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Abstract. Orange trees are widely cultivated in Mediter- to phenological and environmental parameters. The orchard
ranean climatic regions where they are an important agriwas a source of monoterpenes and oxygenated VOC. The
cultural crop. Citrus have been characterized as emitters ofighest emissions were observed during the springtime flow-
volatile organic compounds (VOC) in chamber studies underering period, with mid-day fluxes above 2 nmotfs1 for
controlled environmental conditions, but an extensive char-methanol and up to 1 nmolm s~ for acetone and monoter-
acterization at field scale has never been performed usingenes. During hot summer days emissions were not as high
modern measurement methods, and is particularly neededs we expected considering the known dependence of bio-
considering the complex interactions between the orchardgenic emissions on temperature. We provide evidence that
and the polluted atmosphere in which Citrus is often culti- thickening of leaf cuticle wax content limited gaseous emis-
vated. For one year, in a Valencia orange orchard in Exetersions during the summer.

California, we measured fluxes using PTRMS (Proton Trans-
fer Reaction Mass Spectrometer) and eddy covariance for the

most abundant VOC typically emitted from citrus vegetation:

methanol, acetone, and isoprenoids. Concentration gradienfs Introduction

of additional oxygenated and aromatic compounds from the

ground level to above the canopy were also measured. In ofOrangesCitrus sinensis L..are among the most econom-
der to characterize concentrations of speciated biogenic Vodgcally important and widely cultivated crops in areas with
(BVOC) in leaves, we analyzed leaf content by GC-MS (GasMediterranean climates, such as California, Italy, Spain, Mo-
Chromatography — Mass Spectrometery) regularly throughrocco, and Israel, and areas of cultivation are often close to
out the year. We also characterized in more detail concendensely populated areas. All vascular plants includiitgis
trations of speciated BVOC in the air above the orchard byspecies emit biogenic volatile organic compounds (BVOC),
in-situ GC-MS during a few weeks in spring flowering and with a global estimate of BVOC emitted from plants in the
summer periods. Here we report concentrations and fluxe§ange of 1-1.5 Pg C yi (Guenther et al., 1995). In the pres-

of the main VOC species emitted by the orchard, discus$nce of sunlight and nitrogen oxides (RNOthe oxidation of
how fluxes measured in the field relate to previous studie3VOC can lead to formation of tropospheric ozone (Chamei-
made with plant enclosures, and describe how VOC conten€les et al., 1988; Papiez et al., 2009), a greenhouse gas with

in leaves and emissions change during the year in respongéetrimental effects on plant health, crop yields, and human
health (for a reference list, see EPA 2011). BVOC are also
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precursors to atmospheric aerosol formation (Henze and S&2 Material and methods
infeld, 2006), accounting for a significant fraction of sec- _ o
ondary organic aerosol (SOA) produced in the atmospher@.1 Site description

(Goldstein and Galbally, 2007). , . . .
The Mediterranean climates where citrus is cultivated 1Ne Measurement site was located in a private Valencia Or-

are characterized by high summer temperatures. Emissiof"9€ orchard three km west of the University of California

of BVOC from Citrus is known to be temperature depen- Lindcove Research and Extension Center near Visalia, Cal-
dent due to volatilization from organs (ducts, glands) wherefornia, USA. For a more detailed description of the site lo-

BVOC are stored (Kesselmeier and Staudt, 1999), as showﬁat'of"_so”_ and plant characteristics, spacing of the planta-
in recent studies using branch enclosure techniques (Fardion: irmgation treatments please refer to Fares et al. (2012).
et al., 2011). In these studies, performed under controlled! N site is characterized by a Mediterranean climate, with
conditions and in the absence of any environmental stres¥arm dry summers and cold wet winters, and a typical wind

monoterpenes were the most abundant isoprenoids emittet€m which brings daytime air up the mountain slopes of
by oranges. Sesquiterpenes were another important class §€ Siérra Nevada Mountains from the nearby urban area of
isoprenoids whose emissions depended primarily on temperYiSalia, while at night a gentle downslope wind reverses the

ature, but they are formed by different biosynthetic pathwaysdireCtiO”- For the measurement period, precipitation, daily

than monoterpenes (for a review see Duhl et al., 2008). [rA"d hourly averaged data of air temperature, photosynthetic
addition to these reactive isoprenoids, oranges were showficlive radiation (PAR) and turbulence'§ are shown in de-

to emit oxygenated volatile organic compounds (OVOC), @il in Fares etal. (2012). _
which from biogenic sources are products of catabolism and Measurements started in October 2009, and ended in
depend mostly on temperature, but also on light conditions NOvember 2010. A shipping container was fitted with air
Among OVOC, methanol is a plant volatile emitted to the conditioning and electrical wiring to serve as a field lab, and
atmosphere in large quantities from the demethylation ofsetinthe o_rchard in September, 2009, to h_ouse analytical in-
pectins in cell walls with global emissions estimated at 100-Struments in a temperature controlled environment. Sensors

240 Tgyr! (Galbally and Kirstine, 2002; Jacob et al., 2005; and inlet lines were attached to a telescoping tower, (Floato-
Millet et al., 2008). Acetone and acetaldehyde are also im-9raPh FMS0 telescoping mast), 9.8 m tall, and located 5 m
portant primary OVOC emitted from terrestrial ecosystems@Way from the field lab, on the same tree-line. The tower was
and oceans, but these are also produced in the atmosphefgUiPPed with meteorological sensors replicated at four mea-
in large quantity as secondary compounds from oxidationSUring heights (9.18, 4.85, 3.76, 1 m). The height-replicated
of hydrocarbons of both anthropogenic and biogenic originmeasurements included air temperature, rglauve hum|d|ty
(Goldstein and Schade, 2000). The contribution of cultivated(RH), @nd wind speed. Other measured environmental vari-
Citrus to VOC emissions in polluted or highly populated re- ables mcluded photosynthetlcglly ag:twe radiation (PAR)'(L|-

gions is poorly understood, but may be signficant consider-COF Inc., Lincoln, NE) and soil moisture (Campbell Scien-

ing that these compounds could notably influence the ozonelifi€ INC., Logan, UT). A system of fine wire thermocouples

forming potential of the atmosphere, affect concentrations ofVaS Used to measure leaf temperatures (Omega Engineering,
HOx and peroxyacetyl nitrates, and contribute to the forma-Frecision Fine Wire thermocouples). All data were recorded

tion of organic aerosol (Singh et al., 2001; Steiner and Gold-8t 1 min intervals using dataloggers (CR10x and CR3000,
stein, 2007). Campbell Scientific Inc., Logan, UT).

