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Abstract. During the Biosphere Effects on AeRosols and during this period. Depositional loss of APNs can be 3—-21%
Photochemistry EXperiment 2007 (BEARPEX-2007), we of the gross gas-phase TD loss depending on temperature. As
observed eddy covariance (EC) fluxes of speciated acyl pera source of nitrogen to the biosphere, PAN deposition repre-
oxy nitrates (APNSs), including peroxyacetyl nitrate (PAN), sents approximately 4-19% of that due to dry deposition of
peroxypropionyl nitrate (PPN) and peroxymethacryloyl ni- nitric acid at this site.

trate (MPAN), above a Ponderosa pine forest in the west-

ern Sierra Nevada. All APN fluxes are net downward dur-
ing the day, with a median midday PAN exchange velocity

1. iyt
of —0.3cms™; nighttime storage-corrected APN EC fluxes gyrface uptake of reactive nitrogen provides a key path-
are smaller than daytime fluxes but still downward. AnaIyS|sway through which anthropogenic emissions may influ-
with a standard resistance model shows that loss of PAN tQnce ecosystem vitality. Carbon sequestration within bo-
the_ canopy is not controlled by turbulent or molecular dif- o4| forests may be largely controlled by wet and dry de-
fusion. Stomatal uptake can account for 25 to 50% of theyqsition of atmospheric nitrogen, the bulk of which derives
observed downward PAN flux. Vertical gradients in the PAN fom anthropogenic activities (Magnani et al., 2007). Ex-
thermal decomposition (TD) rate explain a similar fraction of cegsjve nitrification may give rise to soil acidification, re-
the flux, suggesting that a significant portion of the PAN flux q,,ced plant resistance to environmental stresses (e.g. drought
into the forest results from chemical processes in the canopy, g ozone) and increased nitrate concentrations in runoff
The remaining “unidentified” portion of the net PAN flux (Bytnerowicz and Fenn, 1996; Goulding et al., 1998).
(~15%) is ascribed to deposition or reactive uptake on non-pg 5 primary sink for total atmospheric reactive nitro-
stomatal surfaces (e.g. leaf cuticles or soil). Shifts intemper-gen (NG=NO+NO,+HNO3+HONO+peroxynitrates-+alkyl
ature, moisture and ecosystem activity during the summer Titrates+2NOs+CINO,+. .. ), nitrogen deposition also im-
fall transition alter the relative contribution of stomatal up- pacts the oxidative capacity of the troposphere. In the plan-
take, non-stomatal uptake and thermochemical gradients t%tary boundary layer, NO(=NO+NO,) radicals undergo
the net PAN flux. Daytime PAN and MPAN exchange veloc- (apid (~4 h) conversion into temporary or permanent reser-
ities are a factor of 3 smaller than those of PPN during the,ojr species, including peroxy nitrates, alky! nitrates, and ni-
first two weeks of the measurement period, consistent withyi~ 5¢id (Roberts, 1990; Murphy et al., 2007). Loss ofNO
strong intra-canopy chemical production of PAN and MPAN s pejieved to occur primarily via wet and dry deposition of
nitric acid (HNGs), which is formed by gas-phase reaction
of OH and NQ, as well as by reactions involving-®s and

Correspondence tal. A. Thornton NOs. Dry deposition of HNQ to vegetation is typically as-
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(thornton@atmos.washington.edu) sumed to be limited by vertical mixing processes, giving rise
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to a typical HNQ lifetime of 5-10 h near the surface (Siev- Farmer and Cohen (2008) report a noon summertime upward
ering et al., 2001; Brown et al., 2004; Pryor and Klemm, flux (efflux) velocity of +0.7 cms? for total peroxy nitrates
2004; Day et al., 2008); thus, a few hours downwind ofNO over a Ponderosa pine forest, which they attribute to within-
source regions, the NObudget can become dominated by canopy photochemical production that occurs faster than de-
longer-lived nitrogen oxide reservoirs, including acyl peroxy positional loss. Accurate modeling of atmosphere-ecosystem
nitrates (APNs). Although the gas-phase sources and sinkeiteractions and within-canopy chemistry requires a more
of APNs are generally well understood, the role of deposi-complete understanding of canopy-level APN fluxes. The
tional processes remains a point of controversy and is poorlyate of nitrogen entering foliage via APN deposition remains
constrained in current models (Wesely and Hicks, 2000).  unclear, but this channel may contribute as much as 20% to
APNs are formed during the photochemical oxidation of total N deposition in some regions (Sparks et al., 2003).
volatile organic compounds (VOC) in the presence of{NO As part of the Biosphere Effects on AeRosols and Pho-
RC(0)O; + NO, — RC(O)O,NO, (R1a, R1b) tochemistry EXperiment 2_0(_)7 (BEARP_EX-_ZO(_)?),_We de-
ployed our thermal dissociation — chemical ionization mass
This equilibrium exhibits a strong temperature dependencespectrometer to measure EC fluxes and vertical concentra-
with typical APN thermal decomposition lifetimes ranging tion gradients of a suite of APNs above and within a Pon-
from a few hours at 298 K to days or weeks at temperaturesierosa pine forest. Here, we report on EC fluxes of PAN,
below 273 K. Net APN lifetimes are ultimately controlled by PPN and MPAN. To date, this work represents the single
the fate of the acyl peroxy radical (RC(O)Q which can  longest record of direct, speciated APN fluxes measured via
reform an APN via reaction with NQor be lost via reac- the EC method. Observations indicate downward daytime
tion with NO, RG or HO,. APNs with unsaturated hy- fluxes with magnitudes similar to those found in previous
drocarbon chains are also labile towards oxidation by OHstudies, although our analysis suggests that factors other than
and Q. As temporary reservoirs for NQ APNs can re-  dry deposition contribute significantly to net APN fluxes. We
distribute NQ on regional and global scales, allowing for explore the connection between above-canopy APN fluxes
O3 production far from source regions (Moxim et al., 1996; and intra-canopy processes, including stomatal uptake, ther-
Kotchenruther et al., 2001; Hudman et al., 2004; Parrish emal decomposition and APN production. All of these con-
al., 2004). APNs constitute 10-80% of total N@ urban  tribute to the observed fluxes, though the magnitude of each
plumes, depending on transport time, meteorological condivaries with environmental conditions. We also estimate the
tions and photochemical history (Roberts, 1990; Roberts etmportance of APN deposition as a sink for atmospherig NO
al., 2004; Cleary et al., 2007; Murphy et al., 2007; Day et al.,and a source of fixed nitrogen to the biosphere.
2008). Peroxyacetyl nitrate (PAN, R=GHtypically com-
prises 80—-90% of the speciated APN budget and is generateéi Methods
by the oxidation of both biogenic and anthropogenic VOC in

the presence of N(XRoberts, 1990). Other APNs have more Below, we summarize the key details of our measurement
specific VOC precursors; for example, peroxypropionyl ni- techniques and data reduction procedures. An extended dis-
trate (PPN, R=CHCHp) is generally attributed to the oxida- cussion of Sect. 2.2-2.3 may be found in Appendix A.

tion of n-alkanes, while peroxymethacryloyl nitrate (MPAN,

R=CHC(CHgz)) is formed from methacrolein, an isoprene 2.1 Research site and campaign

oxidation product.

Despite the significance of APNs as N@eservoirs and The BEARPEX-2007 research intensive was designed to ex-
phytotoxic pollutants (Taylor, 1969), deposition of these amine atmospheric chemistry at the urban-rural interface, in-
compounds is still poorly understood. Early investigationscluding the chemical evolution of urban plumes and forest-
of APN uptake to vegetation report deposition velocities of atmosphere interactions. The campaign was a collabo-
0 to 1cms?t. These estimates derive from indirect flux- rative effort, with over ten institutions measuring a full
gradient or kinetic methods and are limited to relatively sim- range of chemical, particulate and meteorological param-
ple surfaces (e.g. grass or soil) or nighttime measurementsters. Observations of APNs were made from 24 Au-
(Hill, 1971; Garland and Penkett, 1976; Dollard et al., 1990; gust to 8 October 2007 (Julian day of year 236 to 281)
Shepson et al., 1992; Schrimpf et al., 1996; Doskey et al.within and above a Ponderosa pine plantation owned by
2004). Advances in instrumentation have since permitted theSierra Pacific Industries and adjacent to the University of
use of more direct measurement techniques, such as eddyalifornia at Berkeley’s Blodgett Forest Research Station
covariance (EC); however, results are far from conclusive. A(BFRS). BFRS is located in the western foothills of the
recent 12-day set of speciated APN EC flux measurementSierra Nevada mountains (F@842.9'N, 120°5757.9' W,
demonstrates downward fluxes over a Loblolly pine plan-1315m),~75km northeast of Sacramento, and has been de-
tation (Turnipseed et al., 2006) with magnitudes similar toscribed in detail elsewhere (Goldstein et al., 2000). The
prior studies and consistent with leaf-level uptake experi-site experiences a Mediterranean climate typified by hot, dry
ments (Okano et al., 1990; Sparks et al., 2003). In contrastsummers and cool, wet winters, with the transition from dry
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to wet occurring throughout September. Summertime windslow of ~24 slpm down the flux line and8 slpm down each
are consistently westerly to southwesterly during the day anaf the gradient lines. The flux line flow was likely turbulent
northeasterly to easterly at night, leading to regular diurnal(Reynolds numberR,.~3500), thus minimizing inlet damp-
cycles in trace gas mixing ratios characterized by the aring effects on flux measurements (Lenschow and Raupach,
rival of the Sacramento urban plume during the late after-1991). APN losses due to thermal decomposition in the inlet
noon followed by downslope advection of cleaner mountainlines was<3%, as estimated by dividing the plug-flow res-
air throughout the night (Dillon et al., 2002; Murphy et al., idence time in the inlets¥2 s) by the average PAN thermal
2007). The canopy is composed mainlyRifius ponderosa decomposition lifetime (given by the inverse of the rate con-
L. planted in 1990, with a few Douglas fir, white fir and in- stant for R-1. This was confirmed by several calibration tests
cense cedar dispersed throughout. The understory is primathat showed no detectable difference in PAN signal when
ily mountain whitethorn Ceanothus cordulatgsand man-  adding calibration PAN gas to the beginning versus the end
zanita @rcostaphylosspp.) shrubs with heights up to 2m. of the inlet lines.

