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Observations of elevated formaldehyde over a forest canopy suggest
missing sources from rapid oxidation of arboreal hydrocarbons
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Abstract. To better understand the processing of biogenicare evidence of profuse emissions of very reactive volatile or-
VOCs (BVOCS) in the pine forests of the US Sierra Nevada,ganic compounds (VR-VOCSs) from the forest. However, on
we measured HCHO at Blodgett Research Station usinghe majority of days, under generally cooler and more moist
Quantum Cascade Laser Spectroscopy (QCLS) during theonditions, lower levels of HCHO develop primarily influ-
Biosphere Effects on Aerosols and Photochemistry Experi-enced by the influx of precursors transported into the region
ment (BEARPEX) of late summer 2007. Four days of the ex-along with the Sacramento plume.
periment exhibited particularly copious HCHO, with midday
peaks between 15-20 ppbv, while the other days developed
delayed maxima between 8-14ppbv in the early eveningq
From the expansive photochemical data set, we attempt to
explain the observed HCHO concentrations by quantifyingFormaldehyde (HCHO) is one of the most abundant volatile
the various known photochemical production and loss termsrganic compounds (VOCs) found in the atmosphere. 1t is
in its chemical budget. Overall, known chemistry predicts aemitted directly from human activities, such as vehicular ex-
factor of 3-5 times less HCHO than observed. By examininghaust, wood burning, and industrial activity, but is formed in
diurnal patterns of the various budget terms we conclude thafgreatest abundance from the oxidation of other VOCs (Fac-
during the high HCHO period, local, highly reactive oxida- chini et al., 1992; Lee et al., 1998; Seinfeld and Pandis,
tion chemistry produces an abundance of formaldehyde atth@ggg). Not only does HCHO play an important role in tro-
site. The results support the hypothesis of previous work apospheric photochemistry as both a source and a sink of free
Blodgett Forest suggesting that large quantities of oxidationradicals (Grosjean, 1982), and as an important precursor of
products, observed directly above the ponderosa pine canopyolecular hydrogen (Hauglustaine and Ehhalt, 2002), but it
is also believed to be a highly toxic air pollutant (Suh et al.,
2000). Tan et al. (2001) showed HCHO to be a significant
Correspondence ta. Choi source of HQ (= OH +HO,) in a mixed forest in Northern
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Michigan, and thus it is often strongly linked to the formation
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of tropospheric ozone. Bowman et al. (1995) calculatedboundary layer [HCHQ] can be expressed as Eq. (1), where
ozone productivities for carbonyls, aromatics, alkanes, and/ is the mean wind speed (in the x-direction aligned with
alkenes for the Southern California Air Quality Study air the mean wind)kon and jycHo are rate constants for the
pollution episode of August 1987, concluding that HCHO OH + HCHO reaction and photolysis of HCHO, respectively,
is one of the most effective ozone producing VOCs as wellVy is dry deposition velocity, and/ is the boundary layer

as the greatest OH precursor in that case. In forest envimixing height.

ronments, most HCHO is produced from photooxidation of 3[HCHO] . 3[HCHO]

biogenic VOCs (BVOC) rather than from direct emissions + PucHo

(Lee et al., 1998). Virtually all oxidation of hydrocarbons dt 3‘);

in the atmosphere involves the production of HCHO at some_ (kOH[OH]+jHCHO+—d> % [HCHO] (1)
point in its reaction sequence. Sumner et al. (2001) reported H

that isoprene was the most important precursor of HCHO in P represents a total production term from at-
the same deciduous/coniferous forest as the Tan et al. (2001&1 HCHo Tep P

- .~ ‘mospheric photochemical processes, including biogenic
study, contributing 82% on average to the calculated mid- .
day HCHO production rate. However, little is known about VOCs +OH and @ reactions, and methyl peroxy (GB,)

the effect of biogenic VOCs on regional photochemistry in radical formation from Ck oxidation and peroxyacetyl (PA,

coniferous forests where 2-methyl-3-buten-2-ol (MBO) and CHAC(O)Q) radicals. We neglect solubility-driven parti

monoterpenes, rather than isoprene, are predominant, I:utl_onlng of HCHO into particulate matter, which is likely to

ther complicating the picture, Holzinger et al. (2005) ob- be minor (Munger et al., 1984).
served large quantities of putative oxidation products near
the canopy top at Blodgett Forest, implicating a source of The Experiment (BEARPEX 2007)
unidentified, very-reactive BVOCs comparable in magnitude
to the source of MBO. Emissions of such VOCs might be 2.1  Site description
responsible for the reactive (chemical) component of the
canopy ozone flux observed by Kurpius and Goldstein (2003)Measurements were conducted near the Blodgett Forest Re-
and would be expected to leave a large HCHO signature irsearch Station located on the western slope of the Sierra
the near canopy environment. Nevada Mountains in California (38.8, 120.6 W; 1315m
High concentrations of HCHO in the polluted boundary elevation) approximately 75km northeast of Sacramento.
layer have been documented in a number of previous studieSthe managed forest consists mainly of conifer trees (30%
19 ppbv by Grosjean et al. (1990) in Sao Paulo to 25 ppbv byof ground area), dominated by Pinus ponderosa L. with in-
Possanzini et al. (1996) in Rome. The largest values tend talividuals of Douglas fir, white fir, and incense-cedar, a few
be found in urban centers where primary emissions undoubteak trees (California black oak; 2%), forbs (7%) and shrubs
edly hold sway. In forested and semi-rural regions peak con{Manzanita and Ceanothus; 25%) (Goldstein et al., 2000;
centrations are typically lower, e.g. between 4.5 (Macdon-Misson et al., 2005). The mean canopy height during the
ald et al., 2001) and 12 ppbv (Sumner et al., 2001). How-experiment in late summer 2007 was 7.9 m. The summer-
ever, Largiuni et al. (2002) have reported concentrations ugime meteorology at the site is characterised by a strong,
to 17 ppbv in a botanical garden in Florence, Italy anidlst thermally driven cross-valley circulation with anabatic (west-
et al. (2002) observed 18 ppbv over a blooming field of rapesouthwesterly, upslope) winds bringing a complex mixture of
in Germany, possibly indicating that in certain locales whereanthropogenic and biogenic compounds to the site through-
anthropogenic emissions are blended with biogenic VOCsut the day followed by katabatic flow (east-northeasterly,
high levels of formaldehyde may be generated. Here wedownslope) of relatively cleaner air overnight. The ma-
report HCHO concentrations which peak between 8-20 pphor anthropogenic emission source is vehicular traffic in the
over arural pine plantation 75 km downwind of the Califor- Sacramento region and there are no major industrial point
nia state capital during the summer/fall transition. Our focussources between Sacramento and Blodgett Forest (Dillon et
is on using these observations and a unique suite of simultaal., 2002). The characteristics of the Sacramento plume dur-
neous supporting photochemical and meteorological obsering the daytime are described in detail by Dillon et al. (2002)
vations to test the current understanding of HCHO sources. and Murphy et al. (2007). Between Sacramento and Blod-
Local atmospheric HCHO concentrations are controlledgett Forest, an oak forest is situated with a width of approx-
by advection, direct emissions from point and regionalimately 30 km transverse to the predominant wind direction
sources, secondary chemical production from various pre{Goldstein et al., 2000), and is a large source of isoprene to
cursors such as biogenic and anthropogenic VOCsy, CH the plume.
and PAN, in conjunction with loss mechanisms, including Two observation towers were in place at the site; a 15m
the reaction with OH, photolysis, and dry deposition. In a walk-up tower (south tower) and a 18 m scaffolding tower,
fairly remote forest environment, direct emissions are likely 10 m to the north. The HCHO sample inlet (1/@D Teflon
to be insignificant, and hence the governing equation of mearnubing) was installed near the top of the south tower (11.8 m),

Atmos. Chem. Phys., 10, 8763781, 2010 www.atmos-chem-phys.net/10/8761/2010/



W. Choi et al.: Observations of elevated formaldehyde 8763

drawing the ambient air sample into a trailer at the base ata o6 " 0.05
flow rate of 2.4 LPM. Power was supplied by a propane gen- -
erator located~125m north of the measuring towers, per-
pendicular to the prevailing wind directions.
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2.2 QCL spectroscopy of HCHO

o

N
=
o
N

Atmospheric formaldehyde was measured with a I ) \\? ¢/¥ /\
thermoelectrically-cooled distributed feedback quantum ¢ . | \J\ A@ﬁé d\@,\ /\/ \/ \ oo
cascade laser spectrometer, designed and developed hs \///,j ¢ \_/ - \_|
Physical Science Inc. A multi-pass Herriott cell (operated o0 . g , — . 0.00
at 50 to 70mbar) is used to obtain high sensitivity. The ' "% T W 1:".1) R e e
spectrometer uses two liquid nitrogen cooled, photovoltaic srenmbertem

HgCdTe detectors (6 um cutoff, Fermionics) in a Balancedrig. 1. peak absorption strength of HCHO as a function of
Ratiometric Detection (BRD) technique that electronically wavenumber (cm!) used to determine the target for ambi-
cancels common mode laser noise (Hobbs, 1997). Approxent HCHO detection. Left y-axis is» absorption cross sec-
imately 35% of the QCL beam is diverted by a 2 um thick tion (x10~18cnm? molecule™l; gray line) measured by Gratien et
pellicle beam-splitter to the reference detector before theal. (2007) and the right y-axis is an arbitrary absorbance (open cir-
transmitted beam is sent on through a Herriott cell with cle and dashed line) obtained from experiments with the quantum

an effective pathlength of 200 m through the absorbing ga§ascade laser (QCL) spectrometer. HCHO of about 11.8 ppm from
sample. a permeation system was used in the multipass cell at 60 mbar.

