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15 Abstract. The role that soil, foliage and atmospheric dyr@ntiave on surface carbonyl sulfide (OCS) exchange
Mediterranean forest ecosystem in Southern Fraihee@ak Observatory at the Observatoire de Hauteece, O3HP),
was investigated in June of 2012 and 2013 withre&sly a top-down approach. Atmospheric data destratte that the
requirements are fulfilled as that OCS uptake camded as a proxy of gross primary productiontligir©CS and carbon
dioxide (CQ) diurnal variations and vertical gradients shownat exchange of OCS during the night when the aarb

20 fluxes are dominated by ecosystem respiration. Thistrasts with other oak woodland ecosystems bfediterranean
climate, where nocturnal uptake of OCS by soil andkegetation has been observed. Since temperdaheeyater and
organic carbon content of soil at the O3HP shoaldf the uptake of OCS, the lack of nocturnal meake would indicate
that its gross consumption in soil is compensatedrhission processes that remain to be charactei®asrondly, the uptake
of OCS during the photosynthetic period was cheramd in two different ways. We measured ozong) @@position

25 velocities and estimated the partitioning of d@position between stomatal and non-stomatal Egthwefore the start of a
joint survey of OCS and Lsurface concentrations. We observed an increasargl in the relative importance of the
stomatal pathway during the morning hours and syraus steep drops of OCS (60-100 ppt) ardXB-30 ppb) after
sunrise and before the break-up of the nocturnahdary layer. The uptake of OCS by plants was dbarzed from
vertical profiles too. However, the time window fealculation of the ecosystem relative uptake (ERIPCS, which is a

30 useful tool to partition measured net ecosystenhaxge, was limited in June 2012 to few hours aftielday. This is due to
the disruption of the vertical distribution of O®$ entrainment of OCS rich tropospheric air in therning, and as the
vertical gradient of C@reverses when it is still light. Moreover, polldtair masses (up to 700 ppt of OCS) produced
dramatic variation in atmospheric OCS-to-Cf@tios during daytime in June 2013, further redgdhe time window for

ERU calculation.
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1 Introduction

Terrestrial ecosystems modulate the water balameeland and fix carbon dioxide (GOfrom the atmosphere in the form
of carbon rich materials. Experimental and modetinglies have shown that changes in atmosphericcG@entration and
5 changes in climate, induced by increasing anthrepieg emissions of greenhouse gases, impact on ixagioh of
atmospheric C@by plants (gross primary production, GPP), andhenrelease of C{by terrestrial ecosystems (respiration,
Reco) as modulated by temperature and water audilaland effects by fertilization (e.g. Arora armber, 2014). Large
uncertainties in the determination in GPP and Rftgges and in the magnitude of effects induced bynate and
fertilization remain. Further experimental and modgstudies should help to better constrain thiisees. In this context,
10 atmospheric carbonyl sulfide (OCS) displays a Ipgtential as a tracer of GPP at various tempordlspatial scales since
(1) the uptake by terrestrial plant leavesdd) is the dominant global sink of OCS (Berry et aD13) and (2) the pathway
of OCS uptake by leaves shows strong similaritiéh hat of CQ (Seibt et al., 2010; Wohlfahrt et al., 2012). Hoer
there is evidence that the Leaf Relative Uptak®6S and of CQ(LRU), which is of central importance in the cdhtion
of GPP from lgcsfollowing Eq. (1) (Campbell et al., 2008; Asafatt 2013), is not constant throughout the dayseabsons
15 (Maseyk et al., 2014; Commane et al., 2015) and eliféers between C3 and C4 plants (Stimler et24111).

GPP = [lgcs/ LRU]L.[CO;] / [OCS] (1)

Atmospheric OCS is also removed from the atmospbgrether pathways, such as nighttime uptake bytpl@WVhite et al.,
2010) and uptake by soils (Van Diest and Kesselm2@08). Therefore, in order to better constrairface carbon fluxes
from OCS, there is a need to better characterieepitocesses that control the surface OCS fluxegaiticular the
20 seasonality of the LRU coefficient and of the uptély soils (Launois et al., 2015).
The use of leaf and soil chambers offers a meamsvistigate in laboratory and field conditions #tslity of plants and
soils to degrade ambient OCS (e.g. Stimler et2010; Sun et al., 2015). Approaches which avoid imdation of
biological material, such as the eddy flux, gratlien Radon-tracer methods (e.g. Maseyk et al., 2@bmane et al.,
2015; Belviso et al., 2013), can document over tshod long time-spans the direction and the madaitof surface OCS
25 exchange at the ecosystem level. At continentglalal scales, biosphere-atmosphere fluxes carssessed from dynamic
global vegetation models and all flux components lsa optimized using satellite or global networkadge.g. Berry et al.,
2013; Launois et al., 2015; Kuai et al., 2015).e MOAA ESRL global network for measurements of gherise gases in
the atmosphere monitors OCS mixing ratios on a lyd®dsis since year 2000 (Montzka et al., 2007} it this framework
that the major role of vegetation in the global geidof OCS was highlighted. A second network (AGA@Eists where air
30 samples are analyzed at a frequency of 60 minbteésQCS data are not yet available for public asc€gher sites have
recently been instrumented for long term monitoréfgatmospheric OCS concentrations and/or fluxdeyTinclude a
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mixed temperate forest in North America (Harvarcefh (Commane et al., 2015)), a boreal pine foséSouth Finland
(Hyytiala, A. Praplan, personal communication, 2088d a station located on the northern coast ef Nletherlands
(Lutjewad, H. Chen, personal communication, 201doiitnans et al., 2016). Although rural and sub-arbaeas have also
been instrumented for shorter periods (Berkelhameheal., 2014; Belviso et al., 2013 and referertbesein), yet many
5 biomes remain unexplored. In summer 2012 and 20&3ysed the facilities of the experimental site Qdiservatory of the