The Central Valley of California is a region with both ex- 10 be able to relate flux measurement€ious leaf mass
tensive agriculture and anthropogenic pollution. Its southerr?Nd 1€af area, we harvested a ‘Valencia’ orange tree from
half, the San Joaquin Valley, experiences pollution from large?Vithin the study block in August 2010. We measured five
nearby cities (e.g. Fresno, Bakersfield, Modesto, Stockton)COMPOsite samples of fresh leaves with a Licor leaf area me-
as well as inflow of pollution from populated coastal regions t€f (mod. LI-3100 C), then dried the samples. All leaves were

(e.g. the San Francisco Bay area). We chose an experimeﬁemo"ed from the citrus tree, dried, and weighed. Leaf area

tal site in the southern half of the San Joaquin Valley wherefor the whole tree was calculated using the mass-to-area con-

citrus, especially oranges and mandarins, are extensively culersion obtained from the leaf samples as applied to total leaf

tivated. Here we report results of a one-year study at that sitg1@ss for the tree. We measured the number of trees per ha
specifically: (1) to quantify concentrations and fluxes of the USing Google Earth imagery and ground measurements. The
main BVOC species “in-situ” using proton transfer reaction €af area index (LAI) for the orchard was 3'Oﬁeme_smsoil'

mass spectrometry (PTRMS) and the eddy covariance techl e average height of the trees surrounding the field lab and

nique, along with in-situ gas chromatography: (2) to deter-©OWer was 4.2-0.23m ¢ = 11).

mine how fluxes measured in the field relate to previous stud-

ies made with plant enclosures; (3) to investigate how BVOC

content in leaves and emissions change during the year in re-

sponse to phenological and environmental parameters.
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2.2 PTRMS system for flux and gradient measurement  ing ratios (4-5 ppm) of methanol, acetaldehyde, acetone, iso-
prene, methyl-vinyl-ketone, benzene, hexenal, d-limonene,
VOC mixing ratios were measured in situ by Proton- A-3-carene were automatically measured twice a day (at
Transfer-Reaction Mass Spectrometer (PTR-MS), which ha$ours 02:00 and 16:00) by dynamically diluting with purified
been described elsewhere in detail (Lindinger et al., 1998)air to obtain concentrations in the range of 10-50 ppb, which
During each hour air was sampled through five individual were similar to those expected in the atmosphere. The count
gas inlets made of Teflon with 4 mm internal diameter, eachsignal was then transformed to ppb after subtracting the aver-
of which was protected by a Teflon filter (PFA holder, PTFE aged background levels and taking into account the measured
membrane, pore size 2 um) 30 cm from the inlet. The filterssensitivities for each calibrated compound (i.e. counts/ppb,
were replaced every 2 weeks, a time interval considered adbavison et al., 2009). For concentrations of the other masses
equate to avoid contamination or flow problems based orfor which authentic standards were not available, we cal-
past research (Holzinger et al., 2005). One inlet was usedulated normalized sensitivities (counts/ppb) based on the-
to sample air at 4.85 m from 0 to 30 min for eddy-covarianceoretical proton transfer reaction rate coefficients and the
flux measurements of methanol, acetone, isoprene, monotemstrument-specific transmission coefficient calculated from
penes and an oxidation product, withiz of 33, 59, 69, 81, atransmission curve, as described by Holzinger et al. (2005).
113, respectively. The measurement cycle duration for thes@his curve was determined at an array of masses from 33 to
5 masses including water was 1.1s. The sampling tube wa219m/z using our gas standards at concentrations of 100 ppb
15 m long and heated at a constant temperature 6240 (Apel & Riemer). However, the interpretation of concentra-
to avoid condensation inside the tubing. A sample flow oftion of masses with molecular weight higher than 140 can
10 L min~! was generated with a diaphragm pump and main-be overestimated, since after this limit the transmission effi-
tained by a mass flow controller (MKS Instruments). Four ciency is decreased due to insufficiently tuned mass scale of
additional inlets were used to sample vertical gradients athe mass spectrometer and aging of the secondary electron
height-levels within (1 m, 3.76 m) and above (4.85m and multiplier (SEM).
9.18 m) the canopy sequentially for 6 min each during the
second 30 min of each hour. In order to avoid different reten-2.3 GC/MS instrument for chemically-speciated BVOC
tion times of the air in the inlet lines, we used tubing with measurements
the same length for each inlet line (20 m). Table 1 lists the
mlz monitored, the corresponding compounds, and the dwelHourly-resolved VOC concentrations were measured using
time for each mass. Each sampling line was connected to an automated in-situ gas chromatograph (Agilent mod. 5890)
3-way solenoid valve (TEQCOM Industries) controlled by equipped with a mass-selective detector (Agilent mod. 5971).
a datalogger (mod. CR10x, Campbell Sci.). Air was contin- The instrument was operated in-situ with a custom system
uously pulled through each sampling line to avoid memorythat automated sample collection and analysis. Ambient sam-
effects of the air retained in the lines. ples were collected for the first 30 minutes of every hour via
The instrument sampled from the main sampling line atan inlet located at a height of 4 m. Ozone and particulate mat-
0.4Lmin1 and was optimised to an E/N ratio of 128 Td ter were removed at the inlet using 47 mm glass fiber filters
using a drift tube pressure, temperature, and voltage ofPall, type A/E) that were coated in sodium thiosulfate ac-
2.02hPa, 48C, and 600V, respectively. The reaction time cording to the method vetted by Pollmann et al. (2005). After
was 100pus and the count rate og®" H,O ions was o0zone and particulate removal, the sample travelled down a
less than 3% of the count rate okET ions, which was  1/4” heated Silcosteel line at1 L min—! to a preconcentra-
~5x10° counts s1. Each measurement cycle laste® min- tion system, where &600 mL sample was concentrated on
utes, totalling 13 measured cycles per level for each hour. Th@ custom-made adsorbent trap (glass beads: Tenax TA: Car-
first two cycles were discarded to prevent eventual error dudopak B: Carbopak X held in place by glass wool on each
to missed synchronization between the PTRMS and the dataend) and thermally desorbed onto a DB-624 capillary column
logger clocks. The instrumental background signal was meaf60 mx 0.32 mmx 1.8 um), and then analyzed by the MSD.
sured by directing the sample flow through a catalyst-basedDaily calibration checks and blank runs were performed us-
purifier for the first 3 minutes before starting the measure-ing gas-phase standards and a zero air generator. Calibrations
ments in the second half of each hour, similar to Holzingerwere performed using gas-phase monoterpene standards and
et al. (2005). The purifier consisted of a stainless steel tubdiquid standards for more reactive compounds (e.g. sesquiter-
filled with platinum-coated quartz wool (Shimadzu) heated penes and unstable monoterpenes).
to 350°C, which efficiently removed the VOC but not the
water vapor from the sample. This is important because th€.4 BVOC Flux calculation
background impurities may depend on the humidity of the
sampled air. wind velocity and sonic virtual temperature fluctuations
Gas samples from gravimetrically-prepared standardwere measured at 10 Hz with a three-dimensional sonic
cylinders (Apel & Riemer) of pure nitrogen with known mix- anemometer (Applied Technologies, Inc., Boulder, CO)

