
outl rance

; long terms variability of atmospheric CO,, CH4 and CO concentrations at the continental, regional and local
Observations . . . . . . .

1COS scales in a region characterized by a Mediterranean climate. Measurements are performed using cavity ring-down

spectroscopy at three levels above ground level (AGL); 10 m, 50 m and 100 m. Using the ICOS European

Infrastructure procedure to calibrate and ensure the data quality control, the precision of our datasets matches

the international WMO/GAW recommendations. Time series from July 2014 to February 2020 were analysed.

We inferred a mean annual growth rate at 100 m AGL of 2.7 ppm/year for CO (7.8 ppb/year for CH4) over the

period of study, whereas no significant annual growth rate was found for CO. These growth rates are comparable

to other remote ICOS and WMO/GAW sites. A seasonal amplitude of 13 ppm, 30 ppb, 45 ppb was found for

atmospheric CO3, CHy4 and CO, respectively. As expected, the amplitude of the diurnal cycle of these three species

varies in function of the season, from 2.6 (1.6) ppm in winter and 10.7 (6.6) ppm in summer for CO, 3.7 (5.1)

and 7.7 (7.1) ppb for CHy, and contrary to CO2 and CH4 smaller amplitude in summer with 2.15 (2.5) ppb and

9.3 (8.9) ppb in winter for CO at 10 m (100 m) AGL. Significant correlations (R2 between 0.67 and 0.91) between

the three species have been detected, especially in the winter season. Using thresholds on wind speed and on the

standard variation of hourly concentrations, more than 16% of the data were identified to be enriched either: 1/

by regional anthropogenic plumes; 2/during stable synoptic conditions inducing the accumulation of anthro-

pogenic emissions in the atmospheric boundary layer (13%); and 3/by local’s sources inducing short pollution
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events (3%). On average, ACO/A CO ratios of 3.72 + 0.06 ppb/ppm and 0.8 + 0.2 ppb/ppm for A CH4/ACO
were inferred during local pollution events in winter and are typical of traffic and residential heating as given by
the local bottom-up emissions inventory delivered by the regional air quality agency ATMOSUD. Adding specific
tracers or isotopic measurements would be very interesting to distinguish anthropogenic sources and monitor the
evolution of their characteristics as emission ratios at the OHP station. Filtering out these conditions, about 84%
of the data are not undergoing the influence of local and regional anthropogenic plumes, and are thus repre-
sentative of “background” CO,, CO and CH4 concentrations at the local to the regional scales. These background
conditions are shown to be dependent on wind speed and direction.

1. Introduction

The additional greenhouses gases (GHGs) emitted in the atmosphere
since the industrial revolution by anthropogenic activities is causing
severe changes on the earth radiative balance (IPCC 5th 2014). Major
perturbations on the Environment and on the Earth, Climate occur at the
global to the local scales (IPCC 5th 2014), and they represent one of the
current major scientific and politic concerns. Since the Paris Agreement
(United Nation Climate Change, 2015), 191 parties have legally
committed to reduce their national GHGs emissions. To succeed they
must quantify their emissions at the national scale. However, the vari-
ability of GHGs sources and sinks outcoming from the response of nat-
ural ecosystems to GHGs increase and from anthropogenic emissions
(Wu et al., 2015; Xia et al., 2020) make it crucial to better characterize
these signals at the regional scale to create efficient policies at the na-
tional scale.

Explicit regional budget of GHGs from inversion models based on
atmospheric transport model and inventories (Saeki et al., 2013,
Houweling et al., 2015) can be very useful (Broquet et al., 2013;
Kountouris et al., 2018) for political decision. However, these models
have several uncertainties due to inherent inventories incertitude
(Rayner et al., 2010, McKain et al., 2012; Fischer et al., 2017; Hu et al.,
2018) and a lack of direct observations to calibrate and validate models.
Comparisons to direct observations are essential to assess the quality of
the inversion (Chevallier et al., 2010; Bergamaschi et al., 2018). In
addition, some biases persist in models such as topography which in-
fluence the mixing ratio, and atmospheric transport which induces
sometimes large uncertainties (Geels et al., 2007).

Thanks to growing political concerns, scientific knowledge and
technological improvements, the number of continuous monitoring
stations to study GHGs has been increasing quite rapidly in the last
decades. More than 100 stations are now gathered within networks
under the umbrella of the World Meteorological Organization’s (WMO)
Global Atmosphere Watch (GAW) program (Schultz et al., 2015).
Remote stations located in high altitude or far from sources and sinks
such as in Mauna Loa, Hawai (Keeling, 1960), Junfgraujoch,
Switzerland (Uglietti et al., 2011) and Aigiiestortes, Spain (Curcoll et al.,
2019) are dedicated to studying continental to global trends and
long-term atmospheric GHG variability but not local and regional ones.
Until recently, the comparison from a site with a local to regional
footprint to a remote station considered as a continental background (i.
e., without the influence of local and regional anthropogenic emissions)
was performed to isolate the contribution of local and regional GHGs
fluxes to atmospheric GHGs concentrations monitored at the local/re-
gional site (Schmidt et al., 2003; Vogel et al., 2010; Lopez et al., 2013;
Xueref-Remy et al., 2018). However, the remote continental stations are
often too far from the local/regional ones, inducing biases due to
additional emissions interacting with the atmosphere during the tran-
sect of the air mass to the station (Ammoura et al., 2015; Schmidt et al.,
2014). Airborne measurements are an effective way to record regional
signal (Xueref-Remy et al., 2011) but the cost and the dependency to
clear weather conditions still limit airborne measurements (Abshire
et al., 2013). Similarly, the precision of GHGs observations from space is
still not enough sufficient (Kort et al., 2012; Ye et al., 2020) to match
with the World Meteorological Organization (WMO) Global Atmosphere

Watch (GAW) +0.1 ppm for carbon dioxide in the Northern WMO-
CO2-X2019 (Hall et al., 2020), and +2 ppb for methane WMO-2004). To
be able to monitor local and regional GHG signals, tall towers equipped
at different levels appear to be an appropriate tool (Bakwin et al., 1998;
Haszpra et al., 2001; Stavert et al., 2019). According to Gloor and al
2001, a 500 m tall tower has a spatial footprint of 10° km? or more. In
Europe, the Integrated Carbon Observation System (ICOS) network,
operational since 2012 (https://www.icos-ri.eu/), is designed to estab-
lish a dense network of regional and local scale stations for the moni-
toring of atmospheric greenhouse gases, mainly carbon dioxide (COy2),
methane (CHy), and for some stations nitrous oxide (N20) and carbon
monoxide (CO), a tracer used to discriminate natural GHG fluxes and
emissions outcoming from combustion processes. It contains
twenty-seven tall towers and results from some of these towers are
published by Vermeulen et al., (2011), Schmidt et al., (2014), Conil
et al., (2019) for example. Countries participating to the ICOS European
Infrastructure also have complementary stations on their national
ground. This is the case of France, which owns the ICOS-France network
equipped with 12 stations, among which only 4 belong to the ICOS
European network. ICOS-France is a homogeneous network made of one
standardized instrumentation, a unique calibration and drift control
strategy, as well as homogeneous data treatment and quality control
procedures performed within the ICOS database, as described in Hazan
et al. (2016) and Conil et al. (2019). The ICOS and ICOS-France stations
are dimensioned to meet the WMO/GAW objectives mentioned above.

Our study focuses on the OHP ICOS-France station located in the
South-East of France (SUD-PACA region) at the Observatoire de Haute
Provence (43° 55’ 51” N, 5° 42’ 48" E). According to IPCC 5th (2014),
the SUD-PACA region is much exposed to the risks of climate change,
which include perturbations of the carbon cycle at the local to the
regional scales. The tower, operational since July 2014, has 3 levels of
measurements (10 m, 50 m and 100 m AGL) for monitoring continuously
atmospheric COy, CH4 and CO. The tower is also equipped at the same
levels with meteorological sensors. The site is also monitoring fine
particles with a diameter smaller than 2.5 pm and 10 pm (PM2.5,
PM10), ozone (O3) and water vapor (H20) thanks to regional air quality
agency ATMOSUD but will not be described in this study.

In this study, after a description of the site location, of the meteo-
rological conditions and of the instrumental set ups, we analyse the
variability of atmospheric CO; and CH4 from July 2014 to February
2020, exploring correlations between CO, CH4 and CO at different
spatial and time scales (diurnal, synoptic, seasonal and interannual
ones). We then assess the anthropogenic impact of local to synoptic
sources on the station. From these results, we conclude on the most
appropriate criterion to define when the ICOS-France OHP station is
representative of the regional background CO5 and CHjy signal i.e., with
no influence of local and regional sources.

2. Materials and method
2.1. Site description
The ICOS-France OHP station (43° 55’ 51” N, 5° 42’ 48" E, 650 m a.s.

1.) is composed of a 100 m height tower and is located in the SUD PACA
region, southeast of France (Fig. 1 a), at the Observatoire de haute
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provence. This region covers 31 400 km? i.e., 5.7% of the national ter-
ritory. In 2015 almost 70% of the region were covered by forest and
natural areas, and the population was 5 million habitants. Urbanized
and industrialized areas represent 8.2% of the land use (DREAL PACA).

