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Abstract. In a companion paper, we introduced the Chem-even when the chemical timescale is long relative to the
istry of Atmosphere-Forest Exchange (CAFE) model, acanopy mixing timescale. The model underestimates peroxy
vertically-resolved 1-D chemical transport model designed toacetyl nitrate (PAN) fluxes by 50% and the exchange velocity
probe the details of near-surface reactive gas exchange. Herby nearly a factor of three under warmer conditions, suggest-
we apply CAFE to noontime observations from the 2007 Bio- ing that near-surface APN sinks are underestimated relative
sphere Effects on Aerosols and Photochemistry Experimento the sources. Nitric acid typically dominates gross dry N
(BEARPEX-2007). In this work we evaluate the CAFE mod- deposition at this site, though other reactive nitrogen {NO
eling approach, demonstrate the significance of in-canopyspecies can comprise up to 28% of the N deposition budget
chemistry for forest-atmosphere exchange and identify keyunder cooler conditions. Upward NGluxes cause the net
shortcomings in the current understanding of intra-canopyabove-canopy N@flux to be ~30% lower than the gross
processes. depositional flux. CAFE under-predicts ozone fluxes and

CAFE generally reproduces BEARPEX-2007 observa-exchange velocities by20%. Large uncertainty in the pa-
tions but requires an enhanced radical recycling mechanismameterization of cuticular and ground deposition precludes
to overcome a factor of 6 underestimate of hydroxyl (OH) conclusive attribution of non-stomatal fluxes to chemistry or
concentrations observed during a warm2Q°C) period.  surface uptake. Model-measurement comparisons of verti-
Modeled fluxes of acyl peroxy nitrates (APN) are guite sensi-cal concentration gradients for several emitted species sug-
tive to gradients in chemical production and loss, demonstratgests that the lower canopy airspace may be only weakly cou-
ing that chemistry may perturb forest-atmosphere exchanggled with the upper canopy. Future efforts to model forest-
atmosphere exchange will require a more mechanistic un-
derstanding of non-stomatal deposition and a more thorough
Correspondence tal. A. .Thornton characterization of in-canopy mixing processes.
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1 Introduction 2 Methods

Forest-atmosphere exchange of hydrocarbons, ozone, oxp.1 Campaign and site description

dized nitrogen and other reactive species impacts both atmo-

spheric composition and ecosystem productivity, with broadBEARPEX-2007 was a multi-institutional collaborative re-
implications for air quality and climate (Goldstein et al., search effort aimed at understanding the impact of forest-
2009; Isaksen et al., 2009; Fowler et al., 2009; Erisman ettmosphere interactions on atmospheric composition. Dur-
al., 1998). Quantifying deposition and emission to/from theing the intensive measurement period of 15 August to 10
forest, however, continues to present a significant experimen©ctober 2007, a wide suite of chemical and meteorological
tal and theoretical challenge. Recent work has indicated thagbservations were obtained within and immediately above a
the air within and just above the canopy is highly oxidizing 17-yr-old Ponderosa pine plantation managed by Sierra Pa-
during the daytime (Farmer and Cohen, 2008; Holzinger etific Industries. The site is adjacent to the University of Cal-
al., 2005; Lelieveld et al., 2008). This oxidative photochem-ifornia’s Blodgett Forest Research Station (BFRS), located
istry affects the net biosphere-atmosphere exchange of many the western foothills of the Sierra Nevada Mountains, CA
species. For example, the “escape efficiency” of highly re-(38°5842.9' N, 120°57'57.9' W, elevation 1315m), and has
active terpenoids is likely much less than unity (Ciccioli et been described in detail elsewhere (Goldstein et al., 2000).
al., 1999; Stroud et al., 2005; Bouvier-Brown et al., 2009a; The BFRS overstory is primarily Ponderosa pine, with a few
Forkel et al., 2006), with consequences for scaling up leafinterspersed White fir, Douglas fir, Incense cedar, Black oak
level emissions for use in regional and global models. Asand Sugar pine, while the understory consists of Manzanita
a substantial in-canopy sink for oxidants like ozone)(O and Ceanothus shrubs.

this chemistry could also contribute to downwarg flixes For the current study, we simulate mean noontime (11:30—
(Goldstein et al., 2004; Kurpius and Goldstein, 2003; Fares|2:30 PST) observations from two sub-periods, designated
etal., 2010a). “hot” (28 August—3 September, or day of year 240—246) and

Chemistry can also influence surface fluxes of reactive ni«copl” (13-18 September, or day of year 256-261). These
trogen compounds, including NG=NO +NO;), acyl per-  windows were chosen because day-to-day meteorology (par-
oxy nitrates (APNs), alkyl nitrates (ANs) and nitric acid ticularly temperature) is fairly uniform throughout each pe-
(HNOs). Several measurement and modeling studies havgjod, and because they contain the most overlap among
demonstrated the influence of in-canopy gradients in radichemical observations. Figure 1 illustrates near-surface tem-
ation, G and turbulent transport on fluxes of N@Gao  perature profiles for each period; the average temperature dif-
et al,, 1991; Dorsey et al., 2004; Duyzer et al., 2004) andference between the two periodsi40°C. The hot and cool
the need to resolve canopy-scale processes in regional anskriods are representative of the general meteorological trend
global models (Ganzeveld et al., 2002a, b). One set of obpbserved during BEARPEX-2007, characterized by a hot and
servations showing upward HNGand APN fluxes over a  dry August followed by a sharp transition to cooler, more hu-
young Ponderosa pine plantation suggests that, under cemnid conditions in September (Bouvier-Brown et al., 2009a;
tain conditions, intra-canopy chemistry may even alter theyyplfe et al., 2009); however, neither period is representa-
sign of fluxes traditionally assumed to be controlled by de-tjve of the extreme conditions sampled during the campaign.
position (Farmer and Cohen, 2008). More recently, Wolfe etBoth periods are largely cloud free and remain under drought
al. (2009) observed downward APN fluxes at this same for-conditions, as the selected cool period precedes the first rain.
est, but determined that the magnitude of the flux was senchemical observations from these periods are discussed in

sitive to multiple in-canopy processes, including deposition,Sect. 3 and are summarized in Table S1 of the Supplement.
thermal decomposition and photochemical production.

Numerical modeling is an ideal tool for examining the in- 2.2 Model description
terplay of physical and chemical processes contributing to
net reactive gas exchange. Here, we apply ther@istry of  CAFE is a 1-D chemical transport model that resolves depo-
Atmosphere-Brest Exchange (CAFE) model to the compre-  sition, emission, chemistry and vertical diffusion throughout
hensive dataset from theiddphere Hects on_Aerosols and  the canopy and mixed layer. The CAFE model and the details
Photochemistry_Egeriment (BEARPEX) 2007 field cam-  of its setup for BFRS are described in a companion paper
paign to investigate forest-atmosphere exchange at a youngppolfe and Thornton, 2011), and we will only briefly review
Ponderosa pine plantation. After a brief description of the key aspects and modifications here. Table 1 lists impor-
BEARPEX-2007 and a review of the key features of CAFE, tant model parameters. The model domain consists of 86
we proceed with a detailed evaluation of observations fromjayers in the vertical ranging from 0.01 m to 800 m, with non-
BEARPEX-2007. Our analysis focuses on the mechanismsven layer spacing that results in a fine-resolution grid of 36
controlling concentrations and fluxes of VOCs, hydrogen oX-|ayers within the forest canopy and 50 within the atmospheric
ides, ozone, and reactive nitrogen. boundary layer (ABL). High resolution within the canopy
provides the greatest detail where vertical gradients in all

Atmos. Chem. Phys., 11, 1269294 2011 www.atmos-chem-phys.net/11/1269/2011/
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Table 1. Model parameters.

