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Abstract. The role that soil, foliage and atmospheric dymantiave on surface carbonyl sulfide (OCS) exchanga
Mediterranean forest ecosystem in Southern Frathee@ak Observatory at the Observatoire de HautgelPce, O3HP),
was investigated in June of 2012 and 2013 withreisdly a top-down approach. Atmospheric data saggfeat the site is
appropriate for estimating gross primary produc(i@®P) directly from eddy covariance measuremeh@QGS fluxes, but
is less adequate for scaling net ecosystem exchi®igle) to GPP from observations of vertical gratiesf OCS relative to
CO, during daytime. Firstly, OCS and carbon dioxid®©¢Cdiurnal variations and vertical gradients shownet exchange
of OCS during the night when the carbon fluxes doeinated by ecosystem respiration. This contrags other oak
woodland ecosystems of a Mediterranean climate, ravimecturnal uptake of OCS by soil and/or vegetatias been
observed. Since temperature, the water and organon content of soil at the O3HP should favoruptake of OCS, the
lack of nocturnal net uptake would indicate thatdtoss consumption in soil is compensated by émnigzrocesses that
remain to be characterized. Secondly, the uptakaCf during the photosynthetic period was charaeterin two different
ways. We measured ozonezJ@eposition velocities and estimated the partitigrof O; deposition between stomatal and
non-stomatal pathways before the start of a jaintesy of OCS and Qsurface concentrations. We observed an increasing
trend in the relative importance of the stomatahpay during the morning hours and synchronouspstieps of mixing
ratios of OCS (amplitude in the range of 60-100 japid Q (amplitude in the range of 15-30 ppb) after sundad before
the break-up of the nocturnal boundary layer. Tpake of OCS by plants was also characterized frertical profiles.
However, the time window for calculation of the sgstem relative uptake (ERU) of OCS, which is dwlgeol to partition
measured NEE, was limited in June 2012 to few haftes midday. This is due to the disruption of tleetical distribution

of OCS by entrainment of OCS rich troposphericiraithe morning, and as the vertical gradient of,C&verses when it is
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still light. Moreover, polluted air masses (up @07ppt of OCS) produced dramatic variation in afphesic OCS-to-C@

ratios during daytime in June 2013, further redgchre time window for ERU calculation.

1 Introduction

Terrestrial ecosystems modulate the water balameeland and fix carbon dioxide (GJOfrom the atmosphere in the form
of carbon rich materials. Experimental and modefinglies have shown that changes in atmospherjcc6@entration and
changes in climate, induced by increasing anthrepiog emissions of greenhouse gases, impact on ixagioh of
atmospheric Coby plants (gross primary production, GPP), andhenrelease of C{by terrestrial ecosystems (respiration,
Reco) as modulated by temperature and water audjfaland effects by fertilization (.g. Arora arBloer, 2014). Large
uncertainties in the determination in GPP and Ries@s at the continental scale and in the mageititeffects induced by
climate and fertilization remain. Further experiatand modeling studies should help to better waimsthose fluxes.

In the late 80’s, vegetation has been proposecetthé missing sink in the global cycle of atmosghearbonyl sulfide
(OCS; Brown and Bell, 1986; Goldan et al., 1988) #re first evidence from field observations of tiptake of OCS near
the ground was provided by Mihalopoulos et al. @98\owadays, the mechanistic link between leaf, @8d OCS
exchange is well understood (Stimler et al., 2(B¢lbt et al., 2010; Wohlfahrt et al., 2012) anddbientific community has
reached consensus on the potential of atmosph& @easurements to provide independent consti@n@PP at canopy
(Blonquist et al., 2011; Asaf et al., 2013), regib(Campbell et al., 2008) and global (Montzka let 2007; Berry et al.,
2013; Launois et al., 2015) scales. However, reseties also demonstrated limitations to theais@CS as a GPP proxy
at canopy and ecosystem scales because (1) consarapt/or production of OCS occur in soil ancelit{fVan Diest and
Kesselmeier 2008; Sun et al., 2015; Ogée et al6;20/helan et al., 2016 and references thereif)in(2gricultural fields
and midlatitude forests OCS can be taken up bytplaiso during the night (Maseyk et al., 2014; Wt al., 2010;
Commane et al., 2015), and (3) the leaf relativiakg of OCS and of CQLRU), which is of central importance in the
calculation of GPP from eddy covariance measuresneitOCS exchange {k9 following Eq. (1), exhibit daily and

seasonal variations of variable amplitudes (Beikalimer et al., 2014; Maseyk et al., 2014; Commanaé ,e2015).
GPP = (locs/ LRU).([CO;] / [OCS])) Q)

The character L in §cs stands for leaf because OCS exchange equglsvithen other ecosystem fluxes are negligible. To
address the diel LRU variations and the role of and litter for canopy scale analysis, some retegroups are now
combining canopy flux, leaf and soil chamber measwnts in the field (L. Kooijmans personal commatian, Sep.
2016).

Eqg. 1 can also be used for regional scale ana{@aspbell et al., 2008). At this scale, LRU alsoies as a function of
plant type (i.e. C3 vs. C4 plants, Stimler et 2011). However, Hilton et al. (2015) demonstrateat the effect of LRU
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variability was less significant at regional thartanopy scale because the regional spatial umegria GPP is much larger
than the LRU uncertainty.