The tower is fully dedicated to atmospheric observations and
equipped at three levels for continuous measurements at 10 m, 50 m and
100 m AGL where CO,, CH4, CO and water vapor are monitored. In
addition, meteorological instruments are installed at the same levels in
order to record temperature, atmospheric pressure, relative humidity
and wind speed and direction. Air is continuously sucked by the
instrumentation located at the bottom of the tower in a 22° + 0.1 °C
temperature-controlled container.

The tower near neighbourhood (<2 km) is a pubescent oak forest
(Quercus pubescents) with a small village Saint Michel I’Observatoire
with about thousand inhabitants located at 3 km at the south of the
Tower (Fig. 1c). The nearest city is Forcalquier with five thousand in-
habitants located at 4 km at the northeast of the OHP station (Fig. 1c).
The major city is Manosque (21 thousand habitants) located at 12 km at
the South-east of the tower (Fig. 1c). It concentrates many industrial
activities and represent about 107 kt CO5 emitted in 2017 (https://
cigale.atmosud.org). A major highway passes through Manosque and
is located from 20 km at the northeast and 20 km at the south of the
station. The Aix -Marseille metropolis is located at about 80 km at the
south (Fig. 1b). The Rhone valley which concentrates many manufac-
tures, industrials sites and major cities as Avignon (with about a hundred
thousand inhabitants) and smaller (with about thirty thousand in-
habitants) as Cavaillon and Carpentras are located at 70 km at the west
of the OHP (Fig. 1b). Belviso et al., (2016) shows that industrials
carbonyl sulfide emissions from this region could reach OHP and
impacted the station. The Aix — Marseille metropolis is located 80 km
south of OHP (Fig. 1b) and represents the most important anthropogenic
area in the region. This metropolis is the second biggest one of France,
with about 1.8 million habitants. Its emissions (20 Mt CO2 in 2017 htt
ps://cigale.atmosud.org) are estimated to represent 7% of the national
CO2 emissions (CITEPA inventories 2019 https://www.citepa.org/f
r/secten/) and close to half of the regional emissions (ATMOSUD, htt
ps://cigale.atmosud.org). Finally, Lyon the third biggest French city

100 km

b)

3 km
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with about half million inhabitants is located at about 200 km at the
northwest of the OHP (Fig. 1b).

Thanks to the high-resolved (1 x 1 km2, 1 h) regional emissions
inventory from ATMOSUD (https://cigale.atmosud.org), we can iden-
tify the main sectors of activity that contribute to emit atmospheric COo,
CH4, CO, PM10 and PM2.5, here given for 2017. For the Aix-Marseille
metropolis area, four sectors are the main contributor of CO2 and CO
emissions: the industrial sector represents 56% of CO5 emissions (and for
CO 62%), the traffic with 16% (7%) and the residential with 6% (and
16%) and energy production with 14% (6%). These sectors are also
responsible of 60% of PM10 and PM2.5 emissions. CHy is emitted by
other sectors of activity: 78% of CH,4 are estimated to outcome from
waste treatment and 5% from the agricultural sector (ATMOSUD, htt
ps://cigale.atmosud.org).

2.2. Meteorological fields

In this section, we describe the main meteorological patterns at OHP
derived from the hourly ICOS-fr datasets at 10 m, 50 m and 100 m AGL
on the period of study (07/07/2014-02/29/2020).

Regarding synoptic wind patterns, the mean speed is 2.7 ms ™2, 3.6
ms ! and 4.9 ms™! at 10, 50 and 100 m AGL at these elevations, the first
quartile (25%) is 1.4 ms_l, 2ms~! and 2.2 ms_l, respectively and the
third quartile (75%) is 3.7 ms~}, 6.3 ms ™! and 7 ms~?, respectively. The
dominant wind sector is the North-West one (NW), which represents
20% of the data on the three levels (Fig. 1). About half of wind measured
at 100 m AGL from the NW have a mean hourly speed higher than 8
ms ™! and a maximum speed of 28 ms~*. This dominant wind is endemic
of the region and is called ‘mistral’; it is created by the corridor made by
the Alps on the East side and the Massif Central on the other side.
Another regional wind called ‘tramontane’, formed by the gap between
the Massif Central/and the Pyrenees (precisely described in Drobinsky
and al 2005 and Jiang Q. and al 2003), is often associated with the
mistral because they blow in a similar direction with relatively speed
higher than 7/8 ms (Drobinsky et al, 1 2005). Furthermore, mainly at
50 m and 100 m, winds coming from the NE sector represent between
10% and 15% of the data with a maximal frequency during winter.

Fig. 1. (colors not required). Photography of OHP tower (d) and 3 satellite pictures (from google earth) illustrating the landscape and location of OHP and main
cities at 3 scales (a,b,c). The white area in b) represent Alps mountains and white segment represent Rhone valley. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Besides, the area is characterized by local wind patterns. The land/
sea breezes process occurs in the southern part of the SUD-PACA region,
due to its proximity to the Mediterranean Sea (Delbarre et al., 2005).
Within the ESCOMPTE campaign organised in the Marseille area, it was
demonstrated that sea breezes can penetrate in land several tens of
kilometres from the coast (e.g., Bastin and Drobinski, 2006; Drobinski
et al., 2006) but it has not been deeply investigated at the coordinates of
OHP. At this site, during summer the South-west (SW) sector becomes
more important and represents 15% of the total winds for the three
levels (Fig. 2). More specifically, between 12h00 and 16h00,
south-southwest sector represents more than 40% of wind at the three
level (as illustrated in S.1).

The region benefits from a Mediterranean climate with hot dry
period during summer and a mild, wet winter. Over the period of study,
the temperature ranged from a minimum monthly mean of 2.1 °C in
winter at 10 m (February 2018) and maximum of 25 °C (July 2019) in
summer. The summer (winter) mean is about 22 + 2 °C (6 + 2 °QC).
Precipitations are not monitored at the station, but relative humidity
provides information about the water amount in the atmosphere. The
minimal relative humidity monthly mean is during August 2017 with
46.5% and the highest is in November 2018 with 80%. The summer
mean is about 56 + 6% and the winter mean is 67 + 6% at 10 m AGL.
Temperature means are equal at 10 m and 100 m AGL and relative
humidity mean difference between 10 and 100 m AGL is close to 3-5%.

In order to characterize the origin of the air masses arriving at OHP,
we calculated backward trajectories using the Hysplit Lagragian model
(Draxler et al., 1997). For this study, the model relies on NCEP reanalysis
(with a daily mean resolution and 2.5-degree latitude x 2.5-degree
longitude global grid (144 x 73)) from the National oceanic and at-
mospheric administration and the National Center for environmental
prediction (NOAA). Seasonal mean backward trajectories were calcu-
lated for summer (June, July, and August) and winter (December,
January, and February) at 100 m AGL. between 2014 and 2019 every 6 h
over 96 h total, then aggregated in order to calculated frequencies
showed in Fig. 3.

Hysplit calculation showed northwest as the dominant sector rep-
resenting about 50% of total arrival air mass (Fig. 3). The geographical
origin of the other half depends on the season and of synoptic conditions.
In Summer, about 30% of the air masses arrived from the South

Wind rose at 10m

spring (MAM)
20% [N

summer (JJA)
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according to Hysplit and about 21% from the northeast. In winter the
other half of winds come from east sector for 30% and west for 20%.
Hysplit calculation appeared congruent with wind Rose regarding the
dominance of the northwest sector, an impact of the sea in summer with
wind coming from south uniquely in summer and the presence of winds
from northeast sector arriving at the OHP. Whereas difference and ac-
curacy in the repartition sectors remain between Hysplit reanalysis and
Wind roses from observed data due to the large resolution grid (2.5°).

2.3. Instrumentation and calibration procedure

The CO,, CO and CH4 datasets were collected at a 0.2 Hz frequency
and averaged every minute between 07/07/2014 and 02/29/2020 using
a cavity ring down spectroscopy analyzer (CRDS) Picarro (G2401
model) at 10, 50 and 100 m (AGL). Each level is sampled for 20 min,
alternatively. Due to a technical issue, the data at 50 m (AGL) are valid
since January 29, 2015 only. Each level is sampled through a Synflex
pipe (4.3 mm diameter). The automatic ICOS control procedure applies
a time correction to take account of the time spend by the air in the
volume of the air line (close to 10 L for the 100 m line) between the time
of the sampling and the time of the measurement in the CRDS analyzer
cavity, which represent a correction of about 1.65 min. The cavity
temperature of the PICARRO analyser is controlled and maintain at
45 °C (TO0) and the pressure at 140 Torr (P0O). In order to protect the
cavity of the analyzer, each airline is equipped with a filter (M&C
TechGroup) to remove particles larger than 2 pm before air enters the
instrument.

The calibration and drift control of the instrument are performed
automatically through a rotationnary valve using 6 cylinders qualified
on the international World Meteorological Organization (WMO) scales
for atmospheric CO4, CO and CH4 following the ICOS procedures (Hazan
et al., 2016), alternatively with air measurements. These procedures are
explained in detail in Conil et al. (2019).