Parameter Symbol Value Units
Overstory height h 10 m
Understory height hus 2 m
Atmospheric boundary layer height AagL 800 m
Overstory leaf area index Las 3.2 m m—2
Understory leaf area index Lad 1.9 nf m—2
Overstory dry leaf mass dos 219 g 2
Understory dry leaf mass dus 377 g nr2
Radiation extinction coefficient krad 0.4 -
Diffusion timescale ratio /T 4 -
NO basal emission rate ERo 3 ngNni2s1
Integration interval At 2 S
Chemistry time step - 0.05 S
Diffusion time step - 0.05 S
Total integration time - 7200 s
30 The resolved canopy includes an overstory with a height
] Hot of 10 m, a one-sided leaf area index (LAI) of 3.2 m~2 and
25 ] Cool |l a leaf area dry mass/f of 219 gn12, as well as an under-
s O Meas | story with a height of 2m, an LAI of 1.9fm~2 and ad
) 0; ] of 377 gn12. The leaf area density function (LADF), which
‘; describes how leaf area is distributed vertically, mimics ob-
- served vegetation structures (L. Misson, personal communi-
N 157 ] cation, 2008). Meteorological constraints, which are held
] ° ] constant throughout a model run, are taken as the mean noon-
1.0 o ] time observations from the hot and cool periods (Table 2)
] ] with further parameterizations as outlined in the companion
0.5 o . paper. Of particular importance for the current study is the
] o ] imposed canopy microclimate, as this plays a large role in
o+~ both chemistry and vertical mixing. Temperature is inter-
15 20 25 30 35 polated via a spline fit between four measurements ranging
Temperature/°C from 12.5 to 3 m and extrapolated to the ground (Fig. 1). This

treatment is consistent with observations at 1.5m recorded
Fig. 1. Measured (open circles) and model-parameterized (solidduring BEARPEX-2009 (R. Weber, personal communica-
lines) near-surface temperature profiles for the hot and cool periodst.ion, 2010). Friction velocity *) and radiation were only
measured above the canopy, thus their in-canopy profiles are
estimated using standard parameterizations that assume an
processes are largest and minimizes numerical artifacts froraxponential decay as a function of cumulative leaf area. For
operator-splitting of chemistry and diffusion. Within each BFRS, this results in a factor of 10 decrease in bdtand ra-
layer, the 1-D time-dependent continuity equation is solveddiation between the top of the canopy and the ground. Schade
to determine the rate of change for all chemical species: et al. (2000) note that the top-down radiation attenuation al-
gorithm is not optimized for coniferous forests as it does not
I0C(@) _ P()+ L)+ E@) + D) +A(z) — IF(2) (1) explicitly account for “clumping” of needles. The flexibility
ot 0z of our simple exponential parameterization should minimize
this problem via a judicious choice for the radiation extinc-
Terms on the right respectively represent rates of chemicaign coefficientkrag, as detailed in the companion paper.
production, chemical loss, emission, deposition, advection Tyrpylent diffusion is represented using a first-order flux-
(horizontal mixing) and vertical turbulent flux divergence. In gradient approach, also known as K-theory:
its current form, CAFE is designed to calculate steady-state
concentration and flux profiles, i.e. it is not meant to perform 9 F(z) d aC(2)
as a prognostic model. 3z oz <K(Z) 9z )

)
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Table 2. Meteorological observations.

Parameter Symbol  Hot Cool Units

Air Temperaturé T 30.5-28.4 19.8-17.5 °C

Surface pressuPe P 870 868 mbar

Actinic flux? RAD 674 618 W 2
Photosynthetically Active Radiatifn PAR 1758 1595 umol m2 s~1°
Water vapor concentratifn H>0 10.8 10.3 mmol mot?
Vapor pressure defiit VPD 291 1.10 kPa

Friction velocity? u* 0.63 0.68 msl

Solar Zenith Anglé SZA 30.4 36.3 degrees

2 Range of measurements from 3.0-12.5m.
b Measured at 12.5m.

¢ From TUV model.

d Divide by 2.92 to convert to W m2.

Above 12.5m, the eddy diffusion coefficie,(z), is based of the imposed canopy microclimate in each layer. Speci-
on values used by Gao et al. (1993), scaled to an ABL heightited MT emissions include-pinene, g-pinene, limonene,
of 800m. Below 12.5mK (z) is a function of friction ve-  3-carene, myrcene, camphene, terpinolenterpinene and
locity and canopy height and includes a correction factory-terpinene. SQT include:-bergamotene (ABERG)S-
to account for “near-field” effects of canopy elements on caryophyllene (BCARY)g-farnesene (AFARN) and unspe-
eddy diffusion (Makar et al., 1999; Raupach, 1989), thoughciated SQT (USQT). USQT are a proxy for the non-speciated
the latter is close to unity for the current study. As de- SQT observations reported by Bouvier-Brown et al. (2009a,
tailed further in Wolfe and Thornton (2011), diffusion coeffi- ¢). Soil NO emissions are a function of temperature as-
cients are constrained by several metrics, including comparsuming dry soil (Yienger and Levy, 1995; Williams et al.,
ison with above-canopy flux-gradient relationships of non-1992) with a basal NO emission factor of 3ngN#s 1.
reactive scalars and with previous estimates of the canopyrhis gives temperature-corrected NO emission fluxes of 3.0
mixing timescale. The resultant canopy residence time isand 2.4ngNm?s-1 for the hot and cool periods, respec-
~2 min for our conditions. tively. Direct observations of soil NO fluxes are not avail-
Emissions of biogenic VOC (BVOC), including 2-methyl- able for BEARPEX-2007; however, modeled values are con-
3-buten-2-ol (MBO), isoprene @Elg), methyl chavicol sistent with preliminary results from BEARPEX-2009 mea-
(MCHAV, also known as estragole), and a suite of speciatedsurements (E. Browne, personal communication, 2010).
monoterpenes (MT) and sesquiterpenes (SQT), are modeled peposition is calculated for 35 species using a standard re-
in each canopy layer as a function of leaf density, light, tem-sistance parameterization (Wesely, 1989; Zhang et al., 2003;
perature and vegetation density. For each emitted compoungliesely and Hicks, 2000) and includes transfer across the
and in each layer, the emission rate is calculated in units ofgminar sublayer, stomatal and cuticular uptake and ground
molecules cm®s™* as deposition. The stomatal resistance calculation includes en-
LADF(z) vironmental corrections for light extinction, temperature and
E(2)=EpCL(2)CT(2) <d LAl > 3 vapor pressure deficit (Zhang et al., 2003) and is optimized to
Ep is the basal emission rate in molecules per gram of-9 <o with observationally-constrained, "top-down" calcula-
) : tions of stomatal resistance during BEARPEX-2007. Cutic-
leaf per second() (z) and Ct1(z) are dimensionless cor- . .
. ; ular resistances are based on standard values used in other
rection factors for light and temperature (Guenther et al.,

1995), and the rightmost terms collectively represent themOdeIS; however, as these are not well-constrained by ob-

; L : servations, we will note in the discussion when uncertainties
vertically-distributed leaf dry mass in grams of leaf per cu- ; i I . ;

. . A . in non-stomatal deposition might influence interpretation of

bic centimeter. Basal emission rates are prescribed sepa-

ately for the overstory and understory within the range of RS20 PR, ERES B BRI Y el tncer
values reported for this forest (Bouvier-Brown et al., 2009b, P P y y

