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Abstract. We report the first observations of formalde- 1 Introduction
hyde (HCHO) flux measured via eddy covariance, as well

as H_CHO poncentrations and gradients, as observed by th?he oxidation of volatile organic compounds (VOCs)
Madison Fiber Laser-Induced Fluorescence Instrument durin the atmosphere occurs via the KO, cycle, a

ing the BEACHON-ROCS 2010 campaign in a rural, Pon- hotochemically-driven catalytic cycling of hydrogen oxide
derosa Pine forest northwest of Colorado Springs, CO'Ame'E)OHJrHOZ) angnitrogen oxigj/e (N>(/§,t N(g)g) raéllicalz This
i 2 =1 (- —1 '
dian ngon up\(/jvariglux of80 g m 2 37( tziggﬁgmsrl) process produces tropospheric ozone and oxidized VOCs,
\évﬁilgsjrirvsxp\grlim:ngso?/\?e::nggrg)rme doto determiné th E‘;he latter of which may condense to form secondary organic
1 : 511 erosol (SOA) Zhang et al. 2007 Jimenez et a).2009.
';.CH,[O brgngh (3'5,[ Hg mth] ) and soil ,(0\7'3 HY Z‘. h ). ITo accurately model both tropospheric ozone and SOA, the
rec erl;nssmndra} es |r(1j ¢ ed Cfmopy. h zero- Lmens'o?agrocesses involved in VOC oxidation must be characterized.
canopy box mode’, USed 1o determine the apportionment O, of e difficulty in understanding this cycle lies in the

g.CtH((j)tﬁourge and ds:_'? (léljoonar |bugonsfto tthe ?%X g.ndelrar%detection and quantification of all relevant species of VOCs,
icted the observe uxby a factor ot 6. simulate particularly in forest environments. Multiple studies have re-

Inecrzzzsrissljlr':egoi':lcegct)rfgorneser%fei?xiﬁsmsér;slll?rreze?tzncvtﬁirl- orted a significant discrepancy between measured and mod-
P : poorag gy ’ led OH concentrations and reactivities, suggesting errors in
simulated increases in direct HCHO emissions and/or con-

. ) . our understanding of the emissions or processing of VOCs
centrations of species similar to 2-methyl-3-buten-2-ol best g P g

) ) (Tan et al, 2002, Di Carlo et al, 2004 Hofzumahaus et al.
improved model/measurement agreement. Given the typ|-2009 Lelieveld et al, 2008 Sinha et al.201Q Whalley et al
cal diurnal variability of these BVOC emissions and direct i ’

- . .~ 2011). This discrepancy may be related to the fast in-cano
HCHO emissions, this suggests that the source of the missin ). This discrepancy may ' py

. . I5SING,idation of unmeasured biogenic VOCs (BVOCs), specifi-
flux is a process with both a strong temperature and radlatlo%al|y terpenesi Carlo et al, 2004 Goldstein et a).2004
dependence. ' ’

Holzinger et al.2005. To confirm this, a method of deter-
mining the overall VOC oxidation rate is needed.

Formaldehyde (HCHO) is both a significant participant in

Correspondence td=. N. Keutsch the cycling of HQ and a major byproduct of the HENOy
BY

(keutsch@chem.wisc.edu) cycle (Fried et al, 1997 Lee et al, 1998 Tan et al, 2001).
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As aresult, HCHO is an excellent tracer for overall VOC ox- (Kim etal, 2010. Itis located in a Central Rocky Mountains
idation. Quantification of HCHO production in forest envi- Ponderosa Pine (PPine) forest (canopy heighli8.5 m; leaf
ronments could provide a valuable constraint for the overallarea index (LAI) =1.9) with minimal undergrowth, predom-
rate of VOC oxidation in this environment. There have beeninately clean air masses transported from the southwest, and
many reports of forest HCHO mixing ratioM(inger et al. rare anthropogenic incursions.
1995 Slemr et al. 1996 Lee et al, 1998 Sumner et aJ.
2001, Galloway et al., 2011), but a qualitative and quanti- 2.2 Fiber Laser-Induced Fluorescence (FILIF)
tative understanding of in-canopy HCHO production is still of HCHO
incomplete. One recent studglfoi et al, 2010 reported a
missing boundary layer HCHO production rate of as much asThis technigue is similar to that reported biottle et al.
1.6 pply h~1, nearly double the calculated chemical produc- (2009, the primary difference being the laser, and will only
tion rate. be described briefly here. The 353nm tunable, pulsed,
Measurements of HCHO vertical fluxes above and gradi-and narrow-bandwidth fiber laser (NovaWave Technologies,
ents throughout a forest canopy may yield valuable insightTFL Series) represents a significant improvement over pre-
into production and loss of HCHO inside the canopy. Gradi-Vious field laser technology, as fiber lasers are inherently
ent measurements can give more detailed information aboutghter, smaller, and more stable than traditional lasers. The
the sources and sinks in the canopy, while vertical flux mea-~10 mW laser was directed into a 32-pass White-type multi-
surements are less influenced by advection, as the area safass cell, and the resulting HCHO fluorescence from 390 to
pled by the flux is typically the area less than a kilometer 500 nm was filtered using a 390 nm longpass filter then fo-
upwind. HCHO fluxes have previously been estimated basegused into a photomultiplier tube for detection. Laser power
on ﬂux-gradient calculations over p0|ar |Cepaﬂk((ob| etal. was monitored both before and after the multipass cell using
2002 Hutterli et al, 2004, but there has been little work Photodiodes, and a fraction-( mW) of the outgoing beam
examining HCHO distribution in forest canopies and no re-was directed into a cell filled with concentrated gas-phase
ported measurements of HCHO flux by eddy covarianceHCHO for wavelength reference. The separation between the
(EC). Of the many reported techniques to measure HCHOMultipass cell mirrors was-25cm. However, only~6cm
(Table S1Weibring et al, 2007 Wisthaler et al.2008 Hot-  of each pass was through the 6 &b cm area (cell depth:
tle et al, 2009 McManus et al.2010, none have reported ~6 ¢cm) through which the ambient air was flowed perpendic-
the capability of performing the fast sampling needed for ECular to the narrow plane of the laser. The residence time of air
measurements with both the sensitivity needed to quantifyin the cell was<25ms in the beam volume-(L cm thick) at
small perturbations in HCHO concentration and the selectivthe~12 standard liters per minute (SLM) sampling flow rate.
ity inherent to spectroscopic techniques. Remaining volumes of the cell were purged using a zero air
In this work, we present HCHO gradients and EC flux ob- generator (AADCO 737-series) with a total purge flow of 500
servations using Fiber Laser-Induced Fluorescence (FILIF)Standard cubic centimeters per minute (SCCM) regulated by
which has the high sensitivity and high time resolution & mass flow controller (MKS Instruments, M100B).
needed for EC measurements. Additionally, we discuss Measurements were performed by dithering the laser on
branch and soil enclosure experiments performed to deterand off a rovibronic absorption line at 353.37 nm. The dif-
mine HCHO emission rates. To model HCHO flux, we ference in fluorescence signal when the laser was centered
present a zero-dimensional box model used to apportio®n these two positions was proportional to the HCHO con-
HCHO production and loss inside the canopy. Finally, we centration. Instrument calibrations were performed weekly
discuss sensitivity studies with respect to both BVOC and di-using @ HCHO permeation tube (VICI Metronics, 100-
rect HCHO emission using the box model to ascertain theif044-2300-U45) heated to 85 °C using a portable calibration