Each night, the datasets are transferred to the ICOS database and
then processed according to the ICOS automatic data treatment and
quality routines Hazan et al. (2016). Mostly, all data points with |P— PO|
> 0.1 Torr and |T -TO| > 0.004 °C are excluded. Furthermore, dead
volumes in the setup led to instability in the response of the analyser for
less than 5 min after switching from one gas line to another. These 5 min

Wind rose at 100m
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Fig. 2. (colors required). Windrose at OHP at 10 m AGL (left panel) and 100 m AGL (right panel) given by season over the period study (from November 26, 2014 to
February 29, 2020). The colors indicate the wind speed values according to the given scale (in ms™!). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 3. (colors not required). 96 h mean back trajectories (and associated frequencies) reaching OHP (100 m AGL) over the period of study in winter (left) and in
summer (right) from the HYSPLIT model and NCEP data reanalysis (Daily mean resolution with 2.5-degree grid). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

periods were automatically removed from the datasets. To correct for
the superimposition of the species absorption bands monitored in the
1.6 mm wavelength range, a water vapor correction provided by PIC-
ARRO is automatically applied on the datasets (Hazan et al., 2016).
Finally, the datasets are manually inspected on a regular manner by the
station P.I. and flagged for any anomalies (leaks, human respiration
during routine operations on the tower ...).

The precision and accuracy of the instrument over the period study
respect ICOS recommendations reported in Laurent, 2017 Table 3 and fit
the WMO GAW compatibility goals perform for CO; and CHy4. According
to Camille Yver 2015 the precision and the repeatability for the
continuous measurements repeatability and the long term repeatability
measurements were calculated. Over period of study the repeatability
and the precision are 0.1 (0.02) ppm for CO5; 0.23 and 0.26 ppb for CHy4
and 4.96 and 0.52 ppb for CO.

In the following study, we use hourly means. Time is given in UTC.
Local time at OHP correspond to UTC+2 from April to October and
UTC+1 from November to March.

2.4. Boundary layer height simulation

The atmospheric boundary layer height was simulated using the
WRF-ARW model (Skamarock, 2004) forced by ECMWF meteorological
fields (ERA reanalysis) at a 2 x 2 km2 and 1 h resolution, on a domain
covering about 50 km north of OHP to the bay of Marseille and the east
coast of Spain to the east coast of Corsica. Due to some technical and
human ressources limitations, we could product a dataset covering the
period from 02/11/2015 to 06/05/2019, without the month of January
2018. These data are used to assess the diurnal and seasonal variability

of the atmospheric boundary layer height at OHP.
3. Results and discussion
3.1. Timeseries overview

The hourly average concentrations of atmospheric CO3, CH4, CO
collected at 10 m, 50 m and 100 m (AGL) measured at 4 m (AGL) from
07/07/2014 to 02/29/2020 are presented in Fig. 4. For the three species
at 10 m and 100 m (AGL). The number of valid minute data over the
study period for 10 m and 100 m (AGL) ranges between 480 000 and
490 000 for the three species, representing about 42 000 hourly means.
At 50 m (AGL), about 450 000 min data are valid, representing about 36
000 hourly means. The exact numbers of data available for each species
and level are listed in Supplementary Material S.2.

CO., CHy4, CO, concentrations reveal an important seasonal pattern.
95% of CO2 is between 393.1 and 423.5 ppm. CH4 annual range is close
to 100 ppb between 1860 and 1960 ppb. CO, and CH4 pattern have
maximal values reached in winter and minimal reached in summer
contrary to CO which have low value in winter and high in summer.

All the species presents numerous short periods with high concen-
trations. During these periods, concentration peaks are often three times
higher than the mean monthly variability (defined as the mean standard
deviation of hourly averages for each month) and five time higher for
CO. CO highest peaks reach 220 ppb whereas the mean monthly vari-
ability is close to 20 ppb. CH4 and CO; highest peaks exceed about 4
times the monthly variability (22 ppb and 4 ppm respectively). The
variability of the different species at different time scales and in function

Fig. 4. (colors required). Timeseries of atmospheric
CO,, CHy, CO hourly measurements at 100 m (green),
50 m (blue) and 10 m (red) (AGL) and of atmospheric
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3.2. Annual growth rates

The annual growth rate of CO5 and CH,4 was studied before analysing
their shorter variations at the seasonal and diurnal scales. The annual
growth rate is crucial to monitor average trends of long lifetime species
on periods larger than one or more decades. In this study, we analysed
the evolution of the annual growth rate of these species over 5 years, and
not their trend due to the relative short length of the record (<10 years).

Firstly, to limit the influence of local emissions, only data collected at
100 m AGL were selected. Then, to remove highly polluted data, the
Standard deviation method explained by El Yazidi et al., (2018) was
applied on the minute data: this first step removed from 2.3 to 3.9% of
the data depending on the species and on the measurement’s height.
Next, the data were hourly averaged and for each hour, the first and
third quartiles were calculated. All the data comprised between these
two quartiles were retained (Vermeulen et al., 2011). These data were
aggregated by day, and then a sliding mean (Roustand et al. 2008) of
365 days was calculated to reduce the impact of seasonal variations.
Finally, a linear regression was applied to these datasets to determine
the mean annual growth rate, as the coefficient slope of the fit. As in
Vermeulen et al., (2011), several filters were tested: (1) taking the
lowest hourly daytime mean per day, (2) selecting only the first quartile
(25% lowest) of each hour, (3) choosing the data comprised between the
1st and the 3rd quartiles for each hour, and (4) applying the Theilsen
function which calculate the robust Sen-Theil slope estimator (Sen,
2021) available with R package OpenAir (Carslaw et al., 2012). The
results obtained with these four different methods are reported in
Table 1. The proximity of the tower to potential important biogenic sinks
of CO2 in summer conducted us to the hypothesis that choosing method
(1) or the (2) would create a bias related to the interannual variability of
biospheric fluxes. As Vermeulen et al., 2011 method (3) based on the
selection of the data between the first and the third quartiles was kept
limiting the impact of potential strong sources and sinks.

An increase of +2.7 ppm/year is determined. This is concordant with
the 2.6 + 0.09 ppm/year mean growth rate provided by NOAA for the
northern hemisphere between 2015 and 2019 (https://www.esrl.noaa.
gov/gmd/ccgg/trends/gl_gr.html) but a little bit higher than the
annual growth rate found at other ICOS sites, e.g. at Cabauw in Holland
with 2 ppm/year between 2005 and 2009 (Vermeulen et al., 2011) and
at Observatoire pérenne de I’environnement (OPE) station in the East of
France with +2.5 ppm/year between 2011 and 2018 (Conil et al., 2019).
The mean growth rate over our period study is little higher than those
found in these other studies (Vermeulen et al., 2011; Conil et al., 2019)
likely because of the important impact of strong growth years rate 2015
and 2016 coupled with the small number of years. Moreover, the site
variability is also explained by geographical differences. Cabauw and
OPE station have a temperate oceanic climate with less extreme season
contrary to OHP station which has a Mediterranean climat characterize
partly by hot and dry summers (Beck et al. 2018). Extreme drought
influencing CO, emissions by modifying plant response and global car-
bon cycle (Ramonet et al. 2017; Rodenbeck al 2020; Smith et al., 2020).
Besides, as show in Ramonet et al. 2017, interannual variability of at-
mospheric boundary layer impact the emission footprint of stations.
Shalow atmospheric boundary layer height increases footprint of emis-
sion on the station, at the OHP, atmospheric boundary layer height
observation is not yet available, but it will be interesting in future study
to investigate atmospheric boundary layer variability.