Mean tree height within the daytime fetch was7.9 m (dis- Speciated APN measurements were obtained via a
placement height=0.75:.=5.9 m). One-sided leaf area in- custom-built thermal dissociation — chemical ionization mass
dex (LAl) for the full canopy (overstory and understory) is spectrometer (TD-CIMS) similar to that described by Wolfe
estimated at 5.1 Am~2 based on a tree survey conducted in et al. (2007). In brief, the technique involves thermal disso-
early October 2007 and previous surveys of tree and brusleiation of APNs (Reaction R1b) followed by reaction of the
leaf area (Xu et al., 2001; Misson et al., 2005). acyl peroxy radicals with iodide to form carboxylate anions

The site included two sampling towers: the original 15 m (Villalta and Howard, 1996; Slusher et al., 2004):

walk-up tower, and a new 18 m scaffolding tower located _ _

~10 mpnorth of the old tower. Inlets for APNgmeasurements RCO)0z +17 - (H20), — REO)O™ - (H20), +10 (R2)
were located on the north tower. In our analysis, we employThe product ions are then declustered and detected with
measurements of ozone mixing ratios and fluxes (Bauer ef quadrupo|e mass spectrometer (Extre|)_ Based on sen-
al., 2000), vertical temperature gradients, water vapor fluxsitivity and background measurements, mean 1s detection
and canopy needle temperature made on or near the souffimits (S/N=2) for PAN, PPN and MPAN are estimated as
tower. Technical aspects of the meteorological measureg pptv, 4 pptv and 12 pptv, respective|y_ Total uncertainties
ments are described elsewhere (Goldstein et al., 2000). Othgpr single-point concentration measurements are estimated

observations used in our analysis include laser-induced fluas+(21%+3 pptv) for PAN and PPN ant(31%+3 pptv) for
orescence measurements of Nand HQ (Faloona et al.,  MPAN (see Appendix A).

2004) taken on or adjacent to the north tower. Power was The first half of each hour was devoted to flux measure-
provided by a propane generator situated 125 m north of th@nents and the second half to gradients. While sampling from
new tower, perpendicular to our sampling location and thethe flux inlet during minutes 0-26 of each hour, masses for
prevailing daytime wind direction. As in previous campaigns PAN (n/z=58.7), PPN #1/z=72.7) and MPAN #:/z=84.7)

at this site, generator exhaust plumes were often detected byere monitored at 3.3 Hz. Sonic anemometer measurements
other instrumentation (e.g. carbon monoxide monitors) dur-of horizontal and vertical wind speeds, (v, w) and sonic

ing nighttime when winds were low and variable, but not dur- virtual temperature %, derived from the speed of sound)
ing the daytime. Visual inspection of data revealed no effectwere simultaneously recorded on the same computer. As

of the generator exhaust on APN measurements. will be shown below, this sampling scheme was both long
] enough and fast enough to sufficiently capture all of the EC
2.2 Instrumentation flux. The lower gradient inlets were sampled during minutes

. 30-43 (5.0 m) and 45-58 (1.5 m). The remaining portions of
A sonic anemometer (Campbell CSAT-3) was mountedihe hour were used for calibration and background measure-
on the north tower ar=17.7m above the forest floor ments Full mass spectra (30-200 amu) were also acquired
(z=d=11.9m) and 2m out from the tower into the prevail- Haiggically to confirm the peak center for each monitored

ing Qaytime wiqd. The APN flux inlet was _mounted .11 CM APN and identify new peaks that may correspond to addi-
behind the sonic transducer heads and aligned horizontally.; 41 APN species (Fig. 1).

and vertically with the center of the anemometer. Inlets

for APN gradient measurements were also located along the 3 Eddy Covariance

north tower at 5.0 m and 1.5 m. The three sampling lines con-

sisted of one 9.5 mm OD (flux) and two 6.4 mm OD (gradi- In EC, the vertical flux of a scalar over a surface is given by
ents) PFA tubes, each 30 m in length with an inline 2-micronthe covariance of that scalaf, with vertical wind velocity,
PTFE inlet filter to remove dust and insects. Filters werew,

changed every other day for the flux line and every 6 days

for the gradient lines; filter changes did not noticeably af-

fect instrument signal. A scroll pump maintained a constant
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Fig. 1. Chemical ionization mass spectra acquired on the morning of day 248 (5 September). The solid black line represents ambient air
sampled at 5.0 m, while the thin green line is a background scan obtained directly after the sample scan by adding excess NO. Signal at
the PAN peak corresponds to an ambient PAN mixing ratie-600 pptv. Identified peaks include PAN, PPN, MPAN, APARECH,CH,

m/z=70.7), PBzN R=CgHs, m/z=120.7), and a set of unresolved APNs (UAPN): UAPN#&#t=74.7 (R=CH30 or HOCH,) and UAPN2
atm/z=86.7 (R=CH3CH,CHy, (CH3)2CH, CHzC(O), HC(O)CH or HOCHCH).
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Fig. 2. (a) Representative lag-correlation plots for vertical wind speed with PAN (black line with open squares) and with sonic virtual
temperature (red line with solid circles), averaged over hours 7-17 of day 264 (21 September). The location of the peaks correspond to the
optimum lag times(b) Representative cumulative area plots (ogives) for cospectra of vertical wind speed with PAN (solid black line) and
with sonic virtual temperature (dotted red line), averaged over hours 7-17 of day 264 (21 September) and normalized to their maximum
values. Drop lines in (b) indicate the frequencies for the 10th and 90th percentiles of cospectral power, and labels at the top denote the
corresponding eddy timescales. To obtain the normalized frequency in (b), multiphthy7.1s.

F. = }Xn: (i — 0)(ci — &) = (w/c/) ) v=w=0 (McMillen, 1988). APN mixing ratios were de-
n ‘— spiked with a similar algorithm (typicallyx5% of data re-
moved) and detrended using a 10-min running mean. Lag-
wheren is the total number of data points in the measure-correlation plots were calculated for all flux periods to deter-
ment period andb, ¢, w’ andc’ are the mean and fluctuating Mine an average lag time between scalar signals and vertical
components of the instantaneous measured valyesidc;. ~ Wind speed, which was then applied to each flux period be-
EC is a standard technique for measurement of energy antpre calculation of the EC flux via Eq. (1). Figure 2a shows
trace gas exchange over surfaces, and details on its applicdverage lag-correlation plots for PABnd7; with w’. Since
tion may be found elsewhere (e.g. Lee et al., 2004). T; andw’ are measured on the same sensor, their correla-
For each 27 min flux measurement period, horizontal andion is maximized at a lag of 0 points. ThePAN' corre-
vertical wind vectors were despiked and rotated into thelation is optimized at a lag of 5 points-(.55), in agree-
natural wind coordinate using a two-step rotation such thafhent with the calculated 1.9s inlet tubing residence time
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minus the 0.4 s electronic delay in sonic anemometer mea-
surements. The same lag was determineduf@®®PN and
w’MPAN’ correlations. After the lag correction, EC fluxes
for PAN, PPN and MPAN were calculated as per Eq. (1),
along with fluxes for momentun¥mem= (u’w’), and sensi-

ble heat,Fyy=pc, (w'T}), wherep is air density and:,, is

the heat capacity of air at constant pressure.

Cumulative distribution plots of flux cospectra, or ogives,
provide a straightforward method for identifying potential er-
rors in measured fluxes due to spectral attenuation or other
factors. Figure 2b shows the cumulative contribution of all
frequency components to the total fluxes of PAN dhdv-
eraged over a single day. Both ogives closely approach hor-
izontal asymptotes at the ends of the spectrum, indicating
that sampling was both long enough and fast enough to cap-
ture the dominant flux-carrying eddies. ThePAN' ogive
decreases more quickly than théT; ogive above 0.01 Hz,
suggesting that some PAN flux is being lost at these frequen-
cies, or else the distribution of flux-carrying eddies is dif- ﬁ
ferent for these two scalars (see also Fig. 3b). Sensor sep-x
aration and inlet dampening errors are estimated by apply- =
ing transfer functions to measured cospectra and calculating?
the corrected covariance (Moore, 1986; Massman, 1991); in e
both cases, the average PAN flux error<i®%. Flux un-
derestimates due to instrument time response (Horst, 1997)
are typically 6% for daytime measurements and 4% at night. B T T )
Uncertainties in EC fluxes may also arise from random noise 10 10 10 10
in concentration measurements (Lenschow and Kristensen, Frequency/Hz
1985; Ritter et al., 1990). Typical fractional uncertainties in
APN fluxes due to instrument noise at0-20% (see Ap- Fig. 3. (a) Averaged cospectra for vertical wind speed with PAN
pendix A). Taking into account the uncertainty in concen- (solid black line with solid and open circles) and with sonic vir-
tration measurements, spectral attenuation and instrumeri¢al temperature (dotted red line). All cospectra from hour-38Q(
noise, total uncertainties in hourly EC fluxes are conservaospectra in total) were averaged together, and the average cospec-
tively estimated as-40% for PAN and PPN anet50% for tra W_ere further smoc_)thed by avere_tging i_nto 200 e/qually-spaced
MPAN. Note that most of the data presented is averaged®d2rithmic bins. Solid and open circles in théPAN" cospec-

trum denote negative and positive cospectral density, respectively.

over Ionger tmesgales, where variance is dominated by at=I'he dashed green line indicates th@é/3 slope expected for the in-
mospheric variability rather than random errors.