www.atmos-chem-phys.net/12/9865/2012/ Atmos. Chem. Phys., 12, 9&&RB4q 2012
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Table 1.BVOC species measured during the field campaign in 2010. Bold indicates compeundal$éo measured at high frequency for Eddy Covariance flux calculation; n.a.=n

atmos-chem-phys.net/12/9865/2012/

available.
mlz Compound Formula Dwell time  Norm. sensitivity —Detection limit ~ Mid-day mixing ratio Mid-day flux? mean 95 % N N Quality test
(s) (ncps ppbvl) (ppbv) (Ppbv) (nmol m2s™1y  cI® (tot 30-min files) ~ (after filtering) (1, 2, §) 5

33 methanol CH3OHH+ 0.2,0.5 5.40.02 1.15+0.24 2.59,6.2,9.02 0.26,2.74,1.48 0.04,0.48,0.11 5003, 5141 2427,5104 1076, 189,1699;
42 acetonitrile C2H3NH+ 1 11.2+0.04 0.06+0.01 0.07,0.09, 0.18 n.a. n.a. 5141 2804 n.a.

45 acetaldehyde C2H40H+ 0.5 10.6:0.04 0.36+ 0.09 0.99,1.4,2.6 n.a. n.a. 5135 4293 n.a.

59 acetone C3HB0H+ 02,1 13.80.04 0.14+0.04 0.98,2.1,35 0.03,0.57,0.31 0.02,0.12,0.05 5003, 5135 2427, 3482 1076, 189,1699
69 isoprené C5H8H+ 02,1 8.24:0.03 0.03+0.02 0.22,0.20,0.3 0.05,0.06,0.04 0.01,0.01,0.01 5003, 5135 2427, 4776 1076, 189,1699
71 MVK+MCR2 C4H60H+ 1 10.0&0.03 0.04+ 0.02 0.07,0.18, 0.27 n.a. n.a. 5135 4669 n.a.

79 benzene C6H6H+ 1 9.6:0.03 0.03:0.01 0.12,0.07, 0.06 n.a. n.a. 5135 4529 n.a.

83 hexanal, hexenols C6H10H+ 1 10.5£0.03 0.02+ 0.02 0.14, 0.25, 0.15 n.a. n.a. 5135 4742 n.a.

87 2-methyl-3-butene-2-ol  C5H9OHH+ 1 9.5+0.03 0.05+0.02 0.03, 0.04, 0.07 n.a. n.a. 5135 4707 n.a.

93 toluene, p-cymene C7H8H+ 1 12.6-0.04 0.02+0.01 0.06, 0.05, 0.05 n.a. n.a. 5141 4904 n.a.

99 hexenals C6H100H+ 1 10.6:0.03 0.04+0.01 0.03, 0.04, 0.06 n.a. n.a. 5141 4674 n.a.

107 benzaldehyde, xylenes C8H10H+ 1 10.5-0.03 0.04+0.01 0.03, 0.05, 0.02 n.a. n.a. 5141 4754 n.a.

111 oxidation product n.a. 1 10440.03 0.02£0.02 0.00, 0.01, 0.00 n.a. n.a. 5141 3537 n.a.

113 oxidation product n.a. 02,1 16t30.03 0.02+0.02 0.01, 0.02, 0.04 0.00, 0.00,0.00 0.00,0.00,0.00 5003,5141 2427,4088 1076, 189,1699
81,137 monoterpenes C6H9+ 0.2,1 10.50.03 0.03+:0.02 0.16, 0.52,0.19 0.15, 0.61, 0.17 0.01,0.04,0.03 5003, 5135 2427, 4815 1076, 189,1699
139 oxidation product n.a. 1 8:80.03 0.02+0.02 0.01, 0.01, 0.00 n.a. n.a. 5141 3409 n.a.

149 methyl-chavicol C10H120H+ 1 80.02 0.02+0.02 0.01, 0.02, 0.00 n.a. n.a. 5141 3563 n.a.

151 oxidation product n.a. 1 7:90.02 0.02+:0.02 0.01, 0.01, 0.00 n.a. n.a. 5141 3094 n.a.

155 oxygenated monoterpenes C10H180OH+ 1 470602 0.02+ 0.02 0.01, 0.01, 0.00 n.a. n.a. 5141 2830 n.a.

205 sesquiterpenes C15H24H+ 5 20.00 0.03+:0.03 0.17, 0.06, 0.00 n.a. n.a. 5141 2572 n.a.

1 Furans and methyl-butenol fragment are also a minor contributef469 from intercomparison with GC-MS.
2 sum of methyl-vinyl-ketone and methacrolein.
3 The limit of detection (LOD) is calculated setting a minimum acceptable signal to noise ratio equal to 2.
4 Median concentration values at 4.85 m above ground in winter, flowering, summer periods, respectively, in the central hours of the day: 12:00 to 14:00.

5 Median values in winter, flowering, summer periods, respectively in the central hours of the day: 12:00 to 14:00 for the 30-min files which were assigned to quality category 1 and 2.
6 Measure of the Confidence Interval as the mean noise for the 30-min fluxes which were assigned to quality category 1 and 2.

7 Number of flux observations with 1 =good quality (distinct maximum in the covariakie; 0.2), 2 =low quality (slightly visible maximum in the covariance), 3 = poor quality (or no visible maxima).

