Atmos. Chem. Phys., 5, 3013631, 2005 y —* .

www.atmos-chem-phys.org/acp/5/3015/ Atmospl‘]erlc
SRef-ID: 1680-7324/acp/2005-5-3015 Chemls_try
European Geosciences Union and Phys|cs

The bi-directional exchange of oxygenated VOCs between a loblolly
pine (Pinus taeda plantation and the atmosphere

T. Karl 1, P. Harley!, A. Guenther!, R. Rasmussef, B. Baker®, K. Jardine®, and E. NemitZ

INational Center for Atmospheric Research, Boulder, Colorado, USA

20regon Health and Science University, Oregon, USA

3South Dakota School of Mines and Technology, Rapid City, South Dakota, USA
4Centre for Ecology and Hydrology, Edinburgh, UK

Received: 1 July 2005 — Published in Atmos. Chem. Phys. Discuss.: 11 August 2005
Revised: 26 October 2005 — Accepted: 26 October 2005 — Published: 10 November 2005

Abstract. Using new in-situ field observations of the most tion reaction of ozone with leaf surfaces and inside the leaf.
abundant oxygenated VOCs (methanol, acetaldehyde, acéFrhis needs to be taken into account when scaling up very re-
tone, G/C4 carbonyls, MVK+MAC and acetic acid) we were active biogenic compounds.

able to constrain emission and deposition patterns above
and within a loblolly pine(Pinus taeda)plantation with a
sweetgum iquidambar styraciflupunderstory. During the 4
day canopy scale measurements showed significant emis-

sion of methanol and acetone, while methyl Vinyl ketone andThe emission of biogenic volatile Organic Compounds (VOC)
methacrolein, acetaldehyde and acetic acid were mainly ders recognized as the largest terrestrial source of reactive car-
posited during the day. All oxygenated compounds exhibitedhon to the atmosphere (Guenther et al., 1995). While sig-
strong losses during the night that could not be explained byificant emissions of oxygenated VOC (OVOC) from plants
conventional dry deposition parameterizations. Accompany-re generally acknowledged, their budgets remain very un-
ing leaf level measurements indicated substantial methandertain (Heikes et al., 2002; Singh et al., 2004). Biochemi-
and acetone emissions from loblolly pine. The exchangecal pathways for the production of some of these oxygenated
of acetaldehyde was more complex. Laboratory measurecompounds have recently been elucidated by various groups
ments made on loblolly pine needles indicated that acetaldegng reviewed by Fall (2003). For example, methanol is pro-
hyde may be either emitted or taken up depending on amgyced in plants from demethylation of pectin and attributed
bient concentrations, with the compensation point increastg plant cell wall growth and repair. While acetone is be-
ing exponentially with temperature, and that mature nee4jeved to originate from cyanogenesis and the decarboxyla-
dles tended to emit more acetaldehyde than younger negion of acetoacetate, acetaldehyde has been shown to be emit-
dles. Canopy scale measurements suggested mostly depgsd as a result of the oxidation of ethanol arising in anoxic tis-
sition. Short-term (approx. 2 h) ozone fumigation in the lab- g eg (Kreuzwieser et al., 2000). Labeling studies u&iay
oratory had no detectable impact on post-exposure emissionsyggest that acetaldehyde can also originate from recently
of methanol and acetone, but decreased the exchange ratestfed carbon and could be produced from cytosolic pyru-
acetaldehyde. The emission of a variety of oxygenated comyate, which could trigger its formation under rapidly chang-
pounds (e.g. carbonyls and alcohols) was triggered or siging light conditions (Karl et al., 2002a; Graus et al., 2004)
nificantly enhanced during laboratory ozone fumigation ex-have hypothesized that Acetyl-Co A might also be linked to
periments. These results suggest that higher ambient ozonfie production of acetaldehyde and related to wound VOCs
levels in the future might enhance the biogenic contribution(;:a” etal., 1999; Hatanaka, 1996).

of some oxygenated compounds. Those with sufficiently low  Emjssions of aldehydes and ketones have been observed
vapor pressures may potentially influence secondary organigom various plants, but in most cases only limited qualitative
aerosol growth. Compounds recently hypothesized to be prigssessments are available above forests (Steinbrecher and
marily produced in the canopy atmosphere via ozone pluRabong, 1994; Janson et al., 1999). Compensation point and
terpenoid-type reactions can also originate from the oxidatanopy scale measurements of OVOCs are still extremely
scarce (Kesselmeier, 2001). Rottenberger et al. (2004) re-
Correspondence tor. Karl ported the compensation point of acetaldehyde for three
(tomkarl@ucar.edu) tropical tree species and its variation between wet and dry
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seasons. Cojocariu et al. (2004) presented similar measureawation of leaf and canopy level measurements we investi-
ments for Norway SprucgPicea abiesusing branch enclo- gated the bi-directional exchange of the most abundant oxy-
sures. Schade and Goldstein (2001) observed high fluxegenated compounds.

of methanol, acetone and acetaldehyde above a plantation

of ponderosa pineRinus ponderosgand investigated plant-

physiological influences on these emissions (Schade an@ Experimental

Goldstein, 2002). Similarly, Spirig et al. (2005) found sig-

nificant methanol fluxes from a temperate ecosystem. Sea2.1 Laboratory leaf level measurements

sonal variations in biogenic OVOCs above a North American

deciduous forest in Michigan were attributed to a combina-Young saplings of loblolly pineRinus taedj and sweet-
tion of senescing and growing vegetation (Karl et al., 2003).gum (Liquidambar styraciflupwere purchased in 2004 from
Overall these studies provide experimental evidence that th&orestfarm Nursery (Williams, OR, USA) and maintained in
emission of compounds such as methanol, acetaldehyde ariie NCAR Frost Phytotron. Leaf gas exchange measure-
acetone exhibit a complex emission/deposition behavior. Itments were made using a commercial leaf photosynthesis
is now also recognized that these compounds can be releaséiistem (MPH-1000, Campbell Scientific, Logan, UT, USA)
from decaying plant material (Warneke et al., 1999), natu-in conjunction with a temperature-controlled glass leaf en-
rally drying grass (Karl et al., 2005) and crops (Schade andclosure constructed in house. Humidifed and dry zero air
Custer, 2004). (Zero Air Generator) were mixed with G@16 700 ppmv in

Holzinger et al. (2004) recently reported the presencezero air) using mass flow controllers (Model 824, Edwards
of a large number of higher molecular weight compoundsHigh Vacuum, MA) to generate a gas stream of knowrnp,CO
(>100amu) in the air within and above a ponderosa pineconcentration and dew point, free ogQwhich was passed
plantation and speculated that they were exclusively producto the enclosure. Flow rate of air flowing into the enclosure
of reactions between ozone and highly reactive terpenoidswas measured with a mass flow controller (Model 824, Ed-
many of which were undetected, that were emitted from thewards High Vacuum, MA). The difference in G@nd HO
forest. While some of these compounds may originate fromvapor partial pressures between air entering and leaving the
gas phase terpenoid oxidation with ozone (Calogirou et al.gnclosure was measured with an infrared gas analyzer (LI-
1999), some are also known to be formed from the reaction 06262, Li-Cor, Lincoln, NE) in differential mode. The dew
ozone with leaf surfaces (Fruekilde et al., 1998; Wildt et al., point of air entering the enclosure was measured using a dew
2003). Itis still not clear which of these processes is the dom-oint mirror (General Eastern, Watertown, MA). Rates of net
inant source of oxygenated species observed in forest atmgehotosynthesis, transpiration and stomatal conductance were
spheres, especially in the higher mass range ¢e1§0 amu).  calculated according to Farquhar et al. (1980).