The use of leaf and soil chambers offers a meamsvistigate in laboratory and field conditions #dality of plants and
soils to degrade ambient OCS (e.g. Stimler et 2010; Sun et al., 2015). Approaches which avoid imaation of
biological material, such as the eddy flux, gratien Radon-tracer methods (e.g. Maseyk et al., 2Cbmmane et al.,
2015; Belviso et al., 2013), can document over tshnd long time-spans the direction and the madaitf surface OCS
exchange at the ecosystem level. At continentglaal scales, biosphere-atmosphere fluxes casdrssed from dynamic
global vegetation models and all flux components loa optimized using satellite or global networkad@.g. Berry et al.,
2013; Launois et al., 2015; Kuai et al., 2015).e Hiobal network NOAA ESRL for measurements of gheise gases in
the atmosphere monitors OCS mixing ratios on a lydesis since year 2000 (Montzka et al., 20075 ih this framework
that the major role of vegetation in the global geidof OCS was again emphasized. A second netwaBAGE) exists
where air samples are analyzed every 60 minutdsQRS data are not yet available for public accégdker sites have
recently been instrumented for long term monitorafgatmospheric OCS concentrations and/or fluxdseyTinclude a
mixed temperate forest in North America (Harvardefd (Commane et al., 2015)), a boreal pine foséfouth Finland
(Hyytiala, A. Praplan, personal communication, 2085d a station located on the northern coast ef Nletherlands
(Lutjewad, H. Chen, personal communication, 201doiinans et al., 2016). Although rural and sub-orbeeas have also
been instrumented for shorter periods (Berkelhamateal., 2014; Belviso et al., 2013 and referertbesein), yet many
biomes remain unexplored. In summer 2012 and 28&3jsed the facilities of the experimental fielk SDak Observatory
at the Observatory of the Haute Provence (O3HRNt S4ichel I'Observatoire, France, to study the dpbere-atmosphere
exchanges of three atmospheric compounds (OC$a@ozone (€)) which share stomatal uptake as a common pathway.
O3HP is a Mediterranean forest ecosystem with lewopy height, and dominated by deciduous Downy Qaércus
pubescens Willd and Montpellier Maple Acer monspessulanum. Often occurring in the transition of climate zeneom
Mediterranean to sub-Mediterranean, and thus patgntather sensitive and responsive to climatenge,Q. pubescens is
an interesting model to monitor changes affectirggMediterranean forest ecosystems.

Our top-down approach, similar to the approach bynguist et al. (2011), aims at determining thesrof soil, foliage,
atmospheric dynamics and air pollution on surfa@S@xchange at the O3HP, at finding consistencidglidferences with
other oak woodland ecosystems characterized by ditdteanean climate, and at assessing the dedyatniluse OCS to
partition G deposition between stomatal and non-stomatal EatbwSince direct LRU and OCS flux measurement® wer
not performed during the campaigns, we used theystem relative uptake (ERU) approach of Campledil.e(2008) to

provide a rough estimation of LRU variations usihg following equation:
LRU = [ERUL.[NEE / GPP] (2)

where ERU is the relative gradient of OCS*Yjrdivided by the relative gradient of GOn™) and NEE is the net ecosystem
exchange of C®from eddy covariance measurements carried otieadite.
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2 Material and methods

2.1 Description of the siteand of air circulation

The two campaigns took place in June of 2012 antB28oth were of short duration (i.e. about two-ksedong). A
description of the O3HP site is available in Kaldgy et al. (2014) and Santonja et al. (2015).Hart the site (43.93 N,
5.71 E) is located on the premises of Observatd@eHaute Provence, about 60 km north of Marseffl@nce, at an
elevation of 680m above mean sea level. It is imeleted in a forest area that has remained untough#te least since
1945. The climate is sub-Mediterranean with waramat, and dry summers.

The O3HP observatory is characterized by a higkleitogeneous karstic limestone with soil pocketeldping between
compact and hard limestone bedrocks. The soilsnéinger exceed one meter depth, range from shalfdearic Leptosol to
deeper calcaric Cambisols (IUSS Working Group WR&14). The litter overlying the A-horizons (O-hanw) is one to
seven cm strong. The A-horizons of 2-10 cm-depth ctayley, calcareous and show high contentsgaric carbon (Table
1). These horizons have a crumbly to fine and gtarbangular blocky structure likely due to a héginthworm burrowing
activity and numerous fine roots. The humus is active 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
are observed inside the thin soil layers.

Downy oak Quercus pubescens) and Montpellier mapleAcer monspessulanum L.) represent 75% and 25 %, respectively,
of the foliar biomass of the dominant tree spe¢iedogridis et al., 2014). The coppice, typicallgnstituted by multiple
stems sprouting from the same rooting system, asiaB0 years old. Mean trees height is 5 m, andnndéemeter at breast
height is 10 cm, ranging from 0.9 to 18.6 cm. Ewap smokebushCptinus coggygria Scop.) and many thermophilic and
xerophilic herbaceous and grass species composentterstorey vegetation (Kalogridis et al., 2014 )network of soil
sensors beneath and above the canopy, continumsiyds environmental parameters including: globdlation, air and
soil temperature profiles, air and soil moistureindv speed and rainfall, which are made accessibieugh the
COOPERATE database (http://cooperate.obs-hp.fr/db).

Our understanding of the atmospheric dynamics aker O3HP sampling site does not rely solely on orelegical

parameters recorded at ground level by basic weattadions. The transport and dispersion of aidupahts in the
southeastern part of France was extensively inyastil during the “Expérience sur Site pour COnthairles Modéles de
Pollution atmosphérique et de Transport d’EmissigESCOMPTE) experiment which took place in Jungr2001 (Cros
et al., 2003; Kalthoff et al., 2005). As shown bgde authors for June 2001 and in Fig. S1 for 362612, 2013 and 2015,
the sea breeze is a general characteristic oftthespheric dynamics at the site in June. It floves1f the W-SW in the
afternoon and carries with it the photosmog of ¢l of Marseille. During the night and early margihours the wind is
orientated from other directions with a strong N-MBmponent (Fig. S1). However, one fundamental cspé air

circulation over the area is the existence of aturoal jet flowing at 800-1000 m of altitude, aladth a strong N-NE
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component, observed in the sodar (vertical windilerd measurements performed by Kalthoff et al0qR). This is of

crucial importance for the interpretation of ousuis.
2.2 Air sampling and analytical methods