ertial sub-range.(b) Frequency-weighted, covariance-normalized
cospectra for vertical wind speed with PAN (solid black line) and
2.4 Spectral analysis with sonic virtual temperature (dotted red line), averaged as in (a).
Note that absolute frequency is shown on the bottom axis of (b); the
Analysis of spectra can provide further validation of EC normalized frequency can be obtained by multiplyingp¢/=7.1s.
fluxes and insight into the mechanisms controlling turbulent
transport at BFRS. Figure 3a shows representative cospec-
tra of vertical wind velocity withT; and PAN. Bothw'PAN’ intricate within-canopy activity. Intra-canopy production of
and w'T, cospectra decrease linearly throughout the iner-PAN combined with shear or wake-generated eddies could
tial sub-range (above 0.003 Hz), although the falloff slope,give rise to an apparent upward flux at these frequencies, al-
7573, is shallower than th¢ —7/3 predicted by surface layer though in Fig. 3a the spectral power in this range:&2%
theory (Kaimal and Finnigan, 1994). Shallow cospectral of the total covariance observed at 9.8 m above the canopy
slopes have been observed previously at BFRS for differtop.
ent micrometeorological scalar measurements (Farmer et al., Frequency-weighted’PAN’ cospectra (Fig. 3b) also dis-
2006) and may be indicative of complex processes controlplay significant structure, with two distinct maxima. The
ling the turbulence structure at this site, such as wake/wavindnigher-frequency maximum at 0.03Hz (normalized fre-
turbulence production (Kaimal and Finnigan, 1994). Pos-quencyn=0.21), collocated with that of the'7, cospec-
itive values (opposite sign from the net flux) in the high- trum, corresponds to an eddy scale ©f~20-50s and
frequency end of thev’PAN’' cospectrum may also hint at is likely dominated by shear and thermal eddies. The

o
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Fig. 4. Time series foa) PAN mixing ratio, (b) PAN flux, (c) PAN exchange velocity anfl) sonic virtual temperature (solid red line),
precipitation (solid dark yellow line with open circles) and relative humidity (dotted blue line). All data are averaged to an hourly time base.
Missing data in (a) and (d) are due to instrument failure, while missing data in (b) and (c) are due to both instrumental issues and quality
control removal protocols. Thick dotted magenta lines in (a) denote the division between months.

lower-frequency maximum at 0.006 Hz=0.04) might re-  Sacramento urban plume (Dillon et al., 2002). This pat-
sult from periodic sweep-ejection events, as the timescaldern is consistent with previous TD-LIF measurements of to-
(tw~100-2005s) is consistent with previous observations oftal peroxynitratesXPNs) at BFRS, but summer 2007 mix-
such behavior at BFRS (Holzinger et al., 2005). Falloffin theing ratios of XPNs and of PAN+PPN+MPAN are-30%
high-frequency end is faster for PAN’ cospectra thaw’'T, lower than ZPNs measured in previous years (Murphy et
cospectra, as observed in previous measurements of PAN E@l., 2007; Farmer and Cohen, 2008), consistent with lower
fluxes (Turnipseed et al., 2006). Since our calculations sugaverage temperatures in summer 2007 (Day et al., 2008).
gest that spectral attenuation has little effect on EC fluxesWith maximum daytime air temperatures approachingC30
we suspect that this steeper falloff is a real characteristic ofFig. 4d), PAN mixing ratios decreased b0 pptv during
APN fluxes, though a more rigorous analysis is outside thethe first 12 days of observations. The sustained period of
scope of the current study. higher temperatures likely reduced PAN in background air
and decreased its lifetime in the urban plume. PAN mixing
ratios increase rapidly after day 247 (4 September) due to
both a drop in temperature and the arrival of a large biomass
burning plume from the nearby Moonlight fire (California
Department of Forestry and Fire Protection, 2008). Another
notable event is the first period of rain (Fig. 4d) on days 263,
Figure 4a shows the full time series of PAN mixing ratios 265 and 266 (20, 22 and 23 September), followed by an in-
measured at 17.7m, and Fig. 5a shows the average diusreased nighttime PAN minimum over the next few days.

nal cycles of PAN, PPN and MPAN. Advection and pho- Mixing ratios of PPN and MPAN display qualitatively
tochemistry gives rise to a regular diurnal cycle that peakssimilar patterns to that of PAN, with concentrations that are
around hours 14-15, a few hours prior to the arrival of thetypically ten times lower than PAN (see Fig. 5a and Table 1).

3 Results

3.1 Concentrations

Atmos. Chem. Phys., 9, 61635 2009 www.atmos-chem-phys.net/9/615/2009/
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Table 1. Median midday (hours 10-14) APN mixing ratios, fluxes and exchange velocities.

APN Conclpptv  Flux/pptvmsid v, jems?! v,/ems?! V., /cms?
(Day<256) (Day-256)

PAN 391 -11 -0.3 -0.4 -0.2
PPN 34 -0.2 -0.7 -13 -0.4
MPAN 31 -0.1 -0.4 -0.4 -0.2

a1pptvms1=0.13umolm2h~1=0.49ngNm?2s1.

As the precursors of these compounds are more specific than We evaluate this term for each hour of the measure-
those of PAN, they do occasionally exhibit unique behavior;ment period using measured profiles of PAN, PPN and
for example, the sudden temperature drop-6fC between  MPAN and add it to the EC flux to yield the storage-
days 255 and 256 (12-13 September) is followed by a 50%orrected flux. Compared to the EC flux, the storage
decrease in MPAN that is less noticeable in PAN and absenterm is typically <25% for PAN, <10% for PPN and

in PPN (data not shown). Concentrations of biogenic VOCs,<5% for MPAN. Diel cycles are qualitatively similar for
including the methacrolein precursor isoprene, also declinaall APN storage terms, with positive values throughout
substantially after the temperature drop (J. Gilman and J. déhe morning and early afternoon and negative values at
Gouw, personal communication, 2008). Campaign-averagedight (Fig. 5b). Hereafter, all reported fluxes are storage-
PPN/PAN and MPAN/PAN ratios are 0.09 and 0.07, respec-corrected, unless otherwise noted. We report fluxes in

tively. units of pptvms?; for depositional units, the conver-
sion 1pptvmst=0.13umolm2h-1=0.49ngNnr?s1

3.2 Fluxes is recommended.

To interpret EC fluxes, it is necessary to account for all terms ,EC fluxes of PAN, PP'_\I an_d MPAN measured at BFRS

in the full mass balance equation, given by (Figs. 4b and 5b). are prl_ma.rlly downward throughout the
measurement period, indicating the dominance of loss pro-

F+S=P+L+E+D+T (2) cesses within the canopy. Daily maximum PAN fluxes scale

On the left-hand side, F is the EC flux (i.e. turbulent trans-With concentration (compare Fig. 4a-b), but other factors
port) and S is the “st’orage” of a chemical below the mea-&1S0 influence APN fluxes, as evidenced by the different di-

surement height, while the terms on the right-hand side relo_urnal patterns of APN concentrations and fluxes (Fig. 5a—b).

: : ; : Typical midday PAN fluxes range from1 to—4 pptvms?,
resent vertically-integrated chemical production (P), chem- >F 0 .
ical loss (L), surface emission (E), surface deposition (D)Whlle fluxes of PPN and MPAN are 50-80% lower, consis-

and horizontal transport (T). Under the assumption that wetent with their lower mixing ratios (Table 1). All fluxes de-

are sampling “similar” air masses over the course of the quxcr(TaS:a n r.nagrsltu.dele;t.ntlght, I|Ifelyt.due*to bothorgduceld tur-
measurement period (a fair assumption for a remote grountfjj)u en Tr:xmdg (yplciorfSIon Vf Otc' I?Srft ' ared 'dm§

site with no local sources), horizontal transport may be ig-, uring the .ai ana<y. d mg_t.a ng 2] an all | ecreai_eh
nored. For APNs, emission from surfaces is also negligible.In canopy sinks, ‘€.9. deposition or chemical 0ss. €
Storage, however, can be a significant fraction of the totaStorage-corrected PAN flux does not reachlzero at night but
mass balance, especially in developed tree canopies wher‘ﬁa'”t?'”.s an average value et_).15 _pp_tv.ms ' suggesnng
vertical mixing is hampered by foliage or when the ampli- that wnhm—canopy losses, while diminished, are persstgnt
tude of the mixing ratio diel cycle is large relative to its mean thro_ughout the _nlght: Fluxes could not pe qalculated durmg
value (Rummel et al., 2007). We choose to account for theperIOdS of precipitation dge to malfqnchompg of the sonic
storage term at the outset of our analysis, as we wish to focugnemome_ter. Other gapsin the flgx time series re_sult mainly
only on the part of the turbulent flux that reflects physical ror_r; tge_ |mSpIetm(;n3'Eatlog Xf qua(ljl'_[y Zonérol Cmenl‘?l as (IjEeC;
and chemical processes. The storage term, defined as ttfr?“ € ¢ N Sect. i ) i an ppegt XA BY “Oéma |tzmg

time rate of change of the mixing ratio vertical profile, for uxes fo concentrations, we obtain a more diréct measure

. of the influence of environmental and ecological parameters
PAN is : .
. on surface exchange. This quantity, known as the exchange
9 [ velocity,
S= 5 f [PAN](z)dz 3)
0 -
Vex = F/C (4)
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_ _ - _ the ratio of V,,(MPAN) to V,,(PAN), which remains sim-
Fig. 5. Average diurnal cycles ¢f) mixing ratios(b) fluxesandc)  jlar across the seasonal transition. Figure 6 illustrates that
exchange velocities for PAN (blue circles), PPN (red triangles) andVex(PPN) is most enhanced ov&, (PAN) when tempera-
MPAN (green squares). Each symbol represents the mean of 25 Qres and MPAN/PAN ratios are high, and when PPN/PAN is

45 hourly-averaged points, and error bars denote standard deviati . . . ) . )
of the mean. The dotted yellow line in (b) is the mean diurnal cycleof)r\]’:;’nf;?gesung a correlation with BVOC-dominated photo

of the PAN canopy storage term.

whereC is the mean concentration over a single flux mea-4 Analysis and discussion
surement period, is the key parameter incorporated into mod-
els of atmospheric deposition (Wesely, 1989; Wesely andviany factors can influence the net flux of APNs over a forest
Hicks, 2000). The deposition veloCitYgep, is —Ver. PAN  (Eq. 2), and it is necessary to evaluate each of these con-
exchange velocities, shown in Fig. 4c, are less variable thamributions individually. After a comparison of our results
fluxes over the course of the campaign, although some seawith previous studies of APN surface exchange, we proceed
sonality is evident. Maximun¥,, (PAN) is typically—0.8 to  with a detailed assessment of the contribution of stomatal up-
—1.0cms? during the first 12 days but drops t650% of  take, gradients in thermal decomposition loss rates and intra-
this range for the remainder of the measurement period; PPNanopy production to the net observed APN fluxes. All of
and MPANYV,, exhibit qualitatively similar decreases. Diur- these processes play an important role in determining the net
nal profiles of exchange velocities (Fig. 5¢) are qualitatively APN exchange between the forest and the mixed layer, but
similar to the flux profiles, highlighting that the magnitude the relative magnitude of each varies with season. We end
of APN surface exchange, at least over the course of a singl@iith a discussion of the consequences of APN deposition for
day, is not significantly influenced by the doubling of mixing reactive nitrogen loss from the atmosphere and N addition to
ratios from early morning to late afternoon. the biosphere.