¢: Harley et al., 1998: Schade et al., 2000) and are adjusteﬁtory in each layer and scaled by LADF to give a first-order

Ll . r nstant within h vertical layer:
to optimize model-measurement agreement during the hot>> ate constant within each vertical laye

period. Temperature and light corrections are taken from
the literature (Bouvier-Brown et al., 2009c; Guenther et al., _ LADF(z)os |, LADF(z)us 4
1995; Harley et al., 1998) and are calculated as a functiorf'dep() = Rdep(z)os ~ Rdep(z)us )

Atmos. Chem. Phys., 11, 1269294 2011 www.atmos-chem-phys.net/11/1269/2011/
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Multiplication of kgep(z) by a concentration yields the first- Advection is treated as a simple mixing process in each
order depositional loss rates. model layer with a mixing rate constarknfy) of 0.3h 1
Chemistry in CAFE is based on a subset of the Master(Dillon et al., 2002; Perez et al., 2009):
Chemical Mechanism (MCM) version 3.tt{p://mcm.leeds.
ac.uk/MCM) that includes all reactions stemming from ox- (d_C) — —kmix (C — Ca) (5)
idation of MBO, isoprenea-pinene, 8-pinene, propanal dt J mix
(C2H5CHO) and methane. MCM names and structures for
key species mentioned in this study are listed in Appendix A
Our mechanism also includes a number of modifications an
additions to the base MCM, most of which are described
in the companion paper. Notably, CAFE incorporates a
suite of 36 additional reactions for the initial oxidation of
monoterpenes (excludingpinene ang8-pinene), sesquiter-
penes and MCHAV by OH, ®and NG. Products of these
reactions include small oxidized VOC with yields as reported
by laboratory oxidation studies (Atkinson and Arey, 2003;

Lee et al., 2006a, b), hydroxyl (OH) radicals from ozonol- . . .
ysis reactions, also with literature-reported yields (Atkinson For each period, meteorological observations (Table 2) are

and Arey, 2003; Lee et al., 2006a), and the generic perox)}Jsed to initialize diffusion parameters, emission rates, depo-

radicals MTQ and SQTQ. The latter react with NO, H® 5|t|r(])nt Vﬁtl(iﬁ'rt'es ﬁndtChiqm'ga: :atne cgﬂstriintsl, Whr;Ch I?trre t?erl]d
and RQ to form the species MTOX and SQTOX, which rep- consta oughout a modet run. emical concentrations

resent first-generation oxidation products of MT and SQT. iiémzag:&ewg)h;:s :raent]r?u\éaclzlj)isst:i(ta?hIrr(;l}hﬁoi?\;ﬁgtl\(/)gr-
Since these products are likely semi-volatile and their de- 9

sl chemsy i resey koo, MTOX nd SQTOX (21 1e5e vaues v chosen o ontnie o) agreerter
are given a deposition velocity equal to that of nitric acid X 9 P b

(near the aerodynamic limit) and do not undergo further re_s_phttmg using a Crank-Nicolson scheme to solve the d'ﬁ.u'
. : : . .. sion operator and a forward Euler scheme for the chemical
actions. CAFE also incorporates isoprene dihydroxyepoxide

chemistry (Paulot et al., 2009c) and assumes that the epoxia%pe_r".:ltor (Jac_obson, 2005)_‘ Soil NO emission and ground_de—
(IEPOX) deposits at the aerodynamic limit position are incorporated into the diffusion operator, while

For the current investigation, we implement one significant?anopy emissions, deposition and advection are represented

modification to the default mechanism described in Wolfe " t_he gheml_st_ry operator. The mpdel is run for two hou_rs,
and Thornton (2011). When VOC emissions are high (i.e.Wh'Ch is sufficient time for relaxation of exchange velocity
during the hot period), an additional “enhanced OH reCy_profiles. Fluxes and exchange velocities are calculated from

cling” mechanism is required to bring modeled OH values concentration profiles at the end of a model run via

Advection concentrationsC) are set constant throughout
'&he model domain but are different for the hot and cool pe-
riods (Table 4). This scheme maintains reasonable concen-
trations for species that would otherwise build up to unrea-
sonable values or decay below measured values during inte-
gration. Advection thus allows us to better constrain CAFE
to BEARPEX-2007 observations. We will note when this
term influences the interpretation of results, though it gener-
ally does not influence modeled exchange velocities as the
timescale for advection is relatively long (several hours).

into agreement with measurements. We employ a mecha- AC(2)

nism of the type F(z)=—-K(2) Az (6)
krec

RO, +HO, — OlOH-i-pI'OdUCtS (Rl) Vex(z) = F(Z)/C(Z) (7)

whereq is a stoichiometric constant. These reactions, listed
in Table 3, are implemented only for first-generation MBO
and isoprene-derived peroxy radicals (ROMBOAO-,
MBOBOZ{ ISOPAQZ, ISOPB@, ISOPCQG and lSOFTI_DQ)' In what follows, we compare CAFE model output with ob-
The reaction “products” are those of the decomposition of thegayations from the BEARPEX-2007 field campaign. Ta-
corresponding RO radicals, which are explicitly tracked. Val- y o 51 in the Supplement lists averaged chemical observa-
ues fore andkrec are tuned to optimize model-measurement yjong for each period. All quoted measurement values rep-
agreement for OH and prg)r the currenlt stLley, we chooSe egent the means and standard deviations of 30-min aver-
o =2.6and kec=4.5x 10" moIe(j s We @spuss aged data. The hot period is typified by relatively high
and evaluate the consequences of this mechanistic changg,.entrations of BVOC, HQ Oz and oxygenated hy-
further in Sect. 3.2. drocarbons and lower levels of NGand acyl peroxy ni-
trates (APN=PAN + PPN +MPAN +...); cold period data
demonstrate the opposite trends. Differences in local atmo-
spheric composition between the hot and cool periods are
largely driven by temperature (as opposed to wind direction,
for example), which controls emission rates and subsequent

3 Results and discussion

www.atmos-chem-phys.net/11/1269/2011/ Atmos. Chem. Phys., 11, 12692011
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Table 3. Enhanced OH-recycling reactions. All reactions have a rate constant ef511 cmd molec1s™1. « is set to 2.6.

Reaction

MBOAO, + HO, — ¢OH + HOCH,CHO + CH3COCH; + HO;

MBOBO, + HO, — «OH + IBUTALOH + HCHO + HO,

ISOPAQ, + HO, — ¢ OH + HCACCHO + HGQ

ISOPBQ + HO, — aOH + 0.25(MVKOH + CH;O5) + 0.75(MVK + HCHO + HG)
ISOPCQ + HOp — aOH + HC4ACHO + HGQ

ISOPDQ, + HO, — ¢OH + MACR + HCHO + HG

Table 4. Initial/advection concentrations in ppbv. Species not listed have initial/advection concentrations set to 0.