2.2.1 Momentum, energy and CO, and isoprene fluxes

In June 2012, momentum, energy and,@0xes were measured at the O3HP site by the edugriance method using a
Gill-R3-HS ultrasonic anemometer placed above threst on a 10 m mast and a close-path infrared &@d HO gas
analyser (IRGA, Licor 7000) placed in a truck abab35 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 tulitig” OD, 3/8”
ID, heated ~1°C above ambient air temperature,fitw 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 tHose path IRGA. Data were sampled at 20 Hz.da#gj the turbulent

flux of CO, was estimated as the covariamée’ of the vertical component of the wind velocity)(and the dry mole

fraction of CQ (c), multiplied by the dry air molar volume. Here themes denote a deviation from the mean. Theidnict

velocity u. =- \/ﬁ whereu is the along-wind air velocity component. Highduency losses corrections were estimated
with the method of Ammann et al. (2006), and avedafj0% (median). The fluxes (NEE, GPP and Recog walculated
using the eddy covariance method as explained ininfst et al. (2000) and Loubet et al. (2011). lorshGPP and Reco
were estimated with the method described by Kowalskl. (2004). Briefly, the net flux of GANEE) was modelled as the
sum of the ecosystem respiration (Reco) and the @PBssimilation) modelled as a hyperbolic funetaf the incoming
solar radiation (Rs).

NEE=-Reco+(a’Rs)/(a2+Rs)=-Reco+GPP &q.

By convention here Reco and GPP are positive, ai# I counted positive when carbon is fixed by ¢th@opy. The
parameters Reco, al and a2 were estimated by mainigrthe difference between the modelled and medsaQ flux from
May 16 to June 17 of 2012 using the non-linear esola Excel and the objective function In(mean squarror between
model and measurements). The comparison was orfigrped for well-established turbulence (u* > 0.1sfand |z / L| <
0.2, where L is the Obukhov length), during dryipes without rain and during daytime (Rs > 5 \WniThe GPP was then
calculated as GPP= (&Is)/(a2+Rs) for all conditions.

Q. pubescens is a high isoprene emitter and studies at the OB&\Re shown that it is the main volatile organienpound
(VOC) released by this species at the branch (GeBelinski et al., 2015) and canopy scale (Kaldigriet al., 2014).
Isoprene is synthetized within the leave throughafelic processes and its emission in the atmospkanainly controlled
by temperature and radiation (Laothawornkitkul ket 2009 and references therein). Although it does share common
source and sink with OCS, it was used here as diti@thl information to understand biological preses occurring at the
O3HP forest.
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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 avillgm the
anemometer, or from a second inlet located at Zighlt on the same mast, with 70-80 m long Synfiéirtg (3/8” OD)
flushed permanently at a flow rate of ~6 L thitn June 2013, air was drawn solely from an itdeated at 2 m height, with
20 m long Synflex tubing (3/8” OD). The analytidalstruments 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 descrédnsively in
Belviso et al. (2013). However, the mass spectremg¢tector was replaced in April 2012 by a pulache photometric
detector (PFPD). In general, air measurements (BIOSTP of air trapped cryogenically at 100 ml thillow rate with an
ENTECH preconcentrator) were carried out on an lgobasis. Peak integration was done using the SR¥akSimple
Chromatography Data System. Calibration was pedras in Belviso et al. (2013) but the primary d&ad, drawn with a
gas-tight syringe, was injected in a line flushethvdCS-free helium (He was passed through an estainless-steel trap
immersed in liquid nitrogen) connected to the preemtror inlet. Although the calibration gas comomdized by Air
Products has a tolerance of 2.5%, we found an agreebetter than 0.2% between the certificate afyasis (1.013 ppm of
OCS in helium) and our own measurements of thatdstal (1.014 + 0.011 ppm, n=6)ing a second calibration gas
provided by U. Seibt and K. Maseyk who purchasdtbin Air Liquide (0.517 ppm in nitrogen). SinceetRPFPD response
is quadratic, the calibration equation is obtaifsdplotting the natural logarithm of the peak asgminst the natural
logarithm of OCS (picolitre or pL). Mixing ratiogecalculated by dividing pL of OCS by volumes of dried at -25°C,
corrected to room temperature and pressure. SemiRc@us measurement repeatability is 1% (1 SD38=consecutive
hourly analyses of atmospheric air from a compsstinder (target gas) containing 573 ppt of OOGR)curacy and long-
term repeatability (LTR) were better than 2.5% eal@ated from periodic analyses of an atmosphéristandard prepared
and calibrated by NOAA-ESRL containing 448.6 ppOgtS.

In June 2013, air was analyzed continuously for QGIg a commercially available OCS, £®,0, and CO off-axis
integrated cavity output spectroscopy analyzer (Gagos Research, Enhanced Performance Model, @adifdJSA). In
early 2013 at the O3HP, the instrument was testedhke first time in the field. We calibrated thestrument with OCS
measured by the GC (over a range of atmosphericettrations of 439 ppt to 699 ppt inherent to thaqu of interest for
this study). OCS data collected with a %2 Hz freqyelny the spectroscopy analyzer were subsequestdiyced to 5-minute
averages which correspond to the sampling timé®fGC. The OCS signal varied by less than + 2 gtginflard error) in
the 5 minute time window. GC and LGR data showédear and strong positive correlation (Q$eS 1.14 OC&sr + 12.3
ppt, R=0.95, n=128). Absolute readings were regularssrchecked with a NOAA-ESRL standard showing gstability
throughout the campaign. OGR data were essentially used to document OCS vamimtin between GC measurements,

and were scaled to GC data using the above resdtipn

2.2.3 Carbon dioxide (CO,)
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At the O3HP site, in June 2012, air was analyzedd®, from two sampling lines (10 and 2 m height), al&dively
(measurement interval duration was 30 min and daltacted during the first 10 min were discardeding a commercially
available PICARRO cavity ring-down spectroscopy @3} analyzer (Model G2401) placed next to the OGS g
chromatograph. In addition to GCthis instrument analyzes Gtdnd CO mixing ratios and applies corrections fatex
vapor levels. Precision and stability of the meaments performed with this instrument were inveséid using the
rigorous testing procedures described by Yver.gR8ll5) and reported in Table 1 of that manus¢gpe instrument G2401
with serial number CFKADS2022 and ICOS ID 108). B4, similar or better results in terms of continuoosasurement
repeatability (CMR) and LTR were obtained in theddias compared to the factory or to the test ktooy (i.e., 0.027 ppm
and 0.020 ppm), respectively (Yver et al., 201%)e TRDS analyzer was calibrated in the test labordbllowing ICOS
standard procedures, once before shipping andaftgitthe one month deployment in the field.