Atmos. Chem. Phys., 12, 9869880 2012
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Table 2. BVOC basal emission factors (BEF, nmoTr%s‘l) of valencia Orange for winter, flowering, summer periods, respectivelySThe

value calculated from the Tingey (T) algorithm is reported below for each BVOC speciestBttadard deviations refer to basal conditions

of Temperature = 3& 2°C extrapolated from the observations. BEF for the 2010 field experiment were calculate wsilugs from the
greenhouse experiment using plant cuvettes because in the greenhouses the environmental conditions were close to basal condition tht
providing a more robust dataset f@rcalculation.g from summer 2008 was used to calculate BEF for winter period. Leaf-scale BEF
measured using enclosures were up-scaled to canopy level by multiplying by Leaf Area Index (LA?I (ie&fhmfz (ground)).

2008 Cuvette 2010 Field (using beta from 2008)
Monoterpenes n.a., 6.291.73, 2.0+ 1.37 0.87+0.49, 1.3+ 1.51, 0.13:0.13
B n.a., 0.15-0.016, 0.14+-0.014
Methanol na.,7.14%1.11,3.841.61 0.66-1.2, 3.98+ 3.21, 0.22:0.23
B n.a., 0.59-0.04, 0.59-0.011
Acetone n.a., 1.34-0.17, 0.64+-0.24 0.11+0.37,21.110.66, 0.35:0.41
B n.a., 0.12-0.001, 0.078-0.009

mounted on a horizontal beam with the air sample inlet at-mula and parameterization suggested by Horst (1997). We
tached inside the anemometer structure. The wind data werdund that mid-day high-frequency attenuation was about
rotated according to the planar fit method (Wilczak et al.,0.90. Flux values were discarded if at least one of the fol-
2001). The lag interval between the instantaneous verticalowing conditions were met: (1) measured ambient concen-
wind velocity and the BVOC concentration measurementtration was close to the detection limit of the specific VOC.
varied due to changes in clock synchronization between th€2) Results from the stationary test for the various BVOC
PTRMS clock and the datalogger where sonic data werenvere above 60 % (Foken and Wichura, 1966). (3) the foot-
stored. To calculate this lag time, for each specific 30-minprint area was outside the boundaries of the orchard (Hsieh et
measurement period, vertical wind velocity and concentra-al., 2000). (4) turbulence was low{ <0.15), a very frequent
tion were correlated in & 10 s time window and indentify-  occurrence at our measuring site during night hours.
ing the lag time in correspondence of the maximum covari- The uncertainty was measured according to the method
ance, similarly to Ruuskanen et al. (2011). In cases in whichproposed by Wienhold et al. (1994) determining the signal
a clear covariance peak was not observed, we used the lagpise of the covariance by calculating the time shifts be-
time measured closest in absolute temporal scale. tween vertical wind velocity and BVOC concentration far
Fluxes of BVOC §,, nmolni2s1, Eq. 1) were calcu- beyond the true lag-time. We used the same procedure re-
lated using the continuous flow disjunct Eddy Covariancecently adopted by Ruuskanen et al. (2011) using a lag win-
method (Karl et al., 2002) in which fluxes are calculated from dow of 40 s and rated the 30-min flux data in three classes:
a subsample of the vertical wind data corresponding to datg1) good quality, (2) low quality, (3) poor quality, as reported
collected with the PTRMS after subtracting the lag timé)( in Table 1. All data processing was computed using a Matlab

routine.
N . . .
F.= o Z w'(i — At/ Aty)e (i) (1) 25 An_aly5|s of BVOC concentrations in leaves and
N = cuticle waxes

whereo is the air density (mol m-3)w’ = w —w is the in-  Storage of both leaf BVOC and waxes, which occurs in se-
stantaneous deviation of the vertical wind speed from cretory cells and cuticles respectively, were extracted by sus-
its averagec’ = c —c is that of the BVOC concentration pending leaf dry matter (1g) in hexane in a ratio of 1:5w/v
(nmolmol-1), Atw is the sampling interval in the wind mea- containing 0.0123 mg mit! of dodecane (internal standard
surements (0.1 s), and is the number of PTR-MS measure- for quantitation) for 30—-40 min with constant shaking at
ment cycles (1680) during the flux averaging time (29.5 min).room temperature, according to the method in Gimet

A de-spiking routine was applied to exclude points clearly al. (2010).
resulting from interferences. We considered outlier points Stored BVOC and waxes were analyzed by GC (Hewlett
where the difference from the averaged signal during the halPackard® GC 6890) coupled to a MSD (5973 Network) with
hour was 10 times higher than the theoretical standard dean HP-5MS capillary column 50 0.20 mmx 0.33 um.
viation (Bamberger et al., 2010). The response time of theFour pL of extracts were injected through an automatic in-
instrument is 0.1 s (Lindinger et al., 1998). Measured fluxesjector (ALS 7683) at 280C in split mode (5:1) with purge
were multiplied by a frequency response corrections factorflow of 20 mL min after 5min. Helium carrier gas was
compensating for the high frequency attenuation caused bysed with constant flow rate of 1 mL mih. The oven tem-
the response time of the PTR-MS calculated using the forperature program was 3C for 2 min, increasing to 200C

www.atmos-chem-phys.net/12/9865/2012/ Atmos. Chem. Phys., 12, 9&&RB4q 2012
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Fig. 1. Concentration of the major BVOC species measured hourly by PTRMS at 4.85m above ground at the Citrus site between February
and November 2010.

at 4°C min~1, then increasing to 32 at 20°C min—! and the diurnal cycle by interpolation of mean mixing ratios at
then held constant for 15 min. The MSD transfer line heaterthe measurement heights of 1 m, 3.76 m, 4.85m and 9.18 m
was maintained at 33@. Mass detector parameters were: (Figs. 2, 3) during three representative periods in the year:
ion source, 230C; quadrupole, 158C; El, 70eV; EMV, flowering (DOY 130-140), summer (DOY 172-274), win-
1530 V; acquisition in scan mode from 40 to 800 amu. ter (DOY 37-80), and the fluxes measured over the full year

Terpenes and waxes were identified by comparison of theifFig. 4). The year-long database allowed us to calculate the
retention index (RI) and mass spectra with those reported ifbasal emission factors (BEF) of the temperature-dependent
published mass spectra libraries (Adams, 2007). QuantificaBVOC for the most important seasons (Table 2) using an
tion was achieved based on relative response factors calciexponential temperature dependence (Guenther et al., 1995;
lated for each single standard compound, when available. Tingey et al., 1991).