Haute Provence Astronomical Observatory (O3HPtSdichel I'Observatoire, France, to study the piosre-atmosphere
exchanges of three atmospheric compounds (OC$a8@ozone (§)) which share stomatal uptake as a common pathway.
O3HP is a Mediterranean forested ecosystem dontinate deciduous Downy oakuercus pubescens Willd and
Montpellier Maple,Acer monspessulanum. Often occurring in the transition of climate zerfeom Mediterranean to sub-

10 Mediterranean, and thus potentially rather seresiéind responsive to climate chan@epubescens is an interesting model
to monitor changes affecting the Mediterraneansferd ecosystems.
Our top-down approach aims at determining the th& soil, foliage, and atmospheric dynamics havesarface OCS
exchange at O3HP, at finding consistencies ancerdifices with other oak woodland ecosystems chamedeby a
Mediterranean climate, at assessing the desinahiliise OCS to partition@eposition between stomatal and non-stomatal

15 pathways, and at evaluating the OHP site foirgetip a long-term monitoring station of OCS mixiragio and fluxes in

the Mediterranean basin.

2 Material and methods
2.1 Sitedescription

A description of the O3HP site is available in Kgidis et al. (2014) and Santonja et al. (2015sHort, the site (43.93 N,
20 5.71 E) is located in the campus of Observatoiréldete Provence, about 60 km north of MarseillenEe, at an elevation
of 680m above mean sea level. It is implemented farest area that has remained untouched at éisé $ince 1945. The
climate is sub-Mediterranean with warm-to-hot, dmgsummers.
The O3HP observatory is characterized by a higklgidogeneous karstic limestone with soil pocketeliping between
compact and hard limestone bedrocks. The soilsnhaer exceed one meter depth, range from shalidearic Leptosol to
25 deeper calcaric Cambisols (IUSS Working Group WR&14). The litter overlying the A-horizons (O-hans) is one to
seven cm strong. The A-horizons of 2-10 cm-depth ctayley, calcareous and show high contentsgarc carbon (Table
1). These horizons have a crumbly to fine and gtbangular blocky structure likely due to a héginthworm burrowing
activity and numerous fine roots. The humus is actie oligomull or dysmull type” (Bréthes et al995). The A/C
horizon consists of thin layers of a clayey ane filocky soil material between limestone rocks deaametric size. Roots
30 are observed inside the thin soil layers.
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Downy oak Quercus pubescens) and Montpellier mapleAcer monspessulanum L.) represent 75% and 25 %, respectively,
of the foliar biomass of the dominant tree spe¢iogridis et al., 2014). The coppice, typicallgnstituted by multiple
stems sprouting from the same rooting system,@sitali0 years old. Its height is between 4 m and.&nd the stems have
a diameter at breast height ranging from 0.9 tc 18n. European smokebusBofinus coggygria Scop.) and many

5 thermophilic and xerophilic herbaceous and graggisp compose the understorey vegetation (Kalagegtial., 2014). A
network of sensors in the soil, under and over daropy, continuously records a series of environaiguarameters
including: global radiation, air and soil temperatprofiles, air and soil moisture, wind speed eaidfall, which are made
accessible through the COOPERATE database (htipgérate.obs-hp.fr/db).

2.2 Air sampling and analytical methods

10 2.2.1 Momentum, energy and CO, fluxes

In June 2012, momentum, energy and,@0Oxes were measured at the O3HP site by the eddgriance method using a
Gill-R3-HS ultrasonic anemometer placed above tirest on a 10 m mast and a close-path infrared &@ HO gas
analyser (IRGA, Licor 7000) placed in a truck aba35 m from the base of the mast (Kalogridislet2014). Air was
drawn from an inlet located ~20 cm away from theraometer, with a 45 m long heated PFA Teflon tul§ing” OD, 3/8”
15 ID, heated ~1°C above ambient air temperature),fiiw rate of ~64 L mit, in order to maintain a turbulent flow. Air was
then sub-sampled in a tube (1/4” OD, 1/8” ID) te tose path IRGA. Data were sampled at 20 Hz.fllixes (NEE, GPP
and Reco) were calculated using the eddy covariemetbod as explained in Aubinet et al. (2000) andhet et al. (2011).
Basically, the turbulent flux of COvas estimated as the covariamce’ of the vertical component of the wind velocity) (

and the dry mole fraction of Gc), multiplied by the dry air molar volume. Here themes denote a deviation from the

20 mean. The friction velocity. =- vw'u', whereu is the along-wind air velocity component. High cfuency losses
corrections were estimated with the method of Ammetral. (2006), and averaged 10% (median).