effect on measurement/model agreement_ gas genel’ator (V|C| Metronics, Model 120) The OUtpUt
of the permeation tube device as characterized by Fourier

Transform Infrared (FTIR) spectroscopy was found to be

2 Experimental 438+7 ngmirr?; details on this calibration can be found in
the Supplement. The calibration factor varied by less than
2.1 Field campaign 2.5% over the course of the campaign. FieddlBnits of de-

tection were typically on the order 6f300 pp{ in 1 s, with
All observations reported here were taken during the Bio-measurement accuraciese20 % limited by that of the per-
hydro-atmosphere interactions of Energy, Aerosols, Car-imeation tube calibration.
bon, HO, Organics & Nitrogen — Rocky Mountain Organic  Inlets for HCHO sampling with lengths of 30 to 45 m were
Carbon Study (BEACHON-ROCS) field campaign during located at heights of 25.1m, 17.7m, 8.5m, and 1.6 m. Inlets
1-31 August 2010 at Manitou Experimental Forest (MEF, consisted of~30 m 3/& ID PFA Teflon tubing, short lengths
39°0602" N, 105°0605” W, 2286 m), northwest of Colorado  of which have been found to have a negligible effect on sam-
Springs, CO. The site has been described in detail elsewhengling (Wert et al, 2009. To test for possible artifacts, both
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a 15m and a 30m inlet were collocated outside the instru- Downwelling NG photolysis (no,) was measured from
ment trailer; resulting measurements agreed within 1.5%the top of the 30m chemistry tower with commercially-
Typically, ambient flow while sampling through an inlet was available filter radiometers (Meteorologie Consult GmbH)
~12 SLM. Inlets were continuously purged with ambient air as described byunkermann et a({1989 andVolz-Thomas
at~3 SLM when not in use. An additional scroll pump (Gast et al. (1996. The filtered measurement was converted to a
Manufacturing) with an average flow 6f80 SLM was used photolysis rate by comparison with spectrally-resolved ac-
to increase the flow rate of the 25.1 m inlet used for EC sam+inic flux measurements. Totdlyo, was estimated by mea-
pling to reduce residence time and prevent laminar flow insurement of the ratio of upwelling to downwellingg), as
the inlet. The 25.1m inlet was placed0.1 m below and measured from the tower on 10 August 2010.

~0.5m upwind in the primary wind direction of the center  OH reactivity was measured using a laser-induced pump
of the sonic anemometer (see Sexs). and probe techniqueSadanaga et al2004 at ~20 m from
Measurements were performed in an hourly cycle for 11-the tower and a height of4m with a 2min sampling
22 August. During this period, HCHO was measured fromrate. Peroxyacetyl nitrate (PAN) was measured via Thermal
the 25.1 m inlet for the first 35 min with online and offline Decomposition-Chemical lonization Mass Spectrometry, as
sampling times of 10 s and 1 s respectively at 10 Hz (for EC),described by heng et al(2011). Ozone concentrations were
following which was a 1.5 min diagnostic period. Then, each measured using a Model 205 Dual Beam Ozone Monitor (2B
of the other three inlets was sampled sequentially with on-Technologies, Inc.). NO concentrations were measured us-
line and offline sampling times of 20 s and 10 s respectivelying an Ecophysics CLD-88Y analyzer. N@oncentrations
for 7 min, following each of which was a 1.5 min diagnostic were measured using a Droplet Measurement Technologies
period. During 23-30 August, only EC measurements wereBlue Light Converter. A LI-COR LI-7000 measured O
performed with 35 min collection periods and 1.5 min diag- and HO concentrations at 25.1 m. LI-COR LI-190 quantum
nostic periods. For this period, as eddies with timescales orsensors measured photosynthetically active radiation (PAR)
the order of 10's contributed significantly to HCHO flux (see at 27.8 m and 1.8 m. Vaisala HMP35C probes measured tem-
Sect.2.4.2, online and offline sampling times were changed perature and relative humidity at 25.3m and 7.0 m. A Vaisala
to 290s and 5s, respectively. This change in sampling wa®TB101B barometer measured barometric pressure. A sonic
to test for potential EC spectral interference, which was notanemometer (Campbell Scientific, CSAT-3) at 25.1 m mea-
observed. sured the three-dimensional wind vector, as well as virtual
temperature, at 10 Hz.

2.3 Other measurements
2.4 Eddy Covariance measurements

Unless otherwise noted, all other measurements used a valve
switching system which changed sampling lines every 5 minEddy covariance (EC) is a widely-used micrometeorologi-
and cycled through six 1740D Teflon inlets mounted at cal technique for direct measurement of surface-atmosphere
25.1m, 17.7m, 12.0m, 8.5m, 5.0 m, and 1.6 m over a 30 mirexchange and will be discussed here briefly; further informa-
period. Flow rates 0f-3.5 SLM through the sampling lines tion is available elsewher@@ldocchi et al.1988 Lee et al,
resulted in delay times between 8 to 12's, measured by spik2004. EC uses the covariance between vertical fluctuations
ing a VOC pulse at each sampling inlet. in wind speed, caused by atmospheric eddies, and fast vari-
A Proton-Transfer-Reaction Mass Spectrometer (pTR_ations in tracer concentration to extract the mass transport
MS, lonicon Analytik GmbH) was used for gradient mea- through the plane.of measurement. Quanutauvgly, the.turbu—
surements of selected VOCs. The instrument is based ot flux of a species at a single height, assuming horizontal
soft chemical ionization using protonated water iong@4) ~ and vertical advection is negligible, is defined as:
(Hansel et a.1998 Lindinger et al, 1998, and was oper-

ated at 2.3 mbar drift pressure and 540V drift voltage andFgc = w’-¢/ = w-¢c — w-¢ Q)
calibrated using two multi-component ppiOC standards
(Karl et al, 2009. whereuw is the vertical wind speed,is the tracer concentra-