Arbitrary absorbance intensi

. = -18 3
ross sectionin 107" cm”e molecule
o o
- w

The laser was originally fabricated to emit near 5.7 pm,
which is the v, band of HCHO (C=O stretch mode: ] ]
1746 cnt! Perrin et al., 2003). However, the active lasing double bond, the strongest absorption band is located at
surface used in this experiment emitted closer to 1721%gm 1765 cnt* which is far from our target wavenumber. The

and the thermoelectric cooling system was not able to cooPNly Possible interference from formic acid in HCHO ab-
the laser mount below-10°C at typical ambient room tem- Sorption around 1721 cnt is the C=0 stretch mode for cis-

perature, limiting the tuning range te2cnmt. Control- I_DCOO_H (Macoas et al., 2003). How_ever, considering the ra-
ling the laser mount temperature 10.5°C to 8.0°C), the 0 Of Cis-HCOOH to trans-HCOOH is10"° at 298K, and
emission line was scanned in the range from 1720.0 tdurther considering it is deuterated, which is only a very mi-
1722.2 cnvt, with a standard gas from a NIST traceable per- NOr constituent in the atmosphere (0.015% abundance in the
meation tube to determine the optimal target wavenumber t@c€an), itis unlikely that there is any significant interference
measure the HCHO absorption feature. Using the publishedom deuterated formic acid at 1721 ¢ Another possi-
FTIR spectra of the, absorption band of HCHO (Gratien et Ple interference may come from acetaldghyde. Acetalde-
al., 2007), and the corresponding spectral features observedyde has a strong absorption bang)(ranging from 1680
during the scan, we concluded that the optimal wavelengtH© 1820 cn* with a peak magnitude in the R branch at
for routine detection was 1721 crin a P-branch band of 1764 cnt! (Kamat et al., 2007). The nearest recorded line

the rovibrational spectrum (Fig. 1). to our target wavelength is a P branch of the C:Q §tretch
at 1725cm? (Kegley-Owen et al., 1999). Because it is far
2.2.1 Spectroscopic interferences enough from the target, it is unlikely that acetaldehyde influ-

ences the HCHO absorption at 1721¢n

Water vapor is one of the most potentially important inter-
ferences in any spectroscopic measurement of atmospheriz2.2 Calibration, uncertainty, and data reduction
HCHO. In order to experimentally verify whether water va-
por has any interfering absorption at 1721 ¢we installed  During the BEARPEX 2007, a permeation tube (Metronics
a humidifier into the zero air stream, diluting the output of the Dynacal; 88t 4 ng/min at 45C) diluted with ultra high pu-
HCHO permeation system. In addition, to avoid the effectrity grade zero air (Airgas) was used to calibrate the HCHO
of any changes in the background spectrum for humidifiedabsorption measurements. A simple gravimetric test per-
and dry samples, zero air alternately flowed through and thefiormed after the campaign confirmed the manufacturer’s per-
bypassed the humidifier before adding HCHO gas from themeation rate. The permeation tube was initially weighed
permeation tube. The difference in absorbance obtained fromwith a microbalance (Mettler Toledo XP 26; repeatability
humid and dry samples wa<0.1 %, indicating that the inter-  +1.5g), placed in the oven at 48 with a constant flow
ference of water vapor absorption is negligible at 172ttm  of N, for 5 days, and weighed again to obtain the weight
Although formic acid is known to be sufficiently active loss rate of 78 £10) ng/min, showing agreement with the
near thev, band of HCHO (1746 cm') due to its C=O  reported value within measurement error. The permeation
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tube is held in an oven at a regulated temperature and pres ,,xuw*
sure (typically, 43C and 1856 mbar, respectively). The con-
centrations from the permeation system are calculated from
the emission rate of the permeation tube and the flow ratesg
of the dilution and carrier gases through the permeation tube s ’
Further assurance of the calibration source was obtained by *
using two different permeation tubes with different emis-
sion rates (88 ng/min and 35 ng/min at4%). The observed 5 °j,
absorbances from the two permeation tubes were found tc 2|
agree, with the two sets of data falling onto one line quite AT .
well (R? = 0.999). For the precision test, the spectra for — s—3——&—— 20
a HCHO standard (11.8 ppm) from the permeation tube in Sean,point
high calibration mode were collected over 15min intervals _. . . .

: . . Fig. 2. Example of ambient 10s absorption spectra (gray lines)
(this excessive amount was used only for coarse spectral line

. . . . and the 5min averaged spectrum (blue line) for 30 samples. The
identification and a general check on the linearity of the Sys'background spectrum (black line) is interpolated from the two zero

tem). The standard error was 2.1% using 1-minute averaggir spectra obtained before and after the measurement interval.
scans. The spectra of HCHO diluted in zero air (93.3 ppb and

27 ppb) were also collected yielding 3.9% and 8.9% standard

error. In order to verify whether ultra high purity (UHP) zero . . . . .
fy gh purity ( ) between zero air acquisitions is not optimal and may miss

air (additionally purified with a charcoal hydrocarbon trap) rapid fluctuations in the background spectra, we came to be-

contains any trace of HCHO, we compared absorption spec-
y P P b ieve that the background changes were more or less gradual

tra of zero air between the cell pressure of 1.8 mbar and th :
hroughout the experiment because the background spectral

operational cell pressure of 60 mbar. If the zero air containe . )
any kind of absorber at the target wavenumber, the spectrurﬁtructure putS{de O.f the HCHO gbsorpﬂon fe'ature, observed
t the calibration times and during the ambient scans, rou-

at 60mbar should show a bigger and broader peak due tﬁnely agreed with each other. In addition, no abrupt jump or

its greater density and Lorentz line broadening. However, . ~. . . :
the spectra between two zero air samples at 1.8 and 60 mb&pp in ambient HCHO concentrations was observed, which
would be expected were there an abrupt change in the back-

were nearly identical withinv1o error range for the entire round tra. However ming that an abrunt chanae in
scanned frequency interval. Because we do not expect that%Ou spectra. However, assuming Ihat an abrupt change

difference in spectral shapes between the two cell pressure ackground did oceur at some po!nt in between ba_ckground
would be compensated by changes in the optical structur cans, O;JI’ best estimate of possible error from this is only
throughout the entire scanned spectral range, we conclude%bom 15%.
that the zero air was free of any HCHO spectral interference. HCHO spectra of the ambient air were collected every
By far the largest source of instrumental noise was thelOs during the campaign, and averaged for 5min. Then,
background spectrum in zero air which drifted and changed®n interpolated background spectrum, as described above,
its shape throughout the experiment, presumably in responswas subtracted from the Smin average spectrum. The
to shifting conditions of the laser and optical train. Spectra inarea of the background-subtracted spectrum throughout the
zero air were obtained at least every 8 h, before and after reScanned spectral range@.1 cn* interval) was finally cal-
filling the liquid nitrogen Dewars of the detectors. Assuming culated (which is, hereinafter, called integrated absorbance)
that the background spectra change gradually over the 8 h, wir HCHO absorbance. An example of a typical averaged
obtained 9th order polynomial curve fitting parameters to thePaseline and ambient spectrum is shown in Fig. 2.
background (zero air) spectrum on either end of the ambient Aside from zero-air backgrounds, we further obtained at
air measurement interval. We then interpolate the polynomialeast one HCHO calibration point from the permeation sys-
coefficients between times of the zero air scans to calculatéem every 8h. We examined the sensitivity variation over
the expected baseline during the intervening measurementthe entire experiment as a function of time and further by
However, we came to suspect that some baseline change®nsidering all possible variables that might influence instru-
were further caused by room temperature changes, becauseent performance (such as cell temperature and pressure,
the temperature changes may lead to subtle changes in tHaser mount temperature, sample flow rate) in a multivari-
actual laser mount temperature (despite being controlled tate regression analysis. Reproduced sensitivities from the
a fixed set point.) In actuality, we found that at some times,regression analyses agreed well with the observed sensitiv-
the interpolated baseline with time did not reflect the base-ties (R? = 0.92, N =49). Observed integrated absorbance
line changes in ambient spectra with time, and in such casesf ambient HCHO were calibrated by the derived time-
a temperature correction (linear interpolation of fitting curve dependent sensitivity function taking into account all the op-
coefficients with cell temperature) was more effective thanerating parameters recorded. Fluctuations in observed sen-
the usual time-based correction. Although the 8 h durationsitivity and the time-dependent sensitivity function during

T T T T T T T T

10 A

8 4
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Table 1. Other atmospheric species simultaneously observed in this study and research groups who provided the data.