In June 2013, air was analyzed continuously for @€ing the LGR Enhanced Performance instrumentdbege). CQ

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

At the O3HP site, in June 2012, air was analyzed© using the PICARRO CRDS analyzer described abBrecision in
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 weadibcated as for COmeasurements. In June 2013, air was analyzed
continuously for CO using the LGR instrument. @@&asurements were not reported on a calibratide.9SC® was used as

a semi-quantitative tracer of combustion procefisiesnass or fossil fuel burning).

2.2.5 0zone (O3), O3 deposition velocity (V4O3) and its partitioning

Ozone was measured at O3HP in June 2012 with &mumnent based on ultra-violet absorption (modelOD-4rom API-
Teledyne, San Diego, USA). This instrument, catidawith an internal ozone generator (I1ZS, APlperated with a
flowrate of about 700 mL mihand delivers data every minute. In June 2013, ®ammmcentrations measured at a few
hundred meters from the main O3HP site were dowdgldafrom the regional Air quality network Air-PacBrance,
(http://www.airpaca.org/). Ozone deposition velpcfi/;0;) was measured at the O3HP in June 2012 with a fast O
chemiluminescent analyser (ATDD, NOAA, USA). ThetiBaviethod described in Muller et al. (2010) wapligd to
evaluate \O;. Detailed description of the methodology is giverStella et al. (2011). The canopy conductang®4g and

non-stomatal conductance for ozone,@g) were estimated following Lamaud et al. (2009), @©s = V40s/ (1-
V403/V 1ma0Os), and gOs= g.05 — @05, where the stomatal conductance far(§0;) is equal to g4,0x0.653, this factor
being the ratio of molecular diffusivities of;@0 H,O. V03 is the maximum deposition velocity for ozone which

corresponds to a perfect sink of ozone at the llmadl which is the inverse of the sum of aerodyma(®,) and canopy
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boundary layer resistance®,{0z) as VnaOz = 1 / Ra + RyOs), those being estimated as in Lamaud et al. (2@8k¢n from
Bassin et al. (2004).

2.2.6 Stomatal conductance

Canopy stomatal conductance for water vapgi Q) was estimated in 2012 from the latent (LE) aasthle (H) heat flux
from the Penman Monteith method for relative hutgidi 70 %. Under wet conditions the stomatal cataioce was
estimate following Lamaud et al. (2009) based engitoportionality between the assimilation of £Dd the conductance.
Leaf stomatal conductance was measured in June 23 porometer (AP4, Delta-T Devices, Burwell Uue to the
unilateral distribution of stomata (hypostomatoesf) only the abaxial sides of the leaf were meswsing the ‘slotted’
configuration of the chamber. Five leaves were dadhper tree and cycle. Light was measured holdhey sensor

horizontally above the leaf.

3 Results
3.1 Meteorological conditions and soil climate

The cumulated precipitations before the campaigasevabout 400 mm and 500 mm since the beginninthefyear,
respectively (Fig. 1a). As few precipitation evenfssmall intensity took place during the campajghg volumetric soil
water content (measured at 5 cm depth) was in eedsing phase from about 0.8 m? during the wet season to about 0.1
m® m* during the dry season (Fig. 1b). Soil temperatwrest the opposite way (Fig. 1b) and were in thgyeal4-19°C and
14-17°C during the 2012 and 2013 campaigns, resspéc{Fig. 1c,d).

3.2 Diel variationsin the canopy (2m)

In June of 2012, COpresented a clear and reproducible diurnal cydth & maximum during the night (Fig. 2c). This
maximum, an increase of 10-20 ppm, is correlateth Wie decrease of global radiation (Fig. 2a). Tihisease occurred
between the period of maximum atmospheric turbec > 0.4 m &, Fig. 2b), a few hours after the maximum solar
radiation (Fig. 2a), and the nocturnal period wlagmospheric turbulence is reduced € 0.2 m &, Fig. 2b) and strong
temperature gradients above ground level form (5 <€ m', Fig. 2a). The temperature gradient is a proxyloof
atmospheric mixing and boundary layer stabilityribg this period, the variability in OCS was relatly low as compared
to CO, (10 ppt at the most). The strongest temperatuadignts above ground level (~ -1°C'nFig. 2a) were observed
after sunrise (4 am UTC), for about two hours. e cycle in the atmospheric boundary layer exbibbia much steeper
decline in OCS after sunrise than during the n{flig. 2c); the same holds for ozone (Fig. 2d). @hwlitude of the early
morning drop of OCS was in the 60-100 ppt ranget D Q; was in the range of 15-30 ppb. It is worth to rbis the large
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nocturnal maximum of COwas followed by a secondary one in the early nmayniyet of shorter duration and smaller
amplitude (10 ppm at the most, Fig. 2c). Hence oirignt variations in CQwere observed durirthe period of lowest OCS
concentrations. In general, OCS angld@| variations were in phase except in the laterabon where we never observed a
peak of OCS associated with the peaks gdif@d CO (Fig. 3a & Fig. 2d).

Figure 4 compares the mean diel patterns in amb@@& mixing ratios at 2m height in June 2012 andeJR013,
constructed from data presented in Fig. 2c and 8fig.respectively. Data show that the OCS conctoitre were more
stable during the night than during the day sindeap of ~ 50 ppt was observed in the early mortiagrs, down to ~ 450
ppt, followed by a rise up to ~ 520 ppt in June 2@hd ~ 650 ppt in June 2013. These huge diurndtians, with
amplitudes in the range of 150-250 ppt (Fig. 3@revconfirmed by independent measurements cartiedvith the LGR
CGO,/OCS/CO/HO analyzer which was running in parallel (Fig. 3bie concomitant decrease of OCS andrthe early
morning hours was confirmed in the 2013 recordg.(Bb). Further, the richest air masses y Which were transported
over O3HP by strong winds in the late afternoonremeot the richest in OCS throughout the campakjg. (3b). Our
ground-based meteorological and ozone observatiatesl June of 2012 and 2013 (650 MSL) present&igin?2 and Fig. 3
are highly consistent with data reported by Kalttetfal. (2005).