OH, HO,, and RQ were measured using chemical ion- tion, andx’ is the instantaneous deviation ofrom the en-
ization mass spectrometry (CIMS) as describedTepner  semble mean value (i.e! = x — x). For this study, a sonic
et al. (1997 and Hornbrook et al.(2011). The CIMS ac- anemometer measured vertical wind speed, while the HCHO
quired measurements atl0 m from the tower at a height FILIF instrument measured tracer concentration. As eddies
of 2.7 m with the inlet facing perpendicular to the primary occur on a wide range of timescales, the averaging time to
wind direction. During periods with OH concentrations be- calculate the ensemble mean and fluctuating quantities can
low the detection limit (5¢ 10° molec cnt3), OH concen-  vary depending on measurement hei@erger et al.2001).
tration was assumed to be equal to half the detection limitFor this study, a sampling period 6832 min was chosen, the
(2.5x 10° molec cn13). validity of which will be discussed in Sect. 2.4.2.
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2.4.1 Data reduction 0.018 0.25

0.016F
Three-dimensional 10Hz wind speeds from the sonic g4l
anemometer were rotated using the natural wind coordinate?,

* WHCHO'
o WT) 1{0.2

(Lee et al, 2004 for each 35 min flux period. Sampling pe- &, 001
riods with a friction velocity ¢.) less than 0.2m< were & %07
neglected as rotation has been shown to result in poor date2 0%
quality at low wind speedsLée et al, 2004. Vertical ro- £ 0006

tation angles (e.qg. tilt angles) were typically2+4°. Ad- * o004t
ditionally, a delay exists between HCHO concentration and  gs!.
wind speed due to the residence time of the HCHO sample .
in the inlet tubing. A correction was determined empirically 3
by calculatingw’HCHO' at different time delays, or lags, to
find the maximum in covariance, as shown in Figwhich Fig. 1. Lag time vs. correlation plot for vertical wind spead)with
should be roughly equal to the residence time in the inletboth HCHO and virtual temperatur&y). Data shown is an average
tubing (Lee et al, 2004. In this study, an additional vari- of all half-hour flux intervals from 06:00 to 18:00 on 30 August.

able lag was present as the computers recording the sonic

anemometer and HCHO data were not synchronized. This

resulted in a lag time that varied considerably over the camfor a given time period is typically positive (upward flux),
paign. Therefore, it was necessary to divide the dataset into #here are frequencies corresponding to different sized eddies
sections with different linear trends, depending on computeihich can result in negative covariance (downward flux).
resynchronization time. A sampling period was consideredT he frequencies of these eddies are highly variable between
to have a “good” lag when the covariance was greater tharflifferent sampling periods, which makes it difficult to deter-
20ug 2 h~! and theu, was greater than 0.3nT% and ~ Mine a cause. However, this variability also suggests that
these points were used to calculate the linear trends. Alfhese negative covariance events are not likely an artifact of
sampling periods were then assumed to have a lag accordinggta collection, as this would likely result in consistent neg-
to these trends. Lag times over the course of the campaig#tive fluxes at a given frequency over multiple periods. As
ranged from—9.4 to 1.1s. Finally, the EC data was tested the field mission averaged cospectrum (Fig. S1) closely re-
for stationarity Foken and Wichural996 by dividing each ~ sembles that of the virtual temperature flux, the negative co-
30 min sampling period inte-5 min periods. The average of Vvariance events are believed to have been due to atmospheric
the 5min flux measurements for each sampling period wagariability. These negative values may also be responsible
compared to the 30 min flux measurement for that periodfor the faster drop-off of the normalized cospectrum relative
The period was considered stationary if the fluxes agreedo that for the temperature flux (Figa).

within 30 % (Foken and Wichural996. Non-stationary pe- Spectral attenuation may be observed either when a sam-
riods were rejected as invalid and not included in the anal-pling period is too short to sample low-frequency eddies, or
ysis, which resulted in the removal of 48 % of daytime and when the sample rate is too slow to sample high-frequency

60 % of nighttime data. eddies. The frequency-weighted cospectrum (Rg)
peaked at the frequencies contributing most to total flux. For
2.4.2 Spectral analysis the HCHO cospectrum, three peaks were observed, corre-

sponding to characteristic eddy timescales-6f5, 2.5, and
To determine the validity of the remaining flux data, the 8 min. The 0.5min peak corresponds to the peak in the
cospectra of the HCHO fluxes, which may be thought oftemperature flux cospectrum as well as in the momentum
as the frequency-dependent covariance between the specidhjx cospectrum, which likely indicates that this is the in-
were investigated in further detail. As the cospectrum overtegral time scale for turbulent transport. The 2.5 min peak is
a single period was typically quite variable, cospectra weresimilar in timing to one observed in PAN cospectra during
averaged over multiple periods. Figiteshows the average other forest campaign3rnipseed et al2006 Wolfe et al,
cospectrum for HCHO and virtual temperature fluxes over2009, which was on the same timescale of observed canopy
daily periods during the campaign. The linear regions of eactsweep eventsHolzinger et al. 2005. The 8 min peak can
cospectrum indicative of the inertial sublaygr£~0.04 Hz) likely be attributed to a similar phenomenon. At frequen-
exhibited a lower slope than the expected value determinedies greater than 0.04 Hz, the cospectrum appears to decrease
from a —7/3 power law [ee et al, 2004. A similar ef- more quickly than the temperature flux cospectrum. The
fect was observed at Blodgett ForeBafmer et al.2006 cause of this is not understood, but similar high frequency
Wolfe et al, 2009 and attributed to wake-generated turbu- loss has been observed in PAN cospectiaifipseed et al.
lence present in forest canopi¢é&@{mal and Finniganl994. 2006. If this loss is a result of spectral attenuation, it im-
Figure2 also demonstrates that while the overall covarianceplies that fluxes are typically underestimated. By comparing
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3 Data and observations