Over the period of study, the annual growth rate was very different
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from one year to the other (Table 2). Due to the short record in 2014 (6
months) and in 2020 (2 months), the annual growth rate of these two
years was not calculated individually. In 2016, the CO, annual growth
rate was +3.68 ppm/years at OHP, which is much stronger than the
mean rate observed between 2015 and 2019 on our site. This highest
value could be explained by two mechanisms: first, stronger anthropo-
genic emissions (Cigale inventory, ATMOSUD). In 2016, CO2 (CH4)
regional anthropogenic emissions were 2.5% (20%) and 1.5% (3%)
higher than in 2015 and 2017. Second, an El Nino event occurred in the
Winter 2015-2016 (NOAA and Ivakhov and al 2019) and induce in-
crease in CO, growth rate (Betts RA. et al., 2018). El Nino events are
positively correlated with an increase of the global CO, growth rate
(Patra et al., 2005, Wang W. and al 2013): for example, an uplift of 1
ppm of the annual mean CO; global timeseries was found resulting from
El Nino 1983 (Gaudry et al., 1987). However, a similar annual growth
rate is observed at OHP in 2019, while the El Nino event in 2018-2019
was weaker by far than event in 2015/2016. Regional emissions in-
ventories were not available yet for this year, but one explanation could
be the high temperature levels encountered during the Summer 2019. It
was the hottest summer of the period of study according to the literature
(Oldenborgh et al., 2019, Vautard et al., 2020, https://climate.copernic
us.eu/record-breakingtemperatures-june). Unfortunately, meteorolog-
ical instruments did not record from April 08, 2019 to July 30, 2019 so
we cannot compare at the OHP precisely. However, GV Van Oldeborgh
et al. 2019 record a highest temperature of two degree compared to the
highest values in 1981-2010 in France and explain it by the amplifica-
tion of the soil moisture drying which amplified temperatures means
and extremes. Previous studies showed heat waves induced higher ma-
rine and terrestrial CO, emissions which can also partially explain this
high rate (e.g., Ramonet et al. 2017, Arias-Ortiz et al., 2018; Gerdol
et al., 2008; Ramonet et al., 2020; Smith et al., 2020). Interranual
variability of COy growth rate is possibly influenced by interranual
variability of meteorological condition, of atmospheric dynamics (as the
atmospheric boundary layer height) and annual anthropic emissions.
Over the period of study, the mean CH,4 annual growth rate is 7.85 +
1.3 ppb/year with a maximal value in 2016 (+12 ppb/year) and a
minimum value in 2017 (4-3.3 ppb/year). The mean rate at OHP is close
to the NOAA global CH4 growth rate of +8.2 + 0.6 ppb/year over the
same period (Dlugokencky and Tans, 2020; https://www.esrl.noaa.
gov/gmd/ccgg/trends_ch4/). Turner et al. 2016 “demonstrate that the
problem of attributing methane trends from the current surface obser-
vation network, including isotopes, is underdetermined and does not
allow unambiguous attribution of decadal trends” this increase can be
explained by several factors. Causes of the recent rise since 2007 of at-
mospheric methane remain not fully understood (Nisbet et al. 2019;
Turner et al., 2019) several hypotheses are currently debating in at-
mospheric community. On one hand a decrease in the oxidation power
of the atmosphere due to a decrease of the OH radical which is the main

Table 2
Annual growth rate of CO,, CHy for each year between 2015 and 2019 at OHP.

Year CO, (ppm/year) CH,4 (ppb/year)
2015 2.2 7.2

2016 3.7 12.2

2017 2.4 3.3

2018 2.2 9.6

2019 3.8 6.3

Table 1
Mean annual growth rate over 2015-2019 of atmospheric CO2, CH4 and CO calculated with the 4 methods explained in the text.
(1) Minimal hourly mean per day (2) Data <25% (3) Data between 1st and 3rd quartile 4) Theilsen
CO, (ppm) 2.7 2.80 2.7 25
CH, (ppb) 8.2 7.8 7.9 7.2
CO (ppb) -1.3 -1.9 —2.0 2.3
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Table 3

Coefficient of determination (R%) between pairs of species measured at 10 m
(AGL) in function of wind sector (60° each) and windspeed classification during
Winter (December, January, February).

Wind speed: 0 - 2 ms™!

Wind N-NE E SE-S S- w NW- All

sector SW N directions

(CHy, - 0,748 0720 0,719 0689 0,770 0770 0,734
CO2)

(CO, CO2) 0,686 0696 0,678 0649 0,709 0714 0,685

(CH4, CO) 0,817 0835 0,829 0809 0,826 0810 0,822

Wind speed: 2 - 4 ms™*

Wind N-NE E SE-S S- w NW- All

sector SW N directions
(CH4,CO2) 0,739 0731 0,794 0729 0,775 0827 0,774
(CO, CO2) 0,713 0719 0,749 0672 0,723 0826 0,724
(CHy4, CO) 0,761 0800 0,808 0802 0,822 0848 0,808

Wind speed: >4 ms™!

Wind N-NE E SE-S S- W NW- All

sector SW N directions
(CH4,CO) 0911 0871 0,840 0727 0,733 0837 0,808
(CO, CO2) 0,914 0878 0,767 0551 0,755 0841 0,804
(CH4, CO) 0,880 0928 0,802 0778 0,806 0826 0,822

sink of atmospheric CHy4 (Kirschke et al., 2013, Turner et al., 2017) could
induced a weaker sink and so the rise of atmospheric CH4 (Turner et al.,
2017; Rigby et al., 2017). On the other hand, an increase of emissions
can also explain this rise. It is important to note that simultaneously to
the CHy rise, a decrease in global & 13Cyy is observed. Schaefer et al.,
(2016) support that an increase of microbial emissions from wetlands
and livestock which have strong negative isotopic ratios could explain
the actual trend of rising CH4 and decreasing & 13Cana. Controversially,
an increase of emissions from natural gases supported by a rise of ethane
of 2.3 [1.8, 2.8] x 1072 ppb yr‘1 since 2007, a tracer for oil and gas
emissions (Hausmann et al., 2016), could also explain the CHy rise, but
not the isotopic ratio decrease. To explain both trends with a rise of
emission from natural gas, a concurrent decrease of a rich °C source
must occurred. Worden et al., in 2017 suggest that the strong rich 3C
source concurrent decrease could be biomass burning and fire emissions.
It is possible that both changes are indeed occurring. Both microbial and
fossil fuel emissions could increase and still explain the isotopic signa-
ture decrease and CHy4 increase if microbial isotopic fluxes are higher
enough than fossil fuel fluxes or if biomass burning emission are
decreasing too. In the PACA region, ATMOSUD inventories found that
yearly anthropic CH4 emissions in the SUD PACA region varies between
2015 and 2018 of about 18%, with maximal amount of CH4 emit in
2017, which surprisingly correspond to the lower CH4 annual growth
rate (3.3 ppb/year) we found over the period (Table 2). Besides, Nisbet
et al. 2019 found for populated North area from 30° to 50° that the CHy4
growth “was not led by fossil fuel emissions” which is congruent with the
absence of relation observed between the CH4 annual growth rate and
the ATMOSUD inventories. However, Nisbet et al. 2019 found some
noticeable episode of growth in 2014 and 2016 with annual growth rate
close to 10 ppb which is congruent with our 2016 annual growth rate of
12.2 ppb. They explained these important annual growth rate by annual
air temperature warmer but the temperature variation do not match the
CH4 annual growth rate. Despite the absence of clear temperature effect
to explain 2016 high annual growth rate, Turner et al., (2019) found that
ENSO event mostly contributes to the not long-term variability
impacting the OH variability which could be part of explanation for the
strong annual growth rate founded in 2016. The lowest annual growth
rate of 3.3 ppb found in 2017 remain unexplained. Moreover, as CO2
annual growth rate variability, the atmospheric dynamics (as the at-
mospheric boundary layer height variability) should be one of the fac-
tors responsible of this strong interannual variability by changing the
footprint of emission on the station.
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Despite the short lifetime of CO compared to CH4 and CO», we also
applied the same method on the CO record of OHP and we obtained a
mean rate of — 2 ppb/year over 2015-2019. Despite the low significance
of the regression (R2 = 0.25), this decrease seems congruent with recent
observations in the North Hemisphere (Lowry et al., 2016) resulting of
strict emission policies. A longer timeseries of CO measurements at OHP
should permit to detect more robustly the regional decrease of atmo-
spheric CO.

3.3. Seasonal cycles

The seasonal cycle of atmospheric COy, CH4, CO, is presented on
Fig. 5. Minute data were aggregated at the hourly scale and then aver-
aged by month. The growth rate of CO, and CH4 was removed from the
datasets at the three sampling levels before calculating the means.

As expected (Stanley et al., 2018; Conil et al., 2019), CO,, CH4 and
CO show higher concentrations in the cold months, and lower concen-
trations during Summer. The seasonal amplitude of the CO, concen-
tration is about 13 ppm with a maximal monthly average of 409.3 + 2.2
ppm measured at 10 m (AGL) in February and a minimal of 396.5 + 2.4
ppm in August. These variations are partially explained by the atmo-
spheric boundary layer height (ABLh) seasonality which induces a
stronger dilution of emitted sources from the surface in Summer than in
Winter (560 m AGL on average during summer and 267 m AGL in winter
(cf. Fig. 5). Over the period of study, April has the smallest mean stan-
dard deviation with 0.7 ppm while October has the largest one, close to
2.7 ppm. More extreme values are found close to the surface in com-
parison with the top of the tower because of the higher proximity to
sources and sinks. The amplitude of the CO2 vertical gradient AV
(AV(sp1 = [splioom-[sPl1om (AGL)) is smaller in winter than in summer
and is maximal in May and June (as illustrated in Fig S.4). During
summer, a strong negative vertical gradient is found with a difference of
5 ppm +0.1 between 100 m (AGL) and 10 m (AGL) due to high CO,
emissions by plant respiration and the shallow nocturnal boundary layer
which is in average lower than 200 m during the night (cf. Fig. 6). In
opposite, during daytime in summer, a positive vertical gradient is found
with a CO; value about 1 ppm +0.1 lower at the bottom than at the top
induced by the CO, uptake by the photosynthesis sink despite a larger
atmospheric boundary layer that reaches 1200-1400 m (cf. Fig. 6).
These cyclic variations result from the cumulative effects of the sea-
sonality of the biospheric activity, which induce a local sink of atmo-
spheric CO2 during spring and summer and a source in winter (Nasrallah
et al., 2003; Miller et al., 2020) and the seasonality of the ABLh, that is
higher in Summer than in Winter as it is shown in Figs. 5 and 6 and
congruent with literature (Medeiros et al., 2005; Koffi et al., 2016; Gu
et al., 2020).