Species Mixing Ratio/ppbv Species Mixing Ratio/ppbv
Hot Cool Hot Cool

OH 3x1074  1x1074 Aldehydes

HO,» 0.03 0.02 HCHO 3 1

CcoO 97 116 CHCHO 0.5 0.5

O3 53 45 GH5CHO 0.13 0.13

H,0, 0.85 0.8 MACR 0.1 0.3

GLYOX 0.02 0.045

NOy

NO 0.06 0.1 Hydrocarbons

NOy 0.3 0.8 Chy 1600 1600

HNO3 0.82 0.23 isoprene 4 0.2

PAN 0 0.26 GHg 0.1 0.1

PPN 0 0.02

MPAN 0 0.03 Ketones

MBOANO3 0.05 0.04 CHCOCH; 15 1.7

MBOBNO3 0.04 0.03 MVK 1.6 0.2

ISOPANG; 0.03 0.02 ACETOL 0 0.02

ISOPBNG; 0.04 0.03

ISOPCNG 0.03 0.02 Organic Acids

ISOPDNG; 0.03 0.02 CHCOxH 6 2.8

MACRNO3 0.005 0.004 HCOOH 5.5 3.3

HMVKANO 3 0.01 0.005 CHCOgzH 0.24 0.16

Alcohols Other

MBO 1 0.15 MCHAV 0 0

CH30H 5.6 4.6 MT (all) 0 0

CoH50H 1.8 1.6 SQT (all) 0 0

IPROPOL 0.09 0.09 IEPOX 0 0

photochemistry. Model results are examined with a partic-OH-recycling. The reasons for this choice are detailed in
ular focus on BVOC, RQ (=OH+HO, +R(O,), hydrogen  Sect. 3.2.

peroxides, @ and reactive nitrogen (NQ. We evaluate Reproducing observed concentrations is important for ex-
modifications implemented in the CAFE model (e.g. OH re- amining chemical contributions to fluxes, but we caution that
cycling) and provide an assessment of the relative contributhe model is not strictly tailored towards reproducing all as-
tions of deposition, emission and chemistry to above-canopyects of the chemistry (e.g. diurnal cycles) or, more impor-
chemical fluxes for key species. Unless otherwise specifiedgantly, horizontal transport. Modeled mixing ratios are, in
model results discussed below are extracted from two “basej sense, constrained to observations via the advection term
model runs, one each for the hot and cool periods. The basgnd the initial/advection concentrations. We run CAFE in
run for the hot period is carried out with the OH-recycling this fashion because our primary goal is to understand the
mechanism, while the base cold period run does not includepserved fluxes, though we also point out other interesting

Atmos. Chem. Phys., 11, 1269294 2011 www.atmos-chem-phys.net/11/1269/2011/



G. M. Wolfe et al.: The (CAFE) Model — Part 2 1275

features in the model-measurement comparison when thethe BEARPEX-2007 campaign (after our cool period) sug-
arise. Modeled concentration and fluxes should not be takegest that in-canopy isoprene mixing ratios can exceed above-
as representative of daily or seasonal “average” conditionsgcanopy values by as much as a factor of 2 (J. Gilman, per-
but rather as mid-day “shapshots” from the two periods. Ansonal communication, 2010), but it remains unclear if this
extended comparison table of modeled and measured comradient can be attributed to local emissions. We will note
centrations can be found in Table S2 of the Supplement.  when this issue affects our conclusions.
Since modeled mixing ratios of locally-emitted BVOC are
3.1 VvVOC primarily a function of the rates of emission and chemi-
cal loss (assuming roughly homogenous upwind emissions
Within and immediately above the forest, concentrations ofand a chemical lifetime of a few hours), it is worthwhile to
primary BVOC (MBO, isoprene, MCHAV, MT and SQT) are  compare modeled and measured concentrations of these (Ta-
controlled by relative rates of emission and oxidation. Cal-ble 5). MBO mixing ratios are reproduced to within 6% dur-
culation of “bulk canopy” emission rates provides a meansing both hot and cool periods, suggesting that the radiation
for validation of vertically-resolved emissions. Taking MBO and temperature adjustments are accurate for MBO emis-
as an example: integration of the hot-period MBO emis-sions. MCHAV and total MT are predicted to within 10%
sion rate over the canopy height gives a bulk emissionduring the hot period but are under-predicted during the cool
rate of 5.2x 10" moleccnm? s* (1.9mgCn2h~%), ora  period by 60-70%, while total SQT are over-predicted by
boundary-layer average of 6:610° moleccnm®s™. These  150% during the cool period. These errors could stem from
rates are within the range of previous MBO flux measure-the temperature corrections for emission rates, which be-
ments at BFRS (Baker et al., 1999; Schade et al., 2000pome increasingly important at lower temperatures, or from
and of values employed by other models (Perez et al., 2009leficiencies in modeled vertical mixing (note that the inlet
Steiner et al., 2007). Though our emissions estimates genefor MT and SQT observations was moved from 1.5m to
ally agree with other literature values, the standard emissiord.2 m between the hot and cool periods).
parameterization does have limitations. Previous work at Even though total MT concentrations are well reproduced
BFRS has shown that basal emission rates can vary with temduring the hot period, modeled terpene speciation differs
perature history and other factors (Gray et al., 2003, 2006from observations. The model generally under-predgsts
and that tree-to-tree variability in emission rates can be subpinene and 3-carene and over-predicts myrcene, camphene,
stantial (Bouvier-Brown et al., 2009c). terpinolene a-terpinene and/-terpinene (Table S2). Such
Isoprene is not emitted in significant quantities from Pon- discrepancies may arise from inaccurate estimates of emis-
derosa pine, Manzanita or Ceanothus (N. Bouvier-Brown,sion speciation. Though we use the best estimates from leaf-
personal communication, 2009), but it can originate fromlevel measurements (Bouvier-Brown et al., 2009c), terpene
less abundant vegetation within the forest stand and upemissions are subject to plant physiological and environmen-
wind, particularly Black Oak. Although direct measure- tal conditions that are not easily modeled. The relative ter-
ments of above-canopy isoprene fluxes have not been corpene speciation has little impact on our conclusions regard-
ducted at BFRS, early isoprene gradient measurements aridg the chemical contribution to trace gas fluxes.
relaxed eddy accumulation observations in 1998 and 1999 in- The terpene oxidation tracers MTOX and SQTOX show
dicated no significant emissions from the BFRS fetch (Drey-roughly the same seasonal trend as their VOC precursors
fus et al., 2002; Goldstein et al., 2001). Analysis of mix- (Table 5). Despite a fast deposition velocity, canopy-top
ing ratio diurnal profiles at this site have determined thatconcentrations of MTOX and SQTOX build up to 101 and
isoprene is primarily advected from a band of Oak located41 pptv, respectively, during the hot period. Many of the
30-40km upwind (Dreyfus et al., 2002). The current con- compounds represented by these tracers will contain alkenyl
struction of CAFE is unable to simultaneously reproduce moieties and thus may still participate in oxidative chemistry.
the concentrations of isoprene and its main oxidation prod+or both periods, near-surface MTOX and SQTOX gradients
ucts, methyl vinyl ketone (MVK) and methacrolein (MACR), (not shown) match previous CAFE model results (Wolfe and
solely through our advection scheme. Thus, in addition toThornton, 2011).
advecting isoprene at a rate of 1 ppbhwe invoke a sub- In addition to the speciated single-height measurements,
stantial emission rate of isoprene40% of the MBO emis- the BEARPEX-2007 dataset also includes vertical profiles
sions). While local (e.g<500 m upwind) isoprene emissions of several classes of VOC acquired via proton-transfer mass
are probably smaller than this, our isoprene emission ratespectrometry (PTR-MS). Details regarding instrumentation
is nearly identical to that used in the 4 ki km grid cell  and measurement setup can be found elsewhere (Bouvier-
of a three-dimensional model that contains BFRS (SteineBrown et al., 2009b; Holzinger et al., 2005). Figure 2 com-
et al., 2007). The vertical profile of isoprene, and poten-pares modeled BVOC profiles to four sets of PTR-MS mea-
tially its oxidation products, will depend somewhat on the surements: total monoterpenas\iT), MCHAV, the sum of
nature of its sources (i.e. emission vs. advection). A smallMBO and isoprene and the sum of MVK and MACR. For
set of in-canopy isoprene gradients measured near the end ofarity, observations and model results are presented from the
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Table 5. Model-measurement comparison of BVOC and peroxides. Model results are taken from the layer closest to the measurement height.
Measurements are reported as the meaa.