For most compounds, it was evident that the ambient con-
centration followed a diurnal cycle that was dependent on
changes in boundary layer dynamics, with additional influ-
nces from differences in regional photochemistry (Figs. 2, 3,

9). The result was higher concentration at night and lower
durlng the day, with the exception of OVOC during winter
period, for which we observed higher concentrations during
the day as combination of changes in emissions and bound-

Some of the compounds reported in Table 1 have not beeﬁry layer dzn%mlcs.dThe_sbe S{Jnag.ucs in tthel Czeonltrlal E)/allgy
discussed in detail since their concentration was close or bela € 'ecently been described by bianco et a ( ). During

low the detection limit of the instrument. This is the case of :Ee day, when (iﬁnvecttlvelheat expalnds the bbounSary layer
acetonitrile z/z 42), the unknownn/z 111, 113, 139 and i uts mcrdeasmg eLver ica rgn:jmg vo umei artr_1 len Cotnc?”'l
151, here reported only for comparison with previous works rations decrease. Lower mid-day concentralions are typica

where these masses have been observed in relevant amo tplant ecosystems with both day and night emissions be-
(Holzinger et al., 2006), and methylchavicet/t 149), an- cause the boundary layer is shallower at night causing the lo-

other compound emitted in large amount from pines andcal concentration of emitted BVOC to increase. The bound-

palms, but relevant here (Bouvier-Brawn et al., 2009; Misztal®"Y layer gyneim(ljc qlsotlhnflu_er;]c;es ab|_||t()j/_totr_nea?uret fluxels.
et al., 2010). We also show vertical gradients averaged Ove|,,arge gradients during the night were indicative of extremely

3 Results and discussion

We report here the most extensive in-situ measurements (g
a suite of BVOC concentrations and fluxes observed to-dat

in a citrus orchard. For most of the measured compounds re
ported in Table 1, we show the concentration at 4.85m av-
eraged every 30-min for the full measurement year (Fig. 1).
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Fig. 2. Hourly average winter (DOY 37-80) and summer (DOY Fig. 3. Hourly average winter (DOY 37-80) and summer (DOY

172-274) vertical profiles of the major OVOC species measuredl72—-274) vertical profiles of the major isoprenoid species measured

by PTRMS (methanol, acetaldehyde, acetone) within (1 m, 3.76 mby PTRMS (isoprene, sum of isoprene oxidation products methyl-

and above (4.85m and 9.18 m) the orange orchard canopy (circlesinyl-ketone and metachrolein, and sum of monoterpenes) within

indicate measurement heights). (Im, 3.76 m) and above (4.85m and 9.18 m) the orange orchard
canopy (circles indicate measurement heights).

slow vertical mixing, making vertical fluxes difficult or im-

possible to measure by eddy covariance. The daily dynamic

of measured fluxes showed maximum peaks in the centr ([iuring mid-day hours have been previously described, with
; - ) P 8llght-dependent emissions (Huve et al., 2007), and evidence
hours of the day with minima at night (Fig. 5).

of newly assimilated carbon re-emitted as methanol exhibit-

31 OVOC concentrations and fluxes ing a temperature dependence (Folkers et al., 2008, Fares et
al., 2011). Strong nocturnal gradients decreasing from above
3.1.1 Methanol down to the canopy suggest that some deposition occurs at

night. This may be explained by the presence of dew on
Methanol was the VOC observed with the highest mixing ra-leaves, which we measured using sensors for leaf humid-
tio, with peak values up to 35 ppbv (Fig. 1) during the spring- ity (data not shown). Previous research (Karl et al., 2004)
summer months suggesting high emissions from vegetationshowed that deposition on wet leaves can be responsible for
This observation is consistent with previous results showinga large percentage of total deposition, the latter enhanced by
that increased emission occurs due to phenological modihydrolytic reactions (Jayne et al., 1992). Despite this depo-
fication of leaf tissues during leaf expansion, (Schade andsition process at night, it was difficult to detect a negative
Goldstein, 2002; Huve et al., 2007; Fall, 2003), and oxida-flux at night with the eddy covariance system (Fig. 5) be-
tive stress (Karl et al., 2001; Loreto et al., 2006), as a resulicause of the low turbulence which caused systematic under-
of pectin demethylation when cell walls elongate during leaf estimation of nighttime fluxes. Therefore most of the night
expansion (Fall and Benson, 1996; Galbally and Kirstine,measurements have been discarded due to low atmospheric
2002), with plant growth recognized as the primary globalturbulence £*<0.15ms1). Some positive gradients, how-
source of methanol to the atmosphere (Galbally and Kirstinegver, were evident in the early evening hours (7:00 p.m.—
2002). In the diurnal cycle of gradient concentration shown11:00 p.m.), in particular in the summer period. At these
in Fig. 2 for the winter and summer period, a slight gradienthours leaves are not wet and a foliar emission may be gen-
is visible in the morning between 9 AM and 11 AM dur- erated since methanol is produced during tissue expansion.
ing summer. The gradient is less visible during the centralThis positive gradient from the canopy to the atmosphere in
hours of the day, although these are the hours when maxithe early evening was less visible for the winter period, when
mum fluxes were recorded, rising up to a summer time av-there was greater water condensation on leaf surfaces (data
erage of 2nmolm?s~1 (Fig. 5). Higher fluxes of methanol not shown), especially during the night hours, and decreased
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Fig. 4. Fluxes of the major BVOC species measured hourly by PTRMS Eddy Covariance at the Citrus site between February and November
2010.

—— Summer Flowering period Fall-Winter guantitatively because the abundance and stage of flowering
4 Methanoll l Acéfone I [ varied.
| |
o2 ] l I 05 (] 3.1.2 Acetaldehyde and acetone
§ 0 ) 0 An estimate of global emission for acetaldehyde similar to
g soprens 0.5 that for acetone was recently reported by Millet et al. (2009).
x 1 The good correlation of acetaldehyde vs. acetone concen-
Los 05 trations (slope=1.1R%=0.8) confirms a similar origin of
ok 1 ] 1l 0 these compounds, as previously observed (Karl et al., 2003;
i [ Schade and Goldstein, 2002). The physicochemical proper-
OS5 ——F0 5 20 °° 5 10 15 20 ties of these two organic compounds differ in terms of the
Hour of day reactivity in the liquid phase thus affecting their solubili-

ties and Henry's law constants (Noziere and Riemer, 2003),
Fig. 5. Hourly average fluxes of BVOC species measured by, i, gcetone being less reactive than acetaldeyde (Duncan
PTRMS at the Citrus site during winter (black dashed line, DOY et al., 1999). Acetaldehyde and acetone were also measured
37-80), flowering (red dotted line, DOY 130 to 140) and summer
(blue line, DOY 172-274) periods. The error bars indicated Stan-In concentrations up to 15ppb during the flowering period
dard Deviation. (Fig. 1), with ambient concentrations of each of these com-