T TS 3.1 Gradient and flux profile

—o—wHCHO' () R
Daily HCHO fluxes typically showed a symmetric diurnal
efflux centered at noon. The median diurnal profile of
HCHO flux is shown in Fig4a, while the full flux time
series is shown in Fig. S2 (note that positive values de-
note an upward flux while negative values denote a down-
ward flux). Median noontime fluxes were80 pg nt2 h—1
(~24 ppt, m s~1) with maxima as high as'170 ug m2 h~1
(~50ppty ms1). For comparison, 2-methyl-3-buten-2-ol
(MBO) fluxes have been observed in PPine forests on the
order of 8 to 9mg m?2 h~1 (Baker et al, 1999 Schade et a|.
2000. HCHO fluxes were also observed to have a signif-
icant dependence on both temperature and PAR (Fig. S3).
Measured HCHO fluxes correspond to a median noontime
net HCHO production rate o£3.2 pply h~! below the mea-
: surement height of 25.1 m. However, the net HCHO produc-

tion rate into the boundary layer from these fluxes, assuming

a boundary layer height 6#1 km, is only~0.079 ppk h~1.

Fig. 2. Average cospectra of HCHO and virtual temperature with This is small Compamd tothe 2to 3 p’m’_l total bound-
vertical wind speed during half-hour periods from 10:00 to 14:00 &Y layer production rates reported by the literatiBerner
on 13 August (Day 225), 15 August (Day 227), and 30 August (Day €t al, 2001, Choi et al, 2010, implying that HCHO fluxes
242). Cospectra were binned into 50 bins spaced equally in logahave only a small effect on boundary layer concentrations.
rithmic frequency space, and each bin was averaged. The positive Figure4b shows the median diurnal HCHO concentrations
w’HCHO' points (closed circles) designate a positive covariance,for each measurement height. Nighttime hours show lower
whereas negative’HCHO' points (open circles) designate nega- concentrations near ground level, suggesting dominance of
tive covariance. in-canopy sinks such as deposition. The peak in concen-
tration around 08:00 corresponds to increased wind speed

the difference between the integrated areas of the virtual tem@",1d emissipn of precursors, followed by a sharp cha}nge'in
perature and HCHO weighted cospectra, this underestimat®ind direction. For most of the day, a negative gradient is
would be on the order of12 %. which was included in the present, with higher concentrations near the ground. Day-
error analysis as a systematic low bias. time HCHO concentrations at the ground level (1.6 m) in-
The cospectral cumulative distribution function, or ogive '€t Were typically 15 to 20% higher than concentrations in
(Fig. 3b), is the cumulative contribution to the flux as a or above canopy. Qualitative testing of campalgn-relatgd
function of frequency. The HCHO ogive is significantly ground equr_n_ent (e.g. t_arps) at the end of the campaign
shifted towards lower frequencies compared to the temperSU99ests negligible emissions from these materials, and there
ature ogive indicating greater contribution to the flux by Was little ground level vegetation near the site. This im-
lower frequency eddies than for temperature. The lack 01:pl|es a significant direct and/or photochemical ground litter
an asymptote toward the low frequency end of the ogive im-S°Urce of HCHO or a significant difference in deposition loss
plies that the sampling period may not have been sufficienP€Ween inside and below the canopy, with the former sup-
to capture all of the low frequency eddies. However, analy_ported by semi-quantitative testing of the ground litter at the
sis during the last half of the campaign with longer sampling end of the campaign (Sect. 3.2). Canopy level enhancement

periods resulted in no significant gain in covariance with pe-mc HCHO concgntration was z_:tlso ObSQFV‘?d ".‘ the Ieafy part
riods greater than 30 min. of the canopy, likely due to either fast oxidation of emitted

Other potential errors in the flux measurements are disBVOCs or direct emission from the canopy.

cussed in the Supplement (see Sect. S2). By summing the The median diurnal profiles of the flux and concentration
systematic errors (response, sensor, dampening, attenuatioffj€asurements do not appear to exhibit the same diurnal vari-
then propagating with this the indeterminate errors (instru-2tion. During periods of changing wind speed and direction
ment noise, lag time, calibration), we calculated the total er-0ccurring during early morning and mid-evening, the con-

ror in the HCHO flux to be typically~38 %. centration profile changes significantly while the flux pro-
file does not. While these changes in airmass seem to affect

HCHO concentration, they have little effect on the flux, im-
plying advection is a negligible contributor to HCHO flux.

Co(w'HCHO")
Day 227

Day 242

6

0.001 0.01 0.1 1
Frequency (Hz)

10
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This is supported by no significant correlation between trac- ' ' ‘ ' @)
ers of advection, such as $GCOy, or H,O, and HCHO flux. < 0.3h WA —WwHCHO'
Nighttime deposition gradients are not reflected as negative £ N ce WS

fluxes, as nighttime flux observations, even those with sig- > 0.2}
nificant turbulenceu(, > 0.2 ms™1), are near zero. This is 5
likely an effect of the low wind speeds in the stable night- £ 017 ="
time boundary layer, leading to less turbulence on which the | s
EC technique is dependent. In short, most of the expectedg & ' ‘ '
drivers for HCHO fluxes (photochemistry, emissions, stom-
atal uptake and turbulence), though not those for HCHO con-
centrations, are linked to the solar cycle. However, we saw
no evidence at this site of HCHO morning entrainment from .
overnight oxidative production of HCHO above the canopy,
as predicted bgsanzeveld et a[2008), in either the gradient

)

Ogive

=

o
&)

Normalized Integra
Cospectrum

1 1 L |

or flux measurements. 10° 1072 10" 10°
Frequency (Hz)

3.2 Emission studies
Fig. 3. (a) Averaged, frequency-weighted, covariance-normalized
HCHO emission rates from canopy surfaces were measurecospectra for half-hour periods from 10:00 to 14:00 over entire
via branch and soil/litter enclosure experiments. Branch enmeasurement period. Cospectra were binned into 200 bins spaced
closures were performed using-d0 L Teflon chamber on a equally in logarithmic frequency space, and each bin was averaged.
branch located 2 m above the ground. Ultra-zero air enrichedP) Averaged ogives for half-hour periods from 10:00 to 14:00 over
with CO, to a final concentration of-410ppny (Scott-  entire measurement period.
Marin) was flowed through the chamber-a6 SLM and was
sampled using a 1/8” ID PTFE tube. While dry, this air was 150l @
humidified by tree emission to a typical relative humidity of x ~
20-45 %, comparable to the ambient humidity. Chamber con-Z 100y % ! % |
centration was monitored for4 h. Blank experiments ofthe & £ 0f ; % i
chamber without the branch were performed before and after™ = of | ? s % i 4 % %
branch sampling. Average HCHO concentration attributed ‘