Species Height/m Concentrations/pptv % Differéhce
Model Meas
Hot
MBO 6.4 3237 31821092 -2
isoprene 6.4 1627 1645 676 -1
MCHAV 15 81 79+ 13 +3
MT 1.5 491 538+ 46 -9
SQT 1.5 56 56+ 9 -0.4
MTOX 10 101 - -
SQTOX 10 41 - -
ISOPOOH + IEPOR 16.8 495 24°H 147 +100
H,0, 16.8 856 88491 -3
Cool
MBO 6.4 659 623+ 261 +6
isoprene 6.4 251 21t 71 +19
MCHAV 9.2 11 37+ 6 -71
MT 9.2 78 213438 —63
SQT 9.2 15 6t 2 +146
MTOX 10 23 - -
SQTOX 10 18 - -
ISOPOOH + IEPOXR 16.8 27 55+10 —-51
H,0, 16.8 531 634+54 -16

2 Calculated as 100*(Model — Meas)/Meas.
b sum of four isomers (ISOPAOOH + ISOPBOOH + ISOPCOOH + ISOPDOOH) and the isoprene dihydroxyepoxide IEPOX.

hot period only and have been normalized to their canopy-top The modeled MBO +isoprene gradient agrees fairly well
values; modeled and measured profiles exhibit similar norwith observations, increasing20% between canopy top and
malized gradients for both the hot and cool periods. Model-the forest floor. This profile would be less steep if isoprene
measurement agreement is generally quite good, though theere primarily advected in CAFE, as the isoprene profile
model under-predicts gradients BMT and MCHAV in the  would then be more vertical and observed isoprene mixing
lower canopy. Potential explanations include an unidentifiedratios are 25—-33% of MBO +isoprene at noon (Table 5). The
emission source near the ground such as decaying pine neaiean observed MBO +isoprene mixing ratiozati = 0.15
dles, as suggested by Stroud et al. (2005), or inefficient tur{1.5 m) is consistently 15% lower than that at 6.1 m (Fig. 2c).
bulent mixing in the lower canopy, which could lead to a This feature persists even in individual 30-min gradient ob-
buildup of BVOC emitted from the understory. The existence servations. As MBO (and isoprene, in CAFE) are primar-
of a “weakly coupled” layer near the ground — or at leastily emitted from the overstory, this feature would be consis-
slower vertical mixing than modeled in CAFE — would also tent with a depositional sink of MBO and isoprene near the
be consistent with model-measurement comparisons af NOground (Stroud et al., 2005).
and PAN gradients (see Sect. 3.5). A lack of wind penetra- Profiles of the sum of MVK and MACR, which are first-
tion into the deep canopy would seem the most likely causegeneration oxidation products of isoprene, are fairly vertical
(as opposed to a thermal inversion). To test this hypothesisn both the model and measurement (Fig. 2d), though the
we conducted a simple sensitivity test where we uniformly modeled profile shows a slight enhancement in the canopy
reduced the eddy diffusivities (K-values) belaywh = 0.5 due to production. Previous studies have suggested that
(5m). Results from this test (not shown) reveal that reducingMVK and MACR should also deposit to the canopy/ground
K-values by a factor of three greatly improves agreement bewith a deposition velocity similar to that of ozone (Stroud et
tween modeled and measurEiMT gradients but increases al., 2005; Zhang et al., 2003; Karl et al., 2010). We do not
the canopy residence time to 5 min. include deposition of these compounds in CAFE since the
observed mean profiles do not suggest strong deposition of
oxidized VOC in this forest.
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ods atz/h =1 (10 m). The “other” category contains contributions
Fig. 2. Comparison of measured and modeled gradien{g/)ofo- from ~300 reactions. Open circles and error bars denote measured

tal monoterpenegp) methyl chavicol,(c) the sum of MBO and  bulk OH reactivity (meas: 1o).

isoprene andd) the sum of MVK and MACR. Both modeled and

measured values are taken from the hot period. PTR-MS obser-

vations represent the mean of six 5-min-averaged measurements gbnstrained bottom-up estimates@ﬁ (Mao et al., 2008).
each height and are normalized by the 9.3m mixing ratios; errorThe |atter study also demonstrated that measured anthro-
bars r_epresent standard deviations. Model profiles are normalizegogeniC VOC are a negligibly small contribution tg& at

to their canopy-top valueg(h =1). BFRS.

Some of the missing OH reactivity might be attributed
to a missing source of formaldehyde (HCHO). During
the cool period, CAFE predicts HCHO mixing ratios of
~1.3 ppbv, while measurements indicate a noontime mean
of 12.54+ 4.0 ppbv (Table S2); HCHO observations were not
available during the hot period. Increasing HCHO mixing
r5,_1| = Zk,- C; (8) ratios to match observations (by raising the initial/advection

i HCHO concentrations) brings the modeled OH reactivity to
Here,k; is the second-order rate constant for reaction of OH6 S, which is within the range of observations. Maintain-
with species having concentratioif;. OH reactivity was  INg this level of HCHO in the model leads to a 50% over-
measured directly during BEARPEX-2007 following the ap- Prediction of hydroperoxy radical (H and hydrogen per-
proach described in Mao et al. (2009) and is useful for con-0xide (H202); OH increases by 15%. The sources of the
straining both VOC inventories and steady-state calculationglevated HCHO mixing ratios observed during the cold pe-
of oxidant concentrations. Figure 3 compares model calcufiod are presently unknown but may be linked to oxidation
lations Off&}l with observed values. During the hot period, of yet-unidentified reactive BVOC inferred from previous

modeled (12.33!) and measured (12:42.0s%) TS& arein observations at BI_:RS (Choi et al., 2010; Holzinger et al.,
1 2005). As constraining HCHO to measured values does not
excellent agreement. About 63% of the modef%é is at-

. . . . noticeably perturb the exchange velocities of key species in
tributed to primary BVOC, with another 22% due to reactions :
with HCHO, CO, CH and the first-generation oxidation the model and because of a lack of measurements during the

products of isoprene (MVK and MACR) and MBO (IBU- hot period, we retain the CAFE-predicted HCHO values for

- . ~ consistency between the two periods. A detailed evaluation
.TALOH and HOCHZ_CHO)‘ The remaining 15% (‘other’) of BEARPEX-2007 HCHO observations may be found else-
includes~300 reactions, each of which comprise% of

o4+ During the cool period, modeleg; ) (3.6 %) is lower where (Choi etal,, 2010).

than observations (6:81.2s1) by almost a factor of 2. 3.2 RO

Model underestimates of MT and MCHAV mixing ratios

during this period are not sufficient to explain this discrep- Cycling of hydrogen oxide radicals is driven by VOC and ni-
ancy, and the nature of this missing OH reactivity remainstric oxide (NO). The sequence begins with reaction of OH
unclear. These results, including the missing OH reactivityand VOC to produce an organic peroxy radical grC5ub-
during the cold period, are consistent with observationally-sequent reaction of ROwith NO produces N@ and an