Species Method Height (Day) Research Group

OH and HOQ Laser Induced 9.4m (255263) Brune; Penn. State. Univ.
Fluorescence  15.5m (264266)
6.4m (266~ 267)
6.4m (255~ 261; 266~ 267)

Isoprene, MVK, MACR, MBO, GC-MS 9.5m (261 263; 267~270) De Gouw; NOAA

Ethene, Propene, and MeOH 15.5m (26366)

a- andp-pinene, GC-MS 9.3m Goldstein; UC Berkely
limonene, myrcene, 3-carene, (Bouvier-Brown et al., 2009a)

a- andy-terpinene,
terpinolene, linalool, longifolene,
methyl chavicol, and other sesquiterpenes

NO, TD-LIF 49m Cohen; UC Berkeley
(LaFranchi et al., 2009)

PAN TD-CIMS 17.7m Thornton; U. of Washington
(Wolfe et al., 2009)

Meteorological data 12.5m Goldstein; UC Berkely

the measurement period are shown in Fig. 3. The average xw*
sensitivity of the spectrometer, defined as the integrated ab-
sorbance per unit ppb of HCHO was %304 ppb~1 with

o
T
1

an estimated standard error, resulting from sensitivity vari- §4 5 o 1

ations of~14%, which is the replicate precision estimate £ |5 o o |

(£3.5 ppb at 25 ppb). Based on errors from permeation rate,:; R o© ¢ 5 @

linearity between absorbance and concentrations, precisiorgz’ o g OOooO i ®° 1
(e}

tests, variability in sensitivity, and background drifts, we esti- | _
mate the uncertainty in the technique to be no more than 25% ‘ ‘ . ‘ ‘ . ‘ ‘ .
of the typical daytime signal. In addition, based on the noise % = = = = Daorger . CF 2 @¢ A® i

level and the Gaussian fit with the same width as ambient

HCHO spectra, the limit of detection was determined to beFig. 3. Observed HCHO sensitivity variation (black circles) and the
2.1 ppb §/N=2) during the experiment, which is quite large derived time-dependent sensitivity function using Gaussian fitting
but sufficient to detect the high concentrations of HCHO en-curves (gray line) throughout the measurement period. Y-axis is the
countered at Blodgett Forest. integrated absorbance of HCHO per unit ppb.

2.2.3 Other measurements used in this study

. ' . . 3 Results and data analysis
During the 2007 BEARPEX field intensive, many key

species involved in forest photochemistry were simulta—H H 4 1 b 4 ber 2007
neously measured, affording a superb opportunity to in- CHO was measured from 16 September to 4 October 200

vestigate the HCHO chemistry in this coniferous forest. (Julian days 259-277). During that period the prevailing

The team measurements used in this analysis includg Howinds exhibited a strong diurnal cycle, following a typical
(=OH +HOy), biogenic VOCs, @, NO,, peroxyacetyl ni- cross-valley wind system as discussed in detail by Dillon et
trate (PAN), and meteorological data such as temperature?- (2002). During the daytime, west-southwesterly anabatic
wind speeddirection, ¥0, and PAR (photosynthetically ac- winds predominate with speeds aB2+0.75 m/s. Recipro-

tive radiation, which is measured throughout the solar specpa"y’ the nighttime katabatic winds usually come from the

tral range of 400 to 700 nm). The measured atmospheric?aSt'northeaStdiregtipn athwerspeeds.mfﬂo.? m/s. The
species, methods, measuring height, and research investiggp'w”r‘Ute average timeseries of HCHO, temperatgre, PAR,
tors who provided the data are shown in Table 1. representative BVOCs (total monoterpenes, MBO, isoprene,

methacrolein), and HQare shown in Fig. 4.

Observed HCHO concentrations ranged up to the maxi-
mum of 20.5 ppb around noontime and showed a consistent
decrease at night with a mean overnight low of 0.8 ppbdf

www.atmos-chem-phys.net/10/8761/2010/ Atmos. Chem. Phys., 10, 87812010
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Fig. 5. Box plots of the average diurnal HCHO concentration pat-
terns observed during BEARPEX 2007. The upper plot is for the
High phase (days 259 261 and 264) and the bottom plotis the Low
phase (262- 263 and 265~ 277) during which there were occa-
sional rain and snowfall events. 50% of observed data is distributed
within each 30 min box and vertical bars denote maximum and min-
imum. Black circles and blue horizontal bars represent mean and
median, respectively. Average daytime (10:006:00) [HCHO] =
7.3+ 0.8 ppb for the entire measurement period.

phases (Fig. 5). During the High phase, HCHO concentra-
tions started increasing sharply immediately after sunrise and
attained a midday peak with a smaller, secondary peak in the
evening around 20:00. However, during the Low phase, al-
though the rise in the HCHO concentration after sunrise was
observed, the midday peak was significantly suppressed and
gives way to a continued build-up throughout the day until
early evening. In fact, an evening peak of just under 10 ppb
occurred near 20:00 in both periods. The decrease in mid-
day HCHO concentrations in the Low phase is likely related
to suppressed photochemistry and BVOC emissions during
those days. Therefore, our discussion about the HCHO bud-
get will proceed based on two different periods: the High
and Low phases. Nevertheless, in both phases, a consis-
tent decrease in overnight HCHO was observed until dawn
most likely due to dry deposition within a shallow nocturnal
boundary layer.

Figure 6 shows the mean diurnal profiles of meteorolog-
ical data during the High and Low phases. The most pro-

0.9 ppb) just before sunrise (Fig. 5a). Based on the timeseriesounced differences between the two periods are observed in
of HCHO, we split our analysis into two different periods: air temperature, particularly in the morning and early after-
high HCHO (doy 259+ 261 and 264, hereinafter referred to noon (08:00~ 13:00), and also in insolation (actually mea-

as the High phase) and lower HCHO (doy 26263 and

sured PAR), whose midday peak is lower by 15-20% in the

265~ 277, hereinafter Low phase) when it was relatively wet Low phase. On the other hand, no observable difference in
with a few intermittent rainfall events. Interestingly, the diur- wind speed or direction was found, save for perhaps a slight
nal profiles of HCHO show distinct patterns in High and Low increase in predawn katabatic winds during the Low phase.

Atmos. Chem. Phys., 10, 8763781,
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In spite of significant changes in the mean diurnal patternsof *. .+ &« =+ =&
temperature between the two phases, temperature does nc **
seem to be the dominant control on HCHO levels because. .. ¥ ¢
relatively lower HCHO was observed during the higher tem- I \
peratures for doy 268 270 and later doy 275-276 (Fig. 4).
The mean diurnal patterns ofsCanother secondary photo-
chemical product, showed a marked difference from those \
of HCHO during the High period. The ozone builds gradu- " » « =«
ally throughout the day reaching a peak in the late afternoon

around 16:00 with no evening peak near 20:00 as HCHOxjy 7. Mean diurnal profiles ofa) [MBO (ppb)], (b) [3-pinene
shows, whereas the daytime HCHO peak appears betweegpn)], (c) [isoprene (ppb)](d) [MACR (ppb)], (€) [O3 (ppb)], (F)
11:00 and 13:00 about 4 h before the ozone peak, implyingbenzene (ppb)Kg) [OH (molecule/crd)], and(h) [HO- (ppt)] for
that HCHO and @ have different sources and sinks in this the High (dark squares; 25261 and 264) and the Low phases
region (Fig. 7e) during the High period. On the other hand,(gray circles; 262- 263 and 265- 277) of BEARPEX. The data is
the HCHO diurnal profile during the Low period exhibits a sorted into 30 min bins.

build-up very similar to @, indicating that the local concen-

trations of both species are predominantly controlled by ad—2007_ Therefore, [NO] was estimated from a H4RO,-NO-

vection of the Sacramento plume during the Low period. AN, o, photostationary state relationship assuming $HO
similar steady daytime rise is seen in other species known tq_ [RO,] in this study. The resultant expression for [NQ]
advect into the region such as Nbenzene, and isoprene is shown in Eq. (2), wherko, _no = 1.4x 10~ 12x e 13107

. ’ I3— - ’

(Figs. 7 and 8b; Day et al., 2009), although ®©nds to peak kno,—No = 3.6x 101252707 (Atkinson et al., 2004), and
earlier than the rest at 16:00 probably due to its active pho7¢{022_NO = 2.7x10°12x 39T (Atkinson, 1997). [NQ]
tochemical production during the afternoon. Averaged Qiur-[Hoz] and [Os] were obtained from the measurements at
nal patterns of HQsupport daytime enhanced HCHO during g|qqgett Forest. jyo, was estimated from the TUV model

the High period. Daytime H@during the High phase is 2—4 v.4.5 (NCAR, 2008) and scaled by observed PAR (Ap-
times as large as the Low phase, whereas OH shows no r endix A).

markable difference between the two phases (Fig. 7g and h).

[OH], molecule/cm’
H

.....
---------

2 % on w . i s w1 om w
Hour of Day Hour of Day

Considering that HCHO is a major source of fi@nhanced  [NOJ. = NG, [NO2] @
HO, during the High period is likely linked to the abundant kos—NolO3] + kro,~No[RO2] + kHo,-No[HO2]
daytime HCHO. Due to a lack of overlapping NOdata with the HCHO

NO abundance regulates R@ycling, thereby affecting measurements, diurnally averaged ;N@as used in this
secondary photochemical products such gsa@d HCHO.  study for the period from Julian day 258-278. As shown
For example, HCHO vyields, in many cases, strongly de-in Fig. (8a), photostationary NO increases sharply immedi-
pend on the abundance of NO in the surroundings. Unfor-ately after sunrise due to an increase in f{@resumably
tunately, NO was not directly measured during BEARPEX from mixing down (fumigation) of the previous day’s mixed

www.atmos-chem-phys.net/10/8761/2010/ Atmos. Chem. Phys., 10, 87812010
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with TD-LIF by the UC Berkeley research group.