2.2.2 Carbonyl sulfide (OCS)

At the O3HP site, in June 2012, air was drawn eifhem an inlet located at 10 m height, ~20 cm avillym the
anemometer, or from a second inlet located at Zighlh on the same mast, with 70-80 m long Synfigvirtg (3/8” OD)
25 flushed permanently at a flow rate of ~6 L thitn June 2013, air was drawn solely from an ildeated at 2 m height, with
20 m long Synflex tubing (3/8” OD). The analytidaltruments were run in laboratory-like conditiqag conditioning at
25°C) in a small building away from the samplingtplThe way air was analyzed for OCS was describadnsively in
Belviso et al. (2013). However, the mass spectremdetector was replaced in April 2012 by a puliache photometric
detector (PFPD). In general, air measurements (BI0STP of air trapped cryogenically at 100 ml thifow rate with an
30 ENTECH preconcentrator) were carried out on an lgobasis. Peak integration was done using the SR¥akSimple
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Chromatography Data System. Calibration was pearas in Belviso et al. (2013) but the primary d&ad, drawn with a
gas-tight syringe, was injected in a line flushathudCS-free helium (He was passed through an estpinless-steel trap
immersed in liquid nitrogen) connected to the preemtror inlet. Although the calibration gas (1.048n of OCS in
helium) commercialized by Air Products has a talemof 2.5%, we found an agreement better than h&8teen this
5 standard and a calibration gas provided by U. Sailot K. Maseyk who purchased it from Air Liquidén& the PFPD
response is quadratic, the calibration equatioabisined by plotting the natural logarithm of theak area against the
natural logarithm of OCS (picolitre or pL). Mixingtios are calculated by dividing pL of OCS by ks of air dried at -
25°C, corrected to room temperature and pressugei-Bontinuous measurement repeatability is 1% @I, 8= 38
consecutive hourly analyses of atmospheric air fi]mmompressed cylinder (target gas) containing pgBof OCS).
10 Accuracy and long-term repeatability (LTR) were leaéed from periodic analyses of an atmospheris@indard prepared
and certified by NOAA-ESRL containing 448.6 ppt@ES and were better than 2.5%.
In June 2013, air was analyzed continuously for QGBg a commercially available OCS, £®,0, and CO off-axis
integrated cavity output spectroscopy analyzer (Gasos Research, Enhanced Performance Model, @adifdJSA). In
early 2013 at the O3HP, the instrument was testedhk first time in the field. We calibrated thestrument with OCS
15 measured by the GC (over a range of atmosphericectrations of 439 ppt to 699 ppt). OCS data ctdkavith a Y2 Hz
frequency by the spectroscopy analyzer were sulesgigureduced to 5-minute averages which correspioriie sampling
time of the GC. The OCS signal varied by less th@nppt (standard error) in the 5 minute time wiwd&C and LGR data
showed a linear and strong positive correlation $QC= 1.14 OC&gr + 12.3 ppt, B=0.95, n=110). Absolute readings
were regularly cross-checked with a NOAA-ESRL staddshowing good stability throughout the campal@@S ¢k data
20 were essentially used to document OCS variatioletween GC measurements. We thus scaled thefR@&5the OC3c

data fitting dynamically by linear interpolation.
2.2.3 Carbon dioxide (CO,)

At the O3HP site, in June 2012, air was analyzed(®, from two sampling lines (10 and 2 m height), altgively
(measurement interval duration was 30 min and daltected during the first 10 min were discardegjng a commercially
25 available PICARRO cavity ring-down spectroscopy Q&3 analyzer (Model G2401) placed next to the OGS g
chromatograph. In addition to GCthis instrument analyzes Gtand CO mixing ratios and applies corrections fater
vapor levels. Precision and stability of the meaments performed with this instrument were invedéd using the
rigorous testing procedures described by Yver.gRfl15) and reported in Table 1 of this manusdgpe instrument G2401
with serial number CFKADS2022 and ICOS ID 108). E&», similar or better results in terms of continuousasurement
30 repeatability (CMR) and LTR were obtained in theldias compared to the factory or to the test kooy (i.e., 0.027 ppm
and 0.020 ppm), respectively (Yver et al., 201%)e TRDS analyzer was calibrated in the test labprdbllowing ICOS

standard procedures, once before shipping andaiftgitthe one month deployment in the field.
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In June 2013, air was analyzed continuously for, @€ing the LGR Enhanced Performance instrumentdbege). CQ

measurements were not reported on a calibratide.sca
2.2.4 Carbon monoxide (CO)

At the O3HP site, in June 2012, air was analyzedCf0 using the PICARRO CRDS analyzer described @bBrecision in
5 terms of CMR and LTR measured in the field wasamgood as in the factory or in the test laborafoey, 6.8 ppb and 2.2
ppb), respectively (Yver et al., 2015). Data wesadibcated as for COmeasurements. In June 2013, air was analyzed

continuously for CO using the LGR instrument. @€@asurements were not reported on a calibratida.sca

2.2.5 0Ozone (O3), O3 deposition velocity (V403) and its partitioning

10 Ozone was measured at O3HP in June 2012 with amunent based on ultra-violet absorption (modelOD-4rom API-
Teledyne, San Diego, USA). This instrument, catdmlawith an internal ozone generator (IZS, APlpperated with a
flowrate of about 700 mL mihand delivers data every minute. In June 2013, @amncentrations measured at a few
hundred meters from the main O3HP site were dowtddafrom the regional Air quality network Air-PacBrance,
(http://www.airpaca.org/ Ozone deposition velocity @s;) was measured at the O3HP in June 2012 with a fast O

15 chemiluminescent analyser (ATDD, NOAA, USA). ThetiRavlethod described in Muller et al. (2010) wapligd to
evaluate YO;. Detailed description of the methodology is giverStella et al. (2011). The canopy conductang®4g and

non-stomatal conductance for ozone Qg were estimated following Lamaud et al. (2009), &8s = V403/ (1-
V403V 1aQ3), and gOs;=g.0; — a0, where the stomatal conductance far(§0s) is equal to g¢4,0x0.653, this factor
being the ratio of molecular diffusivities of;@0 H,0. V.05 is the maximum deposition velocity for ozone which

20 corresponds to a perfect sink of ozone at the Iadfl which is the inverse of the sum of aerodyma(®,) and canopy
boundary layer resistance®,(0s) as VnaOs = 1 / Ra + Ry/O3), those being estimated as in Lamaud et al. (208R¢n from
Bassin et al. (2004).