The hydroxyl radical (OH) is the primary daytime oxidant
for most VOC in the troposphere. OH reactivityaﬁ), or
inverse OH lifetime, is defined as the sum of all OH loss
rates divided by the OH concentration:
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alkoxy radical (RO). Typically, the latter reacts withp @ 30 ‘ ‘
yield a hydroperoxy radical (H§ and a closed-shell alde- Lol | Hot @ ® 1 v @
hyde or ketone. In the CAFE mechanism, the latter two pro-  ~ 'l : ‘\
cesses are combined. OH is regenerated upon reaction of 20 | ) \
HO, with NO to form NG. < 15 —l ey —ely ] \
N 1 ] \
OH+VOC — RO, +H>0 (R2) 1.0 ™ ol ——
] ] = =Hot + Recycling
RO, +NO — NO»+HO, +carbonyls (R3) o ! ! ° leMeas .
% 4 : 8 1210 20 étlJ 40 0 40 80 12‘0l 160
HO2+NO — OH+NO; (R4) OH/10° molec cm™ HO /pptv RO, /pptv
3.0 T T T T T T T
As a result of this cycling, we define the chemical families | Cool @ ©] ®
HOy =OH +HO,, RO, =HO + RO, and NG =NO +NO.
Partitioning within the RQ and NG families is thus cou- 204
pled by VOC abundance and reactivity with OH. Moreover, < 1s,
cross-reactions between R@nd NG produce longer-lived v, Lo ]
reactive nitrogen species, the forest-atmosphere exchange of Cool+ Recyeling
which can be sensitive to vertical gradients in this chemistry. %% ] O CoolMeas
Figure 4 depicts modeled profiles of OH, bl@nd RQ 0

. . . 0 4 8 12 10 20 30 40 0 40 80 120 160
radicals. For each period, the model was run both with and OH/10® molec om’

without the enhanced OH recycling mechanism discussed in

Se_ct. 22 Both periods sh(_)w small positive (increas_iqg withFig_ 4. Profiles of modeled OH, H9and RG mixing ratios
height) in-canopy H@ gradients 0F~5%. The OH miXing  qyring the hot(a—c) and cool(d—f) periods. Solid lines are re-
ratio increases by-10% between the ground and the top of sults from model runs without the enhanced OH recycling mech-
the canopy in the hot period and b¥0% in the cool period.  anism (Sect. 3.2), while dashed lines represent model runs with
The relative gradients are mostly unaffected by the enhance®H recycling on. Filled and open circles represent observations
OH-recycling mechanism, though OH does exhibit a slight(meant 1o) for the hot and cool periods, respectively.
bulge maximizing at;/h = 1.4 during the hot period with
enhanced OH recycling, and R@& ~20% higher within the
canopy than above for the same scenario. Enhanced OH r@nechanisms separately in CAFE, but found that no single
cycling is required for replicating observations during the hot mechanism could adequately reproduce observed pHd-
period. Excluding this mechanism leads to under-predictiontitioning and abundance simultaneously with other key in-
of noontime OH by a factor of 6 and of Hdy ~25%; RG dicators, such as oxidized VOC abundance and speciation.
was not measured. Preliminary data from BEARPEX-2009For example, incorporation of the isoprene hydroxyperoxy
suggests measured OH mixing ratios from the 2007 cam+adical isomerization/decomposition mechanism — as imple-
paign may be overestimated, perhaps by as much as a factorented in Stavrakou et al. (2010) with an OH yield of 3
of 2 (Brune et al., 2010). Even in the face of such a systemfrom the photolysis of hydroxyperoxy aldehyde products —
atic error, modeled values would still be too low by a factor leads to a 30% over-prediction of H®ut a factor of three
of three and we would still require enhanced OH recycling. under-prediction of OH in the hot period. Furthermore, the
Model-measurement mismatch of OH is a recurrent is-postulated isomerization requires an allylic radical, thus first-
sue in investigations of RQchemistry under conditions generation MBO-derived peroxy radicals will not undergo
where BVOC such as isoprene are a dominant source of ROanalogous reactions.
(Hofzumahaus et al., 2009; Lelieveld et al., 2008; Thornton Using measured OH reactivity and concentrations, and as-
et al., 2002; Ren et al., 2008; Martinez et al., 2003; Tan etsuming OH is in steady state (i.e. production equals loss),
al., 2001). Many of these studies, and others, have proposede estimate an observationally-constrained gross OH pro-
mechanisms to augment radical production and propagatiorguction rate Pon) of ~4 pptv s for noontime conditions
including reduction in the formation rate of isoprene-derived during the hot period. Without OH recycling, model€dy
organic hydroperoxides and/or enhancement of their phofor the hot period is~0.7 pptvs® and is mainly driven by
tolysis rates (Thornton et al., 2002), additional production O3 photolysis and reaction of HOwith NO. As the model
of OH during reactions of isoprene-derived first-generationaccurately reproduces measured OH reactivity during the hot
RO, with HO, (Lelieveld et al., 2008; Thornton et al., 2002), period (Fig. 3), we conclude that the under-prediction of OH
inclusion of an unknown species “X” that reacts with RO stems from inefficient recycling and/or excessive termina-
and HGQ with the same efficacy as NO (Hofzumahaus et al.,tion by RQ; cross-reactions. Inclusion of the tuned OH re-
2009), and R@isomerization and decomposition (Peeters etcycling mechanism (Table 3) brings modeled OH and;HO
al., 2009; Da Silva et al., 2010). We tested each of thesdo within the range of observations and increases Bpa

HO,/pptv RO,/pptv
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factor of ~2.5. HG is mostly conserved in the enhanced OH by a factor of~2. Thus, by constraining modeled OH
OH-recycling mechanism, thus the increase in modeled HO reactivity to the measured value and assuming the missing
is primarily due to a larger source from R@eactions with  reactivity is caused by a non-methane hydrocarbon that is
NO. not MBO or isoprene, model-measurement agreement of OH
Another potentially important OH source is ozonolysis of concentrations during the cool period can be achieved when
highly-reactive VOC not included in our emission inventory employing the enhanced recycling mechanism. As this result
(Goldstein et al., 2004; Holzinger et al., 2005; Faloona et al.,ultimately depends on the nature of the missing reactivity,
2001). Holzinger et al. (2005) estimated that an average inand as OH, H@, and RQ abundances are reasonably pre-
canopy Q reaction rate of 5.2% 108 moleculescm®s™1, dicted by CAFE during the cool period without the recycling
or 25pptvs?t, would be required to sustain the chemical mechanism, we leave this issue for future investigation.
contribution to in-canopy ozone fluxes inferred by previ-
ous studies (Goldstein et al., 2004; Holzinger et al., 2005;3.3 Peroxides
Kurpius and Goldstein, 2003). Given that our missiPgy ) . . .
is ~3.3pptvs, an average OH yield of 13% from these In high-RQ, and high-VOC environments, peroxide forma-

reactions would be sufficient to sustain measured OH leveldiON iS considered a key radical termination step:

in the canopy. The resulting OH concentration from such AHO, +HOy — Hp0y + 0 (R5)
source, however, would lead to model overestimates of HO
and likely RG. That is, such a source would still imply an RO, +HO, — ROOH+ O, (R6)

incomplete understanding of RMBIO, chemistry.