Unexpectedly, the diurnal maximum, (PPN) is roughly
double that of PAN and MPAN when averaged over the4.1 Comparison with previous work
entire campaign (Table 1). Examination of the full time
series (not shown) reveals that this relative enhancemenirtually all previous studies of PAN surface exchange point
in V..(PPN) is only present before the steep temperaturdowards uptake by plants, although the type of vegetation and
drop on day 256 (13 September), after whigh (PPN) is  environmental conditions can greatly influence the efficiency
comparable toV,,(PAN). This pattern is not observed in of deposition. Uptake by grasses appears to be relatively

Atmos. Chem. Phys., 9, 61635 2009 www.atmos-chem-phys.net/9/615/2009/



G. M. Wolfe et al.: Fluxes of acyl peroxy nitrates over a pine forest 623

inefficient, with V., on the order of—0.1 to —0.3cms? data indicate significant differences between summer 2007
(Garland and Penkett, 1976; Dollard et al., 1990; Doskeyand previous years at BFRS. Cooler temperatures in 2007
et al., 2004). Studies on herbaceous species (e.g. cropspuld lead to reduced biogenic emissions and thus less pho-
show higher rates of PAN deposition, but the range (0 totochemical APN production throughout the forest, as evi-
—0.7cms) is more variable across species (Hill, 1971; denced by our observation of 30% lower APN concentra-
Okano et al., 1990; Schrimpf et al., 1996; Sparks et al.,tions and 15% less ozone relative to previous years. The
2003). PAN transfer to deciduous and coniferous forestscanopy structure is also more mature in the current study,
is typically the most efficient, withV,,<—0.5cms?, in with denser foliage and more exposed plant surfaces that may
agreement with our results (Shepson et al., 1992; Sparkenhance deposition and hinder escape of reactive species
et al., 2003; Turnipseed et al., 2006; Farmer and Cohenfrom the canopy airspace. Dissimilarities in experimental
2008). Laboratory studies have demonstrated a strong dedesign may also be a factor, such as different measurement
pendence of PAN uptake on light that alludes to the roleheights (14.3m vs. 17.7m). Although both measurements
of stomatal transport (Okano et al., 1990; Sparks et al.were taken within the “constant flux layer” above the canopy
2003). Observations of non-zero uptake at night, however(Kaimal and Finnigan, 1994), the assumption of constant flux
imply deposition also occurring on other surfaces, such ass only strictly valid for conserved quantities (i.e. heat and
leaf cuticles, tree boles, soil or ground litter (Shepson et al.water vapor) and not necessarily true for reactive chemical
1992; Schrimpf et al., 1996; McFadyen and Cape, 1999;species like APNs. A detailed comparison of our spectra with
Turnipseed et al., 2006). Our EC measurements reveal smathose of Farmer et al. (2006) and Farmer and Cohen (2008),
but persistent nighttime deposition of APNs, with typical although outside the scope of the current work, might afford
nightime V,,.(PAN) of 0 to —0.2cms®. These values are more insight on this issue, as would future simultaneous mea-
consistent with, but slower than, previous nighttime PAN flux surements of fluxes at multiple heights. Numerical modeling
measurements, such as th@.2 to —0.6cms?! observed  of chemistry and diffusion in the canopy would also provide
by Turnipseed et al. (2006) with an analogous EC/TD-CIMS a framework for exploring these differences.
system over a Loblolly pine plantation or theéd.54cms? Turnipseed et al. (2006) used EC/TD-CIMS to measure
derived from indirect techniques (Shepson et al., 1992;speciated APN fluxes above a North Carolina Loblolly pine
Schrimpf et al., 1996). Interestingly, downward nighttime forest for 12 days in July 2003. They report downward fluxes
PAN fluxes are significantly different from zero only after of PAN, PPN and MPAN that maximize at midday with a
correction for storage (see Fig. 5b). While the quality con-diurnal profile that is qualitatively similar to ours. Their
trol procedures should remove any spurious fluxes, EC cameasurements show comparable deposition velocities for all
become unreliable at night under low-turbulence conditionsithree APNSs, in contrast to our observations of significantly
thus on nights when PAN mixing ratios decayed exponen-larger PPN deposition velocities at BFRS during late Au-
tially, we performed a pseudo-first order loss analysis (Shepgust and early September. Although their PPN and MPAN
son et al., 1992) as a check on our EC measurements. Asdeposition velocities are more variable than ours, a genuine
suming a nocturnal boundary layer height of 100 m, we esti-difference in the factors controlling APN exchange may ex-
mate average nighttimg,, (PAN) of —0.05 to—0.2cm s, ist between these two sites. Turnipseed et al. (2006) also
in agreement with our EC values. While deposition is likely observe slight enhancementsWp, (PAN) when canopy el-
the dominant nighttime APN sink at BFRS, it appears to beements are wet due to rain or dew formation; unfortunately,
slower than in other locations. failure of the sonic anemometer during wet periods prevent
Only two prior studies report direct measurements of APNus from exploring such effects in the current data set.
surface exchange via eddy covariance. Farmer and Co- To provide a gauge for the magnitude of APN flux at
hen (2008) measured fluxes of speciated N@cluding sum  BFRS, we may compark,, (PAN) with the exchange veloc-
peroxy nitrates £YPNs), from June 2004 to June 2005 at ity of ozone (@), also measured during BEARPEX. Mean
BFRS. For comparison purposes, we assume that acyl peroxsatios ofV,, (03)/V,,(PAN) are~0.8 during the day and2
nitrates measured by our TD-CIMS comprise the majority at night, consistent with previous observations and estimates
of the XPNs measured by Farmer and Cohen (2008). Their(Hill, 1971; Garland and Penkett, 1976; Shepson et al., 1992;
wintertime measurements show downwafd comparable McFadyen and Cape, 1999; Doskey et al., 2004; Turnipseed
to our late summer measurements, but they observe an effluat al., 2006). Caution must be exercised when interpreting
of £PNs with noontimeV,,=+0.7 cm s during the sum-  such comparisons, as the mechanisms driving above-canopy
mer. This upward flux is accompanied by simultaneous up-fluxes of APNs and @ could be quite different. Previous
ward HNG; fluxes, which they attribute to high photochem- work at BFRS has shown that downward @uxes derive
ical production rates below the sensor height due to elevateétfom both deposition and chemical reactions with BVOC
hydroxyl radical (OH) levels ([OH}10" molecules cm?) emissions, with the latter being the dominant in-canopy O
within the canopy. These measurements, while markedly difsink during the summer (Kurpius and Goldstein, 2003; Gold-
ferent, are not irreconcilable with our net downward APN stein et al., 2004). As we will show, chemical processes can
fluxes from summer 2007. As noted in Sect. 3.1, availablealso strongly influence APN fluxes.
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4.2 Resistance model The non-stomatal component includes contributions from
uptake to other surfaces (e.g. leaf cuticles, bark, soil) as well

The diurnal shape of APN fluxes (Fig. 5b—c) suggests a con&S turbulept transfer to the lower canopy and ground (Wesely,
nection to sunlight-mediated processes. Many factors could-989): This model assumes that downward fluxes are purely
contribute to such a profile, including turbulence intensity, air t€ result of surface deposition. We disregard the potential
temperature, stomatal activity, biogenic emissions and phof@nfounding influence of upward chemical fluxes in the fol-
tochemistry. To explore the mechanisms controlling APN lowing anaIyS|s,. with the adm|SS|on.th.at the observed PAN
surface exchange, we employ a resistance model analysis £&¢hange velocity may be a lower limit to the actual depo-
applied by Turnipseed et al. (2006); this approach is basedltion rate (see Sect. '4.6). The analysis will focus on PAN
on the widely accepted parameterization of surface deposiflUXes, as these constitute80% of the total APN flux.

tion in chemistry-transport models (Wesely, 1989; Wesely Both R, and R;, exhibit a strong diurnal cycle with min-
and Hicks, 2000). Physical transfer of a molecule from theiMum values during the day, due largely to their inverse de-
atmosphere to the surface is assumed to occur through a seéndence on*. Average summer middag, and R;,(PAN)

ries of barriers, each with a characteristic resistance. Thét BFRS are~6snr'and 14sm*, respectively, consistent
total transfer resistance, is defined as the negative inverse With previous estimates for coniferous forests (Jensen and

of the measured exchange velocity: Hummelshgj, 1995; Pilegaard et aI:, 1995; Sievering et al.,
2001; Pryor and Klemm, 2004; Turnipseed et al., 2006). The
R=—-1/Vex =Ra+ Ry + R, (5)  quantity R,+R; represents the minimum resistance against

surface loss, i.e. iR.=0, then every collision with the surface
is a loss of the gas-phase molecule. Similarly, the maximum
possible deposition velocity is given B¥max=(Ra+Rp) L.
For the current studyR,+R;, is <15% of R, which is typ-