pounds equal to about one half of methanol. The orchard was

a source of acetone during summer, with a visible positive
rates of biosynthesis in pathways for methanol formationgradient in the early evening, and became neutral or a slight
(e.g. decrease in plant growth and photosynthesis) occurredink during winter (Fig. 5). Although we did not directly
Flowering has been shown to produce a burst of terpenic antheasure acetaldehyde fluxes, a qualitative interpretation of
non-terpenic compounds (Arey et al., 1991, Ciccioli et al., Fig. 2 suggests that the emission dynamics could be similar
1999; Fares et al., 2011), and we observed an increase of anw that for acetone, thus suggesting that the orchard can be an
bient concentrations up to 35 ppb and emission fluxes abovacetaldehyde source.
3nmolnt2s71, in agreement with branch enclosure studies Acetone is the most abundant ketone in the atmosphere
(Fares et al., 2011), where in the latter case the BEF wagKoppmann and Wildt, 2007), released during senescence
about two times higher (Table 2), and there was a decou{de Gouw et al., 1999) and oxidative stress in plants (e.qg.
pling of emissions from photosynthesis. Both of these resultfrom ozone) (Cojocariu et al., 2005), with global emis-
clearly show an increase of emission during flowering, but itsions estimated at 95 Tgyt (Jacob et al., 2002). Acetone
is difficult to compare the branch enclosure and field studiess another OVOC emitted by citrus leaves that also forms
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in the atmosphere through oxidation processes. We directh8.2 Isoprenoid concentrations and fluxes
measured acetone fluxes with eddy covariance (Table 1,
Figs. 4-5). Flowering significantly increased acetone emis-3.2.1 Isoprene
sion, as shown from the enhanced atmospheric concentra-
tions and the hourly fluxes (Figs. 1-5), reaching levels uplsoprene was measured in relatively low concentrations,
to 2nmoln2s~1, a value about two times higher than the rarely above 2 ppbv except during the flowering season, when
typical summer emissions. A minor deposition of acetone isnocturnal peak concentrations increased to 5 ppbv (Fig. 1).
evident as a small gradient in Figure 2 for the late night/earlylsoprene fluxes were negligible in all seasons (Fig. 5), in
morning in summer. This nocturnal transition from source toagreement with previous findings showing that orange is not
sink of methanol may also suggest that a compensation poira high isoprene emitter (Winer et al., 1992; Ciccioli et al.,
exists for the citrus canopy, under the condition in which 1999; Fares et al., 2011). During the winter period, the or-
above a certain atmospheric concentration the canopy beshard was acting more as an isoprene sink based on our ob-
comes a sink. This phenomenon has been reported also igervations of the concentration gradients (Fig. 3). An evident
previous studies in the field (Jardine et al., 2008; Karl et al.,deposition phenomenon is occurring-a4 p.m. The analy-
2005) and in laboratory experiments (Seco et al., 2007). Irsis of the wind rose showed in Fares et al. (2012) for the
this study, looking at this source/sink dynamics for the all same experimental site with prevailing wind directions from
measuring period, acetone compensation point seemed to beest suggests that isoprene was transported to the orchard
around 3.5 ppb, a concentration reached at the start of théhrough advection plumes from a source far away from our
flowering period (around DOY 130) until the end of the sum- measuring footprint. likely oak trees in the nearby urban ar-
mer. We explain the late night/early morning sink as depo-eas of Farmerville and Exeter. Similar to isoprene, its primary
sition on wet leaves and soil, since dew formation on leavesxidation products methyl-vinyl-ketone and methacrolein
was recorded (data not shown). Overall, day fluxes are muciMVK+MACR) follow the same pattern during the winter
larger than nocturnal deposition, and our results agree wittand in summer. Deposition of MVK+MACR has been re-
previous research which found that rural areas can have sigsently observed by Karl et al. (2010) in a tropical forest, as
nificant sources of acetone (Goldan et al., 1995; Riemer e& result of uptake and degradation inside leaves by enzyme
al., 1998; Ciccioli et al., 1999; Schade and Goldstein 2001). activity. During summer, both isoprene and MVK+MACR
Acetaldehyde is emitted by leaves in large quantities dur-followed the same dynamics, with a notable positive gradi-
ing and after abiotic stresses (Fall et al., 1999; Loreto et al.ent suggesting emission from the ground level to above the
2006). Acetaldehyde in particular has been shown to be emiteanopy in the early evening hours. Despite this positive gra-
ted byCitrus plants especially during flowering (Fares et al., dient, the low turbulence did not allow measurement of a sig-
2011), although this compound is also produced by atmo-ificant flux during those hours, but the observed gradient
spheric oxidation processes (e.g. photooxidation of linalool),suggests that a minimal production of isoprene occurs in the
as described by Ciccioli et al. (1999), and Smith et al. (1996).early night hours. This may be explained by the consump-
This last formation source may justify the high amount we tion at night of residual substrate pools (e.g. dimethyl-allyl-
recorded in the field especially relative to monoterpenes, indi-phosphate) produced during photosynthesis in the light
comparison with the minor amount measured in branch enhours, although a strong post-illumination decay in isoprene
closures, where reactivity in the gas phase was minimized&mission has been described to happen in a few minutes (Ra-
(Fares et al., 2011). sulov et al., 2009) which does not correspond to the time
BEF variations between winter, spring (flowering season)delay observed in our study (2—3 h). The positive fluxes of
and summer for methanol and acetone (Table 2), showed1VK+MACR during the same hours are consistent with re-
higher values during flowering, probably due to enhancedcent findings (Jardine et al., 2012) that isoprene oxidation
pectin demethylation (Galbally and Kirstine, 2002) during products can be emitted directly from leaves as result of in-
organ development and flowering. A seasonal variation oftercellular oxidation of isoprene with ROS (Reactive Oxygen
BEF was also observed for an oak forest (Geron et al.Species).
2000), a hardwood forest (Karl et al., 2003) and a pine forest
(Schade and Goldstein, 2006; Holzinger et al., 2006). In par3.2.2 Monoterpenes
ticular, Karl et al. (2003) observed a BEF for acetone higher
in fall, ascribing this major emission to decaying plant ma- Monoterpenes were the isoprenoid emissions observed in
terial, and Schade and Goldstein (2006) saw enhanced emishe highest abundance. Both in winter and in summer, a
sions of acetone and methanol in the spring during budbreakositive gradient from the ground to above the canopy
and elongation of pine needles. was detected (Fig. 3), although fluxes were quite small
(<0.3nmolnr?s1). Soil and litter may significantly con-
tribute to monoterpene emissions, in part due to the or-
ganic matter degradation processes in soils, and in part due
to biomass wounding and decay following harvesting or
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terpinolene lently beta-myrcene. These differences suggest that the mea-