Fig. 9. Mean diurnal variations of the first order HCHO loss rate
constants (h1) for photolysis (1a+ j1p) (White), reaction with OH
(k4-[OH]) (light gray), and dry deposition (dark gray) {a) HCHO
High period andb) HCHO Low period of BEARPEX 2007.

(residual) layer and the rise of actinic radiation. It then re-

mains nearly constant around 120 ppt until 14:00 and theryco. +0, —s HO,-+CO
gradually falls off due to the diminution of solar radiation,

although the total NQcontinues to build throughout the af-  The overall HCHO loss rate by photolysis can be obtained
ternoon due to advection of the Sacramento plume (Fig. 8b)from measured HCHO concentrations and its photolysis rate
Nighttime [NOJswas not able to be estimated from photo- constants;;, and j1p, Which were parameterized by the ob-
stationary state, and hence assumed to be 10 ppt (Day et akerved PAR using the TUV model, similar to the estimate of
2009; Dillon et al., 2002). Although [RED, assumed equal  jyo, (Appendix A).

to the observed [Hg}, influences the steady state [NO§s- Direct reaction with hydroxyl radicals
timation, the sensitivity of [NQ) to a change in assumed (k4=5.4x 10~ 12xe!3¥T; Atkinson et al., 2006) is another

(R3)

[RO] is not very large: merely a 10% difference in [NQ]
for a doubling of [RQ] (=2 x [HO2)).

3.1 Observed formaldehyde sinks and inferred dry
deposition

major HCHO removal processes in the atmosphere, also
producing HQ (Reactions R3 and R4). Generally speaking,
diurnal average OH concentrations at Blodgett Forest rapidly
increase immediately after sunrise, peaking near 11:00 with
a maximum of 0.27 ppt (5.9 10° molecules cm?®), and
decreasing thereafter but not dropping below 0.05 ppt, which

Our initial goal is to first broadly characterize the processesg equivalent to 1.% 108 molecules cm?3, even throughout

responsible for the observed diurnal patterns in HCHO. Nthe night.

The mean concentration of nighttime OH for

this section, we discuss HCHO sinks from observations.,».q0 06:00 is 0084+ 0.03 ppt, or 1.9« 10° molecules

Photolysis is a major daytime sink of HCHO that ultimately cm=3 (Fig. 7).

produces nearly an equivalent of hydroperoxy ¢ghi€adicals

via subsequent Reactions (R1-R3). Under conditions withNo emissions (Faloona et al
relatively high concentrations of HCHO and low UV fluxes '

Such elevated nocturnal OH has been
observed before in forested environments with small local
2001), and has been proposed
to be the result of the ozonolysis of reactive BVOCs.

(near sea level and at high solar zenith angles), HCHO is ong qiqering this relatively high and consistent [OH], the
of the most important sources of hydroperoxy radicals in thefirst-order nighttime HCHO loss rate constant due to OH

atmosphere.
1<330 nm
HCHO+hy ———— H-+HCO- (45%) (R1a)
2=830 M 4+ COB5%) (R1b)
H-+02 —> HO>- (R2)

Atmos. Chem. Phys., 10, 8763781, 2010

was significant, accounting for about 20% of total HCHO
sinks (0064 0.01 h™1) (Fig. 9).

HCHO+ OH. —s H,0+HCO. (R4)

www.atmos-chem-phys.net/10/8761/2010/
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Dry deposition is typically the most important nocturnal 3.2 Known HCHO production from VOC observations
removal process controlling HCHO variation when, com-
pared with daytime, photochemical production is less impor-HCHO is secondarily produced in the atmosphere through
tant and OH is a less effective sink (Sumner et al., 2001)the oxidation of various VOCs by oxidants such as OH,
Observed nighttime HCHO showed a consistent decline inOs, and NGQ. Therefore, with the known HCHO yields of
both the High and Low periods, implying that HCHO losses those oxidation processes and the concentrations of the par-
predominate and remain steady overnight mainly due to dryent VOC's and oxidants, the chemical production rate can be
deposition, as long as advection is not a significant contrib-estimated as shown in Eq. (3), wherdenotes a species of
utor. While, in reality, our estimation of the total nocturnal oxidant such as OH or £) j denotes a species of VOC that
HCHO production from all BVOC precursors considered in produces HCHO through its oxidation, akg andy;; rep-
this study is non-negligible (mear@®-+0.07 ppb i during resent the reaction rate coefficients and HCHO yields for the
22:00~04:00), resulting from both the elevated nighttime reaction between oxidantand VOG;, respectively.
OH and the temperature-dependent emissions of BVOCs
such as monoterpenes (Bouvier-Brown et al., 2009a), thep, . _ZZ ¥ijkij[VOC] ;[Oxidant;) 3)
magnitude of production is largely balanced by loss to OH
(0.3240.02 ppb ) in the budget equation. Thus the as-
sumption that dry deposition is the primary sink of HCHO 3.2.1 OH-initiated HCHO production
during night remains effectively valid. Because the noctur-
nal boundary layer depth is critical to estimating the night- Among the numerous BVOCs known to yield HCHO upon
time dry deposition velocity, a comparative method with reaction with OH, 17 representative hydrocarbons observed
nighttime ozone decay rates is used to circumvent the unobby GC/MS during BEARPEX, including monoterpenes
served nocturnal boundary layer depth as in previous studfx- and g-pinene, myrcene, limonene, 3-carene, terpino-
ies (Shepson et al., 1992; Sumner et al., 2001). Assumlene, «- and y-terpinene), isoprene, 2-methyl-3-buten-2-ol
ing that nocturnal production and loss from OH cancel, we(MBO), methyl vinyl ketone (MVK), methacrolein (MACR),
calculate the first-order loss rate constant from the avermethanol, longifolene, methyl chavicol, ethene, and propene,
aged logarithmic [HCHO] decay during the middle of the were used in calculating HCHO production rates. Although
night (01:00~ 04:00) to be—0.27 1. Scaling the night- the HCHO yield from isoprene oxidation is relatively well
time ozone dry deposition velocity observed for the sameunderstood (Appendix C1), the N@ependence of HCHO
season by Kurpius et al. (2002), 0.05cnsto the mea-  Yields is not well established for most other biogenic VOCs,
sured Q decay of—0.016 ! yields a HCHO dry deposi- and hence, the fixed yields derived from chamber experi-
tion rate of 0.84cmst. This nighttime rate is similar to ments in the presence of NO reported in the literature were
those from Sumner et al. (2001) and Krinke and Wahnerused in this study (Atkinson and Arey, 2003; Griffin et al.,
(1999), 0.65cms! and 0.75cm3?!, respectively, and im-  1999; Hoffmann et al., 1997; Lee et al., 2006b; Sumner et
plies a nocturnal boundary layer mixing depth at Blodgettal., 2001; Tuazon and Atkinson, 1990; Paulot et al., 2009) as
Forest of about 110m. We use a value of 1.5 chhsas  summarized in Table 2.
in Sumner et al. (2001) and Krinke and Wahner (1999), for The mean diurnal patterns of overall OH-initiated HCHO
the daytime dry deposition velocity in our time-dependentproduction from known BVOC sources show significant dif-
HCHO model described below. ferences between the High and Low periods (Fig. 10). Dur-
By our estimation the role of HYand NG in HCHO ing the High period, HCHO production rates display a strong
removal at Blodgett is negligible (Appendix B). The over- diurnal cycle with the first maximum in the early morning
all first-order loss rate constants & of HCHO, calculated  and the second peak in the early afternoon, whereas no re-
from the observed OH, photolysis frequencies scaled to obmarkable diurnal patterns are evident in the Low period.
served PAR, and dry deposition as discussed above are shovilrhe mean daytime (10:00 16:00) magnitude in HCHO pro-
in Fig. 9 for the High and Low phases. In general, a maxi- duction is reduced from.@3+0.12 ppb ! in the High to
mum at 10:30 is influenced both by the maximum OH con-0.2840.14 ppb hr! in the Low period. The sudden surge of
centrations near 10:00 and by the peak photolysis rate conHCHO production in the early morning of the High period is
stant at 11:00 PST, accounting for 37% and 47% of total losghe result of the drastic rise in both OH and BVOCs (Bouvier-
rate (10:00~ 14:00), respectively, in both the High and Low Brown et al., 2009a). Although OH tends to steadily decrease
periods. The difference in overall losses between the two peafter its peak around 10:30, the increase or persistence of
riods is less than 20%, implying that the dramatic differencethe BVOC concentrations maintains a similar HCHO pro-
of daytime HCHO levels between the two periods is deter-duction through the late afternoon. The detailed atmospheric
mined by the sources. behavior of BVOCs at Blodgett Forest, depending on the
types of emission and mixed layer height, are described in
detail by Bouvier-Brown et al. (2009a). Enhanced OH con-
centrations at night combined with nocturnal emissions of

www.atmos-chem-phys.net/10/8761/2010/ Atmos. Chem. Phys., 10, 87812010
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Table 2. Reaction rate constantsor reaction of biogenic VOCs with OH and HCHO vyields.