Uiz—d) Wy(c)—Wy©) ically 100 to 400sm?' during the day, and daytim&max
= u2 - kit (6 is typically 2-5cm st for PAN. Transfer of APNs into the

_ canopy is thus limited not by turbulent or molecular diffu-

where U(z—d) is the average wind speed at heightd  sion, but by actual uptake at the surface and/or other physic-
(the top of the surface layerny,,= |(u’w/)|1/2 is the friction ~ ochemical processes.
velocity, k~0.4 is von Karman's constant,=(z—d)/L is
the stability parametef,=—u3T; / kg (w'T}) is the Obukhov
length, and¥y(¢) and Wy, (¢) are the integrated stability
corrections for sensible heat and momentum, respectively
(Dyer, 1974; Arya, 1988). The laminar sublayer resistance Uptake of APNs by plant stomata represents a direct path-
Ry, is associated with molecular diffusion through the thin way for transfer of atmospheric nitrogen to the biosphere,
viscous layer surrounding individual surface elements (e.gand laboratory studies have suggested that this pathway is the

The aerodynamic resistandg,, is related to turbulent trans-
port of a molecule from the mixed layer to the surface and
can be parameterized as

R,

4.3 Stomatal contribution to APN fluxes

pine needles) and can be estimated by dominant depositional sink for PAN over vegetative surfaces

13 (Okano et al., 1990; Sparks et al., 2003). The maximum pos-

Ry = v [ 10Qu :| @) sible contribution of stomatal activity to the surface exchange
Dyus [ (LAI)?v may be estimated by calculating the resistance against trans-

5 2 1 - fer of water across the stomata and correcting for slower
where v=17x10"m*s is the pressure-corrected i sion of PAN, i.e. Ry (PAN)=(Di1,0/ Dpan) Ry (H20),

kinematic viscosity of air, D, is the pressure- where Dy,0=2.27x10-°m?s~! (Monteith and Unsworth,
corrected diffusion coefficient for a particular molecule 1990) anéDpAN:0.89x10‘5 m?s~1(Wesely, 1989). Stom-

_ 5,2 1 - -2
(Dpan=1.0x10"°m?s%, Wesely, 1989), LAI=5.1hm atal resistance was computed using both the Penman-

is the leaf area index for BFRS, and 1=0.001m is the \\onieith equation (Monteith and Unsworth, 1990) and the
characteristic Iength_scale of the. canopy surface ele'leaf boundary water vapor gradient approach (Thom, 1975),
ments, roug_hly the thickness of a pine needle'(Jensen.angoth of which rely on measurements of canopy-scale wa-
Hummelshgj, 1995, 1997).R., the surface resistance, i o1 \anor fluxes. Both methods yield comparable results, in
calculated by subtracting the contrl_butlon fraRy and R;, agreement with recent work that has shown the two to be
from the observed total resistance, &=R—(Rq*+Ry). FOr  aematically equivalent (Gerosa et al., 2007). Given the

vegetative systemsR,. can be further divided into stomatgl dry summer conditions at BFRS, we assume that the above-
(Rs) and non-stomatalR,,s) surface components that actin .onqny water vapor flux is primarily due to evapotranspira-

parallel: tion from vegetation, except for periods during or after pre-
1 1 1 cipitation events (see Fig. 4d). The latter have been removed
R. R, + R, (8) from the dataset before calculation of stomatal fluxes, along

with early morning data where dew may have formed on
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Fig. 8. Scatter plot of PAN stomatal conductance versus total sur-
Fig. 7. Average diurnal cycles of total PAN surface conductance face conductance, color-mapped by air temperature. Only daytime
(black circles), PAN stomatal conductance (green squares), PANpoints (hours 9-17) are shown, and data has been removed for days
thermochemical gradient conductance (red triangles) and residuadfter precipitation events. The 1:1 correspondence line is shown for
conductance (dashed cyan line). Each symbol represents the meaeference.
of 25 to 45 hourly-averaged points, and error bars denote standard
deviation of the mean.
dependence: 1) vertical thermochemical gradients in PAN,
_ _ and 2) faster deposition of PA relative to PAN. The lifetime
surfaces. As the surface resistances add in parallel (Eq. 8hf PAN with respect to thermal decomposition is ultimately
itis more appropriate to compare surface conductances (e.@etermined by its thermal dissociation rate and the fate of the
gs:=1/Ry;). PA radical:
Figure 7 compares the mean diurnal cycle of the stomatal

conductanceg,,, with that of the total surface conductance PA+ NOz — PAN (R1a)
(gc) as estimated from Eqgs. (5-8). Stomatal conductance
peaks in the mid-morning hours and drops steadily through—PAN — PA+NO (R1b)

out the day, consistent with estimates from other studies
of water-stressed canopies (Jensen and Hummelshgj, 199&0‘Jr NO — NO; + products (R3)
Gerosa et al., 2007), and the magnitude is comparable te,

. : PA+ XO roducts R4
what has been observed in previous years at BFRS (Kurpius +202=>p (R4)

etal., 2003). Stomatal uptake can account¥@3% of the |5 Reaction R4, X@=HO,+RO,, where RQ represent or-
daytime PAN surface conductance on average, though a plgjanic peroxy radicals. Losses of PAN via photolysis or reac-
of g, (PAN) againsk.(PAN) (Fig. 8) reveals that the ratio of tjon with OH are negligible relative to thermal decomposition
8si/gc can range from-1 to <0.1. Turnipseed et al. (2006) 4t altitudes below 7 km (Talukdar et al., 1995). The steady

observed similar behavior (compare our Fig. 8 with their state PA mixing ratio from the above reactions is given by
Fig. 9) and surmised that the extra conductance derived from
k1p[PAN]

uptake to other surfaces, particularly plant cuticles. Earlier, _
theoretical work by Doskey et al. (2004) indicates that cutic- k1a[NO2] + k3[NO] + ka[XO2]

ulgr ubpl)ta;]e :);:ﬁl\tlhshoulld dbe m'n'mi!’ al:hltl)ughc;tbls con- wherek; is the rate constant for reactian Mixing ratios
celvable tha ermal decomposition followed by réac- o¢ pa N NO, and HGQ were measured during BEARPEX.

tion of peroxyacetyl radical (RAH;CC(O)Q) with cuticu- Using these with measured ozone and NiDotolysis rates

IPa'Lliurfaces could be significantly faster than direct uptake Ofestimated from the TUV Radiation Model (NCAR, 2008),

NO can be calculated from the steady state equation

iNo,[NO2]
k03+NOJO3] + kX00+NO[XO,]

)

4.4 Thermochemical gradient fluxes
[NOJ =

(10)
Figure 8 demonstrates that higher valueggPAN) are as-
sociated with increased temperatures, suggesting that the¥ertical temperature profiles measured during BEARPEX re-
mal decomposition may play a role in the loss of APNs to veal large thermal gradients throughout the canopy due to
the canopy. At least two mechanisms could contribute to thisstrong surface heating (note that the BFRS canopy is young
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2.0 used to “gap fill” times when these measurements were miss-
I EIResidual 1 ing from the full data set. Note that we do not account
[E Thermochemical | | here for attenuated diffusion and mixing within the canopy,

12% i Stomatal though this effect should be minor as measured midday ver-

15 ] nough . :
I ] tical wind profiles are log-linear throughout the canopy, sug-
gesting that surface winds easily penetrate to the forest floor.

Due to a lack of measurements, we also do not consider TD

1.0 65% 319 ] between 1.5m and the ground, which could result in an un-
0

derestimation of the thermochemical gradient flux (poten-
tially by a factor of two to three, see Sect. 4.6) as this re-
gion is likely warmer and contains higher NO mixing ratios
than the middle and upper canopy airspace. Note that this
differs from the analysis of Turnipseed et al. (2006), who ar-
gue that the timescale of thermal decompositigp)(is too

Days 237 - 255 Days 256 - 281 slow compared to the turbulent diffusion timescatg)(to

generate a perceivable chemical gradient, i.e. that the “flux

Fig. 9. Mean midday (hours 10-14) net PAN flux for warm (left) divergence” due to PAN chemistry is negligible. We propose
and cool (right) periods. Fluxes are further divided into contribu- that the difference in loss rates between the surface and aloft
tions from stomatal uptake (bottom green bars), thermochemicakhould also be considered, as TD may be an important com-
gradients (middle red bars) and residual flux (top cyan bars). ponent of the surface layer sink, irrespective of the turbulence
timescale.

. Figure 7 shows the diurnal average of the effective ther-
and fairly open). As suggested by Doskey et al. (2004), enénochemical gradient conductancgeg(:—F,g/CpAN). Com-

hanced thermal decomposition (TD) near the surface could__ . b d hil icl is ad

lead to a gradient in PAN concentrations and thus a downParison betweeg;, andg., while not strictly correct, IS ad-

ward flux of PAN. The flux due to this thermochemical gra- m|53|ble. since typlcaIIyRc>>(R.aerb). The therchheml-

dient, .. can be calculated from the vertical profile of PAN cal gradient conductance exhibits the expected diurnal shape
1 8