Recently, various parameterizations have been incorpo- The enclosure consisted of an upper and lower chamber,
rated into global chemistry and transport models in ordereach consisting of a glass cylinder (8 cm diameter) enclosed
to constrain biogenic OVOC emissions and derive budgeton one end (total volume=approx. 300BmA small hole in
estimates (Jacob et al., 2002). While complex plant physthe lower chamber accommodated the shaft of a fan motor
iological models (Niinemets et al., 2004) are being devel-(ESCAP Model 22N28, Danaher Motion, Wood Dale, IL) to
oped, a semi-mechanistic model has been used to assess thbich was attached a plastic fan blade 4 cm in diameter (Mi-
global budget of methanol (Galbally and Kirstine, 2002). cronel, Vista, CA). Leaves or needles were inserted between
Global and regional chemistry models typically incorporate the two chamber halves, sandwiched between two 1/8-inch
an exponentially increasing temperature dependence for thelosed cell foam gaskets. Incident photosynthetically active
emissions of all VOC, including those of OVOC. However, radiation (PAR) was measured outside the enclosure with a
whether OVOCs are emitted or deposited depends on theiphotodiode calibrated against a PAR quantum sensor (LI-192
relative concentrations within the leaf and in the atmospherd-i-Cor, Lincoln, NE), and leaf temperature was measured us-
outside the leaf boundary layer. The rate of OVOC produc-ing a copper-constantan thermocouple (Omega Engineering,
tion, and thus the compensation point, depends on many pastamford, CN) appressed to the bottom of the leaf (in the case
rameters such as enzyme activities, stress and nutrient levelsf sweetgum) or placed in close proximity to a needles in the
and may vary seasonally. In order to model the exchangease of loblolly pine. Temperature contred@.2°C, between
of these compounds and constrain regional and global bud20°C and 48C) was achieved using two Peltier thermoelec-
gets, combined investigations of process level and canopyric coolers sandwiched between the bottom of the enclosure
scale studies are a crucial link in order to develop accurateind an air cooled heat sink.
emission algorithms. Here we present results from the re- Optionally a photolytic @ source was inserted either be-
cent CELTIC (Chemical Emission, Loss, Transformation andfore or after the plant chamber to assess the effect of ozone
Interaction within Canopies) field study in the eastern USfumigation. Ozone concentrations in air entering and exiting
above a loblolly pineRinus taedaplantation with a sweet- the enclosure were measured by UV absorption (Model 202,
gum (Liquidambar styraciflupunderstory. Using a combi- 2B Technologies, USA). Blank tests using the empty glass
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cuvette showed no significant increase of background consampling tower (situated in FACE ring #6, a control ring
centrations for compounds above 75amu after the additiorwith no canopy C@ fumigation). Above canopy air, drawn
of ozone &20% change). The VOC increase associated withfrom 24 m through a common 30 m (O.D.3)8Teflon line
the Teflon lines was small in comparison to the VOC increaseusing a rotary pump, supplied two Proton-transfer-reaction
associated with a plant inside the glass cuvette during ozonenass spectrometers (PTR-MS) (Lindinger et al., 1998) with
fumigation (<10%). In addition, measuring ozone imme- a delay time of~5s. In addition, one chemiluminescense
diately before and after the cuvette minimized any contri-isoprene sensor (FIS) (Guenther and Hills, 1998) was de-
bution associated with Teflon tubing during ozone fumiga- ployed on the tower. All VOC instruments were deployed
tion. For some oxygenated compounds (e.g. acetaldehyddor measuring fluxes using either the eddy correlation or re-
acetone) however, we observed significantly increased conlaxed eddy accumulation method as described by Baker et
centrations due to artifact formation in the blank experiment.al. (2005§. In addition, one of the PTR-MS instruments
For example the acetaldehyde (acetone) background couldias deployed for within-canopy gradient measurements on 3
increase by as much as 2 (1) ppb after adding ozone througtiays of the study (17, 18 and 23 July). Micrometeorological
the empty sampling system compared to an increase of 4—eheasurements at ring 6 included turbulence measurements
(3-5) ppb when a plant was inserted in the cuvette. A studyat 4 heights using the following sonic anemometers: RM
evaluating the role of heterogeneous oxidation of alkenes invoung 81000 (R. M. Young Company, USA) (16 m above
the detection of atmospheric acetaldehyde (Northway et al.ground) and ATI K-probe (Applied Technologies, USA) (2, 8
2004) found similar artifact problems for Teflon lines. and 26 m above ground). Meteorological data (UV radiation,
An ozone fumigation and reactivity experiment was typi- air temperature, precipitation, net radiation, 2-D winds) were
cally performed in the following sequence: (1) measurementcollected during the whole campaign on top of the tower
of steady state VOC emissions in ozone free air; (2) ozonausing a weather station (Vantage Pro2, Davis Instruments
addition before the plant chamber until VOCs exiting the Corp., USA). Photolysis rates were measured on top of the
plant chamber reached steady state, (3) turn off ozone antbwer and within the canopy at ring 6 using a UV-B Biome-
wait until VOCs exiting the plant chamber were in steady ter (Model 501, Solar Light Co., USA) and filter radiometers
state again, (4) insert a second glass reaction chamber, sim{Metcon Inc., USA). PAR was measured using quantum sen-
lar in volume to the leaf enclosure, in the gas line exiting thesors (Model LI-190SA, Li-Cor Inc., USA).
enclosure, (5) generate ozone in the line between the plant
chamber and the second reaction chamber, and measure Vo&3 PTRMS

iti iting th h ff
composition exiting the second chamber, (6) turn o OzoneThe PTRMS instrument has been described in detail else-

and wait until VOC emissions were approx. in steady state L - .
again. Each experiment lasted approx. 2040 min. The thNherg (Lindinger et al., 1998). Spgmﬂcs on disjunct eddy
pathways were tested to determine the effects of ozone ofjovanance (DEC) measurements with PTR-MS can be found

the leaf surfaces separate from the ozone reactions with thl% K'arl etal. (2002b’f20?14) an((ij for a ddetéuled evallu a;8830f
gas-phase emissions. Ozone was produced in line and no d'jlzhe |r'1$trtumenttvve refert etrza teﬂg Til tO;W Et aa(.ﬁ a).
lution was necessary. After the ozone source was turned off, € Instrument was operated a al mbar aritt pres-

all VOCs concentrations quickly returned to the initial con- sure. The transmission of the quadrupole mass spectrometer

ditions was checked by spiking pure compounds up to 178 amu into
In order to determine a compensation point, which is de_the instrument and comparing the ratio of primary to product
’ I 0, i -
fined as the ambient concentration level above which theﬁ?szig]bggfnlzse%r?g n’z (;%S_elrggi;j?;; de?cr'le'}s:edlentetzt:?ir:;
plants takes up VOCSs, the inlet air concentration of methanoll.mit based orﬁ)a reaction rate constant &m)gg .cm3/s 10s
acetaldehyde and acetone was varied between 0 and 12 ppb '

After each experiment the needles or leaves were harvestel c9ration time and 1 count per second background noise

for determination of their dry weight and/or leaf area. was on the orcjer Of 5ppt. The quant!flcaqon of VOCs was
based on gravimetrically prepared calibration standards with

an estimated uncertainty of approximatet?0%. For those
species for which no calibration standard was available, we

The CELTIC (Chemical Emission, Loss, Transformation and calculated concentrations using the collisional rate constant,

Interaction within Canopies) experiment was conducted atVhich is typically within 30% of the measured rate con-
Duke Forest C-H20, an experimental loblolly pine planta- Stant: Reference measurements for determining the instru-

tion (average tree height 18 m) in North Carolina (3588 menF background were taken through a catalytic converter
79.09 W) of the site of the Duke University FACE (Free (platinum wool held at 430C) and were performed every
Air CO2 Enrichment) Study. More specific details can be  1pauer. B., Jardine, K., Mielke, L., Amnts, R. R., and Karl,
found in Katul et al. (1999).The study began on 7 July andT.: Above canopy flux measurements of biogenic VOCs during the
ended on 27 July 2003. The gas phase measurement instrge03 CELTIC experiment at Duke Forest North Carolina, in prepa-
mentation was situated in a mobile trailer next to a 24 mration, 2005.