k (cm® molecule s~ 1)d HCHO Reference
yielde
Isoprene 2.% 10711 x exp(3901) 0.5  Atkionson (20069; estimaté
MBO 8.2x 10~ 12x exp(610T) 0.3  Atkionson (2006;
Alvarado et al. (199%)
Ferronato et al. (1998)
MVK 2.6 x 10 12x exp(6101) 0.26  Atkionson (20069;
Tuazon and Atkinson (1998)
Paulot et al. (200%)
MACR 8.0x 10~12x exp(380T) 0.61 Atkionson (2006Y
Tuazon and Atkinson (1998)
Paulot et al. (200%)
a-pinene 1.2< 10~ 11x exp(440r) 0.19  Atkionson (20064
Atkinson and Arey (200%)
Lee et al. (200615
B-pinene 7.8% 10711 0.51 Atkinson and Arey (2008¥;
Lee et al. (20061)¢
Myrcene 2.14¢ 10710 0.52  Atkinson and Arey (2008¥;
Lee et al. (20061)¢
Methanol 9.00< 1013 1.0  Atkionson (2006}
Atkinson et al. (1999
Methyl chavicol  5.40< 10~11 0.52 Bouvier-Brown et al. (2009%)
Lee et al. (200615
Limonene 1.7 10710 0.47  Atkinson and Arey (2008)
Lee et al. 2006%
Sumner et al. (200%)
3-carene 8.6& 10711 0.28 Atkinson and Arey (2008¥;
Lee et al. (20061)¢
Terpinolene 2.25 10710 0.26  Atkinson and Arey (2008¥;
Lee et al. (20061)©
a-terpinene 3.6% 10710 0.078  Atkinson and Arey (2008§;
Lee et al. (20061)©
y-terpinene 1.7% 10710 0.17  Atkinson and Arey (2008);
Lee et al. (2006H)¢
Longifolene 4.7% 1011 0.25 Atkinson and Arey (2008)
Lee et al. (200615
Ethene 8.6< 10~29(1/300)31[N>] (ko) 1.8  Atkionson (2006;
9.0x 10~ 12(7/300)~9-85 (ko) Sumner et al. (200%)
Fc=0.48
Propene 8.6« 10-27(T/300)"33[N5] (ko) 1.0  Atkionson (2006}

3.0x 10714(7/300)1 (kso)
Fc=0.5

Sumner et al. (2008)

2Yield does not include the yield from its oxidation products such as MVK and MACR. (See Appendix C1)

b Averaged HCHO yield (0.29 from Alvarado et al. (1999) and 0.35 from Ferronato et al. (1998). Fantechi et al. (1998) reported 0.09 as HCHO yield, but we did not include this

value above due to the large discrepancy with others.

¢ Total HCHO yield for MVK is 0.58 (Tuazon and Atkinson, 1990); however, we deal with the HCHO vyield directly from the oxidation of MVK by OH here, because we also

consider MVK's effect on HCHO production from PA radical.

d Reference for reaction constants.
€ Reference for HCHO yields.

Atmos. Chem. Phys., 10, 8763781, 2010
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=

e bergamoteneg-farneseneg-farnesene, and 2 unidentified)

|t measured during BEARPEX lead to a 40% increase in the
= total HCHO production from daytime BVOC ozonolysis,
EMB.S' still an inisignificant source, but the measurement was made
Blinonoterpencs above the canopy at 9.5 m. It should be noted that Bouvier-
Brown et al. (2009a) found strong intra-canopy concentra-
tion gradients of sesquiterpenes due to their high reactiv-
ity (to; ~ 4 min), therefore using sesquiterpene concentra-
o7 ' ; ; ' ' tions measured above canopy may lead to significant under-
estimation of intra-canopy HCHO production. In addition,
very reactive species likg-caryophyllene, which reacts with
O3 100~10000 times faster than those BVOCs observed
(o5 ~ 1 min with [Og] =55 ppb; Atkinson and Arey, 2003)
and has a HCHO yield of 0.11 (Calogirou et al., 1997; Atkin-
son and Arey, 2003; Grosjean et al., 1993b), were not mea-
sured during BEARPEX due to their extremely high reactiv-
ity. Although the HCHO vyield frong-caryophyllene ozonol-
ysis is not very large, OH-initiated oxidation of this com-

pound can further produce HCHO with a yield of 0.42 (Lee
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Fig. 10. Mean diurnal variations of HCHO production rates

(ppb h*l) from the OH-initiated oxidation of 17 measured BVOCs o )
(total monoterpenesuépinene, f-pinene, myrcene, limonene, 3- et al., 2006b). The lifetime g8-caryophyllene with respect

carene, terpinolene;-terpinene, ang-terpinene), MBO, isoprene, {0 daytime OH is about 14 min, which could yield HCHO
methanol, MVK, MACR, methyl chavicol, longifolene, ethane, and production comparable to that from ozonolysis. In addition,
propene) ina) HCHO High period andgb) HCHO Low period. considering thap-caryophyllene is a compound known to
be emitted in significant quantities from manzanita branches
and that manzanita accounts for 29% of total leaf area at
terpenes and C4#OH lead to considerable HCHO produc- Blodgett Forest as of 2003 (Bouvier-Brown et al., 2009b),
tion (0.21+0.06 ppbhr! in both periods) at night. Dur- g-caryophyllene cannot be ruled out as a HCHO precursor
ing the daytime (10:06 16:00) when OH-initiated HCHO to some degree at least in Blodgett Forest. Consequently,
production is most active, the main contributions are madethe possibility remains that such unrecognized species may
by monoterpenes (16%, 32%), MBO (24%, 14%), isopreneexist in the environment and could contribute significantly
(29%, 14%), and methanol (13%, 18%), together accountingo the overall HCHO production. In fact, a recent branch
for about 80% of the total known OH-initiated production enclosure study of BVOC emissions from Blodgett forest

(High, Low phases.) (Bouvier-Brown et al., 2009b) indicates that there are consid-
erable sesquiterpene emissions at the site which are mostly
3.2.2 Ozone-initiated HCHO production oxidized before they can be observed in ambient air. Further

discussion of the possible effects of sesquiterpenes follows

Thirteen BVOCs, including monoterpenes @ndg-pinene,  below.
myrcene, 3-carene, terpinolenesterpinene, limonene),
MBO, isoprene, linalool, ethene, propene, and methyl chav3.2.3 Peroxy radicals and glycolaldehyde as HCHO
icol, are included in the estimate of ozonolytic production. precursors
The HCHO yields from the ozonolysis of BVOCs and their
reaction rate constants used in this estimate are described Blobally, methylperoxy radicals (G#0,), which are pro-
Table 3. The mean diurnal variation of the overall HCHO duced from the oxidation of CHand peroxyacetyl (PA) radi-
production due to ozonolysis shows a maximum aroundcals, are an important precursor of HCHO (Fried et al., 1997,
18:00 due to the [g] peak in conjunction with BVOC diur-  Sumner et al., 2001; Tuazon and Atkinson, 1990; Lee et al.,
nal variations. The main known contributors to HCHO pro- 1998). The HCHO production mechansim via £ékida-
duction when ozonolysis is most active (16:0@0:00) were  tion is described in detail by Fried et al. (1997). The life-
monoterpenes, MBO, and isoprene accounting for 47/59%time of CH, at 298K with 6x 10° molecule cnT3 OH is~10
19/14%, and 25/17% of the totalsGnitiated production  months (Atkinson et al., 2006), and hence it is assumed that
from known BVOCs during the High/Low period, respec- CH, is homogeneously distributed throughout the boundary
tively. layer at a concentration of 1.774 ppm (IPCC, 2007). Perox-

The HCHO production rate resulting from the 13 observedyacetyl (PA, CHC(O)O,) radicals are produced from OH-
BVOCs + G reactions is an order of magnitude smaller thaninitiated oxidation of CHCHO, MVK, MACR, and methyl-
the contributions of known OH-initiated oxidation processes.glyoxal (CH;C(O)C(O)H, MeGly), thermal decomposition
Assuming a HCHO vyield of 20%, five sesquiterpenes ( of PAN, photolysis of MeGly and biacetyl (Atkinson et

www.atmos-chem-phys.net/10/8761/2010/ Atmos. Chem. Phys., 10, 87812010
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Table 3. Reaction rate constartsand HCHO vyield for ozonolysis of VOCs that are at least partially biogenic.

k (cm® molecule 1 s~1)P HCHO yield* Reference

MBO 1.0x 10717 0.472 Atkinson et al. (2006);
Fantechi et al. (1998)
Alvarado et al. (1999)
Grosjean and Grosjean (1985)

Isoprene 1.0% 10~ 14x exp(~1995/T) 0.9 Atkinson et al. (2008)
Grosjean et al. (1993%)
a-pinene 6.3< 10716 exp(-580/T) 0.25 Atkinson et al. (2008)
Atkinson and Arey (2003)
Lee et al. (20064)
B-pinene 1.5¢ 10717 0.65 Atkinson and Arey (2008¥;
Lee et al. (2006&)
Myrcene 4.76< 10716 0.51 Atkinson and Arey (2008Y;
Lee et al. (20064)
3-carene 3.6% 10717 0.25 Atkinson and Arey (2008f;
Lee et al. (2006&)
Terpinolene 1.8% 10715 0.29  Atkinson and Arey (2008f;
Lee et al. (2006&)
Linalool 4.33x 10716 0.35 Atkinson and Arey (2008f;
Lee et al. (2006&)
a-terpinene 2.3& 10714 0.04 Atkinson and Arey (2008f;
Lee et al. (2006&)
Limonene 1.98< 10716 0.15 Atkinson and Arey (2008f
Methy chavicol 1.2« 10~17 0.61 Bouvier-Brown et al. (2009%)
Lee et al. (2006&)
a-humulene 1.1% 10714 0.035 Atkinson and Arey (2003)
Lee et al. (2006&)
B-caryophyllene  1.1% 10°14 0.11  Atkinson and Arey (2008;