3.3 Vertical gradients

Diel variations in near-surface OCS and G@rtical gradients were documented twice in Jub&22from data collected
alternatingly at 2 m and 10 m (Fig. 5). Both tinegies show no apparent OCS gradient during thet nijereas C@data
showed strong vertical gradients with £& 2 m being higher by approximately 5 ppm thatGim. During the day, the
CO, gradient reversed, GQOmixing ratios being lower at 2 m than at 10 m,hwét back-reversal of the G@radient
occurring in the late afternoon at 17:00-18:00 UDa@ring the day, OCS mixing ratios were systemdidawer at 2 m
than at 10 m by a few ppt in the morning and upGe?0 ppt in the afternoon. Hence, £&hd OCS were consistently lower
at 2 m than at 10 m during the day, during the higiwever, C@ had a gradient in line with the respiratory prashre of

CO,, whereas OCS showed no measurable gradient.

3.4 Diel variations of fluxes and deposition velocities

It should be noted here that the £é&hd water fluxes are not strictly linked at the@®stem level because the non-foliar
contribution is different for C®(non-green plant biomass, and soil respiratior) HpO (evaporation from soil and tree
surfaces). Further, the gas-exchange between thetsmatal cavity and the atmosphere has drivatsitipact differently
on biological and physical processes (e.g. the ¢zaipre effect on photosynthesis and respiratiorCfd, and transpiration
for water). However, it is known that soil waterntent will impact on the litter decomposition preses, and other
microbial and rooting activity that determine sabpiration. The presence of a non-stomatal wéigri§¢ an indication of

the wetness of upper soil layers, and hence a pobxan increased respiration rate. Negative wdtetes at dew point
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temperature indicate dew formation which may caxwestomatal fluxes due to the dissolution of gases latent heat and
CO, fluxes (GPP and NEE) followed a clear diurnal eyafell correlated with global radiation, indicatititat there was no
significant water stress which would tend to lowee flux in the afternoon (Fig. 6a,b). However, tatent heat flux was
significantly higher on June 13 than for later déyig. 6a). Higher water fluxes were also measugtk 11 and 12 which
were likely due to the evaporation of precipitaiaf low intensity (2 mm at the most) that occurdede 10, 11 and 12 as
well as the water that was deposited as dew thetsigf June 11 and 12 which was clearly shown kyatin temperature
reaching the dew point temperature and the seniséaeflux being highly negative at night (data siebwn). The stomatal
conductance for water vapor followed also a claarnadl cycle (Fig. S2). Significant positive isopeefluxes were only
observed during daytime, following diel cycles wittid-day maxima ranging from 10 to 35 nmol’rh™ (Fig. 6¢ redrawn
from Kalogridis et al., 2014).

Unfortunately, the fast-Dsensor that was used to assess thddposition velocity had some sporadic down timésckv
occurred frequently during the June 12 to 18 samptieriod. During that period, the analyser onlyfgrened well during
one night. Good quality data, however, were reabrcntinuously from May 29 to June 3 and, and fthme 7 to 9 (Fig.
7). Stomatal conductance fog @sG;) assessed with the method of Lamaud et al. (2fad@wed diel cycles with mid-day
maxima throughout the whole month of June 2012him range 6 to 8 mm's(data not shown but Fig. 7 provides an
illustration for late May and the first week of &B012 of the typical diel pattern of g§OThe shape of these diel cycles
provides another indication that the canopy wasenamnder water stress and the gststly 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 symmefaatire during daytime (Fig. 7b), it indicatestthan-stomatal
ozone deposition occurred preferentially during therning. However, estimates of gns@ere less numerous in the
afternoon than in the morning because of inconsi#s between gcfand gs@ values noticed during the afternoons of
May 29-31 and June 9, where gs@as higher than gcdFig. 7b). Nevertheless, in five cases out of aiyeak in gns®
was observed during the period between May 29 and 3. Data show a shift in the relative importaotboth pathways
since from June 7 the ozone deposition in the mgrin all cases was predominantly through the stah@athway.
Unfortunately, we have no indication about ozonpadéion pathways during the periods where OCS masitored in the
atmosphere. However, the shift towards highgd€position through the stomatal pathway duringséeeond 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 thetmohJune.