2.2.6 Stomatal conductance

Canopy stomatal conductance for water vapoi(9) was estimated in 2012 from the latent (LE) aedstle (H) heat
25 flux from the Penman Monteith method for relativantidity larger than 70%. Under wet conditions thensatal

conductance was estimate following Lamaud et @092 based on the proportionality between the akdion of CO, and

the conductance.

Leaf stomatal conductance was measured in June R 3 porometer (AP4, Delta-T Devices, Burwell JiBefore the

measurement, it was calibrated in ambient conditioith the provided calibration plate, and recalibd either three hours

30 after the previous calibration or when average teafperatures were 3°C greater or lower than atirtes of the most recent

6
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calibration. Due to the unilateral distribution stomata (hypostomatous leaf) only the abaxial siofethe leaf were
measured using the ‘slotted’ configuration of thamber. Five leaves were sampled per tree and.dyiglet was measured

holding the sensor horizontally above the leaf.

3 Results
5 3.1 Meteorological conditionsand soil climate

The two campaigns took place in June of 2012 ari®20he cumulated precipitations before the canmsaigere about 400
mm and 500 mm since the beginning of the yeare@srely (Fig. 1a). As few precipitation eventssofiall intensity took
place during the campaigns, the volumetric soilewabntent (measured at 5 cm depth) was in a deogeahase from
about 0.3 mm? during the wet season to about 0.1 mi® during the dry season (Fig. 1b). Soil temperatuvest the

10 opposite way (Fig. 1b) and were in the range 14c18Ad 14-17°C during the 2012 and 2013 campaigspectively (Fig.
1c,d).

3.2 Didl variationsin the canopy (2m)

CO; presented a clear and reproducible diurnal cydlle azmaximum during the night (Fig. 2c). This nragim, an increase
of 10-20 ppm, is correlated with the decrease obagl radiation (Fig. 2a). This increase occurretivben the period of
15 maximum atmospheric turbulenae & 0.4 m &, Fig. 2b), a few hours after the maximum solaiaéoh (Fig. 2a), and the
nocturnal period when atmospheric turbulence isiced (- < 0.2 m &, Fig. 2b) and strong temperature gradients above
ground level form (~ -0.5 °C T Fig. 2a). The temperature gradient is a proxjowf atmospheric mixing and boundary
layer stability. During this period, the range irC® was relatively low as compared to £QO0 ppt at the most). The
strongest temperature gradients above ground {eval°’C m", Fig. 2a) were observed after sunrise (4 am UTdE)about
20 two hours. The diel cycle in the atmospheric boupdayer exhibited a much steeper decline in OQ8rafunrise than
during the night (Fig. 2c) same for ozone (Fig.. 2d)e amplitude of the early morning drop of OCSwathe 60-100 ppt
range. That of @was in the range of 15-30 ppb. It is worth to ribig the large nocturnal maximum of €®as followed
by a secondary one in the early morning, yet oftehaluration and smaller amplitude (10 ppm atrtteest, Fig. 2c). Hence,
important variations in CQwvere observed durinifpe period of lowest OCS concentrations. In gendd&S and Q@diel
25 variations were in phase except in the late af@mnshere we never observed a peak of OCS assouidttethe peaks of ©
and CO (Fig. 3a & Fig. 2d).
Figure 4 compares the mean diel patterns in ambiBEDE mixing ratios at 2m height in June 2012 andeJR013,
constructed from data presented in Fig. 2c and 3lig.respectively. Data show that the OCS conctotre were more
stable during the night than during the day sindeap of ~ 50 ppt was observed in the early mortiagrs, down to ~ 450
30 ppt, followed by a rise up to ~ 520 ppt in June 2@hd ~ 650 ppt in June 2013. These huge diurnd@tians, with

7
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amplitudes in the range of 150-250 ppt (Fig. 3bgrevconfirmed by independent measurements carrieavith the LGR
CO,/OCS/CO/HO analyzer which was running in parallel (Fig. 3Bje concomitant decrease of OCS andrthe early
morning hours was confirmed in the 2013 recordg.(Bb). Further, the richest air masses iy Which were transported

over O3HP by strong winds in the late afternoomew®t the richest in OCS throughout the campdiig. 3b).
3.3 Vertical gradients

Diel variations in near-surface OCS and Gf@rtical gradients were documented twice in Jud&22from data collected
alternatingly at 2 m and 10 m (Fig. 5). Both tinegiess show no apparent OCS gradient during thet mijereas C@data
showed strong vertical gradients with £& 2 m being higher by approximately 5 ppm thadGim. During the day, the
CO, gradient reversed, GOmixing ratios being lower at 2 m than at 10 m,hwé back-reversal of the G@radient
occurring in the late afternoon at 17:00-18:00 UDQring the day, OCS mixing ratios were systemé#itidawer at 2 m
than at 10 m by a few ppt in the morning and upGe20 ppt in the afternoon. Hence, £&hd OCS were consistently lower
at 2 m than at 10 m during the day, during the nigiwever, C@had a gradient in line with the respiratory praéhre of
CO,, whereas OCS showed no measurable gradient.