Calogirou et al. (1997)
Grosjean et al. (1993b)

Ethene 9.1x 10~ 15x exp(~25801) 1.03  Atkinson et al. (2006)
Sumner et al. (200%)
Propene 5.5 10~ 15x exp(~18801) 0.78  Atkinson et al. (2008)

Sumner et al. (200%)

a Averaged HCHO yield (0.48, 0.57 with OH scavengers from Fantechi et al. (1999), 0.29 from Alvarado et al. (1999), and 0.36 from Grosjean and Grosjean, 1995).
b Reference for reaction constants.
¢ Reference for HCHO yields.

al., 2006; Klotz et al., 2001; Koch and Moortgat, 1998; temperature, and light intensity (Eq. C4). The mean produc-
LaFranchi et al., 2009; Orlando et al., 1999; Tuazon andtion rates in the High and Low period are4@-+ 0.05 and
Atkinson, 1989). PA radicals are rapidly destroyed by reac-0.17+0.08 ppb i1 during the daytime, respectively, which
tions with NO, HQ, and RQ with a lifetime of~10s under  are comparable in magnitude to the OH-initiated production
BEARPEX conditions (LaFranchi et al., 2009). Therefore, (Fig. 11).

the steady-state concentration of PA radicals, {Ajan be Glycolaldehyde (GA) is known to be secondarily pro-
estimated by Eq. (C3) as outlined in Appendix C. PAremoval a4 through the oxidation of ethene, MBO, isoprene and
reactions produce G#€O; (Tyndall et al., 2001; Hasson et e vocs (Butkovskaya et al., 2006: Magneron et al.,

al., 2004;.Jenk_in et al., 2007), which, upon decompos_ition2005; Bacher et al., 2001). Although the HCHO vyields
and reaction with @forms CHO; (Reactions R13-R15in  ;se4 in Sect. 3.2.1 are expected to be incorporated into

Appendix C). We assume that G8 is rapidly converted o ot HCHO production assuming the experimentally ob-
into HCHO' The HCHO_productlo_n from G®, sh_owed & tained HCHO yields were corrected for by-product effects,
strong diurnal pattern with a daytime peak both in the High Spaulding et al. (2003) found using multiple-regression and

and Low period due to diurnal distributions of [PA], [OH],  actor analysis that only about 30% of GA at Blodgett Forest

Atmos. Chem. Phys., 10, 8763781, 2010 www.atmos-chem-phys.net/10/8761/2010/
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Fig. 11. Mean diurnal HCHO production rate (ppbh) from
CH30, radical, which is produced from PA (white), GHlight Fig. 12. Total mean daytime production and loss rates (left y-axis)
gray), and glycolaldehyde (dark gray) durite the High and(b) and the concentrations (right y-axis) of HCH&) for the High and
Low HCHO period. (b) Low HCHO period. Bar plots denote production and loss rates
estimated from the observations (P: production, L: loss, and sub-
scripts represent reaction pathways such as oh: by OH, 03: by
is attributable to biogenic sources. Thus, GA effects on0zone, ch302+GA: from methyl peroxy radical and glycolalde-
HCHO production are worthy of consideration. Unfortu- hyde, photo: by photolysis, and dry: by dry deposition). White
nately, GA was not observed during the BEAPREX period, circles with dotted line denote the observed [HCIg§] Thick gray

. . “and black lines show the calculated [HCHQe using a time de-
isnog vg,- ;|5ef g?ed s;u;r;aat grégllewﬁl;cﬁ'?sr?;:ziﬁg z)elzri)%ag;d pendent integration of the mean HCHO production and loss rates

initialized by [HCHOLpsat 09:30 with a constant advection rate of
year as that of HCHO measurements. The mean HCHQ, 7 anq 1.2 ppbht, respectively.

yield of 0.72 was used for GA + OH reaction (Butkovskaya

et al., 2006; Magneron et al., 2005) and 0.59 for photolysis

(Magneron et al., 2005; Bacher et al., 2001). The rate conseryed [HCHOJg.30 to avoid large, unconstrained effects of

stant of 1.1x 10~ cm® molec* s~* was used for OH+GA  entrainment during the rapid growth phase of the morning

reaction andjga was scaled with PAR using TUV model poundary layer (e.g., fumigation), and thereafter the preced-

(A5) The mean estimated HCHO prOdUCtion rate from GA |ng result was used as [HCHQ]]_ for the next Step’s cal-

during daytime (10:06-16:00) is 009+0.02ppbh* and  cylation. According to sonde measurements conducted in

0.06+0.02 ppb 't in the High and Low phase, respectively BEARPEX 2007 and 2009 (Choi et al., 2010), the atmo-

(Fig. 11). spheric boundary layer (ABL) is already well developed by
that time, and thus the growth in boundary layer height is not

) . expected to significantly affect HCHO levels directly for the
4 Estimated HCHO constrained by observed interval under consideration.

production and loss rates .

To evaluate in-situ chemical processes based on knoerHCHo]’:[HCHO]’71+/1_1 @)

HCHO production and loss mechanisms, HCHO concentra( pycpo+ A — Lucho- [HCHOJ,_1)dt

tions were calculated from an integration of the budget equa-

tion as shown in Eq. (4)PycHo is the total production rate Advection is one of the most vexing uncertainties in most

from observed BVOCs (17 BVOCs from OH-initiated oxi- atmospheric chemistry studies, especially when moderately
dation, 13 BVOCs from Ozonolysis, GB> radical from PA  reactive secondary products are concerned like HCHO or
radical and CH oxidation, and glycolaldehyde).ycHo is other OVOCs. The oak forests located approximately 30 km
the sum of the 1st order reaction rate constants from phoupwind from the observation site are hearty emitters of iso-

tolysis scaled to the PAR observations by the TUV model,prene, and are expected to affect the HCHO budget at Blod-
reaction with observed OH, and estimated dry deposition. gett Forest. Therefore, advection from sources upwind (most
represents advection by the mean wind. The calculation wasotably the oak forests of the foothills) may be much more