The CH4 seasonal cycle shows an amplitude of about 30 ppb. The
maximum occurs in February (1926 + 12.6 ppb) and the minimum in
August (1892.8 + 10.6 ppb). Similar shape of the CHy4 seasonal cycle is
observed in other sites of Europe (Schmidt 2014; Vermeulen et al., 2011;
Popa et al., 2010; Fernandez-Duque et al., 2017). The minimal con-
centrations encountered in summertime are caused by photochemical
reactions of methane molecules with hydroxyl radicals (Fernandez-Du-
que et al, 2017). The vertical gradient AVgp (AVig =
[CH4]100m-[CH4]10m (AGL)) between 10 m and 100 m (illustrated in Fig
S.4) is higher in early winter and close to zero between May and August.
Natural CH4 emissions are higher in winter and autumn in the northern
hemisphere and the CHy4 seasonal cycle is directly related to the rate of
hydroxyl radical production, which depends on photochemical pro-
cesses (IPCC 5th 2014). Moreover, according to ATMOSUD inventories,
in the vicinity of OHP (~15 km around the OHP), there are three main
emission sectors of CHy: animal farming representing about 41% of total
emissions, compacted landfill about 38% and residential heating for
15%. Residential heating appears as be the only one with a significant
seasonal variation explaining partially higher concentration in winter
due to higher emissions coupled as CO; concentration to a lower



L. Lelandais et al.

Atmospheric Environment 277 (2022) 119020

Fig. 5. (colors required). Seasonal cycles of CO,,

g § CHy4, CO at 100 m, 50 m and 10 m and of the atmo-
N spheric boundary layer height (ABLh) from our WRF-
e a8 ECMWF modelling framework. Altitudes are given
@ & \% 21 AGL. The 10 m and 100 m datasets run from 07/07/
S =3 T 0] 2014 to 02/29/2020, and the dataset collected at 50
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atmospheric boundary layer height (cf. Fig. 5).

The CO seasonal cycle has higher values during winter, especially in
February and March, with monthly mean concentrations exceeding 150
ppb. This can be attributed to higher anthropogenic emissions and a
smaller atmospheric boundary layer in wintertime (cf. Fig. 5.). The
lowest monthly mean concentrations occur in June and July (~105
ppb). The CO vertical gradient is the strongest in early Winter, with a
maximum difference of 10 ppm +0.5. No gradient is observed between
April and September. As for CHy, the CO seasonality is (1) directly linked
to the seasonality of his main sink, which is the radical OH: the con-
centration of this latter depends on sun light and is thus higher in
summer than in wintertime; and (2) also controlled by the seasonality of
the atmospheric boundary layer height.

3.4. Diurnal cycles

As for the seasonal cycle, the diurnal cycle of the different species
studied here is mainly driven by atmospheric dynamics and biospheric
activities but also by human emissions. These factors have different
impacts depending on species.

A CO3 diurnal cycle is observed at each sampling level of the ICOS-Fr
OHP tower. Its amplitude is higher at 10 m AGL than above, especially in
Spring and Summer. Its amplitude depends on the season and varies
from 6.0 + 3.7 ppm in wintertime to 15.9 + 6.6 ppm in summertime at
10 m AGL. CO2 mean hourly concentrations are higher in night-time

than during daytime, because CO2 emitted by anthropogenic activities
and biosphere respiration accumulates into a smaller atmospheric
boundary layer (Schmidt et al., 2014). The mean standard deviation of
COy, is close to 4 ppm (Figure S.3). In winter biogenic CO5 fluxes from
soils are still important and is directly linked with sol temperature (Fang
et al., 2016; Doukalianou et al., 2019) if soil temperature stands above
0 °C. At OHP, air temperature remains mainly above 0 °C even in winter:
thus, soil respiration could play an important role on the CO4 diurnal
cycle, even in Winter. As illustrated on Fig. 6, in wintertime the
boundary layer height is close to 200 m (AGL) during the night. In the
morning, the development of the atmospheric boundary layer (ABL)
occurs with sunrise i.e. at 06h00 in Summer and 09h00 UTC in Winter
and brings CO3 at 50 m and 100 m: this explains the maximum occurring
after 09h00 UTC at these levels, visible in winter. COy hourly mean
concentrations are the smallest between 12h00 and 18h00 UTC, due to a
high well mixed ABL, and photosynthesis activity of local vegetation.
As for CO5 and CHy, the CO concentration starts to increase at 07h00
UTC and stops at 11h00 UTC in Winter and 09h00 in Autumn. The CO
concentration increases during afternoon (13h00 — 16h00 UTC) close to
the surface. The mean interannual variability of the CO diurnal cycle at
10 m (AGL) (100 m (AGL)) is 25.1 + 1.5 ppb (23.5 + 1.3 ppb). The
diurnal evolution of the CO vertical gradient during Winter is well
correlated with the diurnal cycle of the atmospheric boundary layer
height, as already described in the literature (Liu et Lang 2010; Xiang
etal., 2019). As for CO5 and CHy, higher value close to the surface reflect
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non negligible sources from human activities (Popa et al., 2010).

At last, in winter and for wind speed lower than 2 ms™?, even after
subtracting annual growth rate on CO5 and CH4 datasets the diurnal
cycle of each species shows some interannual shift as it is illustrated in
Fig. 7. The same interannual variability is visible at 100 m (AGL), and
only for low wind speed as for the 10 m AGL level. The winter
2019-2020 presents the lowest CO, diurnal cycle (402.3 + 1.1 ppm)
contrary to 2017-2018 winter when the mean is 406.3 + 1.5 ppm with a
shift of 4 ppm. For the compared years, the shift for CO diurnal cycle is
about 25 ppb and 11 ppb for CH4 diurnal cycle. Except for the
2015-2016 Winter, which is associated to the lowest CH4 diurnal cycle,
and the 2014-2015 one which is related to atypical and high diurnal
cycles for the three species, the CO,, CO and CHy4 diurnal cycles vary
similarly and appeared well correlated with the diurnal cycle of air
temperature. One of promising factor influencing this interannual
variability of diurnal cycle could be the variability of the atmospheric
boundary layer height which is directly linked with the air temperature.
Cold years are associated with relative higher diurnal cycle which could
be explained by a higher concentration of species in a smaller boundary
layer. Indeed, the hottest Winter seasons of our study (2015-2016 and
2019-2020) are associated with the lowest CO and CO- diurnal values,
and as the opposite, the Winter 2017-2018 is the coolest and the cor-
responding diurnal cycles are associated with some of the highest values
of CO2 and CO. Local winter emissions are not available for the years of
the study and only for 2013, but according to the literature, CO2 emis-
sions (especially heating) are directly correlated with air temperature
and low temperatures reduce the combustion efficiency of engines and
increase their CO emissions by a factor 5 to 6 (e.g. Ward et al., 2015; Liu
etal., 2012 and Andrews et al., 2004). Carbon isotopic measurements in
COo, also associated to CO5 flux measurements, would be interesting to
quantify the role of the biogenic and anthropogenic sources. Neverthe-
less, the analysis of the ratios between CO5, CO and CH4 presented in the
next section already helps to assess the role of anthropogenic emissions
at different spatial scales in Winter.

3.5. Anthropogenic impact on the OHP station

3.5.1. CO,, CO and CHy correlations

In this section, we investigated the influence of anthropogenic
emissions on the timeseries collected at OHP, from the local to the
regional (synoptic) scale. We classified the CO,, CO and CH4 concen-
trations in 24 groups according to six wind sectors of 60° each and 4
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speed classes (low: 0-2, medium: 2-4, strong: 4-8, and mistral >8
ms D). Only Winter data were selected, to maximize the impact of
emissions. For each group, we be studied the correlation between CO,
CO and CH4 using a Spearman correlation test provide by the “stats” R
package.

The results are given in Table 2. The three species seem well corre-
lated regardless of the wind sector (R? > 0.67). For strong windspeeds
>8 ms’l), R? was high (>0.8) between the 3 pairs of species but
number of data by wind sectors was low so we choose for correlation
table to not put them in the table due to the lack of data by sector. For
low wind speeds, R? is every time higher between CH4 and CO than
between CH4 and CO5 and between CO and COs. The coefficient of de-
terminations with CO; are the lowest of all values given in Table 2: this
may be explained by the small biospheric activity persisting during
wintertime. The significative correlation between the pairs of species in
winter are mainly due to a low ABL height (Fig. 6), weak sunlight
inducing reduced photochemical sinks for CO and CHy4, low biospheric
activities inducing a reduced source and sink of CO; and higher
anthropogenic emissions in that season (Xueref Remy et al., 2018; Conil
et al.,, 2019). As a precaution, we also calculated the coefficients of
determination between the pairs of atmospheric species for the summer
period: congruent with former studies (e.g., Satar et al., 2016; Conil
et al., 2019) we found no strong correlation between the three species in
summertime. During the warm period, drivers and emissions are
different than in the cold months, as the natural biospheric contribution
controls much more the CO; concentration than in Winter. Despite, we
found a certain correlation in Summer for wind speed <4 ms ™! between
CO and CH4 [R? ~ 0.5), which could originate from their common
photochemical sink in Summer.