Our enhanced OH-recycling mechanism is similar to aln the case of isoprene oxidation, further reaction of first-
blending of those proposed by Lelieveld et al. (2008) andgeneration ROOH with OH can generate dihydroxyepoxides
Peeters et al. (2009). Our mechanism ties OH recycling tdPaulot et al., 2009c) or carbonyl-containing oxidized VOC:
ROZ+ HO; reactions, put itis an additional process in com- ROOH- OH — IEPOX.- OH (R7)
petition with the peroxide-forming channel. The mechanism
also simultaneously converts the primary MBO and isopreneROOH+ OH —» 0VOC+ OH (R8)
derived RQ radicals into the relevant oxidation products as
if passing through the respective RO radicals. Essentially, itComparison of modeled and measured peroxides/epoxides
is an enhanced RQOdecomposition that yields OH and oxi- thus provides an additional indirect check on,Rdundance
dized VOC but has little net effect on HOFailure to incor-  and chemistry in CAFE. BEARPEX-2007 observations in-
porate RQ destruction in the enhanced OH recycling mech- clude both hydrogen peroxide §B,) and the sum of first-
anism leads to unrealistic R@oncentrations%300 pptv),  generation isoprene hydroxyhydroperoxides (ISOPOOH, see
which in turn results in overestimation of several oxidation Appendix A) and isoprene dihydroxyepoxides (IEPOX).
products — such as glyoxal and acetone — and unreasonably As shown in Table 5, ISOPOOH+IEPOX is over-predicted
low NO/NGQ;, ratios. With our enhanced OH recycling mech- by a factor of 2 during the hot period, suggesting that pro-
anism, model results are consistent with Réhd NO/NQ duction is too fast and/or losses — which include reaction
values derived from observationally-constrained steady-stataith OH, photolysis and deposition — are too slow. Pro-
calculations for this site (LaFranchi et al., 2009; Day et al., duction of ISOPOOH depends on mixing ratios of $&nhd
2008) and with observations of total peroxy radicals at otherfirst-generation isoprene-derived RO Observational con-
forested locations (Cantrell et al., 1992; Qi et al., 2005). Fur-straints are only available for the former, thus we cannot
thermore, small-chain BVOC oxidation products agree rea-tule out a model overestimation of isoprene-Rtough this
sonably well with BEARPEX-2007 observations (Table S2), seems unlikely. Modeled OH and isoprene (Rfdecursors)
though mixing ratios of these are also influenced by advecagree with measurements, and the over-prediction persists
tion. Previous studies at BFRS have provided evidence for @ven without our enhanced OH-recycling mechanism —when
temperature-dependent K@ource (Day et al., 2008; Farmer OH and RQ concentrations are substantially lower. Isomer-
and Cohen, 2008). Our enhanced recycling mechanism igation of isoprene-R@(Peeters et al., 2009) could mitigate
also consistent with this observational evidence as the OHproduction of ISOPOOH; however, as we noted in Sect. 3.2,
production rate decreases with decreasing temperature biyis mechanism also leads to over-prediction ofH@our
virtue of its reliance on R@formed from BVOC. model.

In contrast to the hot period, modeled OH agrees with It is more probable that modeled sinks of ISOPOOH
observations during the cool period without the need forand/or IEPOX are too slow. The lifetimes of ISOPOOH
additional OH recycling, while H® is somewhat under- against OH via Reactions (15) and (16) are 0.7 h and 8.5 h,
predicted. As CAFE underestimates measured OH reactivrespectively. Thus, 92% of this reaction proceeds through the
ity by a factor of 2 during the cool period, however, this epoxide-forming channel, and IEPOX comprises 57% of the
agreement is likely artificial. Incorporating enhanced OH ISOPOOH+IEPOX family during the hot period. IEPOX re-
recycling during the cool period leads to overestimation of acts with OH with a lifetime of-3 h using the recommended
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rate constant from Paulot et al. (2009c). A factor of 10 in- tunable parameter that could represent any number of yet-
crease in the rate constants for reaction of OH with eitherundiscovered chemical or physical uptake processes.
ISOPOOH (via Reaction 16) or IEPOX reduces the model

over-estimate to 29% or 17%, respectively. Deposition of3.4 Ozone

ISOPOOH is currently implemented with a deposition veloc-

ity of ~1.6cms? (Hall and Claiborn, 1997), while IEPOX Deposition of @ is a major concern due to its impact on
is forced to deposit at the aerodynamic limit. An increaseplant tissues (Darrall, 1989), which can reduce carbon se-
in deposition of ISOPOOH would reduce the model overes-questration (Sitch et al., 2007), enhance emissions of oxi-
timate but is not a sufficient explanation on its own. Fasterdized VOC (Karl et al., 2005; Schade and Goldstein, 2002)
photolysis of ISOPOOH is also not likely a viable solution, and alter uptake of other gas-phase species (Karl etal., 2010).
as the rate for this process is ten times slower than reactioAs @ terminal sink, deposition also influences the lifetime
with OH in the base scenario. One potentially important Of gas-phase @near the surface. Furthermore, ozonolysis
sink for IEPOX is uptake to particles, which is not currently of reactive BVOC can produce OH and oxygenated VOC
included in CAFE. Optimal model-measurement agreementvithin and immediately above the canopy (Ciccioli et al.,
during the hot period — assuming rates for other sinks are real999; Holzinger et al., 2005), stimulating gas-phase oxida-
sonably estimated — would require 88% of IEPOX be lost totive chemistry and growth of secondary organic aerosol (Li
particles. etal., 2011; Paulson et al., 1998). This chemistry may be fast

In contrast to the hot period, ISOPOOH + IEPOX is under- €nough to alter the net forest-atmosphere flux of bafla
predicted by 51% during the cool period. This may indi- BVOC (Goldstein et al., 2004; Kurpius and Goldstein, 2003;
cate an under-prediction of isoprene-Rfdr this scenario, Stroud et al., 2005). Thus, characterization of the underlying
though we note again that both isoprene and OH are withifmechanisms of forest-atmospherg €change is critical for
the range of observations. At present, it is difficult to recon-assessing bothfinduced ecosystem damage and our under-
cile the large differences in model-measurement agreemerfttanding of emissions and chemistry in this environment.
between the two scenarios. One potential explanation may Figure 5 compares model and measuregd ddncentra-
lie in advection. These compounds have been assigned intions, fluxes and exchange velocities. Mixing ratios agree
tial/advection concentrations of 0 to simplify comparison to reasonably well, decreasing slightly with height in the
observations, but it is very likely that their “advection con- canopy region. Modeled downward (negative) fluxes and ex-
centrations” are higher than we ascribe due to the upwindchange velocities fall within the variability of observations
isoprene source. Increasing advection would improve modelbut tend to under-predict mean values $20% for both
measurement agreement during the cool period but degradeeriods. CAFE successfully predicts the observed 20% in-
it during the hot period; thus, an increased advection sourcérease in @ fluxes between the hot and cool period, which
must also be coupled with a temperature-dependent sink. is due to an increase in stomatal conductance accompanying

Modeled HO, concentrations agree with observations the reduced vapor pressure deficit and temperature (Table 2).
to within 3% and 16% for the hot and cold period, re- This behavior is counter to the generally-positive correla-
spectively. As noted in the companion paper (Wolfe andtion between temperature ang @uxes observed on longer
Thornton, 2011), CAFE forces4®; to deposit at the aero- timescales at BFRS but is within the variability of measured
dynamic limit by setting the effective Henry's Law co- Os fluxes from a 6-yr dataset (Fares et al., 2010a).
efficient (Hx) used in the deposition parameterization to  Previous work at BFRS has provided evidence that both
1x 10Matm~1. This yields above-canopy exchange ve- deposition (stomatal and non-stomatal uptake) and in-canopy
locities of —4 to —5cm s L. If we instead use the literature- reactions with biogenic emissions can influencg fldxes
recommended H* of % 10° Matm~! (Seinfeld and Pandis, (Goldstein et al., 2004; Kurpius and Goldstein, 2003; Fares
2006), B0, concentrations are over-predicted by as muchet al., 2010a). It is thus prudent to examine all processes
as 50%. Though pD, mixing ratios are somewhat depen- contributing to Q fluxes, defined by the various terms in the
dent on our choice of initial/advection concentrations (Ta-mass balance equation (Eq. 1). Figure 6a shows vertically-
ble 4), this finding is consistent with previous field studies resolved instantaneous rates for all processes during the hot
that have reported diffusion-limited 4@, deposition over period. The model predicts that deposition is the dominant
forests, much faster than predicted by the Wesely (1989) paprocess within the canopy region. Other rates are small but
rameterization (Ganzeveld et al., 2006; Hall and Claiborn,consistent with expected chemical behavior, which derives
1997). Recent measurements at BFRS also suggest transpoprimarily from the NQ-Os equilibrium:
limited H,O, deposition (Paulot et al., 2009a), a finding sup-