performed every 30 min from 10:00 initialized with the ob- important than local photochemistry. To set the upper limit
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of the advection, we first focus on the mean diurnal patternHCHO advection. Isoprene oxidation products, MVK and
of the observed HCHO for the Low phase, which appearsmethacrolein, are expected to peak in the midday if the lo-
similar to other species whose levels at Blodgett are con-<cal isoprene emission is important because their concentra-
trolled by advection, such as ozone, N@nd isoprene as tions strongly depend on the OH level and isoprene emission,
discussed earlier (Figs. 7 and 8). If we assume the discrepamwhich depends on leaf temperature and photon flux density
cies between modelled and observed [HCHO] are solely thencident on the leaf (Monson and Fall, 1989). However, iso-
result of advection, ignoring additional sources of HCHO in prene and methacrolein at Blodgett build up continuously to
the Low period, an upper-limit to the background advectionthe early evening in both High and Low phases (Fig. 7c and
rate can be estimated. Figure 12(b) shows the daytime risd), implying that the late afternoon increase is caused by ad-
of observed [HCHO] corresponds fairly well with the model vection from the upwind oak forests of the foothills. Anthro-
results usingd = 1.2ppbhl. The advection rate may also pogenic VOCs, such as benzene and toluene, which are trans-
be independently estimated from the horizontal gradient ofported from upwind urban areas show a similar late afternoon
HCHO evaluated using model results and/or satellite datapr early evening peak around 18:8@0:00 (Fig. 7). Ozone
and the mean wind. Photochemical modelling of California’s also displays this characteristic rise throughout the day as
central valley performed for the summer daytime conditionsphotochemical precursors (anthropogenic VOCs ang B
of 2000 by Steiner et al. (2007) indicates the potential forwell as biogenic isoprene) and their products advect to the
formaldehyde gradients to exist in the transect from Sacrasite (Fig. 7e). Taken in sum, the late afternoon increase in
mento to Blodgett. The largest gradients observed in thgHCHO]mogdel and in [HCHO}s of the Low period, as well
vicinity of Blodgett forest (see their Fig. 3), irrespective of as the secondary maximum in [HCH#J seen in the High
exact orientation, appears to be about 0.04 ppb/km. Similaperiod from 16:00-20:00 (Fig. 6a) can likely be explained
estimates of the regional gradients can be made using sateln large part by advection from the upwind oak forest and/or
lite data from the Ozone Monitoring Instrument as shown in urban sources of HCHO and its precursors. However, advec-
Millet et al. (2008). Assuming that 80% of the HCHO tion is unlikely to explain the HCHO maxima reached during
column resides in the ABL in regions with strong surface the peak in photochemical activity of the High period.
sources (Martin et al., 2004), broad summertime horizontal We note that [HCHQjys in the High phase has a pattern
gradients can be seen that range from 0.015-0.04 ppb/knsimilar to the chemical species controlled by local, fast pho-
While the daytime surface winds average below 3 m/s, mixedtochemistry, such as OH and H@Figs. 7g and h). In addi-
layer winds above Blodgett Forest are known to be somewhation, local OH-initiated HCHO production significantly de-
higher —from 3 to 5 m/s (Choi et al., 2010). A very liberal es- creased in the Low phase along with [HCHgJdue to the
timate of daytime HCHO advection rates, then, can be madelecrease in concentrations both of BVOCs and OH, implying
ranging from 0.2—0.7 ppb . We thus used 0.7-1.2 ppbh midday HCHO in the High phase was strongly influenced by
as the largest conceivable advection rates for the time depenecal photochemistry. According to Holzinger et al. (2005),
dent [HCHO] calculation in Eq. (4). the concentrations of oxidation products from VR-BVOCs
The principal terms of the HCHO budget are summa-emitted from the pine forest at Blodgett rapidly increase at
rized as a diurnal mean pattern in Fig. 12, which clearly sunrise, peak between 10:8015:00 and steadily decrease
shows the losses (linearly dependent on the observed HCHQh the late afternoon with a smaller secondary peak around
outpacing the known sources steadily throughout the day20:00. These diurnal patterns may also imply that the oxida-
(10:00~ 16:00) particularly for the High period. Modelled tion of unidentified BVOCs play an important role in HCHO
concentrations of HCHO, [HCHQ@)4e, showed significant  production during midday, because of their similarity to the
discrepancies with observed levels, [HCHRE] implying High phase HCHO profile and the fact that the oxidation
that there are large sources not considered in the analysisf most reactive BVOCs will produce HCHO. Kurpius and
of the measured VOCs, especially during the High phaseGoldstein (2003) showed that half of the measured canopy
[HCHO]modeldecreases rapidly in the beginning of the calcu- ozone flux in the summer is believed to be due to an addi-
lation due to loss rates in great excess over observed produtional chemical sink; namely, the reactions of VR-BVOCs
tion terms, and levels off in about 3 h where production andwith ozone, supporting the possible existence of undetected
loss rates are roughly balanced to yielet 8 ppb of HCHO.  VR-BVOCs purported by Holzinger et al. (2005) and further
The modelled concentration only starts to rise significantlyevinced in the present HCHO study.
after ~ 15:00 when the photochemical loss terms are fading
and the (constant) advection begins to outpace them. Al-
though the large advection estimate is clearly not enough t&s  Possible missing HCHO sources
fully explain the overabundance observed at the site during
midday, it does capture the feature of gradual late afternoormhe analysis presented so far clearly indicates that there may
build-up in [HCHOLps. be other, more significant sources of HCHO during mid-
Further investigation of other trace gases that origi-day in the High period at Blodgett, where isoprene is not
nate upwind can provide insight into the importance of the dominant BVOC. Bouvier-Brown et al. (2009b) showed
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significant levels of sesquiterpene emissions that mostly rewithin a canopy height scale, and thus their flux aloft is neg-
act before escaping the forest canopy from branch enclosurkigible (this does not appear unrealistic considering their very
experiments, supporting this argument. In addition, Farmershort lifetime and the vertical distributions of their oxidation
and Cohen (2008) argued that vigorous intra-canopy chemproducts).
istry was evident at this site based on estimates of verti- Fret
cal gradients and fluxes &ANs, XPNs, NG and HNG. [VR—-BVOCSs| = — X TyR_BVOCs (5)
Wolfe et al. (2009) also supported that hypothesis based N
on the relatively larger downward flux of PPN compared Fpet is the net flux of VR-BVOCs (13- 66 pmol nt?2
to those of MPAN and PAN. All of these findings support h~1), z is the vertical length scale (12 m), ands the chem-
rapid production of oxidized VOCs, likely including HCHO, ical lifetime of VR-BVOCs. The estimated HCHO produc-
within or just above the canopy. In what follows, we assumetion rate with a HCHO yield of 10% from VR-BVOC ox-
that the discrepancies between [HCH{geiand [HCHOLps idation within the canopy is.2 ~ 10.8ppbht. We also
shown in Fig. 12(a) result from missing local source terms.note that the diurnal profile of the oxidation products of
The contribution of missing sources can be estimated byWR-BVOCs showed a strong daytime peak, which is con-
adding a new term,Pmissing t0 EQ. (4), and by forcing sistent with that of HCHO during the High phase, implying
[HCHO]model to match [HCHO}ps over several hours. The VR-BVOC oxiation may be an additional missing source of
averagePmissing magnitude during daytime (10:0015:00) HCHO.
was 11~ 1.6 ppb ! in the High phase. In order to explain Perhaps more confounding than all of the above are re-
this missing source term, we examine, in more detail, the va€ent indications that our understanding of H€ycling in
lidity of some of the major production terms currently in the low-NOy, high-VOC environments is poor. In one of the
model. first indications of this problem, Thornton et al. (2002) pro-
As noted above, BVOC sources of HCHO from ozone posed that R+ HO, reactions must be an inefficient sink
or OH reactions may be underestimated. Bouvier-Brownof HOy in order for HQ, loss to match known HQsources
et al. (2009a) reported that total sesquiterpenes measured ahd to explain observationally constrained ozone production
1.5m above the forest floor showed a large discrepancy witlrates obtained during the 1999 Southern Oxidant Study in
branch enclosure measurements, implying that about 90% dflashville, Tennessee. In this region, where isoprene was a
the measured reactive compounds disappear through oxidalominant RQ source, they suggested that the majority of
tion shortly after they are emitted into the sub-canopy atmo-RO, + HO, reactions resulted in HOrecycling rather than
sphere. Considering that all monoterpene and sesquiterpentermination via: R@+ HO, — RO + OH + Q or rapid pho-
data were obtained at 9.3m and other BVOCs obtained atolysis of ROOH, the supposed major product of RGHO,
least 6.4 m above the ground, the possibility remains thateactions. Similar conclusions were reached by Lelieveld
ozonolysis of BVOCs, too reactive to be detected at thoseet al. (2008) in explaining the discrepancies between mod-
levels, could contribute significantly to the overall HCHO. els and aircraft measurements made over tropical forests.
With the assumption that the discrepancies in sesquiterpeneaFranchi et al. (2009) suggested high /800, ratios (4
concentrations between branch enclosures and tower me#s 6) in the PAN analysis at Blodgett given the measured
surements are caused by a rapid chemical loss, and th&H reactivity and photostationary state estimates of NO. In
HCHO is produced through the oxidation processes with aaddition, modeled OH at Blodgett was significantly lower
yield of 10~ 50%, analogous to the analysis of Bouvier- than observed, whereas HH@howed reasonable agreement
Brown et al. (2009a), the ozonolysis of sesquiterpenes couldMao et al., 2009). Such situations are similar to those where
contribute approximately 0.2 to 0.9 ppbhto the HCHO  enhanced OH recycling is required and high JRED, ra-
production rate near the branches. This result is a lower limitios are expected (Stevens et al., 1997; Hofzumahaus et al.,
because some compounds suchBasaryophyllene, which  2009; Steiner et al., 2008; Tan et al., 2001). We assumed
was one of the major emissions from manzanita (Bouvier-RO, ~ HO,, thus our source of HCHO from R@hemistry
Brown et al., 2009b), were not taken into account due tois potentially underestimated. In addition, the increased flux
their high reactivity (Bouvier-Brown et al., 2009a). Fur- through alkoxy radicals implied by these suggestions could
thermore, their estimates were derived all together for bothprovide another HCHO source not contained in our model.
the High and Low periods of HCHO measurements and aréNolfe et al. (2010) also show similar discrepancies ing(HO
likely greater still during the High phase. budget to Mao et al. (2008) and suggested that PA production
Similarly, Holzinger et al. (2005) estimated that #3 may be 30% greater than LaFranchi et al. (2009) from extra
66 umolnT2h~1 of unknown VR-BVOCs is emitted at PA sources with model simulations using the master chemi-
Blodgett Forest during the summer and rapidly oxidized cal mechanism (MCM).
within 1 min just above the canopy during daytime. Be- Moreover, a recent HOstudy downwind of the urban re-
cause their lifetime is short enough to assume steady state gion of the Pearl River Delta in China (Hofzumahaus et al.,
midday, the expected [VR-BVOCSs] can be estimated using2009) suggested the need for additional recycling of RD
Eq. (5), which assumes that most VR-BVOCs are oxidizedOH that does not alter the HGand G levels. As the most
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simple case, Hofzumahaus et al. (2009) suggested the exigea(s ™) = —3.57x 10 8(PAR)® +1.73x 10 2(PAR)?>  (A5)

tence of a new reactant or suite of reactants, X, that react with +5.20% 10" 1°(PAR)

both RQ and HG at a similar rate, like NO, but without

net production of ozone. If such reactions, regardless of the

number of reactants, produce HCHO as a secondary prodAppendix B

uct as the R@+ NO reactions do, then enhanced R0,

ratios might also contribute to the requisite missing sources1O2 and NOz as a HCHO sink

of HCHO at Blodgett without drastically modifying the ob-

served Q and NO. Observed HQ@ at Blodgett is big enough to make
Consequently, we conclude from the above discussioriO2+HCHO Reaction (R1 in Appendix B) significant com-

that the elevated levels of HCHO observed during the HighPared to OH+HCHO reaction. However, the reverse ther-

phase of the experiment are consistent with the hypothesis dia! decomposition is also very fast under the low;NOn-

Holzinger et al. (2005) and the sesquiterpene emission medditions with the rate constant,_; = 2.4x 1012el~7009)

surements of Bouvier-Brown et al. (2009a, b); namely, that(Atkinson et al., 2006). Provided that thermal decomposi-

highly reactive VOCs emitted from the pine forest at Blod- tion of HOCHOO (0.68x 10?s™* at 15°C) is much faster

gett are being rapidly oxidized before escaping the Canoptha.n other_ reac'uons.of the adduct, we can assume that Re-