. - " with an average maximum ¢f0.2cms?, slightly higher
and its thermal decomposition rate (Doskey et al., 2004): than the stomatal conductance. Depending on temperature,

z F:, can account for 30-65% of the net flux (see Fig. 9). En-
Wdz (11) hanced TD of PAN in the forest also represents an in-canopy
714 (2) source of NQ@, which would presumably affect the vertical
NO; flux. With a typical midday summer 2005 N@oncen-
Here, 4 is the pseudo-first order lifetime of PAN with re- tration of 300 pptv (Farmer and Cohen, 2008), an exchange
spectto TD as derived from Reaction (R1a, R1b) and Eq. (9)velocity that is equal but opposite in signgg (PAN) would
1 give rise to an N@ flux of +0.6 pptvm s, which is~10%
1 1 1 of the net upward N@flux measured at BFRS in previous
td = <1+ k3[NO] | k4[XOp] N ) (12) years (Farmer and Cohen, 2008).
k1alNO2] ™ k1olNO] Surface deposition of PA generated via Reaction (R1b)
The vertical profile oft;; is dependent on gradients of tem- would be observed as a downward flux of PAN. Increas-
perature, [NOJ/[NQ] and [XO.)/[NO2]; for this calculation,  ing temperatures will shift the equilibrium of Reaction (R1a,
we assume the latter two ratios are constant with height. Al-R1b) towards PA and N§) and a sufficiently fast flux of
though this is likely not the case in the real atmosphere, thiPA could induce a perceived temperature dependence on the
approximation likely has a minimal impact as sensitivity testssurface conductance of PAN. For median noontime mixing
indicate that the temperature gradient is the primary factoratios of [PAN]=391 pptv, [NG|=347 pptv, [XOG]=44 pptv
controlling F,. Equation (11) was evaluated numerically and [NO]=94 pptv, Eq. (12) gives an estimated [PA] pptv
from zo=1.5m toz=17.7 m for each hour of the flux measure- due to TD of PAN. The maximum deposition rate for PA,
ment period using vertical profiles of PAN (measurements aggiven by Vimac=(R.+R,(PA))~L, is ~4.7cms?t at noon,
1.5m, 5.0m and 17.7 m) and temperature (measurements telding a maximum PA flux 0f~0.05 pptvms?. At best,
3.0m, 4.9m, 8.75m and 12.5m), single-height observationd?A deposition is<5% of total PAN flux at 17.7 m and thus
of [HO2] (~[X0O>]/2, Mihelcic et al., 2003) and [N&) (mea-  cannot explain the temperature dependencgg. oDur anal-
surement heights 5—-7m), and [NOJ/[MPestimated from ysis implies that a considerable fraction of the downward
Eqg. (10). Average calculated midday [NOJ/[N[ds ~0.27, PAN flux observed over the forest is not due to deposition
consistent with previous estimates for BFRS (Kurpius andand thus is not a direct pathway for atmosphere-biosphere
Goldstein, 2003). To compensate for poor dataset overlappitrogen exchange. The sum of downward fluxes from stom-
[HO2] and [NQO;] were averaged to a diurnal time base and atal uptake and thermal decomposition can account at most

Net PAN Flux/pptv m s™

th:_

<0

b
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Table 2. Calculation of upward and downward APN flux components.

Species Conc/ppv  Net Flux (Vo)2P  Downward Flux ¢/.x)?  Upward Flux (e, )P
PAN 301 ~1.1(-0.4) —39(-1.3f +2.8 (+0.9)
PPN 23 —0.3(-1.3) ~0.3(-1.3F 0.0 (0.0§
MPAN 34 ~0.2 (~0.4) —0.4 (-1.3F +0.2 (+0.9)
PAN+PPN+MPAN 357 ~1.6(-0.4) —4.6(-1.3F +3.0 (+0.8)
sPNG 758 +5 (+0.7) ~8(~1.1) +13 (+1.8)

@ Median of data from hours 10-14, prior to day 256.
b Fluxipptvms L (V. /ems1).

¢ Assumed value (see text).

d Farmer and Cohen (2008), mean noontime values.

for 85-90% of the net PAN flux (see Fig. 9), leaving a small with the supposition that this flux represents dry deposition
portion of “unidentified” or residual fluxg-s=g-—(gsr+g1¢)- to non-stomatal surfaces. If, however, an upward chemical
see Fig. 7). As suggested by previous studies, this flux maylux masks a larger gross downward flux of PAN as we spec-
be due to non-stomatal uptake to other surfaces, includingilate below, the surface removal process may remain largely
leaf cuticles, tree boles and branches, soil, and ground litunidentified.

ter (Shepson et al., 1992; Turnipseed et al., 2006). Indeed,

uptake to these surfaces would be consistent with the obsed.6  Differences in PAN, MPAN, and PPN exchange veloc-
vation of non-zero PAN conductance at night, when stomata ities

are closed and thermochemical gradients are negligibly small

owing to low [NOJ/[NO,] and [XO.)/[NO-] (see Eq. 12). The qbservation that the midday depo_sition velocity of EPN
is 3 times that of PAN and MPAN during the warm period
4.5 Seasonality of net APN fluxes (Table 1 and Fig. 6) suggests that either 1) net downward

fluxes of PAN and MPAN are less negative due to an up-
Falling temperatures on day 256 (13 September, Fig. 4dward flux that is non-existent or smaller for PPN, or 2) there
brought noticeable changes in the processes controllings an in-canopy loss process that acts preferentially on PPN
chemical composition over the forest, providing an opportu-and cannot be explained by stomatal uptake or thermochem-
nity to examine the influence of the summer — fall transition ical gradients. The latter explanation seems less likely, as
on APN fluxes. Figure 9 shows mean midday (hours 10-14)we expect depositional and chemical losses (i.e. thermal de-
net PAN fluxes for both warm (before day 256) and cool (af- composition) of APNs to be similar since their physical and
ter day 256) periods, further divided into stomatal, thermo-chemical properties are comparable (Roberts and Bertman,
chemical gradient and residual flux components. Stomatall992; Grosjean et al., 1994a, b; Kames and Schurath, 1995),
flux is calculated by multiplying the stomatal conductance excepting the relatively fast MPAN+OH reaction (Orlando et
for each hour by the PAN mixing ratio for that hour. The al., 2002). The net flux of a reactive species above a forest
residual flux is the difference between the stomatal and therean be represented as the sum of fluxes from a number of
mochemical gradient components and the net observed fluyprocesses that vary with height, including deposition, chem-
Net midday PAN flux slows by~25% between the warm ical production and chemical loss (Eq. 2). Enhanced chemi-
and cool periods despite a 30% increase in PAN mixing ra-cal production of PAN and MPAN within the canopy due to
tios, and the relative importance of individual flux compo- higher concentrations of OH and/or biogenic VOC (BVOC),
nents shifts markedly. The thermochemical gradient flux de-as suggested by Farmer and Cohen (2008), could add a pos-
creases by almost a factor of three between the warm andive component to the net observed flux of these species.
cool periods even though daytime temperature gradients o€hemical fluxes due to APN production should be driven by
~0.2C m~ 1 were typical throughout the entire measurementthe product of vertical concentration profiles of OH and VOC
period, highlighting that ; is sensitive to both the vertical precursors (e.g. acetaldehyde, methacrolein, propanal, etc.).
temperature gradient and the absolute temperature. StonFhe precursors of PPN are primarily anthropogenic and thus
atal conductance increases by 33% with the onset of wetshould not be enhanced in the canopy.
ter conditions as previously observed at BFRS (Kurpius et Under this assumption, we estimate the upward and down-
al., 2003), becoming the dominant contributor to downwardward components of the fluxes of PAN and MPAN using
PAN flux during the cool period. Both the absolute value median midday (hours 10-14) values for mixing ratios and
(0.2 pptvms1) and the fraction (12—-15%) of residual flux fluxes measured before day 256; Table 2 summarizes these
remain fairly constant between the two periods, consistentalculations. If the upward flux of PPN is negligible, then
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the PPNV, of —1.3cms ! represents the maximum possi- Gilman and J. de Gouw, personal communication, 2008) ow-
ble downward velocity for APN loss to the canopy. Multiply- ing to temperature-dependent emissions and oxidation chem-
ing by PAN and MPAN mixing ratios gives gross downward istry (Schade et al., 1999; Day et al., 2008). A number of
fluxes of—3.9 and—0.4 pptvm s, respectively. Balancing parameters are influenced by the sharp temperature shift on
the flux budget with the net observed fluxes then requires upday 256, making it difficult to pinpoint a causal relationship
ward PAN and MPAN fluxes of +2.8 and +0.2 pptv m-s for variations inV,(PPN)V,, (PAN). Nevertheless, these re-

In comparison with the results of Farmer and Cohen (2008) sults support our hypothesis that local intra-canopy BVOC
also shown in Table 2, the downward component of our ex-chemistry causes an upward component to the fluxes of PAN

change velocity£1.3cms?) is close to their-1.1cms1. and MPAN, which in turn raises thelr,, relative to that of
Their downwardv,, is likely a lower limit, as it is estimated PPN.
by scaling their wintertimezPN V., by the ratio of sum- If an upward chemical flux is not present, then stomatal

mer to winteru™ and thus does not account for enhanceduptake and thermochemical gradients are able to account for
summertime processes like thermochemical gradient fluxesalmost all of the observed PAN flux, but we are left with-
Our upward component (+0.8 cm is about half of theirs  out a viable explanation for the large PR observed dur-
(+1.8cms?), in line with the supposition that dissimilari- ing the warm period. Thus, our interpretation of the de-
ties in the net observed fluxes at BFRS between the summengositional contribution to APN fluxes is dependent on the
of 2004 and 2007 are a consequence of differences in photanagnitude of the chemical production term in the mass bal-
chemical conditions. ance equation (Eqg. 2). Ideally, the APN production term
In our earlier discussion, we required an unidentified sinkcould be calculated directly from measured vertical profiles
that was 12% of the net flux during the warm period to bal- of HOx (=OH+HO,+R0O,), NOy, APNs and VOC precur-
ance the net PAN flux budget (i.e. assuming zero upwardsors; however, these observations are not available in the
flux). If, however, an upward chemical flux masks a grosscurrent dataset, and we are not able to definitively conclude
downward PAN flux of~3.9 pptvm s during the warm pe-  on this matter. Regardless, our analysis supports the no-
riod (Table 2), then our current estimates of stomatal uptakeion of within-canopy APN production and suggests complex
and thermal decomposition would only be able to explainvertical structure of atmospheric chemistry and composition
~38% of the actual downward flux, leaving 62% unidenti- within the forest.
fied. Moreover, the strength of this unidentified sink must
decrease strongly across the transition from the warm to coof-7  Consequences of APN deposition
period (see Tables 1, 2 and Fig. 6). An underestimateg4n F
could potentially explain some of the missing gross down-
ward flux. The thermochemical gradient flux naturally ex-
hibits a strong seasonal dependence (Fig. 9), and as not
in Sect. 4.4, the magnitude of our estimated 5 likely
a lower limit since temperatures and [NOJ/[NOmay be
higher near the ground than at the lowest temperature meg _/ Fpan dr (13)
surement height (3.0 m). For example, we can expté0% P 24h hpL
of the gross downward PAN flux with thermochemical gradi-
ents if we assume, as an extreme upper limit, that air temperl-chem= / kta[PAN]dt (14)
ature increases by 2Q (Goldstein, unpublished data) and 4