In order to quantify the impact of local to regional anthropogenic
emissions on atmospheric CO;, CO and CH4 at OHP, we defined
impacted hours as every hour showing a concentration higher than one
standard deviation added to the median diurnal cycle of each month
averaged over the entire period of study. Indeed, we tried several
methods to define a proper threshold, using the mean diurnal cycle, or
moving windows. It appears than the definition that we retained is the
best trade-off to detect short events of a few hours and long events of
several days, as it keeps any linear relationship existing between
different species. An illustration of the results obtained with the
different methods tested is available in Supplementary Material S.5.

Using the selected method, our analysis shows that between July
2014 and February 2020, for each species and for each sampling level of
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Fig. 7. (colors required). Winter diurnal cycle of CO,, CO and CH, for low winds speeds and global air temperature diurnal cycle at 10 m (AGL). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the OHP ICOS tower (10 m, 50 m and 100 m AGL), the number of
impacted hours represents between 14% and 20% of the total dataset
(cf. Table 5).

3.5.2. Impact of synoptic events

Here, we assessed how regional anthropogenic emissions influence
the OHP station by being transported as an anthropogenic plume to the
site through synoptic meteorological conditions and lasting a few hours
to a few days. We consider a “period” of the timeseries as being
“impacted” by such a plume if at least 3 consecutive hours of the data are
higher than the threshold defines in Section 3.5.1. We consider as the
same event two consecutives “impacted period” if the delay between
those was lower than 6 h, to consider atmospheric boundary layer dy-
namics. By performing this analysis on the CO,, CO, CH4 hourly times-
eries for the whole period of study, we detected between 347 and 523
independent events regarding the species and the level of measurements
of the OHP ICOS tower. The median duration of these events ranges
between 7 h for CO3 and 11 h for CHy4 (Table 5). Table 4 gives descriptive
statistics on these events for each species and each level. The strongest
event (illustrated in Supplementary material S.6) recorded for CO5, CHy4
and Co-occurred early December 2014 and lasted three days from 6 to 8
December with a maximal (mean) increase of concentration recorded at
100 m (AGL), reaching 31,8 (21.2) ppm, 142.7 (101.4) ppb and 165.3
(110.7) ppb above the median of the monthly diurnal cycle. Plotting 96
h back trajectories from the Hysplit model, we found that the air mass
came from the Grenoble area, which is highly urbanized and industri-
alized. We assumed that the relatively lower number of anthropogenic
synoptic events detected at 50 m for CO,, CO and CH4 are due to the 6
months shorter time series available at 50 m (see Section 2.3).

At 10 m (AGL), almost every event has mean wind speed lower than
4ms! Impacted hours at 10 m (AGL) with slow winds represent 80% of
the total (see Fig. 8). Slow winds have already been identified as a main
factor explaining high concentrations of greenhouse gases (Idso et al.,
2002, Xueref-Remy et al., 2018). Most of these events are encountered
during night-time or/and wintertime (see Fig. 8). The small and stable
boundary layer height occurring in Winter and at night is described in
many studies (Fujitani et al., 1986, Koffi et al., 2016; Liu et al., 2020;
Bakas et al., 2020) and is favourable to greenhouse gases and pollutants
accumulation (e.g., Xueref-Remy et al., 2018; Xiang et al., 2019) close to
the surface. Small values of the boundary layer height at night and
during wintertime at OHP is comforted by WRF model outputs of this
parameter (see Fig. 6). Based on windspeed, we can assume that events
at 10 m (AGL) are mainly due to stable meteorological conditions
inducing surface accumulation speed lower than 4 ms™ represent 80%
of the events at 10 m (AGL) and about 50% of event recorded a 100 m
(AGL) (see Fig. 8). The other half at 100 m (AGL) corresponds to
windspeeds higher than 4 ms™! (see Fig. 8) and may indicate arrivals of
polluted air masses from dense urbanized and/or industrialized areas.
Although no significative pattern appears on CO3, CO and CH4 impacted
hours along the day.

The distribution of the synoptic anthropogenic events by wind sector
is given in Supplementary material S.7a. The West sector (240-300°) is
associated with the highest number of events (more than 25% for all
species). The West and North-West sectors correspond to the Rhone
Valley, which is highly industrialized, and that has already been

Table 4
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Table 5
Descriptive statistics on the locally short-term impacted hours of the datasets
collected at 10 m AGL for CO,, CH4 and CO.

Species (at 10 m AGL) CO, CHy4 CcO

Number of hours 1293 684 870

% Of selected data with our method 3.1 1.6 2.1

% Of selected data with El Yazidi method 2.6 2.6 3.8

Median mean amplitude (ppm for CO,/ppb for CO and 5 25.3 23.2
CHy)

Highest mean amplitude (ppm for CO,/ppb for CO and 32.4 362.6  202.9
CHy)

demonstrated to be a source of atmospheric pollutants for OHP (Belviso
et al., 2016). The South-West sector (180-240°), which includes the
Aix-Marseille-Provence metropolis represents less than 10% of all events
for CO, and CHy4 at the three ICOS tower levels (Supplementary material
S.7 b). This could be explained by the wind distribution pattern at OHP,
where winds from the South-West sector are the less occurrent. Back
trajectories computed from the HYSPLIT model for several events
showed arrivals of air masses at OHP during synoptic events from
several urbanized/industrialized areas such as Avignon, Lyon, Grenoble,
and Aix Marseille metropolis. As an example, Fig. 9 show a synoptic
event that occurred from October 14, 2020 to October 17, 2020 which
brought high concentrations of CO2, CO, to OHP from the
Aix-Marseille-Provence metropolis area. During this event CO, at 100 m
(AGL) was in average (maximum) higher of 3.3 + 4.6 ppm (14.6) than
the monthly mean diurnal cycle, CH4 was higher by 59.6 + 26.2 (97.9)
ppb and CO was higher by 49,9 + 30.4 (96.9) ppb.

3.5.3. Impact of local emissions

Finally, to identify the impact of punctual local emissions such as
traffic peaks on atmospheric CO,, CO and CH4 concentrations at OHP,
we focused on isolated impacted hours recorded close to the ground at
10 m (AGL), for wind speed lower than 2 ms~ L. We excluded hours
associated with synoptics events to avoid long term mixing. This selec-
tion based on wind speed and duration of high concentration allowed us
to reduce the footprint of the data within a radius of 20 km, and to avoid
long term transport i.e., longer than 3 h. As an independent estimate of
our results, we also applied another selection method on the datasets,
described in Fl Yazidi et al., (2018) and based on the standard deviation
of the data over a moving window of one week. On ours CO CH4 CO
datasets at 10 m (AGL) the mean standard deviation over one week is
1.7 ppb, 6.54 ppb and 5.92 ppb respectively. Both methods gave
consistent results, which lead to the estimation that less than 5% of data
are impacted by local sources. The main statistics of these data are
summarized in Table 5.

The North-East, East, and South-East sectors represent 71% of the
local impacted hours. Along daytime, we notice that the locally
impacted hours show specific patterns regarding the predominant wind
sector (illustrated for CO on Fig. 10). Impacted hours associated with
winds from the North occur mainly during night-time and could be
reflecting the accumulation of residential emissions in the shallow
nocturnal stable boundary layer. Whereas locally impacted hours asso-
ciated to winds blowing from East and South-East are more frequent the
morning and the early afternoon (7 h-14 h UTC) and could be related to

Descriptive statistics of the anthropogenic synoptic events for CO,, CH4 CO at the three levels of the OHP ICOS tower. Amplitudes are given in ppm for CO, and in ppb

for the other species.

Species (Alt AGL) CO, 10 m CO, 50 m CO, 100 m CH, 10 m CH,4 50 m CH4 100 m CO10 m CO 50 m CO 100 m
Number of events 523 448 510 379 347 377 422 395 423

% Of data 14.83 12.45 14.79 15.87 13.54 15.51 17.29 14.80 17.11
Median duration (h) 7 7 7 11 10 11 10 10 10
Maximal duration (h) 91 83 93 100 90 108 116 92 168
Median of all average amplitude (ppm/ppb) 4.70 4.37 4.07 24.48 24.44 24.14 25.09 24.21 23.53
highest average amplitude (ppm/ppb) 25.15 14.55 19.59 116.52 97.75 111.58 128.41 79.34 113.60
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Fig. 8. (colors required). Synoptics events of CO5, CH,4 and CO (at 10 m, 50 m and 100 m AGL) distributed by season and wind speed in m/s. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

WW%W
5 O o [T}
¥ - 18 o}
B s - 208
o Orangel* &% '__":;&)f‘ = I
L Carpentras g & o~ ;
JAvignon f | E 3 Lo * & :'
3 5 = %‘E’wr ‘;‘ PR T N » - YUK
cal We ¥ e % W, » Ko Va2
4 i ,".y’o’ o’
o -
Arles o)
1 o 1 & "
= s "‘\,\ F PPN 7-;}\%
< 8.319, 4 * « * ’( b
Fos-sur- g )/ 4»’ ‘0 3
Mer; NN L SR
g5
v ]
o
I = : : 7
© oct. 12 oct. 14 oct. 16 oct. 18 oct. 20
NA — NE — E SE SsW — W — NW

Fig. 9. (colors required). Left: Atmospheric CO, (red), CH,4 (green) and CO (blue) concentrations at 100 m (AGL), during a synoptic event observed on October 14,
2015 at OHP. Right: 48 h back dispersion plume from the HYSPLIT model using winds from GDAS archive at a resolution of 0.5° and 3 h resolution, starting on 15
October at 18 h UTC. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

emissions from traffic on the A51 highway and from several cities, such
as Manosque located ~15 km further in the South-East. The variability
of locally impacted hours of fine Particulate Matter with daily wind
patterns follow the one described previously for CO2, CH4 and CO. This
similar behaviour indicates that CO,, CO and CH4 impacted hours are
rather due to anthropic emissions as traffic or residential heating, which
are also associated with PM emissions (Liu et al., 2020), than to
biospheric fluxes.