2.2 Field site description and experimental details

www.atmos-chem-phys.org/acp/5/3015/ Atmos. Chem. Phys., 5, 30832005
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30min to 2h. A detailed description of VOC eddy covari- During daytime the mean horizontal distance traveled by
ance (EC) (Guenther and Hills, 1998) and relaxed eddy acan air mass was sufficiently short-{30-150 m) that the
cumulation measurements during CELTIC will be presentedmeasured VOC concentration in the canopy was dominated

elsewhere (Baker et al., 2005 by emissions from the pine plantation. The surrounding oak
_ forest had only a slight influence. During the night the preva-
2.4 Gradient methodology lent wind direction originated from 300 degrees. The plan-

tation extended 800 m in this upwind direction; compared to
the average total distance traveled by the sampled air mass
(~620-650 m), this was sufficient to ensure that the sampled
air originated within the plantation.

A VOC gradient system similar to that described by Karl et
al. (2004) was deployed during the CELTIC study. Air was
pulled through a 30 m teflon line (1/40.D.) from the top

of the sampling tower at a high flow rate©.31/s), reducing
the pressure inside the line to 400 mbar in order to avoid wa-

ter condensation, minimize memory effects and assure afa®@ Results and discussion
response time. The overall delay time waé s, measured

by introducing an isoprene and acetone pulse at the top 08.1 Leaf level measurements

the tower. The gradient sampling inlet line was attached to a . )
pulley controlled by an automated winch, and canopy air wasg-€af level measurements with potted plants performed in the

sampled continuously from the ground to 24 m height. TheNCAR laboratory were used to examine the processes con-
canopy line moved at a constant speed of 0.2 m/s resulting iff0!ling canopy scale exchanges.
a complete profile about every 2 min.

Source/sink profiles were computed according to, 3.1.1  Methanol and acetone

C — Cref = D.S Q) Over the examined concentration range (0-12ppb) both

methanol and acetone were predominantly emitted from both
with C (concentration vector), & (concentration at refer-  young (younger than approx. 2 months) and mature (older
ence height 24 m), D (dispersion matrix) and S (source/sinkhan approx. 6 months) loblolly pine needles; emissions of
vector). Parameterization of the dispersion matrix (21 con-hoth compounds exhibited an exponential temperature de-
centration layers and 5 source/sink layers) was based on megendence between 20 and®@0 Table 1 summarizes the re-
sured turbulent profiles and estimated Lagrangian timescalesults for loblolly pine (4 leaf enclosure experiments using
as described by Karl et al. (2004). For more detailed infor-4 different sets of needles from the same tree, each lasting
mation on inverse Lagrangian modeling we refer the readefor 3-4 days) and compares leaf level and eddy covariance
to Raupach (1989). measurements. Based on a measured leaf area index in the
plantation of 2.8 A leaf m2 ground (Stroud et al., 2005)
and a leaf mass per area (LMA) of 230 gfn(Geron et al.,

. . . i .. 2000) for loblolly pine the average emission rates (164 and
In order to estimate the flux footprint during day- and night 144 pg gt s~ for methanol and acetone, respectively) mea-

time conditions we used a random walk model similar to thatsureol at standard conditions (&0 ~1000molm-2s-*
described by Baldocchi (1997) and Strong et al. (2004), pa_PAR) compare well with results from the eddy covariance

rameterized with turbulence measurements made during the . X o
CELTIC study. measurements. This comparison also supports findings from

The random walk model was parameterized according t our gradient measurements that show a strong correlation

the random forcing term (dw) for the one-dimensional CaSgbetween methanol and acetone emissions and the loblolly

: i ; . _pine leaf area index. A set of leaf level measurements with
ggig;}?'q%;%t_he Fokker-Planck equation (e.g. Eq. 4 in Bal sweetgum(Liquidambar styraciflua)Table 2) indicate that

substantial amounts of methanol can be emitted from young
wy 1 w? | 902 202 leaves (i.e., 20 times higher gmissjon compared to a more
dw = 7 ts| Mt 3o dt+,./—=dr,  (2)  mature leaf) and that acetone is emitted from both young and
L oL 0z TL .
mature leaves. These observations of enhanced methanol
with wy (Lagrangian vertical velocity), J (Lagrangian  production in young leaves support findings from previous
timescale)o,, (standard deviation of vertical wind compo- studies (Fall and Benson, 1996). However, due to lower
nent), dr (random forcing). biomass density (LAl: 30% of total, LMA: 50gn%) and
The trajectories for 5000 particles were released at 4 levelsnore shading in the understory the contribution of sweetgum
(25%, 50%, 75% and 100% of canopy) and computed forto observed above canopy fluxes at Duke is small. In fact,
typical day and nighttime conditions. The mean residencecanopy scale gradient measurements (next section) suggest
time and horizontal distance traveled by the ensemble meathat the portion of the canopy associated with most of the
was used to assess the footprint in each layer and over theweetgum biomass acts as a sink for both methanol and ace-
whole canopy (sum over 4 levels). tone.

2.5 Footprint calculation

Atmos. Chem. Phys., 5, 3013631, 2005 www.atmos-chem-phys.org/acp/5/3015/
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Table 1. Temperature dependent methanol and acetone emissions obtained for Loblo(Ripiretaeda)listed are the emission rate from
disjunct eddy covariance (DEC) measurements and emission rates scaled up from leaf level measurements at 303 K. Leaf level emission rate
are normalized by dry weight in gram (e.g. 9.

E3p3 DEC @ E3p3 Leaf @ bg‘? b(La)

(ngm2shH (ngm?shH (nggtsh o (KTH (K™
Methanol 10%33 118£32 6.0+1.2 0.16:0.03 0.12-0.02
Acetone 10434 104£32 2.140.4 0.08:0.01 0.02:0.01

@ fitted according to Bgzxexp(bx (T (K)—303)) ® converted from dry weight emission rate using a LAl of 28m72 and a LMA of
230gnT?

Table 2. Leaf Level measurements of methanol, acetone and acetaldehyde with swektguitambar styraciflua):E (methanol and

acetone emission for a mature and young leaf &C28nd 27C, respectively), Slope (inferred from the compensation point regression
analysis), Iy (zero intercept inferred from regression analysis: exchange rate at 0 ppb concentration in incoming air) and CP (compensation
point). Leaf level exchange rates are normalized by dry weight in gram (e7tb)g g

Methanol Acetone Acetaldehyde

Mature leaf E @ 28C (pg1g1s™1) 222467 27883 -

Slope (pg g1s~1 ppb1) - - —21.4+5.3
Eo(pgtg ts™) - - 8119
CP (ppb) - - 3811

Youngleaf E@27C (ng lgls1) 4.4t14 0401 -
Slope (pggls—1ppb 1) - - —56.1+11
EO (pg tgts™) - - 0
CP (ppb) - - 0