4. Discussion

4.1 Role of atmospheric dynamics on OCS exchange
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OCS diel variations presented here (Fig. 3) reserttidse reported by Berkelhammer et al. (2014yvatdites of central
North America where steep rises in OCS also ocduafter sunrise (see their Fig. 7b and supplemgriay. 11). The
authors suggested that this morning rise was celatboundary layer dynamics when air from abomer in OCS than the
air from the nocturnal boundary layer, is entrairtedvnwards. This is also the case at O3HP as showhe vertical
profiles of water vapor (Fig. S3). Entrainment of dir from the nocturnal boundary layer is evideshérom the decrease in
water vapor concentrations about two hours afterise. This decrease is generally more importaritOam than at 2 m.
However, diurnal variations with amplitudes ovefZipt as observed at the O3HP in June 2013 werer meported before.
This raises the question of the origin of air masse rich in OCS advected over O3HP in mid-June32@lis highly
unlikely that long-range transport of biomass bagngases and aerosols between North America an¥éukiterranean
region was responsible for OCS contamination bex¢hes transport of biomass burning material occuimdate June 2013
so after the end of our OCS surveys (see Fig.4nicefet et al, 2016). As the;@ich air masses reaching the O3HP in the
late afternoon are lagging those rich in OCS by hodrs (Fig. 3b), it is clear that the OCS anglp@aks have distinct
origins. Backward trajectories at 300 m above gdolavel ending at 12 UTC (Stein et al., 2015), wigi@S levels at the
O3HP in June 2013 were over 600 ppt (Fig. 3b), stiat the circulation of the air masses during 2848 2013 periods
was at low altitude (below about 500 m a.g.l., below 1100 m a.s.l.), thus generally in the boupdayer. The back
trajectories show that the air masses were in closetact with the continent in June 2013 thanunel2012, and that the
transport in June 2013 was from the N/NW so aldreggRhdne Valley (Fig. S4). South of the city ofohy the Rhéne
Valley is highly industrialized and it is therefolikely that the O3HP site is impacted by anthrogug direct or indirect
emissions of OCS (i.e. from the oxidation of ,GBice the largest production of Ci& Western Europe is located in the
Rhoéne Valley (Campbell et al., 2015)). Polluted @@ry likely propagates southwards in the uppeedsywithin the
nocturnal jet that was observed in the sodar measemts performed nearby at Cadarache (Kalthoff.eR@05) and is
entrained downwards in the morning when turbulaecevers. Moreover, we can also demonstrate tieasalirce of OCS
pollution is persistent from the same directionrirdata gathered in Fig. S5 which show the full Ja6&3 OCS record,
starting from June 8, and the corresponding bagjkdtories. It is clear that there is no sign dfytimn in OCS when air
masses, advected from the Mediterranean Sea, thadBHP site at noon, 300 m agl. Finally, Fig. ®8ndnstrates that
advection of pollutants from the combustion of fofigels (and from biomass burning, see above)niskaly in the OHP
area except during the night of June 15 where @@Idewent up to 250 ppb. A CO pollution event wksd aecorded the
next morning but data show no impact on OCS levrl$he afternoon, polluted air from the metropaiitarea of Marseille
is transported by the sea breeze thus leading tocasase of ozone at elevated layers above theective boundary layer
as demonstrated in Kalthoff et al. (2005)'s studlyio circulation. The highest ozone concentratiahsve 100 ppb can be
found about 50 km further downwind north and nceiieof Marseille both at the mountainous areasutieron and above
(Kalthoff et al., 2005; see Fig. 6 of that manysgriwe can therefore conclude that the photosnfidigeocity of Marseille is
not a source of OCS.
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4.2 Ecosystem relative uptake (ERU)

At the O3HP, OCS concentration gradients showimgefoconcentrations at 2 m than at 10 m were obdestueing daytime
(Fig. 5), especially during the afternoon so whambdlent mixing was strongest (Fig. 1b). Gradiemése inexistent during
the night. This implies that the forest ecosysteas wssentially a net sink of OCS. Measured @tical 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&Eanhge between -15 and -20 pmof st around midday and 0-5
pmol m? s during the night (Fig. 6). However, the sharp iis©CS concentrations between 6 am and 12 am UTLC 2
and the reversal of the G@radients at 5-6 pm UTC (Fig. 5) reduce the tiniedaw to few hours in the afternoon where
the ecosystem relative uptake of OCS (ERU), whicthe ratio of the relative vertical gradients dZ®and C@ can be
assessed. ERU is an important parameter sincepibjsortional to GPP/NEE scaled by the ratio oatiee leaf exchange
rates (LRU) following Eq. 2. Therefore, we antidipshat this approach to partition measured NEEhagitdly be applicable
at O3HP not only because the amplitude of the diuvariations in LRU is unknown at O3HP, but alsxéuse vertical
gradients of OCS cannot be calculated from measementarried out throughout the whole period ofilination. In 2012,
only data collected in the afternoon were expldéand the mean OCS-to-G@atio at 2 m height was 1.33 + 0.02 ppt/ppm,
n=27. In June 2013, polluted air masses producachatic variation in atmospheric OCS-to-£@tios in the morning and
the afternoon, leaving no time window for ERU cédtion. These air masses were not related with rutt@aotosmog
episodes since there was a gap of ~ 4 hours bettheepeaks of OCS (up to 700 ppt) ang(@ to 85 ppb). With these
caveats in mind, the ratio of the mean relativdic@r gradients of OCS and GQcalculated from linear OCS profiles) was
equal to 4.7 and 4.3 for the afternoons of Junedb1& with, however, large relative errer§0%), and was consistent with
ERUs reported by Blonquist et al. (2011) at thevided Forest AmeriFlux site in summer-autumn 2008 ¢51.2 (1 SD) for
short-term ERU values calculated from linear OCHilas as we did at the O3HP).

Only when the plant uptake is the dominant fluxe BRU is proportional to the ratio of GPP/NEE wétlproportionality
constant that is the LRU (Campbell et al., 200&) discussed above, this is only the case at thePGsid for a few hours in
the afternoon (because at other moments the eemsystnot the main driver but rather the boundageit dynamics) and
that ERU could only be calculated using the OCS @@ gradients for these few hours. When ERUs and tbanm
NEE/GPP ratio calculated for the period 12-17 UDT8 + 0.05, n=20) are used in Eq. 2, LRUs at tB&l® are equal to
3.7 and 3.4. These values fall in the upper rarffgeRtJs obtained from leaf chamber studies overrgdaange of light
conditions and tree species (1-4, Stimler et 81,02 1.3-2.3, Berkelhammer et al., 2014).