3.4 Diel variations of fluxes and deposition velocities

The latent heat and GOluxes (GPP and NEE) followed a clear diurnal eyglell correlated with global radiation,
indicating that there was no significant water sgrevhich would tend to lower the flux in the afmon (Fig. 6a,b).
However, the latent heat flux was significantlytrég on June 13 than for later days (Fig. 6a). Higtegter fluxes were also
measured June 11 and 12 which were likely duedcethaporation of precipitations of low intensityr{@n at the most) that
occurred June 10, 11 and 12 as well as the wataemths deposited as dew the nights of June 11 2which was clearly
shown by the air temperature reaching the dew gemperature and the sensible heat flux being higbkbative at night
(data not shown). Significant positive isoprenexdéls were only observed during daytime, followinegl dycles with mid-
day maxima ranging from 10 to 35 nmol’rh (Fig. 6¢ redrawn from Kalogridis et al., 2014).

Unfortunately, the fast-Psensor that was used to assess thedposition velocity had some sporadic down timésciv
occurred frequently during the June 12 to 18 samgpfieriod. During that period, the analyser onlyfqrened well during
one night. Good quality data, however, were readmantinuously from May 29 to June 3 and, and fthme 7 to 9 (Fig.
7). Stomatal conductance fog @sQ,) assessed with the method of Lamaud et al. (2f0@wed diel cycles with mid-day
maxima throughout the whole month of June 2012hin iange 6 to 8 mm’s(data not shown but Fig. 7 provides an
illustration for late May and the first week of &R012 of the typical diel pattern of g§OThe shape of these diel cycles
provides another indication that the canopy wasenemnder water stress and the ge®@stly light-driven. The ozone
deposition velocity (MOs) exhibited diurnal variations with, in generakdar deposition before mid-day (Fig. 7a). Since the
stomatal conductance showed a much more symmefdatre during daytime (Fig. 7b), it indicatestthan-stomatal

8
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ozone deposition occurred preferentially during therning. However, estimates of gns@ere less numerous in the
afternoon than in the morning because of inconsisés between gcand gs@ values noticed during the afternoons of
May 29-31 and June 9, where gs@as higher than gc@Fig. 7b). Nevertheless, in five cases out of aixjeak in gns©
was observed during the period between May 29 and 3. Data show a shift in the relative importaoteoth pathways
since from June 7 the ozone deposition in the mgrin all cases was predominantly through the stalr@athway.
Unfortunately, we have no indication about ozonpodtion pathways during the periods where OCS masitored in the
atmosphere. However, the shift towards highed€position through the stomatal pathway duringstheond week of June
(Fig. 7b) and the strong similarities between O®@8 & diurnal patterns in June 2012 (Fig. 3a), sugdest the non-
stomatal pathway lost importance throughout thetohJune.

4. Discussion
4.1 Role of atmospheric dynamics on OCS exchange

OCS diel variations presented here (Fig. 3) resertifise reported by Berkelhammer et al. (2014)vatdites of central
North America where steep rises in OCS also ocduafeer sunrise (see their Fig. 7b and supplemerfag. 11). The
authors suggested that this morning rise was etatboundary layer dynamics when air from aboiater in OCS than the
air from the nocturnal boundary layer, is entraimdvnwards. This is likely also the case at O3HBweler, diurnal
variations with amplitudes over 200 ppt as obsemtethe O3HP in June 2013 were never reported &eldris raises the
question of the origin of air masses so rich in C@8ected over O3HP in mid-June 2013. It is hightjikely that long-
range transport of biomass burning gases and dsifostwveen North America and the Mediterranearoregias responsible
for OCS contamination because the transport of Agsiurning material occurred in late June 201&fteo the end of our
OCS surveys (see Fig.4 in Ancellet et al, 2016).tlées Q rich air masses reaching the O3HP in the lateraftn are
lagging those rich in OCS by ~ 4 hours (Fig. 3bj)siclear that the OCS and; Peaks have distinct origins. Backward
trajectories at 300 m above ground level endintg2a TC (Stein et al., 2015), when OCS levels at@3&P in June 2013
were over 600 ppt (Fig. 3b), show that the cir¢atabf the air masses during both periods waswatdliitude (below about
500 m a.g.l., i.e. below 1100 m a.s.l.), thus galhein the boundary layer. The back trajectosesw that the air masses
were in closer contact with the continent in Juf&2than in June 2012, and that the transportme 2013 was from the
N/NW so along the Rhéne Valley (Fig. S1). Southhef city of Lyon, the Rhéne Valley is highly indrialized and it is
therefore likely that the O3HP site is impactedalnyhropogenic direct or indirect (i.e. from thedation of C%) emissions
of OCS. In the afternoon, polluted air from the rapblitan area of Marseille is transported by tba breeze thus leading to
an increase of ozone at elevated layers abovedimeective boundary layer. The highest ozone comagobhs above 100
ppb can be found about 50 km further downwind nartti northeast of Marseille both on the mountairareas of Luberon
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and above (Kalthoff et al., 2005; see Fig. 6 of thanuscript). We can therefore conclude that thegsmog of the city of

Marseille is not a source of OCS.
4.2 Ecosystem relative uptake (ERU)

At the O3HP, OCS concentration gradients showimgeloconcentrations at 2 m than at 10 m were obdefueing daytime