3.1.2 Acetaldehyde ing ozone exposure was observed. However it was not pos-

sible to quantify this increase due to a varying background

In order to determine the exchange pattern of acetaldehydef acetaldehyde triggered by the addition of ozone. After
we performed detailed compensation point measurements opzone treatment the VOC emissions declined rapidly. Dur-
needles oPinus taedathe results of which are listed in Ta- ing the days following ozone fumigation we observed de-
ble 3. As an example, Fig. 1 illustrates the exchange of accreased exchange rates of acetaldehyde. With the exception
etaldehyde plotted versus the concentration of outgoing aibf young needles, the post-fumigation compensation point
for young (left panels) and mature needles (right panels) bereturned close to the original value (suggesting no change in
fore (top panels) and after (bottom panels) fumigation withthe total enzyme amount); however the slope (enzyme ac-
120 ppb ozone. We selected periods when stomatal condugivity) typically changed to half of the original level. A re-
tance did not change significantly and the temperature fluccent study investigated the effect of elevated ozone concen-
tuation inside the cuvette was less tha@€1For young nee- trations on acetaldehyde emissions from be@igus syl-
dles, the exchange of acetaldehyde showed an average daWstica) (Cojocariu et al., 2005). A significant increase in the
compensation point of 7.4 ppb. The range of compensatioracetaldehyde exchange rates was observed at 120 ppb ozone,
points observed for mature needles ranged between 3.7 argimilar to results obtained during this study; however, it is
8.5 ppb (Table 3). This is comparable to values (6.2 ppb) remnot clear to what extent earlier results were masked by arti-
ported by Cojocariu et al. (2004) for Norway Spry€scea  fact formation of acetaldehyde as observed during the present
abies) Maximum uptake was typically observed in the after- study. Nevertheless our experiments show that even though
noon and evening (15:00-22:00). While acetaldehyde burstao physiologically significant changes were obvious, the ex-
were observed after all rapid light/dark transitions, no signif- change rates of acetaldehyde were systematically lower on
icant emission of compounds related to wounding (e.g. hexthe days following 2 h of ozone fumigation. This argues that
enals) were present during these transitional periods. damage to enzymes responsible for acetaldehyde metabolism

Following several days of measurements using ozone freenight have already occurred at ozone concentrations in the
air, the same needles were fumigated with 100-150 ppl100-150 ppb range.
ozone for 2h. An increase of acetaldehyde emissions dur-

www.atmos-chem-phys.org/acp/5/3015/ Atmos. Chem. Phys., 5, 30832005
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Table 3. Leaf level compensation point measurements of acetaldehyde for Loblolly{fFimgs taeda) Compensation point measurements

with 4 sets of needles are summarized as follows (lines 1-7): Slope (inferred from the compensation point regression analgsis), E
intercept inferred from regression analysis: emission at 0 ppbv concentration in incoming air) and CP (compensation point). Net photosyn-
thesis rates (Net PS rate per gram dry weight) are summarized in the last column. The temperature dependence is summarized in lines !
and 10: k303 (zero intercept inferred from regression analysis at 303 K: emission at 0 ppbv concentration in incoming(ekpomen-

tial temperature dependence of zero intercepthdgcompensation point at 303 K) angdb(exponential temperature dependence of the

compensation point). Leaf level emission rates are normalized by dry weight in gram (é?g. gg

Slope (pggts~tppbl) Eo (pggls™h)  CP(ppb)  NetPS ratgsnolg=th=1)

Set 1 before O3 (mature) —-3.1+0.3 11.H#H11 3. #0.6 1447
Set 1 1 day after O3 —-1.7+0.1 5.6t0.6 3.5t0.5 1386
Set 2 before O3 (mature) —10.8+0.8 91.A42.8 8.5t1.3 203t14
Set 2 1 day after O3 —5.5+0.3 50t2.8 8.0t1.3 203t10
Set 3 before O3 (young) —3.5+0.3 25.7#5.6 7.4£2.5 -

Set 3 1 day after O3 —4.3+0.6 3.3:0.1 0.8:0.4 -
Temperature dependence E)?gos (pg~lg~1ls1 béa) (K1 CPg‘E))3 (ppb) tﬁ?,) (K1
Set 4 (mature) 26182.8 0.1G:0.005 4.30.5 0.110.006

@ fitted according to B,.303xexp (yx (T (K)—303)); R=0.98.®) fitted according to Ciyzxexp (b, x (T (K)—303)); R=0.99.

young needles before O expasure

Fig. 1. Example of compensation point measurements for acetaldehyde with Loblollymes(aeda)ising young needles before (upper

left) and after 120 ppb ozone exposure (lower left) and mature needles before (upper right) and after 120 ppb ozone exposure (lower right).
Exchange rates (pgd s—1) are plotted vs outgoing air concentration in ppb. Leaf level exchange rates are normalized by dry weight in
gram (e.g. ggl). Symbols in statistical plot are defined as following: gray square symbol: mean; center horizontal line: median: upper and
lower horizontal lines: upper and lower quartile; whiskers: extent of the rest of the data.

Acetaldehyde emissions changed with temperature reperature dependence points toward competing enzyme reac-
flected by an exponentially increasing compensation pointions similar as observed for GQuptake in plants. Multi-
(Table 3). Figure 2 shows a plot of the compensation pointple competing enzyme reactions involved with acetaldehyde
versus temperature for mature loblolly needles. The tem-metabolisms in plants have been proposed in previous studies

Atmos. Chem. Phys., 5, 3013631, 2005 www.atmos-chem-phys.org/acp/5/3015/
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(Kreuzwieser et al., 2000; Karl et al., 2002a; Graus et al.,, 2
2004). The production rate per ppb of acetaldehyde (slope in 5
Fig. 1), which corresponds to the total enzyme activity, did | S

not change drastically at different temperatures. /
An emission rate dependent on ambient acetaldehyde con

151 /

centration has also been observed above different ecosystenz /
(Cojocariu et al., 2004; Rottenberger et al., 2004) and im- g“ /’

plies that the temperature dependence of canopy scale VOC 'O 7 il
fluxes should only be applied to a temperature range that was //

measured during a particular study. Extrapolation to higher 4 — i

temperatures would need to include the effect of a compensa

tion point and other factors such as transpiration rates. Oth- S
erwise the overall emissions would at best be guesstimates $a0 295 300 305 310 315 320
In these cases a relationship between VOC fluxes with sen- T

sible or latent heat fluxes might be more accurate for upscali: . 2. Compensation point (CP) plotted vs temperature
INg purposes as_ A .mCIUdeS phyS|qlog|caIIy dr_lven Va.”able.SThe dashed line shows a fit according tosggxexp (k. x(T
(such as transpiration). Inappropriate upscaling of blogenlc(K)_SOS))_ R2=0.99

OVOC emissions by Singh et al. (2004) could explain part of T

the variability between different studies summarized by these o ] .
authors. The results of one fumigation experiment are shown in