The calculation of the ratios between the enhancements called A of
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two different species X and Y above the thresholds defined above can
help identifying the sources of emissions (e.g., Xueref-Remy et al., 2011;
Popa et al., 2014; Ammoura et al., 2016) which impact locally the
hourly concentrations. We thus calculated the different combinations of
AX/AY ratios between CO2, CO and CH4 for each hour. Using a scat-
terplot, we use a linear fit applied to a AY vs AX plot. AX (respectively
AY) is defined as the X (resp. Y) locally impacted hour concentration
minus the corresponding hourly mean value of the monthly median
cycle. The slope of the line represents the so-called “enhancement ratio”.
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Fig. 10. (color not required). Density of locally impacted hours of CO, recorded at 10 m AGL on the OHP ICOS tower, and corresponding to wind speed lower than 2

ms~!, in function of daytime and by wind sector.

We chose to focus minute data when AX and AY were correlated with a
R? coefficient greater than 0.5 and a P value less than 0.05 for the entire
hour. The results are given in Table 6 according to the different wind
sectors.

In the next paragraph observed ratio form literature and OHP station
are given with a 1/1000 mass fraction ratio: ppb/ppm for ACO/A CO4
and A CH4/A COg, in ppb/ppb for ACO/A CHa, these are directly
comparable with SECTEN and ATMOSUD Inventories which give
emissions in kg for the three species and are reported in Table 7. We
found a positive correlation between ACO (ppb) and A CO, (ppm) with a
mean ratio of 3.72 + 0.06, ranging from 3.23 + 0.16 to 4.37 + 0.11.
These values are consistent with the ones given in the literature. In
studies dedicated to traffic, a ACO/A CO, ratio of 5.6+-2.43 (8.4 +
0.45) was determined from observations for fluent (congested) traffic in
Paris, France (L. Ammoura et al., 2014) and a ACO/A CO5 ratio of 4.15
+ 0.34 in Islisberg, Switzerland (Popa et al., 2014) for fluent traffic.
Emission inventories estimate a similar range of CO/CO ratio for traffic
emissions: at the national level, the SECTEN 2017 inventory gives a
CO/CO; ratio of 2.57, while at the regional scale, the ATMOSUD 2017
inventory provides a CO/CO. ratio of 2.43. For the year 2013,
ATMOSUD provided an emissions inventory for the whole SUD-PACA
region at a spatial resolution of 3 km for each month of the year.
Using this inventory, we aggregated CO5 and CO emissions in winter in a

Table 6

OHP enhancement ratios ACO/A CO,, ACO/A CH4 and A CH4/A CO, in winter
at 10 m (AGL) for low wind speed using minute data (indicated in column 5)
when the hour correlation between CO, CH,; and CO two by two have a R?
coefficient greater than 0.5 and a P value less than 0.05. Correlation with ***
have a R? > 0.8; **R? > 0.7; *R* > 0.5.

Wind ACO/A CO, A CH4/ACO A CH4/A Nb of minutes
sector CO, selected
NwW 4,37 £0.11 0.98 + 0.04 3.62 + 0.09 814

Kk ¥k ek
NE 3,63 + 0.17 0,58 + 0.03 4.42 +0.14 1668
W 3,23 £ 0.16 1,06 + 0.04 2.79 £ 0.11 660

*% ek *k
E 4,10 £ 0.15 0,77 + 0.03 3.96 + 0.11 1086

ok ok sk
SW 3.54 £ 0.21 0,86 + 0.04 3.41 £0.17 538
SE 3.32+0.23 0,58 + 0.04 3.97 £ 0.16 1421

*
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Table 7

Enhancement ratio for CO,, CO and CH4 from inventories and literature for
anthropogenic emissions. ACO/A CO, and A CH4/A CO5 ratio are a 1/1000 ratio
whereas A CH4/ACO is a 1/1 ratio.

sector ACO/A A CHy/ A CHy/A
CO, ACO CO,
Ammoura et al., 2014 traffic (fluent) 5,68 £
2.43
traffic 8,44 +
(congested) 0.45
Popa et al. (2014) traffic 4,15 +
0.34
Buchholz et al., 2016 urban 8,26-25,2 2,2-13 19-61
Turnbull et al. 2015 urban 7
Bares R et al., 2017 urban 7,38
SECTEN 2017national total 7,68 0,86 6,59
domestic 25,63 0,12 3,07
traffic 2,57 0,01 0,04
SECTEN 2013 national total 8,77 0,73 6,43
domestic 26,50 0,11 2,81
traffic 3,55 0,01 0,05
ATMOSUD 2017 total 5,86 0,47 2,77
régional domestic 15,76 0,07 1,05
traffic 2,43 0,01 0,04
ATMOSUD 2013 total 5,92 0,40 2,37
regional domestic 12,44 0,07 0,87
traffic 4,00 0,01 0,05
ATMOSUD 2013 12 km total 11,09 0,19 1,52
around OHP domestic 24,14 0,05 1,18
traffic 3,24 0,01 0,02

40 km-side square centred on the OHP site. A mean CO/CO; ratio of
11.09 was calculated, which is much higher than the enhancement ratio
observed at OHP. Indeed, the local ATMOSUD 2013 winter inventories
provides CO/COx ratios of 3.25 and 23.34 for domestic heating. At OHP,
the mean ratio observed is 3.7. It indicates that local emissions
impacting OHP are dominated by the traffic sector because we never
observe a ACO/A CO2 > 5. Whereas average emissions ratio for
wintertime provided by the literature and by inventories are much
higher (R.R. Buchholz et al., 2016: 8.26-25.2, Turnbull et al. 2015: 7,
Bares et al., 2018: 7.38, local 2013 ATMOSUD inventory: 11.09). Resi-
dential heating emissions ratio provided by inventories are close to 24
(Local and regional ATMOSUD inventories and national SECTEN in-
ventories). Whereas, regarding the temporal variation of this ratio, we
observed lower ratios close to 2.8 during the night between 02h00



L. Lelandais et al.

(UTC) and 04h00 (UTC) than during the day, which is characterized by
ratios higher than 4.5. Assuming that local traffic close to the OHP is
relatively low during the night, this value could illustrate an improve-
ment of efficiency in heating devices, as it been described in the litera-
ture (Ammoura et al., 2016; Popa et al., 2014). Indeed, the CO/CO4
enhancement ratio from traffic and domestic emissions has been
decreasing since several years because of significant technological im-
provements in combustion efficiency. The higher global ratios provided
by local inventories could be explained by an overestimation of local CO
emissions related to heating emissions.

A CH4/ACO ratios inferred from the OHP timeseries range from 0.88
to 1.86. For wintertime, the ATMOSUD local inventory of 2013 provides
a CH4/CO ratio close to 0.19, which is lower than the ratios provided by
the 2017 annual national inventory (SECTEN, 0.88) and regional in-
ventory (ATMOSUD, 0.47).

Moreover, the ACH4/ACO; ratio measured at OHP ranges between
2.7 and 4.42, with higher values when winds blow from the East. The
2013 ATMOSUD local inventory provides for wintertime a lower ratio of
1.51. By contrast, the ATMOSUD regional inventories for 2013 and 2017
provide an annual ratio of 2.3 and 2.7 respectively. The SECTEN na-
tional inventory delivered an annual A CH4/ACO; ratio of 6.4 (6.6) for
2013 (2017). According to Lin et al., (2015) and references therein, A
CH4/ACO ratio >0.3 in wintertime are in the range of ratios indicatives
urban/industrial sources. There are too high to be explained by bio-
mass/biofuel burning which is lower than 0.3 (Andreae and Merlet,
2001; Miihle et al., 2002) which indicates impact of fossil fuel emission.
Furthermore, several studies (e.g., McKain et al., 2012; Boothroyd et al.,
2018; Xueref Remy et al., 2020), demonstrated that leaks from natural
gas storage sites and distribution networks can lead to important release
of methane in atmosphere. At OHP, this CH4 enrichment could be
explained by an additional CH4 emissions from a potential gas storage
site located at 10 km from the station or from the close cities. Regarding
wind rose pattern (Fig S. XX) a CO and CH4 concentration at 10 m (AGL)
are higher with CH,4 concentration reaching 1980 ppb and CO concen-
tration close to 170 ppb when winds come from the Northeast. As we
explained previously north is associated with residential emissions from
heating. Lower ratio from local inventories could reflect an underesti-
mation of CH4 emissions from such missing sources and from residential
heating. Regarding the emission categories listed in the ATMOSUD local
inventory, we noticed that the gas storage and distribution one are not
present.