5 (Fig. 5), especially during the afternoon so whanbalent mixing was strongest (Fig. 1b). Gradiemése inexistent during
the night. This implies that the forest ecosysteas wssentially a net sink of OCS. Measured @Gtical gradients indicate
that the forest ecosystem was a net sink of @@ring daytime and a net source during the nifgdfures that were
confirmed by the eddy covariance data showing N&Eahge between -15 and -20 umof st around midday and 0-5
umol ni? s*during the night (Fig. 6). However, the sharp iis©CS concentrations between 6 am and 12 am UTC 2F

10 and the reversal of the G@radients at 5-6 pm UTC (Fig. 3) reduce the tiniedew to few hours in the afternoon where

the ecosystem relative uptake of OCS (ERU), whicthe ratio of the relative vertical gradients &@®and C@ can be
assessed. ERU is an important parameter sincepibortional to GPP/NEE scaled by the ratio oatige leaf exchange
rates (LRU) following Eq. 2:

GPP/NEE = ERU/LRU )

15 (Campbell et al., 2008; Blonquist et al., 2011)efdiore, we anticipate that this approach to pantimeasured NEE will
hardly be applicable at O3HP not only because thglitude of the diurnal variations in LRU is a geseunknown, but also
because OCS vertical gradients cannot be calculfited measurements carried out throughout the wipalgod of
illumination. In 2012, only data collected in thiteanoon were exploitable. In June 2013, pollutédnaasses produced
dramatic variation in atmospheric OCS-to-O@tios in the morning and the afternoon, leaviogtime window for ERU

20 calculation. These air masses were not related withn photosmog episodes since there was a gaptdfours between
the peaks of OCS (up to 700 ppt) ang(@ to 85 ppb). With these caveats in mind, thorat the mean relative vertical
gradients of OCS and GQcalculated from linear OCS profiles) was equa#® for both the afternoons of June 6 and 17
with, however, large relative errar 60%), and was consistent with ERUs reported by&ligst et al. (2011) at the Harvard
Forest AmeriFlux site in summer-autumn 2006.

25 4.3 Relativeroleof plantsand soil on OCS exchange

Observations at O3HP and especially (1) the laakooturnal vertical gradients in OCS (Fig. 5), &huch higher decrease
in OCS concentration after sunrise than duringriight (Fig. 2c and Fig. 4) and (3) the ERUs measumethe afternoons
suggest that plant OCS uptake is the only relebaspheric flux. Moreover, the early morning drdpQaCS coincides with
a rise of GPP (Fig. 6b), isoprene emissions (Fig.i€oprene being a metabolic product of currefilgd carbon), latent
30 heat (Fig. 6a), stomatal conductance (Fig. S2),addop of CQ(Fig. 2c). However, the latter is followed by a @edary

10
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CO, maximum due to the mixing of air from below thenepy (richer in C@ but not poorer in OCS since O3HP soils and
plants do not take up this gas at night) with eanf above. The lack of net uptake of OCS durirgrilght is a specific
feature to the O3HP site that is not shared byraithen oak woodlands characterized by a Meditearaméimate (Kuhn et
al., 1999; Sun et al., 2015). The study of Kuhrale{1999) was performed in June 1994 at the HagstMatural History
5 Reservation in Monterey County, central coastalf@alia (490 m a.s.l.) which is located in a sidaley of the Carmel
Valley approximately 40 km from the coast. Thesthars reported a nocturnal drop in the OCS amhiering ratio by
about 150 ppt corresponding to a nocturnal OCS sigpo rate of up to -7.6 pmol ™s* which was estimated by a
nocturnal boundary layer depletion model. The raofjefluxes reported by Kuhn et al. (1999) are dstesit with those
measured using soil chambers at Stunt Ranch irh8ouCalifornia in April 2013 (0.1 — -6.5 pmols® ; Sun et al., 2015).
10 OCS fluxes at Stunt Ranch exhibited clear diuralations with higher uptakes during the night tdaning the day (Sun et
al., 2015). Unfortunately, the signature of theseds in the nocturnal boundary layer in terms oftarnal drop in OCS
mixing ratio where not reported in that manuscrif.give an illustration of what might be the atiplosric signature during
stable nocturnal conditions of OCS uptake eventsuch intensity, we extracted data from a set skolations where the
role that soil, leaf and atmospheric dynamics haveurface OCS exchange is investigated from OQfhali cycles (as at
15 O3HP) and nocturnal fluxes calculated using thedRabracer Method (Belviso et al., 2013). FiguresB8ws an eight day
time series of ambient mixing ratios of OCS, £00 and Q carried out in mid-April 2015 (after bud break aaldhost
complete leaf expansion) in a suburban area ofStay Plateau (Paris region), in relation to incgnyglobal radiation,
thermal stratification and wind speed (as at O3H®Yxiods of low atmospheric turbulence over thele&gaPlateau were
evaluated using”Rn accumulations. In April 2015, hourly variaticstsow night-time and early morning decreases of OCS
20 mixing ratios (Fig. S3c) and correspondfitRn increases (Fig. S3b). The amplitude of OCS diwariations is in the 40-
80 ppt range. OCS minima coincide with calm metkagical conditions with wind velocities lower thérkm h' (Fig. S3b)
which are favorable to thermal stratification (F&Ba), with CQ maxima sometime up to ~ 480 ppm (Fig. S3c) and Wit
minima down to few ppb (Fig. S3d). However, it isrth noting here that the amplitudes of Gdd Q nocturnal variations
over the Saclay Plateau in early spring are higfen those at O3HP due to anthropogenic emissib@8$g which can be
25 traced using CO mixing ratios (Fig. S3d), and tox\gtnissions which accelerate the chemical remov@,¢O; reacts with
NO, data not shown). OCS fluxes calculated usiegRhdon-Tracer Method during stable nocturnal ¢ ranged from
-4.8 pmol n s* (night of the 14) to -14.2 pmol it s* (night of the 11, Fig. S3c). They fall in the upper range of fluxes
reported by Kuhn et al. (1999) and Sun et al. (2®L6 the comparison should be made with cautiarabge three different
methods were used to estimate the OCS fluxes &i.leoundary layer model, soil chambers and the Rddacer Method).
30 Qualitatively, it is clear that uptake rates of s pmol n s* lead to drops in the OCS ambient mixing ratio byesal
tens of ppt during periods of low atmospheric tlehae. Hence, a major difference between the thpe®m oak woodlands
investigated so far during springtime is that sdithe Mediterranean forest ecosystem of Southeande is not a net sink
of OCS.