Fig. 3, which shows the relative (upper panel) and absolute
(lower panel) concentration difference of mass spectra ob-
‘served by the PTR-MS instrument between the no ozone fu-
migation base case and the two fumigation experiments in
which 200 ppb @ was added either before or after the leaf
OVOC appearing in air exiting the leaf enclosure during enclosure £15 min exposure time in both cases). For sim-
ozone fumigation could represent either direct leaf emissionglicity, only odd m/z ratios above 100 amu are shown. Pos-
or oxidation products arising from ozone reacting with eitheritive values indicate reactive losses. For example more than
leaf surfaces or with other reactive gas-phase emissions, su@0% (relative ratio>0.8) of the reactive sesquiterpenes (m/z
as mono- or sesquiterpenes. Two experimental protocol205) (dominated bys-caryophyllene as inferred from par-
were used distinguish between primary (i.e., direct OVOCallel GC-FID measurements) were oxidized during the brief
emissions or the OVOC products of leaf surface-ozone remixing time within the chamber, regardless of whether ozone
actions) and secondary OVOC production (i.e., the OVOCwas added before or after the chamber. Negative values rep-
products of ozone reactions with gas-phase emissions). Inesent the production of compounds during the addition of
the first case, ozone was added immediately before the plardzone. In particular ions corresponding to a series ¢f C
cuvette. The mixing time was measured to be on the ordelC,3 aldehydes and unsaturated alcohols (m/z 125 and 143,
of 25-30s. In the second case ozone was added to the am/z 139 and 157, m/z 153 and 171, m/z 167 and 185 and
stream exiting the plant cuvette and passed through a seen/z 181 and 199) and compounds exhibiting ions 2 amus
ond glass mixing vessel, sized so that the total residencéigher (e.g. saturated alcohols) were dramatically enhanced
time (25-30s) roughly matched the residence time in thewhen ozone was added before the plant chamber (Fig. 3, dark
plant cuvette. In the second case, in which the needles arbars). Many of these aldehydes and alcohols are known to
not exposed directly to ozone, any additional OVOC ob- be linked to wounding and plant damage through lipoxyge-
served exiting the second mixing vessel must be secondargase type reactions that are also responsible for the so-called
in nature, i.e., the product of reactions between ozone andgreen odor” of plants (Hatanaka, 1996; Fall, 1999; Wildt
VOC emissions from the needles. By subtraction, the natureet al., 2003). Some others may correspond to compounds
and amount of OVOC arising from either direct emission or that have been identified during ozonolysis at vegetation sur-
ozone-needles interactions, i.e., primary OVOC, can be estifaces (e.g. m/z 127: 6-methyl-5-hepten-2-one and m/z 195:
mated. Empty cuvette blanks showed that artifact formationgeranyl acetone) (Fruekilde et al., 1998). When ozone was
on glass surfaces during the addition of ozone were minimaladded after the plant chamber, the biggest changes were ob-
While an ozone induced increase of terpene emissions canngerved in ions exhibiting m/z 111 and 129, and m/z 127 and
be excluded on longer timescales (hours), our measuremenitst5; these must result from secondary gas phase formation
of post-exposure emissions immediately after fumigation in-via oxidation of reactive plant emissions (e.g., terpenoids).
dicated that the total amount of terpenes and sesquiterpen&hese ions most likely correspond to ketones, ketoaldehdyes
did not change significantly within the time scale of minutes and aldehydes that have tentatively been identified from the
(e.g. 15-40). oxidation of terpenoids (Calogirou et al., 1999).

3.1.3 Other oxygenated VOCs observed during ozone fu
migation

www.atmos-chem-phys.org/acp/5/3015/ Atmos. Chem. Phys., 5, 30832005
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Fig. 3. PTR-MS mass scans during ozone fumigation. For simplicity only odd m/z ratios are plotted. Upper panel: The Y-axis depicts the
relative concentration difference before minus after the addition of 200 ppb 0zgpe£Co3)/Chooz Positive values indicate reactive

losses (positive if the concentration without ozone was higher) and negative values indicate production induced by ozone. By definition the
upper limitis 1 (100% is lost after the addition of ozone). Arrows indicate m/z ratios recently assigned to secondary oxygenated compounds
(Holzinger et al., 2004). Lower panel: The Y-axis shows the absolute concentration difference (dC) before minus after the addition of
200 ppbv ozone.

Of particular interest are those masses which increasethat, with the exceptions of m/z 111, 127, 129, 143 and 145,
during ozone exposure, but which exhibited marked differ-the bulk of these compounds are likely the result of either
ences depending on whether the ozone was added before direct reactions of ozone with plant surfaces or damaging ef-
after the leaf enclosure. If the increase in a given mass idects of ozone inside the plant (comparison of negative ratios
the result of reactions between ozone and primary leaf emisin Fig. 3).
sions, the enhancement should be independent of where the Overall, 13 ozone addition experiments were conducted.
ozone addition takes place. However, if the enhancement isve performed 5 (3) experiments on the same loblolly (pon-
the result of interactions between ozone and the plant itselfderosa) pine tree using different branches for each exper-
enhancement should be greater when ozone is added beforigent. Qualitatively similar results were obtained at 50—
the plant chamber. 80 ppb ozone concentrations. While results shown in Fig. 3

The timescales of mixing in these laboratory experimentswere obtained with loblolly pine, similar results (not shown)
(~30s) are somewhat lower than typical turbulent time were found for needles of ponderosa piRén(is ponderosa
scales (60—120s) in a 6 m tall canopy; however, they are
within the range of chemical lifetimes of very reactive ter- 3.1.4 Ozone uptake measurements
penes. The arrows in Fig. 3 indicate compounds that have
previously been assigned to secondary species formed due order to determine what fraction of ozone is lost through
to reactions of ozone with very reactive compounds emittedstomata and what fraction reacts in the gasphase and on leaf
from pines (Holzinger et al., 2004). Our measurements implysurfaces a set of experiments was performed where the ozone

Atmos. Chem. Phys., 5, 3013631, 2005 www.atmos-chem-phys.org/acp/5/3015/
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Table 4. Temperature Dependence of VOC emissions during an ozone exposure experiment of 100 ppb and oVOC emissions as a function
of ozone flux. Fits were obtained from data shown in Figs. 5 and 6. Wound VOCs are defined as the sum of lipoxygenase pytehicts (C
aldehydes and alcohols). Oxy VOCs are defined as the sum of all masses indicated by arrows in Fig. 3. MT is the sum of monoterpenes anc
SQT is the sum of sesquiterpenes (mostly beta-caryophellene). Experiment was performed on needles of LokRihupiteeda)

Temperature Wound VOC OXY VOC MT SQT
Ezo (pmolg s 1)@ 8.6+0.2 3.4:0.2 4.6:0.3 0.25t0.05
bg (K—H@ 0.07G£0.003  0.0820.004 0.13%#0.007 0.1530.019
Ozone
Eps (pmolg1s1)® 7.9£1.0 3.2£0.5 - -
a(gspmotl)® 0.047:0.02  0.05:0.02 - -

@ fitted according to Egxexp ( kyx (T (K)—303))® fitted according to B3 xaxFo3/sqrt(1+& Fp3)), with Fo3 being the ozone uptake
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Fig. 4. Ozone fumigation of Loblolly PineRinus Taeda Top panel shows net photosynthesis rates (PS) in black, total conductance (TC) in
blue and leaf temperature in red. Middle panel shows ozone flux calculated from total conductance; datagdmata: red), ozone flux
measured in differential mode §dlux measured blue) and ozone concentration entering the cuvette (black). Lower panel ghoas@
aldehydes (black), OXY VOCs (sum of all compounds indicated by arrows in Fig. 3 with the exception of m/z 111, m/z 127 and m/z 129
which are predominantly produced from gas phase reactions: red), monoterpenes (MT: green) and sesquiterpenes (SQT: blue).

difference between air entering and exiting the cuvette waglle panel compares the ozone uptake flux calculated in this
measured. The top panel shows net photosynthesis rategay (red) with a direct measurement of ozone uptake, deter-
(black), total conductance to water vapor (blue) and tempermined by an ozone difference measurement (blue) between
ature (red). Gray shaded areas indicate dark periods. Asair entering and exiting the cuvette. Also shown is the ozone
suming ozone and water vapor diffuse into the leaf along theconcentration entering the cuvette (black). Blank runs were
same diffusion path, leaf conductance to ozone can be estiised to characterize ozone destruction on wall surfaces of
mated by dividing conductance to water vapor by the ratiothe cuvette, which were found to be small due to the short
of their diffusivities in air (1.6). Assuming that ozone reacts residence time. In this experiment most of the ozone loss
immediately upon entering the leaf (i.e., ozone concentra-can be explained by ozone uptake through stomata. Photo-
tion within the leaf is zero) then the ozone flux into the leaf synthesis rates and stomatal conductance were not impacted
can be estimated as the product of leaf conductance to ozorggnificantly by this short term ozone exposures (€bn-
times the ozone concentration surrounding the leaf. The mideentration range: 0-150 ppb, accumulated ozone threshold

www.atmos-chem-phys.org/acp/5/3015/ Atmos. Chem. Phys., 5, 30832005
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Fig. 5. Temperature dependence of VOC emissions at 100 ppbrig. 6. VOC emission increase from baseline emissions as a func-