4.3 Relativerole of plantsand soil on OCS exchange

Our OCS measurements were carried out during thedbef maximum gross primary productivity of Meglitanean oak
forests (Allard et al., 2008; Maselli et al., 2014) the O3HP, the maximum of @ubescens net photosynthetic assimilation

also occurs in June (Genard-Zielinski et al., iegr The O3HP site appears to be ideal for theofi€2CS uptake by plant
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as a tracer for GPP in a Mediterranean oak forestise the soil is neither a source nor a sink@®% @hen GPP fluxes
culminate.The lack of net uptake of OCS during the night spacific feature to the O3HP site that is not stidsy other
open oak woodlands characterized by a Mediterraniaate (Kuhn et al., 1999; Sun et al., 2015). $hely of Kuhn et al.
(1999) was performed in June 1994 at the Hastingturdl History Reservation in Monterey County, caintoastal
California (490 m a.s.l.) which is located in aesichlley of the Carmel Valley approximately 40 krarf the coast. These
authors reported a nocturnal drop in the OCS ambigring ratio by about 150 ppt corresponding taacturnal OCS
deposition rate of up to -7.6 pmolTs® which was estimated by a nocturnal boundary laggietion model. The range of
fluxes reported by Kuhn et al. (1999) are consisteith those measured using soil chambers at SRamich in Southern
California in April 2013 (0.1 — -6.5 pmol s’ ; Sun et al., 2015). OCS fluxes at Stunt Ranctibételdl clear diurnal
variations with higher uptakes during the nightritlsuring the day (Sun et al., 2015). Unfortunatéhg, signature of these
fluxes in the nocturnal boundary layer in term@ofturnal drop in OCS mixing ratio where not repdrin that manuscript.
To give an illustration of what might be the atmlespc signature during stable nocturnal conditioh®CS uptake events
of such intensity, we extracted data from a sethfervations where the role that soil, leaf andoapheric dynamics have
on surface OCS exchange is investigated from OQ&hdli cycles (as at O3HP) and nocturnal fluxesutated using the
Radon-Tracer Method (Belviso et al., 2013). Fig8itshows an eight day time series of ambient mixatigps of OCS,
CO,, CO and Q@ carried out in mid-April 2015 (after bud break aalcthost complete leaf expansion) in a suburban afea
the Saclay Plateau (Paris region), in relationnemiming global radiation, thermal stratificationdawind speed (as at the
O3HP). Periods of low atmospheric turbulence otter $aclay Plateau were evaluated usfign accumulations. In April
2015, hourly variations show night-time and earlgrning decreases of OCS mixing ratios (Fig. S7@) emrresponding
#22Rn increases (Fig. S7b). The amplitude of OCS diuvariations is in the 40-80 ppt range. OCS minanincide with
calm meteorological conditions with wind velocitiémver than 6 km H (Fig. S7b) which are favorable to thermal
stratification (Fig. S7a), with COmaxima sometime up to ~ 480 ppm (Fig. S7c) andl @itminima down to few ppb (Fig.
S7d). However, it is worth noting here that the htuges of CQ and Q nocturnal variations over the Saclay Plateau in
early spring are higher than those at O3HP duentrepogenic emissions of GQwhich can be traced using CO mixing
ratios (Fig. S7d), and to NOx emissions which azredé the chemical removal of D; reacts with NO, data not shown).
OCS fluxes calculated using the Radon-Tracer Metthmihg stable nocturnal conditions ranged fron8 -gmol m? s*
(night of the 14) to -14.2 pmol nf s* (night of the 11, Fig. S7c). They fall in the upper range of fluxeported by Kuhn
et al. (1999) and Sun et al. (2015) but the comparishould be made with caution because threereliffanethods were
used to estimate the OCS fluxes (i.e., a boundamrimodel, soil chambers and the Radon-Tracer ddi¢tiQualitatively, it
is clear that uptake rates of several pmdlshlead to drops in the OCS ambient mixing ratio éyesal tens of ppt during
periods of low atmospheric turbulence. Hence, aomdifference between these woodlands and the OSikPduring
springtime is that soil of the Mediterranean foresbsystem of Southern France is not a net sirf®@®. Soil OCS uptake
has been shown to be dependent on soil physicalepies like soil structure, water content, wattbed pore space and

temperature (Van Diest and Kesselmeier, 2008; Ggéal., 2016) but also on soil biological propestigke microbial
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activity (Kato et al, 2008; Ogawa et al., 2013)tivacroots density (Maseyk et al., 2014) or thespree of a litter layer
(Berkelhammer et al., 2014; Sun et al., 2015). Aivayn a range of optimum uptake, which varies betwsoils, changes
in soil water content and temperature can markedtjuce OCS uptake by soils (Van Diest and Kessehnm@i008).
However, the soil temperature and water conterih@tO3HP (Fig. 1c,d) are typically in the rangeoptimum uptake
published by Van Diest and Kesselmeier (2008). raitlition of OCS uptake by soils due to a poor OGQfugion is
moreover unlikely considering that the soils frdm O3HP are strongly structured and are far fromgowater saturated.
Finally, the only physical property of soil diffag among the three open oak woodlands is theesdilite with a fine clayey
texture at the O3HP but a coarse sandy loam tegfukastings Reservation (Kuhn et al., 1999) amstwatt Ranch (Sun et
al., 2015). OCS uptake by fine-textured soils haveady been reported (Maseyk et al., 2014), #ssilt pointed out the
need for measurements of OCS uptake for a greatersity of soils. Concerning the biological soiloperties, the soil at
the O3HP is covered by a relatively thick litteiyda that may induce a change from OCS uptake to @@&sion
(Berkelhammer et al., 2014). Sun et al. (2015) hawveneasured at Stunt Ranch that the litter wagoresble for OCS
uptake. The surface horizons at the O3HP showegh@rgarbon contents ranging from 167 to 43 Q.kgthe surface soil
horizons (Table 1) but only 24 g-kat Hastings Reservation (no data on soil orgaaiban are available for Stunt Ranch).
Being richer in organic carbon, soils at the O3HBvs very likely higher microbial activity, factorhich should stimulate
uptake of OCS by soils but apparently do not. ¢ tapacity of soils to consume OCS is more reladegpecific enzymatic
activities (carbonic anhydrases (CA) and OCS hyded) than to the general variables presented abavebservations
would highlight deficiencies in these enzymatiawatés in calcium carbonate rich soils of O3HP.Wéwer, this hypothesis
is not consistent with the suggestion that CA penfoessential role for microbial organisms to stevperiods of osmotic
stress such as drought at the surface of Mediteararsoils (Wingate et al., 2008). Finally, as roat&l associated
rhizosphere have been found to produce OCS, aggraltindance of roots in the surface soils at OBy€omparison to the
two other oak woodlands may explain why the sdil®3HP are not a sink of OCS. In other words, #uk lof nocturnal net
uptake of OCS would indicate that gross consumgifathis gas in soil is compensated by emissiortgsses that remain to
be characterized. No data on roots abundance arevieo available at Hastings Reservation or StumicRao confirm such
hypothesis.