=
S

ey

ng m<hr
N
o
(,s wydd)
xhi4 OHOH

-
———
o
©m-
i
o

to branch emission was 5&@®20 pp{, with an average ambi- ~ 20 MR ®)

ent temperature of 22+ 1.0 °C. Total dry needle mass was § g 7 o i“':. !i.'. [ezim
measured to be-14.37 g, yielding an average emission rate 20 , 5, "*.“:»»,2 o3® - Y m
of 15.4+-6.9 ng(g dw)~* h~1 (dw=dry weight). Thisis sig- @9 uf’lagg,!, J o e safl e tom
nificantly lower than the 500 ngy dw)~* h~1 reported by T i _ _ ,
Villanueva-Fierro et al(2004 for PPine but is within the 00:00 04:00 0800 12:00 16:00 20:00 00:00

.. . . . Ti h
range of emissions reported for other conifers includdig ime (hours)

nus_ pinea(Kesselmeier et 11997 a_ndP'C?a abiegCojo- Fig. 4. (a) Hourly box-and-whisker plots of HCHO flux over en-
cariu et al, 2004 (see Sect. 5.2 for discussion). As MEF had {jre measurement period. Black and white targets denote the hourly
ameasured specific leaf mass of #200(g dw) m~2 and an medians, thick black lines denote the interquartile range, and thin
LAl of 1.9 m? m~2, our measurement results in an averageblack lines denote the full rangeb) Diurnal medians of HCHO
canopy emission rate of 3t8.6 ug nm2 h—1, vertical concentration profiles from 12—-22 August.

Soil/litter enclosure experiments were performed using a
~22 | steel chamber, sampling at a flow rate~a?.5 SLM
using a 1/8 ID PTFE tube. Blank experiments were per- ent blanking method. The average HCHO concentration at-
formed by holding the chamber in the air to measure ambi-tributed to litter & soil and bare soil were900 pp{ and
ent HCHO levels, then holding the chamber firmly onto ar- ~800 pp{, respectively with an average ambient tempera-
eas of ground with either undisturbed litter or soil with the ture of 24.6:0.2 °C. Based on the ground area covered by
surface area of litter swept away and held until the HCHOthe chamber 4800 cnf), the result is an average ground
concentration equilibrated. One experiment each was peremission rate of 7:81.5pugnt2h~1. One known inter-
formed using seemingly representative areas of ground litteference of the HCHO instrument with these measurements
and ground soil. A blank experiment was also performedis due to the significance of detection axis contamination
by placing a clean Teflon sheet on the ground and pressingt low flows (8 SLM) and changing humidity conditions
the chamber into the sheet as it was pressed into the soilnside the chamber due to soil/litter moisture. Addition-
which resulted in no significant difference from the ambi- ally, closed-chamber soil measurements have been shown to
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affect pressure gradients in the soil, leading to enhanced COdirect emission. The end term corresponds to the time rate of
emission Kanemasu et gl1974 Rayment and Jarvid997, change of the HCHO column density, referred to as storage
Xu et al, 2006, which may similarly affect HCHO emission. (S). To calculateS, vertically-resolved HCHO concentra-
Finally, disturbance of the soil/litter and pressure gradients intions were linearly extrapolated from the gradient data, with
the chamber itself may have also resulted in increased HCHG@he concentration at heights between ground and the bottom
emission. Each of these interferences may have resulted in anlet assumed to be equal to the bottom inlet concentration.
overestimate of emission rate. Also, due to the heterogeneFor clarity, we will refer to each of the terms in E®) @s the

ity of the ground litter, it is quite likely that these two sites “flux contribution” for each respective process. The methods
do not represent the true soil/litter emission rate but provideused for the determination of these different processes are
simply a semi-qualitative estimate of soil/litter emissions.  outlined below.

In addition to its simplicity, this model holds many advan-
tages. Fluxes provide a convenient constraint on the verti-
cal mixing at the measurement height, allowing this model
to be independent of boundary layer height. Measurements

To quantify different contributions to HCHO flux, we are also available for many heights over the entire measure-
have constructed a zero-dimensional box model to simu- S0 aval y heights ov : su

late HCHO flux above in the forest canopy similar to those Im'?nt vqll_r‘me, _remov:jng t(;]e n;aed fgr tchoncintratlon ?);]t.raﬁo'
that have been reported in the literatuBuner et a). oion. The primary disadvantage is the absence of higher-

2001, Choi et al, 2010. The concept behind this model is prder oxidative chemistry, which may lead to §ignjficant
based on the need to maintain mass balance in a box vef.-c2hoPY HCHO product_lon_from the further oxidation of
tically constrained by our HCHO flux measurement. The OCs formed from the oxidation of BVOCs.
contribution of vertical transport (flux) to this mass bal- 41 Chemical production

ance is dependent on three processes: horizontal transport of

HCHO, sources/sinks of HCHO inside the box, and changeg o chemical production is predicted from the first-order
in HCHO concentration inside the box (effectively “storing” oxidation of different VOCs by the following equation:
source, sink, or transport effects). By accounting for each of

these three terms, any remaining HCHO production/loss inpycho(z) = Z i HcHo - kvoc;.ox - [VOCIi(z) - [OXI(z) (4)
this box must correspond to the vertical flux. While gradi- i=0

ent data can yield vertically-resolved production/loss infor-

mation, the goal is to integrate this over the entire box to . .
determine the overall estimated HCHO flux. constant for the respective VOC and oxidant (Ox). Table S2

. . ... shows a full list of modeled reactions with yields and rates
This mass balance is represented by the Contmu'ty(Atkinson and Arey 2003 Hasson et a).2004 Atkinson

4 Zero-dimensional box model

wherew; Hcho is the yield of HCHO andvyoc;.ox is the rate

equation: et al, 2006 Lee et al, 2006 Carrasco et al.2007 Jenkin
et al, 2007 Dillon and Crowley 2008. Isoprene and its ox-
S[HCHOI(2) _ 8 FcHo(2) ?) idation products were neglected in this analysis, due to the