Due to three level alternance measurements and quality process
which does not consider five first minutes of each record, we only have
15 min per hour at 10 m, after the data selection on wind speed and
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correlation of the three species, we retain above 300 independents
hours. This number is not enough to establish a significant variability of
the ratios per hour, year, or winds sectors, and to clearly separate the
influence of traffic emissions from residential heating ones or from other
local sources at these spatio-temporal scales. Complement tracers or
proxies and longer time series are needed to go further in this investi-
gation with robust statistics. Black carbon data for tracing wood burning
for residential heating, NOx measurements as a proxy of traffic, as well
as carbon isotopes data to distinguish different combustion sources
could provide the complement of information needed. Besides, emission
estimates delivered by the inventory at the regional and national scales
were available for the entire year and not for Winter, and the local in-
ventory of 2017 were not available during this study; it would be
interesting in the future to compare the observed ratios with the data
from the 2017 local inventory, and, to compare them with the data from
the regional and national inventories for winter only, whenever
possible.

3.5.4. Natural vs anthropogenic contributions at OHP

Fig. 11 shows the timeseries before (red) and after (green) applying
the filter defined in section 3.5.1 on the CO5, CH4 and CO data measured
at 100 m (agl). Including all synoptic events and local emissions, the
total contaminated hours represent about than 30% of the data. The
differences between the filtered and the non-filtered timeseries range
from 1 to 5 ppm for COo, and from 10 to 15 ppb for CH4 and CO. These
difference from filtered and non-filtered data represents above 1.25,
0.52 and 7.7% of CO2, CH4 and CO signals at the OHP station. This
percentage varies with the wind direction (illustrated in Fig. S.9), the
highest differences between the non-filtered and the filtered datasets
being associated with West and North-West winds. As illustrated in
Section 3.5.1, West and North-West sectors are related to numerous and
strong synoptic events from the Rhone valley and Lyon/Grenoble areas
and residential emission especially in winter, which explains a stronger
anthropic impact from these sectors. The southwest sector is associated
with strong emissions from the Aix-en-Povence city and the Berre lake
industries (about 60-80 km), which are especially visible on the CO
dataset during the afternoon and the evening (due to the time of trav-
eling to OHP), inducing CO concentration higher of about 20 ppb (about
160 ppb in winter and 110-120 ppb in summer at 10 m AGL, cf. Fig S.10)
compared to the average of CO recorded the afternoon and evening of
each season (summer: 108.43 + 20.1 ppb and winter: 141.2 + 32.3
ppb). The CO, dataset does not show such increase of concentration,
probably due to the biospheric sink induced by the vegetation sur-
rounding OHP (cf Fig S.11). Concentrations of CH, close to 1900 ppb are
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Fig. 11. (colors not required). Atmospheric CO, (top), CH, (center) and CO (bottom) timeseries measured at 100 m (AGL) before (black) and after (grey) the data

filtering process described in Section 3.5.1.
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associated to the southwest sector in summer from 12h00-19h00 (cf. Fig
S.11) compared to an average of 1893.2 + 21.3. Sea breezes, which are
south-westerly winds (illustrated in Figs. 2 and 3), are therefore mainly
associated to higher CO concentrations.

Some spikes remain on the CO timeseries even after the filtering. The
high and fast variability of CO makes it difficult to find the best method
to perfectly filter CO anthropogenized data points: we have tested
several thresholds as illustrated on Fig. S4 and although we consider our
method to be suitable to this study, more specific tests should be done in
future studies to improve the data selection of CO at the OHP station.

After applying the filter, the 3 species concentrations does not show
significant variability regarding wind sector and level measurements
(All of the value are reported in table S.12). Whereas, the maximal
difference between mean concentration regarding the wind sector are 6
ppm for CO5 with a standard deviation close to 5 ppm regarding wind
sector, the difference for CH4 and CO are about 2 ppb and 6 ppb
respectively with a standard deviation close to 20 ppb for both. CO,
mean concentration associated with Southwest winds are close to 393.8
ppm and whereas when winds come from Northeast and East, there are
close to 399.2 ppm. No difference is presented on CH4 concentrations
regarding wind sector and for CO concentration, only mean concentra-
tions from NW sector are lower than 5 ppb compared to other which are
associated with CO concentration close to 119 ppb but the standard
deviation is close to 20 ppb so the difference between sector are not
quite significant.

4. Conclusion

In this paper, we analysed the atmospheric in-situ data collected at
OHP, one of the ICOS-France atmospheric greenhouse gases network
stations located in a rural area in south-eastern France, from the 07/07/
2014 to the 02/29/2020. The OHP 100 m tall tower recorded CO5, CH4
and CO at 10 m,50 m and 100 m (AGL) continuously, as well as mete-
orological parameters. The measurements and calibration process follow
the ICOS specifications and are linked to the WMO-GAW international
scale.

The mean annual growth rate of CO, (CH4) observed at OHP was
close to 2.7 ppm/year (7.8 ppb/year) and was found to be congruent
with the Mauna Loa station and other ICOS stations ones, despite some
interannual variations mainly driven by the variability of regional
emissions, variability of natural sources and sinks and the variability of
atmospheric dynamic and meteorologic conditions.

Typical seasonal variations were found at the three levels, with
higher concentrations at the bottom. A seasonal amplitude of 13 ppm,
30 ppb and 45 ppb are found for CO,, CH4 and CO respectively. The
maximal vertical gradients are 5 ppm +0.1, 6 ppb +0.5 and 10 ppb
+0.5, respectively, and are lower than at other ICOS rural stations
(Vermeulen et al., 2011; Schmidt et al., 2014), which can be explained
by the higher altitude of OHP, 650 m above the sea level (ASL). The
seasonal cycle is mainly driven by the annual atmospheric dynamic, the
annual vegetation cycle which represent a sink or a source for CO2 and
CH4 and finally by seasonal variability of anthropic emissions which are
higher in winter due to lower temperature inducing more residential
heating.

All the species show a diurnal cycle mainly driven by atmospheric
boundary layer dynamics, but also by local anthropogenic sources and
wind direction/speed. Strong correlations between species (R? between
0.67 and 0.91) have been identified in Winter, whereas no significant
correlation was found during Summer congruent with Satar et al.,
(2016). Above 16% of the hourly data has been identified as impacted by
anthropic emissions, but less than 5% are due to local short-term sour-
ces. A mean CO/COx ratio of 3.72 + 0.06 ppb/ppm was found for local
sources from the observations (0.8 + 0.2 ppb/ppm for CH4/CO). Ac-
cording to the literature and local, regional, and national inventories,
these ratios reflect an anthropogenic impact on the OHP station mostly
from traffic and residential heating. Whereas the observed
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enhancements ratios and the comparison with national and literature
ratio allow us to assume that 2013 ATMOSUD inventories seems over-
estimate CO emission from residential heating device around the OHP.
For each species, more than 450 synoptics events (representing above
13% of the data), lasting a few hours to 2-3 days, have been identified
80% of these events were associated with stable synoptic meteorological
conditions and low wind speeds (especially in Winter or during
night-time) favourable to the accumulation of anthropogenic emissions
in a shallow boundary layer. Some direct arrivals of human contami-
nated air masses associated with higher wind speed have been identified
from the Rhone valley, the Aix Marseille Metropolis, or the Lyon/-
Grenoble areas; these events represent more than a half of the recorded
events seen at 100 m (AGL).

Once the data are filtered of the anthropogenic events, the OHP
signal is still dependant of the wind sector. The South-West air masses
show lower CO5 concentration, by contrast with North-East and East
ones which are associated with higher CO; mean concentration. No
significant difference is seen on CHy4 signal and CO signal show lower
concentration by 4-6 ppb from Northwest and West sectors compared to
others wind sectors. Despite some local to regional anthropogenic in-
fluence at OHP, which impacts about 30% of hourly data, the OHP
station can be used as a CO5, CO and CH4 background station using
appropriate filters based on wind speed and concentration variability as
detailed in this study, allowing the study of diurnal to pluri-annual
changes, at the local, regional, and continental scales. Future work
could focus on better assessing the footprint of the different cities sur-
rounding OHP and their impacts on the site, and on characterizing the
nature of the different sources contributing to this impact. Especially,
adding continuous measurements of specific tracers such as NOx, black
carbon, volatile organic compounds, and carbon isotopes at the OHP site
would be very interesting to distinguish anthropogenic and biogenic
fluxes and sources, to characterize the different anthropogenic sources,
to monitor the evolution of these sources such as their enhancement
ratios, and to verify independently and improve emissions inventories.
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