[NOJ/[NO,] doubles (Gao et al., 1991) between 3.0m andWhereka=1/za (EQ. 12) andip, is the mixed layer height,
0.01 m above the surface. This would also imply a thermo-2Ssumed to be-800 m during the day an¢100m at night

chemical NG gradient flux of +3 pptvms! — almost half (Seaman et al., 1995; Dillon et al., 2002). Note that Eq. (13)

of the net upward N@ flux observed by Farmer and Co- is an upper limit for the true surface loss as it assumes that
hen (2008), but only-11% of the 27 pptv st they require the PAN flux is entirely depositional. We ignore the possibil-
to balance the N@flux budget. ity of faster gross PAN deposition and upward chemical flux
The decreased strength of this unidentified sink during the€"€: @S We wish to assess the net effect of surface/canopy
cool period must also be accompanied by a decrease in the/*N 10SSes on the composition of the mixed layer. Running
upward chemical flux of PAN and MPAN to reconcile the rel- these calcglanons for each day of the campaign, we _f|nd that
atively small changes in theif,, between the warm and cool _LdeF/LChem'S ~0.03 on average durmg.the warm pgrlod but
periods. Figure 6 shows that the rati, (PPN)V, (PAN) increases t0v0.21 du_nng the cool peno.d, 0100.15 if we
approaches 1 with decreasing MPAN/PAN and increasindemove the contribution of thermochemical gradients to the
PPN/PAN, marking a shift away from BVOC-dominated net PAN flux. By _rearranging and substituting Eq. (4) i_nto
photochemistry. Mixing ratios of speciated BVOC and their Eq. (13) "_md drawmg an analogy to_Eq. (14), we can dgf_me a
oxidation products — precursors for PAN and MPAN — de- pseudo-first order lifetime of PAN with respect to deposition:

creased by 65-90% between the warm and cool period (Jgep= 1/kdep= hpr/ Vex (15)

Under colder conditions, deposition can begin to compete
with thermal decomposition as a sink for APNs (McFadyen

d Cape, 1999; Turnipseed et al., 2006). The total daily
osses of PAN due to deposition and thermal decomposition
are respectively given by
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This equation is reminiscent of the “boundary-layer bud- PAN flux, but may only explain 38% of the gross down-
get” approach used by Shepson et al. (1992) to derive nightward PAN flux during the first half of the campaign if intra-
time PAN fluxes. Typical values ofgep for PAN ranged  canopy PAN production contributes an upward flux as sug-
from 3-5 days during BEARPEX, suggesting that deposi-gested by the observed higher exchange velocity of PPN rel-
tional losses can significantly compete with chemical lossestive to that of PAN and MPAN. The distribution of within-
(Ldep/Lchem>1) at temperatures below4°C. For polluted  canopy sources and sinks that contribute to above-canopy
regions in northern latitudes or during the winter, depositionAPN fluxes changes considerably between summer and fall,
could thus become the primary sink for APNs. with higher stomatal uptake and less influence from thermo-
Transfer of atmospheric nitrogen to forested ecosystemshemical gradients and inferred in-canopy production during
in California is typically dominated by wet and dry de- the second, cooler half of the campaign.
position of nitric acid (HNQ), as well as particulate ni- The physical and chemical processes that occur within a
trate (NG; ) and ammonium (Nlj,j) (Bytnerowicz and Fenn, forested ecosystem are intimately linked to regional pho-
1996). To estimate the importance of APNs as a source of Nochemistry, and much work remains to acquire a full un-
to the biosphere, we use Eq. (13) to compare the total dailyderstanding of the vertical structure of emissions, deposi-
flux of APNs and HNQ to the forest, the latter of which tion, transport and chemistry near the surface. Future in-
was also measured via eddy covariance during BEARPEXvestigations must continue to focus on detailed characteri-
2007 (J. Crounse and P. Wennberg, personal communicatiorzation of the vertical profiles of VOC, speciated N@nd
2008). Removing the contribution of thermochemical gradi- HOx, which may influence observed fluxes. For reactive
ents from the net sum APN flux and assuming that the re-species like APNs, it is critical to quantitatively constrain the
maining flux represents dry deposition, we find total APN role of in-canopy production and yet-unidentified sources or
deposition to be~4% of daily HNG; deposition. If the  sinks within the canopy, as these processes ultimately deter-
gross downward sum APN flux is actualy4.6 pptvms? mine the degree to which APN deposition impacts the bud-
(0.16 nmolm2s~1, Table 2) and is entirely depositional — gets of atmospheric NDand biospheric fixed N. For ex-
except for the F; contribution (Sect. 4.4) — we estimate that ample, while net loss of APNs to the canopy can compete
APN deposition could be as much as 19% of dry H\{@-  with thermal decomposition as an N@ink under colder
position during the summer, at the high end of previous es-conditions {"<4°C), our analysis suggests that 25-65% of
timates (Sparks et al., 2003). Note that this is likely an up-the observed net APN flux is due to thermal decomposition
per limit, as intra-canopy production may also perturb HNO gradients and thus does not represent an, N@s during
canopy exchange such that the gross HNi®position may  summer. Moreover, the combination of the potential for up-
be larger than that inferred from observed EC fluxes. More-ward APN fluxes driven by intra-canopy chemistry and the
over, we might expect this fraction to decrease somewhat unindirect nature of our inferred thermochemical gradient flux
der more typical photochemical conditions (i.e. warmer tem-can further confound such estimates. If in-canopy chemistry
peratures) due to higher HN@nd lower APN mixing ratios  does not cause an upward APN flux, and our inferred ther-
(Day et al., 2008). As the influence of intra-canopy produc-mochemical gradient fluxes are approximately correct, then
tion on above-canopy APN and HN@uxes remains uncer- APN dry deposition only contributes 4% of the atmospheric
tain, we leave the range of potential APN contribution to the fixed N source to the biosphere at BFRS. On the other hand,
N deposition budget at 4—-19%. if in-canopy chemical production causes an upward flux of
3-13pptvms?t, as previous observations (Farmer and Co-
hen, 2008) and our constrained estimates suggest, then the
5 Conclusions gross downward flux of APNSs, if predominantly deposi-
tional, could constitute as much as 19% of the atmospheric
Eddy covariance measurements over a Ponderosa pine fofixed N source to the canopy. Improperly accounting for the
est from late summer to early fall indicate net downward dominant PAN loss process or incorrectly partitioning a po-
fluxes of PAN, PPN and MPAN, with magnitudes compa- tential 20% of the dry-depositing fixed N may skew predic-
rable to what has been previously reported in the literaturetions of future changes in air quality and the terrestrial car-
Analysis of PAN fluxes with a standard resistance model re-bon cycle. Flux divergence measurements and computational
veals that loss to the canopy is not restricted by turbulentmodeling of the vertical structure of chemistry and composi-
or molecular diffusion, suggesting a surface-limited processtion within the canopy will be required to provide closure on
however, stomatal uptake is not sufficient to explain the magthese problems.
nitude of observed net fluxes, and evidence points toward a
temperature-dependent process. Gradients in the PAN ther-
mal decomposition rate can explain a significant fraction of
the net downward PAN flux, especially when daytime tem-
peratures exceed 20. The combination of stomatal uptake
and thermochemical gradients explains 85-90% of the net
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Appendix A of instrument sensitivity. Average sensitivity to PAN dur-
ing the measurement period was #175 counts pptvls—1

Methods (meanz+1ls). Short-term variations in sensitivity were as-
sociated with temperature fluctuations of the trailer housing

Al TD-CIMS the instrument. The average variability between adjacent

] ] ) calibrations was less than 10%, indicating that calibrations
Speciated APN measurements were obtained via a customyere sufficiently frequent to capture changes in sensitivity.
built thermal dissociation — chemical ionization mass spec-jy C|MS, calibration constants are typically assumed to be
trometer (TD-CIMS) similar to that described by Wolfe et gjmjlar between a family of compounds, and previous work
al. (2007). Air is sub-sampled at 2.0slpm from one of the h35 shown this to be true for most APNs with the excep-
three inlet lines into a 19 cm length of 1/®D PFA tubing  tion of MPAN (Slusher et al., 2004). Post-campaign calibra-
heated to 180C, where APNs thermally dissociate into NO  jons done at NOAA-ESRL confirmed that our TD-CIMS is
and acyl peroxy radicals (Reaction R1b) wit95% effi-  gqually sensitive to PAN, PPN and APAN, but less sensitive
ciency. The pressure drop down the sampling lines maintaings MPAN by a factor of 4.3. Thus, the PAN sensitivity was
the TD inlet at~325 Torr; laboratory tests and model calcu- applied to all raw APN signals to yield concentrations, and
lations indicate that this pressure drop does not affect instruthe MPAN signal was further corrected for reduced sensitiv-
ment performance. The hot sample gas then passes througgy,

a critical orifice into an ion-molecule reaction region held at Backgrounds were determined by addition of 25 ppmv NO
60 Torr, where acyl peroxy radicals react with iodide to form y, the sample stream, which titrates peroxy radicals before
carboxylate anions (Villalta and Howard, 1996; Slusher etjgnization. NO additions were done once per hour for each
al., 2004): inlet. As shown in Fig. 1, APN backgrounds were some-