4.4 Potential use of OCSto partition ozone decay near the ground

Data show strong similarities during the night aadly morning hours between OCS angldi@| variations at the O3HP
suggesting a similar sink during that period (RBYy.At the O3HP, volatile organic compounds (VOCs) pwet 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 hydroxdical (OH), Q and the nitrate radical (N} but in-canopy chemical
oxidation of isoprene at the O3HP was found to lmkvand did not seem to have a significant impactsoprene

concentrations and fluxes above the canopy (Kaltget al., 2014). Hence, ozone deposition at tBElwas essentially
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through leaf uptake via stomata and surface deépositvithout a strong contribution from chemicahctons. In late May
and early June 2012, the non-stomatal contributiahe ozone flux was in general markedly highantthe stomatal one in
the morning hours (before 10:00 UTC) but becamehmess significant in the afternoon (Fig. 7b). iDgrthe second week
of June, however, although there were still sighean-stomatal loss of ozone in the morning, thgomaontribution to
ozone deposition was through the stomatal pathway, {b). The analogy with OCS during nighttime aatly morning
suggests that soil did not contribute much to thdlix and that the deposition flux of;@n mid-June was essentially the
result of leaf uptake. It is however difficult teaduate the soil ozone pathways without turbulemeasurements inside the
canopy. It would be worth looking further on how ®€ould be used to partition ozone fluxes neagtbend between soll
and leaf deposition processes. The applicabilityD@fS to characterize the strength of ozone sinksldvbe reduced in
situations where NOx would significantly impact e 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

Diel changes in OCS mixing ratio and in its vertidetribution show that net soil exchange of OG®iegligible compared
to the uptake of this gas through the stomataatuffe which is not shared by other oak woodlandystems characterized
by a Mediterranean climate. Hence, O3HP would e atiequate place to support the installation inMegliterranean
region of a monitoring station of OCS uptake bynpdafrom eddy covariance measurements. Howeveraghessment of
GPP from measured OCS fluxes at the ecosystem mal@ins tributary of our poor knowledge of LRU Idiariations at
the O3HP which requires further examination usieg rexperimental facilities (branch chambers or begd/or coupled
NEE/ERU measurements). In the framework of the pean infrastructure Integrated Carbon Observatisietn (ICOS),
an atmospheric measurement station (100 m highrjowes been set up at OHP in the year 2014 to m@termulti-year
records of greenhouse gases. Future research &Rilés encouraged by the site being suitable tibpa continuous and
high precision vertical profiles of OCS using quantcascade laser spectrometry. Unfortunately, oelinpinary surveys
suggest that the site is less adequate for schlliflg to GPP from observations of vertical gradiaft©CS relative to C®
during daytime than for estimating GPP directlynfreddy covariance measurements; the time windowedtculation of
the ecosystem relative uptake of OCS was foundetoebtricted at the O3HP to few hours after mid@gybecause the
vertical distribution of OCS is disrupted by entraent in the morning of OCS rich tropospheric aimstimes

contaminated by anthropogenic emissions, and (@ the COvertical gradient reverses when it is still light.
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Table 1: Soil physico-chemical characteristics aH®

Horizon Depth <2um 2-50pum 50-2000 pm TOC N pH CaCQ
(cm) (gkg") (gkg)  (gkg? (gkg)  (gkgh (9 kg

Leptosol

Aq 0-5 560 340 96 167 8.9 7.1 6

A, 5-20 536 338 118 43.1 2.7 7.6 10.7

AIC 20-50 515 324 133 23.3 1.7 8.0 27.2

5 " Total Organic Carbon
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Figure 1: Monthly variations (a) in air temperatared cumulated precipitations and (b) in soil terapee and moisture (-
10 cm) at an oak forest ecosystem in Southern Eré@D8HP). Panels ¢ and d, same as panel b baufer 2012 and June

2013. The yellow vertical bands correspond to #raing periods.
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Figure 2: Time series of ambient mixing ratios €& CQ, CO and Q@ at an oak forest ecosystem in Southern France
(O3HP, June 2012; c,d) at 2 m above ground levigh 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 Juri830). In June 2013, two OCS

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

was calibrated against the GC, Qg8a.= 1.14XOCS%erraw + 12.3 ppt. @ data were downloaded from the regional Air
5 quality network Air-Paca, Francat{p://www.airpaca.org/
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Figure 4: Mean diel patterns in ambient OCS mixiatjps at the O3HP site in June of 2012 and 20iplayed with dots
and circles, respectively). The time scale is Ui@etand the grey vertical bands correspond to bt time. Error bars
represent one standard deviation of hourly mean @0G&hg ratios recorded consecutively by the gawatatograph for

5 several days. Full records are displayed in Ficargt Fig. 3b, respectively.
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Figure 5: Time series plots showing diurnal vadas in ambient OCS and G@ixing ratios (displayed in red and black,
respectively) within and above the canopy (2 m &@dn heights, circles and dots, respectively) hat®@3HP site during

two measurement periods in June 2012 (a,b). Thegndical band corresponds to the night time. Ebars represent one
standard deviation of mean g@nixing ratios recorded by the PICARRO instrumerttioh 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 radia{iBg), sensible and latent heat (H and LE) and®f kburly fluxes from
eddy covariance data measured at the O3HP sifeifle,2012). Reco, GPP and NEE fluxes stand folystara respiration,
gross primary production and net ecosystem exchaagpectively. We use the convention that negataees of fluxes
indicate carbon uptake by the forest ecosystemelRandisplays the isoprene fluxes measured coitaotty by the
disjunct eddy covariance technique (Kalogridisletz14).
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Figure 7. Diel variations in (a) ozone depositi@oeity (V40s) and (b) canopy conductance (ggGtomatal conductance
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