P(z)— L@ +E—-D+ A— ) .
dt dz low reported concentrations (0.1 to 0.3 ppbf isoprene at

P andL are respectively the height-dependent chemical pro{his site Kim et al.., 2010 and the short daytime lifetime
duction and lossE is direct emissionD is deposition,a ~ ©f HCHO (midday: 1 to 5h), which likely limits the im-
is advection, and Fucho(z)/8z is the flux divergence. As pact of HCHO advected from upwind production sources.

the area surrounding the site was remote and reasonably h§'S @ result, the total PTR-MS signal at/z=69 was con-
mogeneous, it was assumed that horizontally-advecting airSidered to be MBO. Monoterpene (MT) speciation was de-

masses were similar enough to neglect in this analysis. Solv€rmined by previous observations at this sien{ et al,
ing for Fucho(h), the modeled flux at heighit, yields the 2010, wherea-pinene,s-pinene, and 3-carene were found
following equation: to be 22 %, 26 %, and 21 % of total MT, respectively. The

remaining MT (31 %) were assumed to have a reaction rate
i A and HCHOd yield efqual tr? the averadge Iof the ofhelr th(rjee.
_ HCHO production from the CgD, radical was calculate
Fiero = /o Pl2)oz = fo L@ oz + E = Voep from methane and peroxyacetyl (PA) radical concentrations,
h SIHCHOJ (2) where PA concentrations were calculated using the steady
8z (3)  state model presented hgFranchi et al(2009 in a method
similar to that used byChoi et al.(2010 (see Sect. S3).
whereVpep is the total deposition velocity of HCHO and the The oxidants used were OH and ozone. Nighttime oxida-
vertical dimension of the box extends from O mitothe EC  tion by NO; was neglected due to low N@oncentrations at
measurement height (25.1 m). This assumes fluxa (i.e. this site. Ozone gradients were available during the measure-
ground level) is zero, as soil/litter contributions are treated asment period while OH gradients were not. As a result, OH

x[HCHO] — /0 o
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concentration was assumed constant throughout the canop$.4 Dry deposition

This assumption was validated by a series of vertical gradient

studies later in the campaign. Total dry deposition was estimated using a resistance model
similar to that used for PAN deposition in previous flux bud-
get studiesTurnipseed et 812006 Wolfe et al, 2009. The
resistance model calculates the total deposition resistance

) ) _ _ (Rpep) as the sum of resistances from separate physical pro-
Chemical destruction of HCHO can proceed via reactioncesses\yesely 1989 Wesely and Hicks2000):
with OH or photolysis. Loss due to OH was calculated with
the rate constant described Atkinson et al.(2006 and as- Vaep = 1 _ L 6)
suming the OH concentrations were equal at all heights. Typ- Rdep Ra+ Rp + Rc
ical midday HCHO lifetime with respect to OH wasl3 h.
Photolysis rates for HCHO were determined by weight-
ing the measured downwellingno, values by the ratio of
clear-sky HCHO and N@photolysis rates estimated using
the Tropospheric Ultraviolet and Visible (TUV) Radiation
Model (http://cprm.acd.ucar.edu/Models/TYVTo account
for light extinction in the canopy, the photolysis rates were
weighted by the leaf area distribution function (LADF) using
a modified Weibull distributionT{eske and Thistle2004), for
which parameters were determined by destructive harvestin
measurements of PPine at a similar PPine fora&tfe and
Thornton 2011). The extinction ratio was then calculated

4.2 Chemical loss

Ry and R, were calculated using standard literature methods
(see Sect. S4)Monteith, 1965 Wesely 1989 Jensen and
Hummelshoj1995 1997 Massmanl1998. R is the surface
resistance, or resistance to actual uptake or loss on the leaf,
and consists of two parallel terms, stomat®gf) and non-
stomatal Rys) resistance. As stomatal uptake is negligible
at night, Rys was estimated from the nighttime HCHO depo-
sition velocity. At night, the lack of thermal turbulence leads
to very small fluxes. Therefore, we can estimate the night-
ime HCHO deposition rate by using E®){ setting FucHo

to zero, and solving for deposition:

by: h h
Vis.pep X [HCHOJ = Dys = / P(2) 8z — / L(z) s
0 0
—kag - LADF(2) " S[HCHOI(z)
R.(z) = e CoSSZA) (5) +E - /0 — % (1)

) ) our estimates for nighttime chemical production/loss and
where SZA is solar zenith angle calculated from the TUV g isqions. Dividing the values of the non-stomatal deposi-
model andkrag = 0.75, an empirical parameter to scale the yjon, fiy,x contribution during the relatively constant nighttime

ground level extinction to be-25% at noon to match the s (23:00 to 04:00) by the average canopy [HCHO] re-
measured photosynthetically active radiation (PAR) profile.g  itaq in an average nighttime deposition velocity dféa:

Integrating these photolysis rates over the entire canopy, thi§ og cm s1. Rus was then calculated by inverting the fol-
yielded a typical noon lifetime of HCHO due to photolysis of lowing equation:

~3.5 h above the canopy andl4 h near the ground. Actual

loss of HCHO to photolysis was determined by calculating v o 1 ®)
the height-dependent loss using the HCHO gradient, then in- den night Ra, night + Rp, night + RNs

tegrating to calculate the overall HCHO photolysis loss.

where Rz night and Ry night are Ra and Ry averaged over the
relatively constant nighttime hours. It should be noted that
this represents the total non-stomatal deposition velocity, to
which both cuticular and soil/ground uptake contribute, but
Emission flux contributions were extrapolated from the are mathematically inseparable by this method. Similarly, it
chamber experiments using a simple exponential modeivas necessary to assume that &g is equal to the calcu-
(EucHo= A -exp(BT)), whereT is temperature in °C and lated Ry, for a pine needle.