Ozone entering the leaf cuvette for VOCs shown in Flg 4. Cor- tion of ozone uptake measured attg80 CG wound a|dehydes are

responding fits are included in Table 4. plotted in blue circles and OXY VOCs (sum of all compounds in-
dicated by arrows in Fig. 3 with the exception of m/z 111, m/z 127
and m/z 129 which are predominantly produced from gas phase re-

above 40 ppbv (AOT 40): 15.6 ppb h); temperature impactedactions) are plotted in red square symbols. Corresponding fits are

photosynthesis rates and stomatal conductance to a mudRcluded in Table 4.

larger extent. Despite no clear physiological evidence of leaf

damage, VOC emissions related to ozone damage were al;

h . dominated, a linear increase would be expected. More mea-
ready triggered at these ozone concentrations. The lower

N . surements will be needed in the future to examine the effect
panel in Fig. 4 shows the concentrations of monoterpenes

. e : of long term @ exposure and variability on the production
and sesquiterpenes (corrected for lifetime, assuming mostl)éf these compounds

b-caryophellene) as well as the sum of @ound VOCs '
(m/z 143, m/z 101, m/z 99, m/z 83 and monoterpene cor-3
rected residual on m/z 81) and OXY VOCs (sum of all com-
pounds indicated by arrows in Fig. 3 with the exception of 5 5 1 Eddy covariance measurements
m/z 111, m/z 127 and m/z 129 which are predominantly pro-

duced from gas phase reactions). Figure 5 shows a plot oA more detailed analysis of VOC flux measurements will be
VOC emissions versus leaf temperature from the same eXpresented elsewhere (Baker et al., 2)0Results obtained
periment. In general, all VOC emissions follow an exponen-from eddy covariance measurements of methanol and ace-
tially increasing temperature trend under constant conditionggne agreed within the variability of the gradient measure-
(PAR=74G£18 and 100 ppb §), obeying the general expo- ments (Table 5) during the day and generally showed a di-
nential equation (y=fpxexp(ky (Tx—303)) where kgisthe  yrnal cycle. The emission of both compounds correlate with
measured emission rate at 303K andig leaf temperature |atent and sensible heat fluxes (Baker et al., 2DOEddy

(K). Results are summarized in Table 4. The exponentialcovariance data for acetaldehyde are more ambiguous due to
bo factor is similar for wound VOCs and oxygenated VOCs the complex exchange pattern of this compound and some
but is about a factor of two higher for mono- and sesquiter-instrumental problems associated with one PTR-MS instru-
penes. Assuming that very reactive terpenes (Holzinger efnent that was used for DEC measurements. The gradient
al., 2004) exhibit atemperature dependence similar to that Oaata (next Section) Suggest aceta|dehyde loss in the canopy

mono- and sesquiterpenes, this may indicate that the emissnd emission during certain transitional moring and evening
sion of many oxygenated VOCs might not be entirely linked hours.

to the emission of reactive terpenes, but could potentially be

generated by ozone reacting with leaf constituents. Figure 8.2.2 Gradient measurement

shows a plot of VOC emission rates vs. rates of ozone loss,

which in the present case was mostly the result of stomataFigure 7 depicts concentration profiles measured for
uptake. A fit to an equation (Table 4) similar to that used methanol, acetone, acetaldehyde, acetic acid, MVK+MAC
by Wildt et al. (2003) is used to relate the increase of VOCand m/z 73. Using the PTR-MS instrument, ions observed at
emissions to ozone uptake. At higher rates of ozone uptaken/z 73 have tentatively been assigned @@d G carbonyls

the VOC emissions saturate which suggests primary producsuch as methyl ethyl ketone and methyl-glyoxal (de Gouw et
tion of these compounds by the plant. If gas phase reactional., 2003b). Under conditions of low collisional energies and

.2 Canopy scale measurements

Atmos. Chem. Phys., 5, 3013631, 2005 www.atmos-chem-phys.org/acp/5/3015/
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Fig. 7. Concentration gradients measured within the Duke Forest stand for methanol, acetone, acetaldehyde, acetic acid, MVK+MAC and
C3+Cy4 carbonyls.

high humidity the third water cluster (g®)sH3z0™") could obtained from the gradient method compares well to fluxes
also interfere at m/z 73. Reference measurements througbalculated from the eddy covariance method (Baker et al.,
a conditioned catalytical converter however can be used t®005). Results from both flux measurement methods are
characterize this interference, since water is not removed byisted in Table 5.

the converter. Under the operating conditions used during

the CELTIC study most of the water cluster was fragmented3.2.3 Methanol and acetone (Fig. 5 panels a and b)

and we conclude that the abundance on m/z 73 was most _ . .

likely caused by carbonyls. From these concentration graPuring the day, methanol is predominantly emitted from
dients source and sink profiles are calculated according tdoPlolly pine and mostly deposited in the lower part of
Eq. (1) and expressed as an exchange velocity (ev), whicfi’® canopy and to the ground (Fig. 5, panels a and b).
we define as the flux (f divided by the mean concentration 1h€ mean dazytlrr;e flux inferred from the ILT technique
(C) in each layer (ev:=Fc/C). Figure 8 shows a plot of theseVas 144ngm<s- (rr21earl1 temperature: 273, mean ra-
profiles as a function of height for mean daytime (10 to 17 hydiation 146G:molm™“s™= PAR) . Within the variability
and nighttime conditions (22 to 5 h). Negative values indicatetn's agrgeslwnh results from. the EC measurements of
uptake and positive values indicate emission. The nighttimeé®® "gNT~s . Recent observations above a deciduous for-
inversion was assumed to lie between 12 and 15m (canop§St ' German% fomind similar methanol emissions on the or-
top). The reference height,£) for the inverse calculation der of 87 ngm=s™= (Spirig et al., 2005). At night there is
during night was averaged over this interval. Errors associSignificant methanol uptake, similar to what was observed
ated with these profiles were estimated to be on the order of?0V€ @ tropical ecosystem (Karl et al., 2004). The net ex-
+30%, based on a comparison of different inverse scheme§hange velocity (integral over the canopy height) was as high
(Karl et al., 2004). Fluxes as well as average exchange ve2S—0-96cm/s and wa§33% of that estimated for a tropical
locities are summarized in Table 5. We define an averagd@n forest 2.9cms™) in Costa Rica. The mean nllght—
exchange velocity as the mean and a net exchange veIoci)lS[lll'Ie exchange velocity (ev) (Table 5 wag0.30cms™).

as the integral over the whole canopy. The mean daytime flux "€ €xchange velocity in the lowest layer (soil) dluring the
ay, which includes the forest floor, wa€).14cms-. For

www.atmos-chem-phys.org/acp/5/3015/ Atmos. Chem. Phys., 5, 30832005
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Fig. 8. Inverse source/sink profiles for mean day (10:00 to 17:00) and nighttime (22:00 to 05:00) conditions calculated for methanol (MeOH),
acetongA, B), acetaldehyde (CECHO) , acetic acid (AAYC, D), MVK+MAC and C3/Cy4 carbonyls (m/z 73) (E, F). Left panels depict
the leaf area index (LAI) for sweetgum (SGjquidambar styracifluaand loblolly pine (LP) Pinus taedajnferred from Stroud et al. (2005).

comparison the aerodynamic limit for nighttime deposition these compounds implying additional loss processes such as
velocities was measured to be on the order of 1 to 2tins dry deposition. Understory species typically “see” less light
The upper limit of the dry deposition velocity for methanol and therefore transpiration rates and stomatal conductance
and acetone calculated according to Wesely (1989) would bavere likely lower in the field resulting in lower emissions.
on the order 0f~0.02cms?. Air chemistry models which  The fact that the canopy acted as sink could be explained by
rely on this parameterization might therefore underestimatea combination of small emission and dry deposition to the
the effect of deposition. The acetone emission profile indi-ground and other surfaces. It is interesting to note that the
cates that the loblolly pine stand was the main source, whictexchange rate of the more soluble/polar species methanol is
was verified by plant enclosure measurements. During thesignificantly below 0, while the acetone exchange is close to
night the exchange velocities suggest mostly deposition. Thé.