11
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Soil OCS uptake has been shown to be dependertilophysical properties like soil structure, watemtent, water-filled
pore space and temperature (Van Diest and Kess=in2808; Ogée et al., 2016) but also on soil lgiclal properties like
microbial activity (Kato et al, 2008; Ogawa et &013), active roots density (Maseyk et al., 20drdthe presence of a litter
layer (Berkelhammer et al., 2014; Sun et al., 208&)jay from a range of optimum uptake, which varetween soils,
changes in soil water content and temperature @kedly reduce OCS uptake by soils (Van Diest aads€lmeier, 2008).
However, the soil temperature and water conte@3HP (Fig. 1c,d) are typically in the range of aptm uptake published
by Van Diest and Kesselmeier (2008). A limitatidriOCS uptake by soils due to a poor OCS diffuseomoreover unlikely
considering that the soils from the O3HP are styosgructured and are far from being water saturakenally, the only
physical property of soil differing among the thageen oak woodlands is the soil texture with a fitegey texture at O3HP
but a coarse sandy loam texture at Hastings Resmmv@guhn et al., 1999) and at stunt Ranch (Sualet2015). If OCS
uptake by fine-textured soils have already beeronted (Maseyk et al., 2014), this result pointed the need for
measurements of OCS uptake for a greater divensispils. Concerning the biological soil propertigee soil at O3HP is
covered by a relatively thick litter layer that maguce a change from OCS uptake to OCS emissierkéthammer et al.,
2014). Sun et al. (2015) however measured at Stamich that the litter was responsible for OCS uptdakhe surface
horizons at O3HP showed organic carbon contentimgrfrom 167 to 43 g.k§in the surface soil horizons (Table 1) but
only 24 g.kg at Hastings Reservation (no data on soil orgamiban are available for Stunt Ranch). Being ricgharganic
carbon, soils at O3HP show very likely higher mided activity, factor which should stimulate uptabk®OCS by soils but
apparently do not. If the capacity of soils to aame OCS is more related to specific enzymatic #igtss (carbonic
anhydrases (CA) and OCS hydrolases) than to thergkemariables presented above, our observationddwaighlight
deficiencies in these enzymatic activities in aalcicarbonate rich soils of O3HP. However, this Hfgpsis is not consistent
with the suggestion that CA performs essential fofemicrobial organisms to survive periods of osimatress such as
drought at the surface of Mediterranean soils (\&iaget al., 2008). Finally, as roots and associgtesphere have been
found to produce OCS, a greater abundance of iiootBe surface soils at O3HP by comparison to the other oak
woodlands may explain why the soils at O3HP areansink of OCS. In other words, the lack of nocalinmet uptake of
OCS would indicate that gross consumption of thds @ soil is compensated by emission processésrahzin to be
characterized. No data on roots abundance are levesnailable at Hastings Reservation or Stunt Raaatonfirm such

hypothesis.
4.4 Potential use of OCSto partition ozone decay near the ground

Data show strong similarities during the night a@ily morning hours between OCS angld@! variations at the O3HP
suggesting a similar sink during that period (Ry.At the O3HP, volatile organic compounds (VOCs) prmetl by the
vegetation are essentially in the form of isopréKalogridis et al., 2014; Genard-Zielinski et €014). Isoprene is
oxidized in the atmosphere by the hydroxgical (OH), Q and the nitrate radical (N} but in-canopy chemical

12
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oxidation of isoprene at O3HP was found to be weaki did not seem to have a significant impact aprisne
concentrations and fluxes above the canopy (Kadiget al., 2014). Hence, ozone deposition at tBel®was essentially
through leaf uptake via stomata and surface daposivithout a strong contribution from chemicaacdons. In late May
and early June 2012, the non-stomatal contributicdhe ozone flux was in general markedly highantthe stomatal one in
the morning hours (before 10:00 UTC) but becamehtess significant in the afternoon (Fig. 7b). ibgrthe second week
of June, however, although there were still sighsan-stomatal loss of ozone in the morning, thgomaontribution to
ozone deposition was through the stomatal pathway b). The analogy with OCS during nighttime aratly morning
suggests that soil did not contribute much to thdlix and that the deposition flux of;Gn mid-June was essentially the
result of leaf uptake. It is however difficult tevaduate the soil ozone pathways without turbulemeasurements inside the
canopy. It would be worth looking further on how ®Could be used to partition ozone fluxes neagtbend between soil
and leaf deposition processes. The applicabilityD@fS to characterize the strength of ozone sinksldvbe reduced in
situations where NOx would significantly impact the chemical production or destruction of ozonéhim canopy or when
background air is contaminated by primary or seaopdnthropogenic sources of OCS (Fig. 3b).