B =0.07 °C1 is an empirical constant found for HCHO Literature values using the boundary layer budget method
by Villanueva-Fierro et al(2004. The PPine emissions report HCHO nighttime deposition velocity as ranging from
were weighted by a factor af0.85x PAR/P AR+ 15), 0.65 to 0.84 cms! (Sumner et a).2001; Choi et al, 2010).
where PAR is the average, clear-sky, noontime measuredThe discrepancy between this work and the literature likely
PAR, thereby fixing nighttime emissions to 15 % of daytime lies in the different assumptions on which either model is
emissions as observed bYillanueva-Fierro et a).2004. based. The boundary layer method assumes similarity be-
The pre-exponential factorgl] determined for both soil and tween HCHO and ozone deposition and usually depends on
branch emissions from the emission rates found in the expetliterature estimates of ozone deposition. This method also
iments (Sect. 3.2) were 1.52 and 0.74 yg2h~1, respec- assumes that deposition is the only nighttime loss process
tively. and there are no production processes. Finally, the boundary

4.3 Direct emission
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layer method is based on a single measurement and assum Production
a continuous concentration throughout the boundary layer [lLitter Emiss.
The gradient method used in this work makes no assump<_ ullll LSy
tions on the HCHO profile, as it is measured directly, and< o (IPA
does not depend on literature ozone deposition. The gradieré 5 |[]PPine Emiss.
method also estimates nighttime production and loss via theg g (IcH,oH
model terms. However, the gradient method still has limita- 3 S |IllcH,cHooH
tions in that it is much more dependent on direct emission€ . 2 [Cother
measurements/estimates and assumes the canopy gradien 9 3 Loss
well represented by the available measurements (in this casiz 2. | llow pepositon
four heights). Wrrotonysis

Rst was calculated by the following equatioiVésely 0050 G400 0500 1200 1690 3000 0000 o+
1989. Time (hours)

D0 : : : - :
RsT = D *RsTH,0 + RmHCHO 9) Fig. 5. Diurnal medians of contributions to HCHO flux in the base
HCHO case model.

Mesophyll resistanceR;) is the resistance to absorption into
the plant mesophyll once inside the stomata, which is negligi-
ble for HCHO due to its large Henry’s law constawifdsely -o-Measured
1989 Zhang et al.2009. Rst H,0 Was calculated using the |
Penman-Monteith equatioMpnteith, 1965 Monteith and
Unsworth 1990. The resulting average daily minimuRy
was~180s nTl. An alternative method used for estimat-
ing R; was the parameterization describedWigsely(1989
for an autumn coniferous forest, which yielded a comparable
daily minimum average 0f226 s nT!. This latter method
was not used in the final model, as the measurement-base
method was considered more accurate.

The daytime-maximum mediaipep determined by this e R R R o o o7
method was 0.380.11cms?, and had a diurnal profile Time of Day (hours)
peaking at 09:00, then gradually decreasing until a sharp de-
crease at dusk. Similar to the nighttime deposition velocity,Fig. 6. Comparison of model results with measured HCHO fluxes.
this daytime deposition velocity is considerably smaller thanGrey dots denote the 1 h binned median of measured flux, while
the literature value of 1.5 cnm$ (Krinke and Wahner1999. thick gray lines denote the interquartile range of measured flux for
These discrepancies may partly result from the lower LAI each bin, and thin gray lines denote the entire range. Base refers
and less underbrush at the BEACHON site compared to thdo the un_altered mod_el result. _VOC-I and_ VOC-II refer to the base
literature sites. Additionally, the deposition term is highly Mdel with tenfold simulated increases in MBO and MT respec-
dependent on litter emission, which makes it very Sensitivetlvely. E350 r.efers to the base r_nlodel with a direct HCHO emission

ate from PPine of 350 ngg dw) .

to the temperature-dependent method we use to extrapola{e
litter emission rates. However, the method used in this work

is also not dependent on measured ozone deposition velockom poth PPine and ground litter, OH oxidation of MBO,
ties, which may be influenced by chemistry as well as depo-cy, and acetaldehyde, and chemical destruction of PA radi-
sition (Kurpius and Goldsteir?003. Direct comparison of 15 MT oxidation and ozonolysis in general contribute min-
er03|tlon using the ozone similarity method described in th‘%mally to the HCHO production. The total production diurnal
literature (e.g. the boundary-layer budget approaSojiiner ¢y cje is similar in form to the radiative diurnal cycle, reflect-
et al, 200]? was 'not possblg for thl§ dataset, as nighttime ing the production dependence on temperature and ambient
concentrations did not exhibit clear first-order decay. radiation. HCHO loss was dominated by dry deposition, as
expected for an in-canopy airmass. The total loss diurnal
cycle therefore mostly reflects the diurnal cycle in stomatal
uptake. As shown in Fig6, the base model underpredicts
Modeled fluxes were calculated using data from 13—21 Au-the noontime HCHO fluxes by a factor of 6 during the day.
gust. The major canopy-integrated HCHO production andModeled nighttime fluxes agree much better with observa-
loss terms for the base (unaltered) version of the model aréons, but this is expected as we have constrained nighttime
shown in Fig.5, while values for all terms are shown in Ta- deposition via an assumption of no flux at night.

ble S3. The dominant production terms are direct emission
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5 Model results and discussion
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5.1 General sensitivity analyses of these studies (collection and storage on DNPH cartridges
followed by analysis with high pressure liquid chromatogra-

We performed a sensitivity analyses on a number of input paphy) has potentially large errors associated with background

rameters to determine what model conditions resulted in thesubtraction and differences due to analytical and enclosure

best agreement with measurements. Many of these made litechniques may have contributed to the discrepancy in re-

tle or no significant difference in model-measurement agreeported rates. It should also be noted that emission rate is

ment. For example, we assumed that OH mixing ratios belowdependent on thg value used in the exponential model, as

the CIMS detection limit were equal to half of the detection described in Sect. 4.3. However, with no method of separat-

limit value, or 25x 10° molec cnT3. To test this, we per- ing these quantities, we continued to use the value found in

formed model calculations with OH mixing ratios ranging Villanueva-Fierro et al(2004) throughout this analysis.

from zero to the CIMS detection limit (6 10° molec cnt3).

This effect was found to be negligible:b %) on the order of 5.3 MBO sensitivity (VOC-I)

the missing HCHO flux.