- - times significant; for example, the backgroundratz=58.7
RCEO)0z +17 - (H20), ~ REO)O™ - (H20), +10 (RS) could be as much as 5-10% of the total PAN signal. In con-

lodide ions are generated by flowing 2.5 slpm UHP nitrogentrast, cooling the heated inlet to room temperature (elimi-
over a methyl iodide (Ckl, Acros) permeation tube held at nating APN dissociation) or passing sample gas through a
45-50C followed by a?'%Pax-particle ionizer (NRD). Af-  180°C stainless steel tube filled with stainless steel wool (de-
ter a reaction time of-64 ms, the reaction mixture passes Stroying peroxy radicals via surface reactions) gave back-
through another orifice into a collisional dissociation cham-ground signals approaching those obtained when sampling
ber held at 1.3 Torr, where a static electric field of 90 vvém  pure No (<15 counts st). We favor the NO-titration method
facilitates the breakup of water-ion clusters via collisions to provide the most accurate estimate of the background due
with bath gas and directs ions through a third critical orifice to the greater possibility for unknown interferences to the
into a differentially-pumped mass spectrometry chamber. AnAPN signals in a VOC-rich forest environment that may also
RF-only octopole ion guide focuses the ions through a finalbe destroyed on hot stainless steel tubing. Based on sen-
orifice into the quadrupole region for mass selection and desitivity and background measurements, mean 1-s detection

tection (Extrel). limits (S/N=2) for PAN, PPN and MPAN are estimated as
6 pptv, 4 pptv and 12 pptv, respectively. Total uncertainties
A2 Sensitivity and background determination for single-point concentration measurements are estimated

as+(21%+3 pptv) for PAN and PPN ant(31%+3 pptv) for
Hourly instrument calibrations were achieved by standardviPAN.
addition of~220 pptv PAN to sample air just upstream of the
heated inlet. PAN was generated by an acetone-nitric oxideA3 Eddy covariance
photolysis source (Warneck and Zerbach, 1992; Wolfe et al.,
2007), which has an efficiency for conversion of NO to PAN For each 27 min flux measurement period, horizontal and
of 93+3% as determined by comparison with similar PAN vertical wind vectors were despiked and rotated into the
sources at the National Oceanographic and Atmospheric Adnatural wind coordinate using a two-step rotation such that
ministration’s Earth System Research Laboratory (NOAA-v = w = 0 (McMillen, 1988). Despiking was accom-
ESRL) (J. Roberts and F. Flocke, personal communicationplished by first removing the largest spikes by inspection.
2007) and at the University of Washington, Bothell (E. Fis- Then, a 30-point £10s) running mean and standard de-
cher, D. Reidmiller and D. Jaffe, personal communication,viation () was used to remove points outside of a win-
2008). Calibration spans from 0 to 1 ppbv were also per-dow defined by a (mea#t3c) window. This method gave
formed periodically during the campaign by addition of PAN less false spike detections than more sophisticated despik-
to a flow of humidified nitrogen (RH50%). Calibration ing algorithms (Hgjstrup, 1993), and the fraction of despiked
curves were linear throughout the span range but consistentlgoints was typically<«1%. APN mixing ratios were de-
exhibited a non-zero intercept 0190 countss?, which spiked with a similar algorithm (typically5% of data re-
was subtracted from the calibration signal before calculatiormoved) and detrended using a 10-min running mean. The

Atmos. Chem. Phys., 9, 61635 2009 www.atmos-chem-phys.net/9/615/2009/



G. M. Wolfe et al.: Fluxes of acyl peroxy nitrates over a pine forest 631

selected running mean time window was sufficiently long to from insufficiently long sampling times or improper detrend-
remove advective changes in mean mixing ratios without af-ing, while high-frequency attenuation can result from sen-
fecting turbulent fluxes, as the characteristic eddy scales consor separation, damping of concentration fluctuations due to
tributing to APN fluxes were much smaller than 10 min (seediffusion-related “smearing” in inlet lines and limited instru-
Fig. 2b). Lag-correlation plots were calculated for all flux pe- ment time response. Figure 2b shows the cumulative con-
riods to determine an average lag time between scalar signatsibution of all frequency components to the total fluxes of
and vertical wind speed, which was then applied to each fluPAN and 7 (also known as ogive plots), averaged over a
period before calculation of the EC flux via Eq. (1). Figure 2a single day. Both ogives closely approach horizontal asymp-

shows average lag-correlation plots for PAdT; with w'. totes at the ends of the spectrum, indicating that sampling
SinceT, andw’ are measured on the same sensor, their corwas both long enough and fast enough to capture the domi-
relation is maximized at a lag of O points. ThéPAN’ cor- nant flux-carrying eddies. The’PAN’ ogive decreases more

relation is optimized at a lag of 5 points-{.5s), in agree-  quickly than thew'T, ogive above 0.01 Hz, suggesting that
ment with the calculated 1.9s inlet tubing residence timesome PAN flux is being lost at these frequencies, or else the
minus the 0.4 s electronic delay in sonic anemometer meadistribution of flux-carrying eddies is different for these two
surements. The same lag was determineduf®PN and  scalars (see also Fig. 3b).
w’MPAN’ correlations. After the lag correction, EC fluxes  Sensor separation errors can be estimated by applying a
for PAN, PPN and MPAN were calculated as per Eqg. (1), transfer function to measured cospectra and calculating the
along with fluxes for momentum,fom= (u’w’), and sensi- corrected covariance (given as the area under the cospec-
ble heat, F,=pc,, (w'T}), wherep is air density and:, is  trum). The transfer function is
the heat capacity of air at constant pressure. 15

Severall data_ quality f||ter§ were applied to the derived Tro(f) = exp (_9_9 (f__s) ) (A2)
fluxes. Orientation of the sonic anemometer relative to mean U
winds was assessed by inspection of rotation angles calcu- _
lated during mapping of wind vectors into the natural wind Where f is frequencys is sensor separation (11 cm) atid
coordinate. Flux data was removed when the mean horizonis average wind speed (Moore, 1986). Errors resulting from
tal wind direction fell within the sector where the sampling inlet dampening may be estimated by the same method with
tower or anemometer boom could potentially disturb the air-another transfer function,
flow. The angle required to align the vertical wind vector to 2 2
give a mean vertical wind speed of zero (the “tilt angle”) was Tra(f) = exp(—4n*fALa/u®) (A3)
typically <5° but could become large at night when turbu- whereA is the “attenuation coefficient’~5 for R,~3500),
lence was low. To minimize the potential errors (Foken andy, is the inlet length (30.5m), a is the inlet inner radius
Wichura, 1996; Lee et aI., 2004), time periods with tilt an- (065 Cm) and: is the linear flow rateae150m§1) (Mass_
gles>5° were filtered from the data set. EC fluxes were alSOman, 1991) For both sensor Separation and inlet dampening,
checked for stationarity by dividing each 27 min flux period average PAN flux errors are2%. Flux underestimates due

into five 5.4 min periOdS, CalCUlating the EC flux for each to instrument time response can be approximated by
smaller period, and comparing the average to the EC flux for

the full 27 min period. If these were not withi#30% of ~ Fmeas _ 1 (Ad)
each other (Foken and Wichura, 1996), Frue 1+ 27 (tc/7w)
(w/c/) (Horst, 1997). The instrument time constamnt=0.4s) is
_ +4min -~ 03 (A1) estimated from the TD-CIMS PAN signal response when
(w'e’) 27 min switching between measurement modes (i.e. background to

the fl dtob tai d qf ambient and calibration to ambient). The integral turbulence
efiux was assumed o be non-stationary and removed Ifong jyascajer, is the timescale of dominant flux-carrying ed-

the _data_set. For APN quxe_s, 95% of daytime daFa ?”d "4%jies and corresponds to the peak in the frequency-weighted
o_f nighttime data were stationary under thes_e crlterla_. Senbospectra (see Fig. 3b). For APNs, is typically 40 s during
5|b!e heat fluxes were 95% (day) and 60% (night) statlo_narythe day and 65 s at night, giving average flux underestimates
while momentum fluxes were 86% (day) and 54% (night) of 6% and 4%, respectively. Maximum underestimates dur-

stationary. The lower percentage of stationary points at nigh‘ng high-turbulence periods (~20's) were 12%. Due to the
is due to stable stratification of the nocturnal boundary layer

. : S : 7~ uncertainty in determining,, for a single 27 min flux period,
a_md Iow-speeql, |n_term|ttent nighttime winds. Afte_r applica- these corrections are not explicitly applied to EC fluxes but
tion of all qua_hty f|_|ters to APN fIL_Jxes, 74% of daytime data are included in the total flux uncertainty.
and 39% of nighttime data remained.
Instrument configuration and sampling strategies can lead
to spectral attenuation of the measured covariance, causing
underestimation of fluxes. Low-frequency attenuation stems
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Uncertainties in EC fluxes may also arise from randomBytnerowicz, A. and Fenn, M. E.: Nitrogen deposition in California
noise in concentration measurements. The variance in a flux forests: a review, Environ. Pollut., 92(2), 127-146, 1996.
measurement due to instrument noise is given by (Lenschowalifornia Department of Forestry and Fire Protection (CDF): 2007

and Kristensen, 1985; Ritter et al., 1990) Fire Incidents, onlinenttp://cdfdata.fire.ca.govast access: 14
April 2008, 2008.
2.2 Cleary, P. A., Wooldridge, P. J., Millet, D. B., McKay, M., Gold-
> . oo AL ) ° )
Oinst = T (A5) stein, A. H., and Cohen, R. C.: Observations of total peroxy ni-
trates and aldehydes: measurement interpretation and inference
Here,T is the averaging period (27 min)¢ is the sampling of OH radical concentrations, Atmos. Chem. Phys., 7, 1947—

interval (0.3s), and the-? variances are for vertical wind 1960, 2007,
speed ) and instrument noise:}. For the TD-CIMS, in- http://www.atmos-chem-phys.net/7/1947/2007/

.. . . . M Day, D. A., Wooldridge, P. J., and Cohen, R. C.: Observations of the
strument noise is described by the Poisson variapgg/ S, effects of temperature on atmospheric HO ANs, 3 PNs,

whereS is the average signal. Normalization by the instru-  ang NQ: evidence for a temperature-dependentyH@urce,
ment sensitivity gives,, in concentration units. Typical frac- Atmos. Chem. Phys., 8, 1867—1879, 2008,

tional uncertainties in APN fluxes due to instrument noise http://www.atmos-chem-phys.net/8/1867/2008/
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