i ek ge,p?..,e.,e sured monoterpenes in the atmosphere may have a biogenic

1.95 {inene 0.77 signgture_ but not necessary attribute.d to_ Valencia orange. Ad-
NG . /'m/ca";ps:ene vec_tlve air masses from nearby cultivations of Murcot man-

cis-b-ocimene. : darin may have contributed to the measured monoterpene

23 concentrations, and indeed we observed limonene emissions

from Murcot mandarin in the enclosure studies. Another rea-
son for the discrepancy may lie in the use of Navel orange
for the enclosure studies, which may have different emis-
sions than Valencia orange. We also want to point out that
chemical reaction with ozone in the gas-phase is an impor-
tant phenomenon in the California central valley, when ozone
concentrations often exceed 100 ppb, and limonene chemical
lifetime is longer than other monoterpenes (e.g. myrcene),
as pointed out in previous studies (Fares et al., 2010), sup-
porting the hypothesis that certain monoterpenes may have

d3-carene
3.65

sabinene
12.81

trans-b-ocimene
13.60

camphene

132 reacted in the atmosphere before being measured. This point
b-myrcene is particularly important for sesquiterpenes, and is discussed

251 in the next section.

The monoterpene content in leaves and the cuticular wax
thickness may explain the lack of large seasonal change in
monoterpene emissions between winter and summer. Ter-
pene accumulation within leaves was highest in summer, fol-
lowed by spring, with the lowest levels in fall and winter
(Fig. 7a). Leaf waxes, represented by long-chain aliphatic
Fig. 6. Pie chart showing the percent distribution of monoterpenealkanes, especially 42Hg4 and GsHgs, showed the same
species measured with GC-MS during the spring flowering (25seasonal pattern (Fig. 7b). A positive linear relationship was
April to 5 May) and summer (11 to 24 August) periods. Percents opserved between the total monoterpene hydrocarbon con-
were calculated as the total fraction of the mass observed over th‘éentration (y) and cuticle wax concentrations (x, represented
period of the measurements. by long-chain aliphatic compounds§{=0.75,y = —9.27+

3.72x) as well as between the total monoterpene hydrocar-

bons ) and 1-dodecanok{ (the only aliphatic alcohol de-
pruning operations. Consistent with this suggestion, in atected) ®2 = 0.86, y = 5.82+ 25.80x). These results sug-
study of limonene fluxes in a navel orange orchard, soilsgest that despite higher synthesis and thereby accumulation
have been demonstrated to be a major source (Ciccioli et algf terpenes during the warmest months, cuticle waxes, which
1999). are known to accumulate during summer to minimize water

In our study, both summer and winter fluxes of losses, resultin a limitation of terpene emissions to the atmo-
monoterpenes were quite low, with mid-day values of sphere, as noted in Oriite et al. (2011).
~0.4nmolnT2s~1. Much higher monoterpene fluxes were  During flowering, ambient concentrations of monoter-
observed during the flowering period, when the obviouspenes reached their maximum with nocturnal values up to
smell of terpenes permeated the whole region, consistentO ppb (Fig. 1), and fluxes reached the maximum annual lev-
with previously reported findings in greenhouse-based studels in agreement with branch-level experiments in the green-
ies with plant enclosures (Fares et al., 2011). We also meahouse (Fares et al., 2011) and previous research (Ciccioli
sured changes in the ambient concentration of monoteret al., 1999; Hansen and Seufert 2003; Arey et al., 1991),
pene species between spring (flowering) and summer perishowing values during the day close to 1.8 nmofrs L. In
ods (Fig. 6). During the flowering period, beta-myrcene, d-agreement with the enclosure experiment (Fares et al 2011),
limonene, trans-beta-ocimene and sabinene were the mo&EF for monoterpenes were much higher during the flow-
abundant monoterpene species, while monoterpenes in sunering period than in summer (1.31 and 0.13 nmofrs 1,
mer were dominated by d-limonene. Changes in emissiorrespectively, Table 2), suggesting that in spring, the biosyn-
blend during flowering were also observed in branch en-thesis of monoterpenes is enhanced due to both emissions
closure studies (Fares et al., 2011), confirming that certeleased by flowers and biotic damage to leaves. It has
tain biosynthetic pathways are triggered to attract pollina-been previously shown that certain monoterpene species (e.g.
tors. However for the enclosure studies, during floweringocimene, figure 6) are emitted in large amount during flow-
the dominant monoterpenes were the cis and trans formering, to attract pollinators (Dudareva and Pickersky 2000)
of beta-ocimene, while during summer we measured prevaand due to insect damage (Pare and Tumlinson 1999). The

SUMMER
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Fig. 7. Seasonal course ¢RA) leaf BVOC concentration (80 % monoterpene compounds) (8)ctuticle waxes (88 % alkane-alipathic
compounds). Values shown are the average of ten trees each month and bars denote the standard error.

magnitude of BEF from enclosure experiments was almostleposition occurred in the afternoon-a8 p.m., so that we

five times higher than field-based BEF. This may be ex-can hypothesize transport of emissions from remote sources
plained in part by a possible overestimation of canopy-scaldo the site, similarly to what observed for isoprene and its
fluxes obtained by simply scaling-up enclosure-derived BEFoxidation products. During summer, hexanals and hexenols
by LAl and considering shaded leaves to contribute as much{m/z 83) and hexenalsi{/z 99) had a diurnal pattern similar

to emissions as light-exposed leaves. Another reason for thio monoterpenes, with gradients from the soil to above the
discrepancy in flux magnitude could be that potted and well-canopy indicating emissions. Although we did not measure
watered trees in the greenhouse did not experience the higtuxes, we hypothesize that the orange orchards are a source
temperature and ozone stress which occurs in the Centradf these so called “C-6 compounds” or “green leaf volatiles”
Valley, with limitations in plant water as shown by vapour to the atmosphere. C-6 compounds are formed of 6 car-
pressure deficit occurring even in presence of sufficient irri-bon atoms and can originate from denaturation of membrane
gation. Our results highlight the importance of calculating lipids, predominantly from unsaturated fatty acids, under the
BEF in different seasons for a proper parameterization ofaction of lipoxygenase and hydroperoxide lyase enzymes
emission models, as also suggested through measuremer{tdatanaka 1993). Emissions have been record in response to
by Goldstein et al. (1998), Keenan et al (2009) and Niinemetsvounding (Fall et al., 2003, Loreto et al., 2007) and exposure

etal. (2010). to ozone (Heiden et al., 2003). Flowering and wounding due
to harvesting (DOY 130-140) apparently caused high con-
3.3 C-6 oxygenated compounds centrations ¥ 4 ppb) recorded at night during the flowering

and harvesting periods (Fig. 1).