deposition is smaller than that of methanol, although still sig-  overall the magnitude of methanol (83—139 ngas 1)

nificant with a total net eXChange Ve|OCity ef0.46cm S_l and acetone emissions (31_103 n‘gzra_l) are Comparab|e

and a mean nighttime exchange velocity -00.11cms® 5 those found in similar ecosystems. Schade and Goldstein

comparable to our results above a tropical rain forest. (2001) for example reported typical daytime fluxes (T2@5
Methanol is lost and the exchange of acetone is closeof ~1.2ugm2s 1 and~97ngnt2s1 for methanol and

to zero in the lower canopy during daytime, in contrast to acetone above a ponderosa pifin(s ponderosaplan-

leaf level measurements which demonstrated that methandhtion. Assuming an LAl of 3-4Am~2 the acetone

and acetone can potentially be emitted from sweet@Liot flux from a Norway spruce Ricea abiey canopy pub-

uidambar styraciflua) This indicates that the lower part of lished by Cojocariu et al. (2004) would equate to 111—

the canopy acts as a sink for methanol rather than a source d39ngnt2s-1. Methanol and acetone fluxes (T=13

Atmos. Chem. Phys., 5, 3013631, 2005 www.atmos-chem-phys.org/acp/5/3015/
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Table 5. Summary of Gradient Observations: Flux ILT (flux calculated from Inverse Lagrangian Transport Model), Flux EC (flux calculated
from Eddy Covariance measurements), C mean uc (mean concentration above the canopy), C mean Ic (mean concentration below the canog
top), mean ev (average exchange velocity calculated from ILT flux), net ev (net exchange velocity calculated from ILT flux), ev layer 1

(exchange velocity for layer one: ground+@ m above ground) and ev max/min (maximum and minimum exchange velocity inferred from
Fig. 5).

MeOH Acetone CHCHO
Day
Flux ILT (ngm—2s~1) 139+44 3148 —28+8
Flux EC (ngm2s™1) 89428 103:56 -
C mean uc (ppb) 5.78 3.55 0.86
C mean Ic (ppb) 5.91 3.58 0.74
Mean ev (cms1) 0.26+0.56 0.0%-0.3 —0.46+1.68
Net ev (cm s 1.32+0.40 026+0.08 —2.3+0.7
ev layer 1 (soil) (cms?) —0.14 —0.05 0.12
ev max/min (cms?l) 1.0/-0.22 0.45(0.13 1.944-2.61
Night
C mean uc (ppb) 3.87 2.79 0.44
C mean Ic (ppb) 2.46 241 0.25
Mean ev (cm s1) —0.30+0.45 —0.11+0.15 —0.32+£0.48
Netev (cms?) —0.96+0.30  —0.46+0.12 —1.294+0.30

ev layer 1 (soil) (cms?) 0.06 0.05 —0.32

Ev max/min (cms1) 0.06~0.97 0.05£0.32 0.30£0.88
MVK+MAC  Cg3,4 carbonyls Acetic Acid+Glycolaldehyde
Day

Flux ILT (mgm—2h~1) —19+6 42411 —250+83

C mean uc (ppb) 2.20 1.08 3.53

C mean Ic (ppb) 2.11 1.10 3.12
Mean ev (cm s1) —0.065+0.15 026+0.63 —0.68+0.68
Net ev (cm §1) —0.33£0.10 1324+0.40 —3.14+0.90

ev layer 1 (soil) (cms?) —0.07 -0.33 —0.55

Ev max/min (cm/s) 0.15/0.27 1.34£0.33 0.224-1.56
Night
C mean uc (ppb) 1.28 0.70 1.68
C mean Ic (ppb) 0.63 0.50 0.86
Mean ev (cm §1) —0.59+0.98 —0.43+0.63 —0.33+0.49
Netev (cms1) —2.441.0 —1.72+0.55 —1.3+0.4

ev layer 1 (soil) (cms?) 0.2 —-0.25 —0.13
Ev max/min (cms?1) 0.2~2.0 0.2-1.3 0.09+1.0

above a subalpine ecosystem consisting mostly of lodgepolenean exchange velocity and the net exchange velocity during
pine (Pinus contortd were on the order of 278 ngTAs 1 the day were—0.46cms?! and —2.3cm s, respectively.
and 139ngm?s1 (Karl et al., 2002b). While previous canopy scale measurements at forested sites
(Schade and Goldstein, 2001; Karl et al., 2003, 2004) showed
3.2.4 Acetaldehyde, acetic acid, MVK+MAC and m/z 73 emissions during daytime, measurements at Duke Forest sug-
(Fig. 5 panels ¢, d, e and f) gest mostly uptake by the loblolly pine stand, similar to ob-
servations by Rottenberger et al. (2004). The highest up-
The daytime emission profile for acetaldehyde (Fig. 5, panekake rates correspond to the peak of the loblolly pine leaf
c) suggests mostly deposition to the canopy. The exchangarea index (Fig. 8, Table 5). This is in contrast to our
velocity at the highest level is positive and could indicate en-leaf level emission measurements which indicate compen-
hanced photochemical production in the surface layer. Thesation points (2-8 ppb) well above ambient concentrations
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(0.86 ppb) observed during the CELTIC experiment. Themulation technique (Andreae et al., 2002).
reason for this discrepancy is not entirely clear but could be Gradients of G+C4 carbonyls on m/z 73 are depicted in
due to the fact that potted plants grown in a greenhouse haveig. 5 (panels e and f), which show a source at the canopy top
altered their biochemical production pathways leading to anand in the middle of the canopy during daytime; the ground
increased emission of acetaldehyde (e.g. low light levels omcts as a sink. If the water cluster contributed a significant
anaerobic conditions due to a densely crowded root systerpart of the signal at m/z 73+, positive exchange velocities
in potted plants). Another possibility would be that processeswould be expected throughout the canopy and negative or
on the canopy scale (e.g. such as dry deposition) could havemaller exchange velocities would be expected at the canopy
increased the loss under field conditions. top due to a positive daytime latent heat flux. The overall
We have previously concluded that m/z 61 above forestedexchange pattern indicates both biogenic and possibly atmo-
sites corresponds mostly to acetic acid with minor contri- spheric sources for compounds exhibiting m/Z 73
butions from glycolaldehyde (Karl et al., 2004). Thus, we
argue that acetic acid (Fig. 5, panels e and f) is mostly de-
posited throughout the canopy during day and night similar4 Conclusion
to observations in other ecosystems (Kuhn et al., 2002; San-
hueza et al., 1989). We inferred mean and net exchange véAfe observed significant emissions of methanol and ace-
locities of —0.68cms?! and —3.14cm st during the day  tone from a loblolly pine(Pinus taeda) plantation with
and—0.33cm st and—1.3cm s ! during the night, respec- sweetgum(Liquidambar styracifluajunderstory during the
tively. The exchange velocities close to the ground wereCELTIC field experiment. Leaf level measurements sup-
small. Field measurements in the past indicated that acetiported these findings and were in reasonable agreement with
acid is mostly deposited to the vegetation (e.g. Kesselmeieganopy scale fluxes calculated from an Inverse Lagrangian
et al., 1998; Kuhn et al., 2002; Sanhueza et al., 1989; Staudtransport scheme. In summary our measurements support
et al., 2000; Karl et al., 2004). Daytime deposition val- similar findings for emissions of these compounds from pre-
ues during this study (net ev—3.14cms?) are higher vious studies above other ecosystems (Schade and Goldstein,
than recent results obtained above a tropical forest (net ev2001; Kesselmeier and Staudt, 1999; Cojocariu et al., 2004).
—1.9cms?) in Costa Rica, but are within the range ob-  The exchange of acetaldehyde exhibited a temperature de-
served above other ecosystems. Kuhn et al. (2002) calcupendent compensation point. Leaf level measurements of ac-
lated deposition velocity on the order of 0.18 to 0.22 cths  etaldehyde showed compensation point&.@ ppb) compa-
but indicated that these might be a lower limit. Com- rable to a recent study with spruffeicea abiesheedles (Co-
pared to measurements above a rainforest (mean daytimecariu et al., 2004). Older needles had lower compensation
concentration+1 ppb) (Karl et al., 2004), the South Eastern points than younger needles, which has also been observed
US is more polluted with a mean acetic acid concentrationfor tropical trees (Rottenberger et al., 2005). Canopy scale
on the order of~3.5 ppb. High deposition could be caused gradient measurements on the other hand showed mostly up-
by a compensation point driven uptake, which would be ex-take suggesting much lower compensation poirt3.9 ppb).
pected to be higher under more polluted conditions. On the_.ower compensation points in the canopy were also found by
other hand nighttime uptake is also significant, suggestingRottenberger et al. (2004) under clean and polluted air con-
that other processes leading to the loss of acetic acid mighditions during the wet season in the Amazon. Two reasons
be important. could explain this discrepancy: (1) plants grown under lab-
For these compounds the dry deposition velocities calcu-oratory conditions have altered their biochemical pathways
lated according to Wesely (1989) would be lower in the rangecompared to those grown under field conditions, or (2) dry
of 0.27 (acetaldehyde) to 0.65 (acetic acid) crhduringthe  deposition to surfaces plays an important role under field
day and 0.02 (acetaldehyde) to 0.13 (acetic acid)chusir- conditions. Observations by Cojocariu et al. (2004) indicated
ing the night. that leaf level measurements under field and laboratory con-
The 1st generation oxidation products (methyl vinyl ditions showed similar compensation points for spruce trees
ketone (MVK)+methacrolein (MAC)) of isoprene chem- and would argue for the latter. Combined canopy and branch
istry are mostly deposited during both the day (net ev:scale experiments under field conditions will be needed to
—0.33cms?t) and night (net evi-2.4cmst). A slightly resolve the discrepancy observed during the CELTIC exper-
positive exchange velocity (Fig. 5, panel e) at the top of theiment. These observations suggest that inappropriate com-
canopy could be caused by higher photochemical productiogparison of biogenic OVOC emissions by Singh et al. (2004)
above the canopy during the day, similar to acetaldehydecould explain part of the variability seen by these authors.
While daytime deposition of MVK+MAC £0.33cm 1) is Significant uptake of MVK+MAC and acetic acid dur-
significant and comparable to measurements obtained aboviag daytime indicates that photochemical production domi-
a tropical rain forest in Costa Rica (net ev0.4cms?), it nates. All oxygenated compounds exhibited a strong noc-
is roughly a factor of ten lower than values reported above aurnal loss, and the deposition velocities were much greater
tropical rain forest in Amania using the relaxed eddy accu- than assumed from traditional deposition schemes. Together