We also tested the effect of separating HCHO PPine emisin another case, we simulated an increase in MBO con-
sion and stomatal deposition. Strictly, PPine direct emissiorcentrations, using it as a proxy for a precursor with both
and stomatal deposition are not independent processes amdtemperature and PAR dependent emission profile. The
are related by the HCHO compensation point, the ambienbest match to measured flux was an increase by a fac-
HCHO concentration above which stomatal deposition is ex-tor of 10 (VOC-I). This implies that HCHO production
pected and below which stomatal emission is expected. Asould be significantly impacted by either contributions from
the compensation point can vary by tree species and envirorhigher-order oxidation products of MBO or oxidation of
ment Seco et al.2007, 2008, it was not possible to treat an unmeasured BVOC/combination of BVOCs with a simi-
this explicitly at this site. However, as an upper limit to the lar temperature/PAR-dependent emission profile. As MBO
error this assumption could contribute to the missing flux,emission is both a temperature and PAR dependent pro-
we can neglect stomatal deposition by assuming that we areess, the VOC-I and E350 model cases demonstrate that
strictly in an emission-only regime. This results in only a the HCHO flux corresponds to a temperature/PAR depen-
~10% reduction in noontime missing HCHO flux. In an ex- dent emission profile. However, if these unmeasured BVOCs
treme case, we can also assume that our measured soil/littere assumed to have an OH reactivity similar to MBO, they
emission rate also represents the sum of both soil/litter emiswould contribute & the OH reactivity of MBO (median
sion and deposition. This was simulated by also neglectingnoontime MBO concentration~1.1 pply; median noon-
the non-stomatal deposition component (therefore also netime MBO contribution to OH reactivity~1.3 s71), which
glected cuticular deposition) and resulted in only-85%  would be on the order of12s™1. As the measured median
reduction in noontime missing HCHO flux. As a result, this noontime OH reactivity is on the order of 6 to 7sin the

cannot explain the majority of the missing HCHO flux. canopy during the campaign, this suggests that the unmea-
sured BVOC does not have a similar OH reactivity to MBO.
5.2 Pine emission sensitivity (E350) Therefore, in order to form HCHO inside the canopy faster

than vertical transport out of the canopy, the primary oxida-
In an attempt to explain this missing flux, we scaled the mod-tion pathway of this unmeasured BVOC would need to be
eled PPine emission rate to reach the best match to the me#rough a species other than OH (e.g. ozone).
sured flux. We achieved the best match at a PPine emission
rate of 350 ngg dw)~! h~! (E350). The diurnal cycle of 5.4 Monoterpene sensitivity (VOC-II)
this case matches the measured flux quite well, though the
model we used for PPine emission was directly dependenfs the missing BVOCs thought to cause the OH reactiv-
on temperature and PAR. The emission rate used in E35@y gap have been attributed to terpenes, a final sensitivity
is more than an order of magnitude greater than the emisanalysis was simulating an increase in MT concentrations
sion rate predicted by our branch enclosure studies. It idy a factor of 10 (VOC-II). As MT concentrations are high-
comparable to the 508400 ng(g dw)~* h~! measured by est at night, but oxidation is highest during the day, the re-
Villanueva-Fierro et al(2004. However, the formaldehyde sult was an increase essentially independent of the time of
rates observed byillanueva-Fierro et al(2004 are con- day. This does not match the observed HCHO flux diurnal
sistently an order of magnitude higher than those reportedtycle, suggesting that measurements of MT are unlikely to
for similar tree species by other investigatok&¢selmeier  be under-predicted. In Fid, values are shown for VOC-II
et al, 1997 Cojocariu et al.2004. The cause of this dis- while using the same dry deposition rates as the base case
crepancy is unclear, but the climate of the area studied bynodel. When dry deposition was calculated the same as for
Villanueva-Fierro et al(2004 was different, and there may the other cases, the net effect was an inverse diurnal cycle
have been differences in other factors such as stress condas HCHO production from MT is greatest at night, a poor
tions. The formaldehyde quantification technique used for allmatch to the measured fluxes. Additionally, the model was
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no longer able to predict zero flux at night, as the nighttimeture and PAR by oxidants other than OH. A model includ-
deposition velocity reached the aerodynamic limit due to aing explicit chemistry of these oxidation products would dis-
significantly decreased non-stomatal resistance. This furthetinguish between the latter two of these possibilities. The
supports that species with a temperature-dependent, PARack of agreement between both non-stomatal HCHO depo-
independent emission profile, as with MT at this site, aresition and emission rates between this work and the litera-
unlikely to be the source of the missing flux. ture also highlights a need to parameterize HCHO compen-
sation points, emission and deposition rates for trees and soil
as functions of temperature, radiation, and humidity.
6 Conclusions These measurements provide a constraint on the oxidation
in a forest canopy of unmeasured BVOCs, which have been
In this work, we demonstrate the first published measure-attributed as a cause of the model/measurement mismatch in
ments using the FILIF technique and the first published meaQH reactivity and concentrations. To conclusively determine
surements of HCHO flux by eddy covariance. The ability this effect, it will be necessary to determine the amount of
to use this emerging class of fiber laser technology now almissing flux that is not due to either higher order chemistry
lows for more complex spectroscopic techniques to be use@r direct emission. Calculations of OH reactivity compared
in field conditions, which was previously quite difficult due to measurements have shown that the missing flux cannot
to the sensitivities of traditional lasers. These advantages alsolely result from oxidation of missing VOC by OH. Addi-
low the FILIF technique to be one of the fastest and mosttionally, the minimal emissions of sesquiterpenes at this site
sensitive methods for HCHO detection, with laboratory lim- (Kim et al,, 2010 and the expected OH reactivities suggest
its of detection (3) as low as~25ppy in 1s. that VOC oxidation cannot explain the entire missing flux.
HCHO fluxes were found to have a median diurnal cy- As a result, direct emission must be the cause of at least a
cle quite similar to that of PAR, with a median midday portion of the missing flux, and this study does not remove
maximum of ~80pug N2 h~1 (~24ppt ms™). Strong the possibility that it may be entirely due to this effect. Fu-
HCHO gradients were observed at night implying deposi-ture investigations into not only HCHO emission rates from
tion. Moderate inverted gradients were observed duringthe canopy, but also the soil and ground litter, will be crucial
the day with higher concentrations near the ground dur-to correctly apportioning HCHO flux.
ing midday, implying ground litter emission. These gradi-
ents were also observed in the canopy during mid/late afterSupplementary material related to this
noon, implying PPine emission and/or fast, in-canopy, photo-article is available online at:
chemical production. Branch and soil chamber experimentsttp://www.atmos-chem-phys.net/11/10565/2011/
confirmed HCHO emission of 3451.6 ugnt2h=1 from acp-11-10565-2011-supplement.pdf
PPine and 7.:31.5ug m2 h~1 from soil and ground litter.
While typical midday canopy HCHO net production rates
are~3.2 pph h—l, this corresponds to only 0.079 ppltrl AcknowledgementsThe authors thank the National Science
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