5. Conclusions and per spectives

The requirements for OCS uptake to be used asxy pfaGPP are fulfilled at O3HP at least duringisgtime. Indeed, diel
changes in OCS mixing ratio and in its verticakmisition show that the soil uptake of OCS is ngiglie compared to the
uptake of this gas through the stomata, a featimiehnis not shared by other oak woodland ecosystrasacterized by a
Mediterranean climate. Hence, O3HP would be thejaake place to support the installation in the NM&danean region of
a monitoring station of OCS uptake by plants frasfdyecovariance measurements. However, the assessi@®PP from

measured OCS fluxes remains tributary of our pomvkedge of the magnitude of the LRU diel variaiamhich requires
further examination. The second method to estifR® requires NEE measurements, OCS angve@ical gradient and
LRU measurements during daytime. Unfortunately, tthee window for calculation of the Ecosystem RiektUptake of

OCS was found to be restricted at O3HP to few haftes midday (1) because the vertical distribuidrOCS is disrupted
by entrainment in the morning of OCS rich troposjhair sometimes contaminated by anthropogenicssioms, and (2)
because the CQrertical gradient reverses when it is still ligo at the O3HP, uncertainties both in ERU and ldritng

the light period are hindering the suitability o€S to infer GPP from NEE. In the framework of th@&pean infrastructure
Integrated Carbon Observation System (ICOS), amspireric measurement station (100m height towesr)lean set up at
OHP in the year 2014 to determine multi-year resartigreenhouse gases. This site being suitabperorm continuous
and high precision vertical profiles of OCS usingtum cascade laser spectrometry, improvemetite idetermination of

the ERU are foreseen.
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Table 1: Soil physico-chemical characteristics aHB®

Horizon Depth <2um 2-50um 50 — 2000 TOC N pH CaCQg

(cm) (g kg") (9 kg" um (g kg") (g kg") (g kg")
(g kg"

Leptosol

A, 0-5 560 340 96 167 8.9 7.1 6

A, 5-20 536 338 118 431 2.7 7.6 10.7

A/IC 20-50 515 324 133 23.3 1.7 8.0 27.2

" Total Organic Carbon
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Figure 1: Monthly variations (a) in air temperatared cumulated precipitations and (b) in soil terapge and moisture (-
10 cm) at an oak forest ecosystem in Southern Eré@8HP). Panels c and d, same as panel b bdufer 2012 and June
2013. The yellow vertical bands correspond to #raing periods.
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Figure 2: Time series of ambient mixing ratios d€®) CQ, CO and Q at an oak forest ecosystem in Southern France
(O3HP, June 2012; c,d) at 2 m above ground levith iwcoming global radiation and thermal stratifion above ground
level AT/AH in °C m? a) and wind speed (b). Periods of low atmospharibulence were evaluated using friction

5 velocities (u* < 0.15 m'§ b).The time scale is UTC time and the grey vattimnds correspond to the night time.
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Figure 3: Diel variations in OCS and; @ixing ratios at O3HP in June 2012 (a) and Juri840). In June 2013, two OCS

analyzers were run in parallel and Wias measured at a few hundred meters from the @3#P site. The LGR analyzer

was calibrated against the GC point-by-point as Q&= 1.14XOCSerraw + 12.3 ppt. @data were downloaded from the
5 regional Air quality network Air-Paca, Frandetp://www.airpaca.org/
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Figure 4: Mean diel patterns in ambient OCS mixiatips at the O3HP site in June of 2012 and 20kpi@yed with dots
and circles, respectively). The time scale is Uirietand the grey vertical bands correspond to tlet time. Error bars
represent one standard deviation of hourly mean @8&hg ratios recorded consecutively by the ga®wtatograph for

5 several days. Full records are displayed in Ficart Fig. 3b, respectively.
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Figure 5: Time series plots showing diurnal vaoasi in ambient OCS and G@ixing ratios (displayed in red and black,

respectively) within and above the canopy (2 m a@dn heights, circles and dots, respectively) hat®@3HP site during

two measurement periods in June 2012 (a,b). Thegmical band corresponds to the night time. Ebars represent one
5 standard deviation of mean g@nixing ratios recorded by the PICARRO instrumeritioi alternated measurements

between 2 m and 10 m heights on a half-hourly b&&S measurement repeatability is 1%.
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Figure 6: 4 day time series of (a) global radiatiRg), sensible and latent heat (H and LE) and@®@f Rburly fluxes from
eddy covariance data measured at the O3HP sifeifle,2012). Reco, GPP and NEE fluxes stand folystaa respiration,

5 gross primary production and net ecosystem exchaagpectively. We use the convention that negaiiees of fluxes
indicate carbon uptake by the forest ecosystemelRandisplays the isoprene fluxes measured coiteatty by the
disjunct eddy covariance technique (Kalogridislet214).
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Figure 7. Diel variations in (a) ozone depositi@ioeity (V403) and (b) canopy conductance (ghGtomatal conductance

(gsG;) and non-stomatal conductance (ggs@ver the May 29 to June 9 period in 2012. Theiti@ming was obtained with
the Lamaud et al. (2009) approach (see text faildit
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