Atmos. Chem. Phys., 5, 3013631, 2005 www.atmos-chem-phys.org/acp/5/3015/



T. Karl et al.: Exchange of oxygenated VOCs in the atmosphere 3029

with findings from previous studies this argues that our un- experiments, J. Geophys. Res., 107 (Part 20 Part 20), LBA 33,
derstanding of deposition is still limited and that the loss d0i:10.1029/2001JD000524, 2002.
of oxygenated compounds is larger than assumed in curreraldocchi, D.: Flux footprints within and over forest canopies,
models. Boundary-Layer Meteorology, 85(2), 273—-292, 1997.

The addition of ozone triggered the release of compound<alogirou, A., Larsen, B., and Kotzias, D.: Gas-phase terpene ox-
commonly attributed to the oxidation of fatty acids. In addi- 'f;ég)n products: a review, Atmos. Environ., 33, 1423-1439,
tion ions exhibited m/z ratios that would correspond to oxy- ;

d identified f IVsi . Cojocariu, C., Escher, P., Haberle, K. H., Matyssek, R., Rennen-
genated VOCs identified from ozonolysis at vegetation sur- berg, H., and Kreuzwieser, J.: The effect of ozone on the emis-

faces such as acetone, 6-methyl-5-hepten-2-one and geranyl son, of carbonyls from leaves of adult Fagus sylvatica, Plant Cell

acetone (Fruekilde et al., 1998). Wildt et al. (2003) reported  and Environment, 28(5), 603-611, 2005.

the presence of £C1o aldehydes after ozone fumigation; Cojocariu, C., Kreuzwieser, J., and Rennenberg, H.: Correlation
our measurements show mass spectral evidence of the pres-of short-chained carbonyls emitted from Picea abies with phys-
ence of aldehydes over the entirg-C;3 range. iological and environmental parameters, New Phytologist, 162,

lons corresponding to the oxygenated VOC categories 717-727,2004.

(OX1-OX12) reported by Holzinger et al. (2004) were also d& Gouw, J., Wameke, C., Karl, T, Eerdekens, G., van der Veen,
detected and to some extent overlapped with compounds as- C.,and Fa_II, R.: Sensitivity and speC|f_|C|ty of atmospheric trace

sociated with ozonolysis of plant tissue. Addition of ozone ?as dt‘_etecﬁ'%” by p[Ot?T\AtranS;er'r?aCt'o? mz;szsssfegtro;gtrgélzn-
before and after of the plant cuvette suggested that a substan- ernational Journal of Mass spectrometry, (1-3), R

. ) g 2003a.
tial amount of the OX1-OX12 species originated from the re- 4o couw J. A Goldan. P. D.. Warneke. C.. Kuster. W. C.. Roberts

action of ozone inside the plant and on plant surfaces (€.9. by 3 M., mMarchewka, M., Bertman, S. B., Pszenny, A. A. P., and
cleavage of fatty acids) rather than formation in the air af-  keene, W. C.: Validation of proton transfer reaction-mass spec-
ter the release of reactive terpenes (e.g. beta caryophellene). trometry (PTR-MS) measurements of gas-phase organic com-
Our observations also indicate that certain ions (e.g. m/z 111, pounds in the atmosphere during the New England Air Quality
127, 129 and 145) are produced predominantly from the gas Study (NEAQS) in 2002, J. Geophys. Res., 108(D21), 2003b.
phase oxidation of reactive terpenes (e.g. sesquiterpenes) &8ll. R.: Biogenic emissions of volatile organic compounds from
hypothesized by Holzinger et al. (2004). These oxygenated higher plants, i_n: Reactive hydrqcarbons in the atmosphere,
species likely have multiple sources in a canopy (ozone-plant €dited by: Hewitt, C. N., Academic Press, New York, 41-96,
induced production and atmospheric reactions), which nee(}aﬁggg'

to be taken into account when calculating potential yields of perspective, Chemical Reviews, 103, 4941-4951, 2003,

very rqactlve compounds. The hypothes!zed large emISS|or,}a”, R. and Benson, A.: Leaf methanol — the simplest natural prod-
potential of very reactive terpenes (Holzinger et al., 2004) ¢t from plants, Trends Plant Sci., 1, 296-301, 1996.

might therefore be an upper limit. While the presence offrall, R, Karl, T., Hansel, A., Jordan, A., and Lindinger, W.: Volatile
very reactive terpenes (Went, 1960) has long been recog- organic compounds emitted after leaf wounding: On-line analy-
nized the quantification remains a challenge. The ozone in- sis by proton-transfer-reaction mass spectrometry, J. Geophys.
duced production of biogenic oxygenated compounds might Res., 104(D13), 15963-15974, 1999.

increase due to the expected higher ozone levels in the futurgarquhar, G. D., Caemmerer, S. V., and Berry, J. A A

organic aerosol formation. Leaves of C-3 Species, Planta, 149(1), 78-90, 1980.
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