However, a detailed mechanistic description and identifica-2ction R1 in Appendix B reaches equilibrium within a very

tion of the VOC and oxidants (§and/or OH) responsible short time 15 ms) with its equilibrium constant of K=

for the anomalously high HCHO remains elusive. Clearly 1-3x 10 *>cnmPmolec® at 15°C (Atkinson et al., 2006).

eddy covariance flux measurements of HCHO above this ofiOCH00 also reacts with NO, Hf or RO, through

similar forests would provide a key test of our extention of Which HCHO can be removed in the atmosphere instead of

the Holzinger hypothesis. Underlying this large, local photo- being regenerated from thermal dissociation. Therefore, at

chemical HCHO source, is a more modest advective compo€duilibrium of Reaction (R1 in Appendix B), the net HCHO

nent from the Sacramento plume and forests of the foothilldOSS rate can be expressed as

that appears more dominant in the Low phase. Knet= K11HO31 (k005 HOz ]+ kocryo, ROz + kocrosINOY) (BL)
Although it can be an important HCHO loss under

very low temperature conditiond’(< 210 K) typical of the

tropopause (Hermans et al., 2005), the net HCHO loss rate by

HO, estimated at Blodgett Forest is only %109 s~1 with

All photolysis rate constants used in this study were es_ob;er\{ed HCHO and HQ"’?”O' estimated [N@}and [RQ,

timated from the TUV model v4.5 (NCAR, 2008). Dur- which is 4_orders <_)f magnitude smaller than the HCHO loss

ing the BEARPEX 2007 intensive observational period, theby OH during daytime. Therefore, vye_concludethatj—lm- .

TUV model yields strong relationships between PAR and?lztge“dg::)lcéHo removal processes within the boundary layer is

JNO,. J1a, J1b, jo (in Appendix C), andjca, which are based ) . :

on ; least-squares polynomial fit, under several different con- HCHO removal process due to NQReaction R2 in Ap-

ditions (cloud optical depth (COD) 0 and aerosol optical

Appendix A

Estimate of photolysis rate constants

pendix B) was about 450 times slower than that from OH ox-

depth (AOD) 0.235; COD 0.5 and AOD 0.235: COD 0 and idation even at night when [N§D= 3 ppt was assumed (Hurst
AOD 0.5 COD 0 5,and AOD 0.5) witlR2 = 0 9;)8 1.000 et al., 2001), and the nitrate at Blodgett is believed to be far

_ _ _ tivel h in Eq. (A1) td€SS (R. Cohen, unpublished data). Thus, we also concluded
239&50) 999, and 0.999 respectively as shown in Eq. (A1) CJthat NG; does not play an important role in nighttime HCHO

loss mechanisms compared to OH in Blodgett forest.
INOy(s7H =—3.68x 107 3(PAR®~8.15x 10 (PAR)? (A1)

—6 _ —5
+5.91x 10 %(PAR) — 1.03x 10 HCHO4HO3 <> HOCH,00 (R1)

jla(s™H =—2.67x 107 15(PAR)3+9.65x 107 12(PAR?  (A2) HCHO+NO; — HNO3 +HCO (R2)

+6.47x 10 8(PAR) —1.25x 108

j(shH=—-325x 10 15(PAR)3+8.12x 10 12(PAR?  (A3)
+1.90x 10 8(PAR) —1.37x 1078

jos™H) =5.7x 107 8(PAR* - 2.4 x 10 *(PAR)® (A4)
+2.6x 10 (PAR)2+6.0x 10 8(PAR) +85x 1078
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Appendix C

HCHO production pathways Isop— O+ 0z — MVK +HCHO+HO; (R5a)
—> MACR+HCHO+HO; (R5b)

C1 HCHO yield from OH-initiated isoprene oxidation —> productst HO, (R5c)

The HCHO vyield from isoprene oxidation is relatively well Depending on [NO], [R@}, and [HO], the HCHO yield

understood compared to other biogenic VOCs (Sumner e}/arled from 0.51 to 0.58 during the experiment. Thergfore,
al., 2001; Dreyfus et al., 2002; Paulot et al., 2009). Iso- V€ used the averaged value of 0.55 for the calculation of

prene (Isop) is attacked by OH to form isoprene peroxy rad-HCHO production rate from OH-initiated isoprene oxida-

ical (Isop-Q). Isop-G& then reacts with NO to produce tion

Isop-O radical with the yield of 90% (Reaction R2a in Ap- HCHO Yield,y =0.638+0.34(1—B) (C1)
pendix C) and subsequently to produce HCHO, MVK, and

MACR (Reactions R5a, b in Appendix C) with a yield of

63%, 35%, and 24%, respectively, in high-N@onditions P k2[NO] (C2)
(Tuazon and Atkinson, 1990; Paulson et al., 1992; Rup- k2[NOJ 4+ k3[HO2] 4 k4[RO2]

pert and Becker, 2000; Paulot et al., 2009; Miyoshi et al.,

1994; Sprengnether et al., 2002; Karl et al., 2006). On the i )

other hand, Isop-©also competitively reacts with Roo 2 HCHO production from CH 50, radical

produce HCHO, MVK, and MACR with a yield of 34%,

. . ; . Major pathways leading to PA radical at Blodgett Forest
16%, and 20%, respectively, via Isop-O (Reaction R4ain Ap'weie in?/estiga)t/ed by La?:ranchi et al. (2009) inc?uding OH-

pendix C) under N@-free conditions (Ruppert and Becker, initiated oxidation of CHCHO, MVK, MACR, and methyl-

2000; Miyoshi et al., 1994). Recent isoprene photooxida- 2
tion studies proposed that HCHO can be secondarily pro_g:cyoxal (CFbCéO)(:I(Q)H, fMeGI?/), thermal delcomkposmon
duced from isoprene nitrates, which are products of theoI PAN, a.nd photolysis o MeGIy and b'_aCTty (At '?SOﬂ et.
Isop + OH reaction under high-NOx conditions (Paulot et al., ic.)’cr% 9::& a%%zr?';ml]gg%_egilénigozt' ;migg{; Tuzaoz(()aln
2009). However, considering a low yield of isoprene ni- gat, ' Ny ’

trates (11.7%) and assuming that the chamber experiment%\nd eﬁt(:;)?sg)n, Algfe?/)i;)l?ss sizgwgtlrElilsdea(eC'[ttlolznjre(sF\;Gr;RgrzteIg
results already reflect HCHO yield from the further reaction PP AP Y g P

of 1s0p-ONGy + OH, we do not consider this new finding "2t [MEGlY] to [glyoxall is~ 3.4 during daytime (Spauld-

. : . ing et al., 2003). Thus, we assumed daytime [MeGly] =
" this calcglatlon. Con_seq_uently, assuming that the HCHO3.4x [glyoxal] in this discussion, with nighttime background
yu_ald from isoprene oxidation responds linearly to the rel- values of 30 ppt (LaFranchi et al., 2009; Spaulding et al.
?)mni?atigg?;}gerg;el\l&} dg'goﬁaa:]s (IjEef!Sne( Cal ';g:gg'iﬁ;f 2003). OH-initiated oxidation of MACR produces methacry-
1>=0.9x 10-11 F()Stevens ot al 19%9')]( 16 10_’11 eonI peroxy nitrate (MPAN) through the reversible reaction
ai_dl.c f40 10-22 erémolec-t ;_1 at r003r; t.er>r<1 eratljre between methacryloyl peroxy radical (MAGDand NG
4= = . per (Orlando et al., 1999). The competing reaction of MACO

(Jenkin et al., 1998), and [RP= [HO,] is assumed in or-

: i with NO produces PA radical with the yield of 0.35 through
der to obtaing (Sumner et al., 2001; Dreyfus et al., 2002). the 1-methylvinyl radical + @addcut Reaction (R11 in Ap-

pendix C). [MACQ;] was calculated following Lafranchi et
Isop-0 al’s (2009) Eq. (2) and rate constants in their Table 1. The
Isop+OHO; —— 2 +H20 (R1)  detailed production pathways of PA radical are thoroughly
described by LaFranchi et al. (2009). PA radical is destroyed
rapidly by reactions with NO, H& and RQ with a life-
time of ~ 10s (LaFranchi et al., 2009), and therefore, the
Isop— O, +NO — Isop— O+ NO2(90%) (R2a)  concentration of PA radical, [PA] at steadylgtateSé:San be
_ 0 estimated from Eq. (C3), whetg = 4.4 x 10712 x 3697
— lsop— ONG,(10% (R2b) k7=2.6x10"12%x 8107 f10=1.8x10"12x 60T (Atkin-
son et al., 2006)kg = 1.9 x 1073 x e~ 121797 [M] (ko)
Isop— O, +HO — Isop— OOH-+ O, (R3) and 28 x 106 x ¢—13580/T (ko) With Fe= 0.6, kg = 8.5 x
10-2%(1/298 65 [M] (ko) and 11 x 10-1%(1/298 10
(koo) With Fe =0.6, k13=8.1x 10712 x ¢2/UT k14=4.3x
10 18 x 104U gndki5=2.0x 1012 x ¢200T (Tyndall et
Isop— O, +RO; —> Isop— O+ RO+ 0,(75%) (R4a) al., 2001).

—> Isop— OH+ carbonyH 02(25%) (R4b) CH3CHO+OH — PA+H>0 (R6)
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