Concentrations of aldehydes and alcohols containing 6 car-

bon atoms (hexenals, hexenols, and hexanals) were me&4 Aromatic compounds

sured by the PTRMS at:/z 83 andm/z 99, as also re-

ported in Davison et al. (2009). Hourly gradient concentra- Concentrations of aromatic compounds have been measured
tions for the winter and summer season are summarized iwith PTRMS atm/z 79, 93, 107, and could be likely as-
Fig. 8. The absence of a gradient from the ground to abovesribed to Benzene, toluene + p-cymene, and benzaldehyde+
the canopy during winter suggests that no significant emisxylenes, respectively. Since a detailed analysis with GC/MS
sion took place during the cold period, but rather a strongis not available for these compounds, we cannot discriminate
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between isobaric compounds (e.g. relative abundance aofenic emissions from the orchard. Thus, the fluxes reported
toluene vs. p-cymene, and benzaldehyde vs xylenes). Thedeere can indeed explain the seasonality of the major BVOC
benzenoid compounds are typically assumed to originateemitted from vegetation, although we are confident the re-
from anthropogenic sources such as fuel use and combugorted compounds do not represent the totality of emissions.
tion. Previous research in urban areas has shown how peaks Among the unmeasured compounds are sesquiterpenes.
of these compounds are recorded during high vehicular trafThese compounds are a very important class of isoprenoids
fic, making these compounds good proxies for anthropogenievhich have been identified when emissions from oranges
fuel emissions. Recent findings (Misztal et al., 2012, in were measured with branch enclosures (Fares et al., 2011,
preparation) support the idea that plants can also produce ardiccioli et al., 1999). Sesquiterpenes are very reactive with
emit small amounts of benzenoid compounds. While thesdropospheric ozone (Atkinson and Arey, 2003) and therefore
fluxes are very small and expected to be negligible in termshave very short atmospheric lifetimgscaryophyllene is the
of their impact on atmospheric chemistry in a fairly polluted main sesquiterpene emitted from Citrus (Fares et al., 2011;
environment such as the San Joaquin Valley, the benzenoi@iccioli et al., 1999), and we estimated an atmospheric life-
emissions from plants are very interesting and may play aime of ~30-80s when ozone concentrations are between
role in plant signalling and trophic interactions. 40 and 100 ppb, and peak ozone was often measured at the
We show vertical gradient concentrationsmofz 79, 93,  orchard at levels from 70 to almost 120 ppb in summer dur-
107 (Fig. 9), for winter, summer, and the flowering period. In ing the study. We tried to minimize the residence time of the
all seasons, we identify in the early evening a clear positiveair in the sampling line+2.2 s), but the high reactivity with
gradient indicative of emissions, similar to that observed forozone, the poor transmission efficiency @aryophyllene
isoprenoids, which causes us to hypothesize biogenic sourcés the PTRMS, and likely losses in our sampling lines re-
for these compounds. This emission pattern is quite evidensulted in very low concentration measurements for these
for the summer season, and the figure includes a significantompounds (0.05 ppb during summer mid-day), and these
number of averaged days £N80). During the flowering pe- conditions preclude us from providing a quantitative analysis
riod, concentrations were higher, in agreement with previousof these emissions. A discrepancy in magnitude betwken
finding reporting that during flowering the biosynthetic path- caryophyllene measured in branch enclosures and in the field
ways for benzenoid compounds is triggered by up-regulatingat the whole canopy scale was also reported by Ciccioli et
genes of the shikimate pathway (van Schie et al., 2006). Benal. (1999), with enclosure fluxes being very high, even higher
zenoic compounds can play a role, in addition to certain iso-than monoterpenes, similar to what we found in our green-
prenoids (e.g. linalool, ocimenes), in attracting pollinators house enclosure experiments (Fares et al., 2011). In the field,
(Dudareva et al., 2004). Interestingly, a sourcemdf 107  Ciccioli et al. using the relaxed eddy accumulation (REA)
seems to be located in the upper part of the canopy based aechnique observed low fluxes gfcaryophyllene in com-
the observed vertical gradients, just where a higher density oparison to the enclosure measurement, and justified this by
flowers was observed, thus suggesting a floral origin. Futurehe high estimated resident time during the central hours of
research is needed to assess whether biogenic emissions thie day (360—-480 s) of the molecule in the air space between
these compounds are significant compared to anthropogenite soil and the sensor above the canopy. Turbulence at our
emissions, and to better determine the biological significancesite was low, similar to that observed by Ciccioli et al.; there-

of these emissions. fore, itis reasonable to hypothesize a similarly long residence
time for g-caryophyllene relative to its atmospheric lifetime.
3.5 Evidence for unmeasured additional BVOC Our results therefore suggest that models to predict sesquiter-
emissions pene emissions from BEF estimated using leaf/branch enclo-

sure data from the controlled greenhouse experiments may be
The PTRMS technology employed in this study allowed usa better and more quantitative approach than what we could
to measure fluxes of major atmospheric VOC components foachieve in the field, where oxidant (ozone) levels were high
one full year. Together with fluxes of selected compounds,and sesquiterpene lifetimes were very short.
the PTRMS measured concentrations and vertical gradients
of other important VOC which we attribute to a biogenic ori-
gin, described in the sections above. We want to mention that
during an intensive summer campaign, a PTR-TOF-MS (Pro4 Conclusions
ton Transfer Reaction Time of Flight Mass Spectrometer)
was deployed at the field site, allowing for one month of flux We measured concentrations and fluxes of an important frac-
measurements for an extended suite of compounds (Park. ébn of BVOC emitted from a Valencia orang€ifrus sinen-
al.2012). While the PTR-TOFMS showed excellent agree-sis) orchard continuously for one year. Ti@gtrus species is
ment with the measurement of the compounds observed witlextensively cultivated in California and in many other regions
PTRMS, it allowed us to measure a multitude of additional of Mediterranean climate. Our observations were focused on
masses which significantly increased the observed total biothe most abundant BVOC which we previously identified
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