ported by our model results. Our choice to increébeto NO2 vy OCP)+NO (R9)
match the observedd®, exchange velocity does not neces-
sarily imply that the molecular mechanism controlling®} 0GP +0, > 03 (R10)
surface loss is related to solubility; rather, we view the cu-
ticular resistance (which is controlled partly @y+x) as a  NO+0Osz— NO2+ O (R11)
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circles represent observations (megrstandard deviation) for the

hot and cool periods, respectively. Cool period observations arerig. 6. (a) Modeled profiles of components of the instantaneous

offset on the y-axis for clarity. To convertgdluxes from chemical  rates of change for ozone during the hot period. Contributions in-

units (pptv m s'1) to depositional units (umol m? h=1), multiply ~ clude chemical production (yellow solid line), chemical loss (ma-

by 0.125. genta dash-dotted line), deposition (green dashed line), advection
(purple dash-dot-dotted line) and storage (red dotted line). Also
shown is the sum of chemical production and loss (thick cyan line).

Gross chemical @production tracks light attenuation in the Ground deposition extends beyond the scal230 pptvs1). The

canopy, as it is rate-limited by NOphotolysis. Ozone pho- inset provides a zoomed-in view of the same model resfdjon-

tolysis controls gross chemical loss in the top half of the tributions to modeled ozone exchange velocity profile for the hot pe-

canopy, while reaction with soil-emitted NO dominates nearriod, including surface (green dashed line) and chemical (magenta

the ground. The net chemical tenden&( L) changes sign ~ solid _Iine) processes, as well as the net exchange velocity (thick

halfway through the canopy. These results are consisterffay line).

with those from other canopy models (Stroud et al., 2005).

Contributions from advectionA) and storagedC / atr) are

small. ozone flux at BFRS; however, as discussed below, modeled

Rearrangement and integration of Eq. (1) shows that the>zone fluxes in CAFE are subject to potentially significant
vertical flux at any heightF (z), is the sum of the ground-up uncertainties in non-stomatal deposition and reactive BVOC

integrals of the rate of each process: emissions.
Z Since deposition dominates the modelege®change, itis
F(2) =/ [E(2)+ D(2)]dz prudent to examine the contribution of various parameterized
0 deposition pathways as enumerated in Table 6. Stomatal up-
Surf take, which is constrained by independent calculations based
z on observed latent heat fluxes (Wolfe and Thornton, 2011),
+/0 [P@)+L@)+AR)—IC(2)/0t]dz (®)  accounts for 46% and 59% of the modeled exchange dur-

ing the hot and cool periods, respectively. Non-stomatal de-
position, which includes losses to both leaf cuticles and the
Here, we group contributions into surface and “chemical” ground, comprises the remaining 54% and 41%. Though the
processes (for § E(z) =0); these groups could also be inclusion of non-stomatal deposition brings modeled ozone
thought of as “heterogeneous” and “gas phase.” The inteexchange velocities to within 24% and 20% of measured val-
gral over height ofac/at (the last term) is, by definition, ues, this agreement may be artificial as the true magnitude of
the “storage” term employed in interpretation of flux obser- non-stomatal deposition is not known. Constraints for non-
vations (Rummel et al., 2007; Wolfe et al., 2009). Calcula- stomatal deposition in CAFE are taken from a “big leaf” re-
tion of fluxes by this method yields the same values as thosaistance model (Zhang et al., 2002, 2003) that assumes sim-
computed via Eq. (6), and normalization of each term by theilar values across a fairly wide swath of ecosystems, and un-
modeled mixing ratio at any height gives the correspondinglike the stomatal component, there is no simple way to val-
component of the exchange velocity. CAFE predicts that suridate this parameterization against observations. The possi-
face deposition controls the vertical flux of ozone (Fig. 6b), ble influence of intra-canopy BVOC chemistry on observed
with chemistry inducing a slight positive slope on thg &- above-canopy ©fluxes was not considered during the de-
change velocity profile above the canopy; the model yieldsvelopment of these parameterizations, thus the resulting non-
similar results for the cool period. At face value, this result stomatal deposition rates may be artificially high. Leaf and
appears to refute previous claims of a substantial chemicabranch-level enclosure experiments have observed negligible

Chem
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Table 6. Contributions to modeled ozone and PAN exchange velocities {din §or these species, the “surface” contribution is equivalent
to total deposition. Model results are taken from the layer closest to the measurement height (12.5 708 @ for PAN). Measurements
are given as the meahlo.

Process Ozone PAN

Hot Cool Hot Cool
Stomatal dep. -0.13 -0.23 —0.08 -0.14
Cuticular dep. -0.12 -0.12 -0.01 -0.01
Ground dep. —0.05 —0.05 —0.03 —0.03
Surface -0.30 —-0.40 -0.12 -0.18
Chemical 0.02 0.01 -0.10 —0.08
Surf + Chem -0.28 -0.39 -0.22 -0.26
Measured —-0.374+0.12 -0.49+0.11 —0.63+0.25 -0.4940.27
% Differencé& —24 -20 —65 —47

@ Calculated as 100*(Model — Meas)/Meas, where Model = Surf + Chem.

cuticular ozone deposition to Loblolly pine (Karl et al., 2005) speciesp-caryophyllene ande-humulene (Bouvier-Brown

and citrus trees (Fares et al., 2010b). If our parameterizatiort al., 2009¢). The effects of very reactive BVOC og O

of cuticular and ground deposition over-estimates the magnichemistry should be localized to the canopy or near-leaf
tude of these processes at BFRS, then we are likely still missairspace, consistent with the observation of markedly
ing a considerable ©sink within the forest. In the extreme different terpene speciation between branch enclosure and
case where non-stomatal deposition is ignored, CAFE underambient measurements (Bouvier-Brown et al.,, 2009a).
predicts observed £X¥luxes by 65% and 53% for the hot and Considerable non-stomatal ozone fluxes have been observed
cool periods, respectively. Modeled fluxes are also sensitiveat several other forests (Hogg et al., 2007; Coe et al., 1995;
to prescribed values for eddy diffusion coefficients (Eqg. 6); Rondon et al., 1993), but whether such fluxes are driven by
however, sensitivity tests indicate that diffusion would needsurface or gas-phase processes remains an open question.
to be significantly faster than currently modeled to increaseTargeted model sensitivity studies together with further in
the Q; flux (Wolfe and Thornton, 2011). situ observations could shed additional light on such issues.
Understanding the fate of{0n the forest must continue to

be a priority, as the questions raised here are directly relevant
to ecosystem health, aerosol formation and, RBemistry

in this environment.

Within the current model framework, in-canopy
0O3+BVOC reactions are not of sufficient magnitude
to influence @ fluxes, seemingly at odds with inferred
non-depositional @fluxes at BFRS (Kurpius and Goldstein,
2003; Goldstein et al., 2004). In these studies, the authorg 5 Reactive nitrogen
note that emissions of very reactive BVOC — which can

drive chemical @ fluxes — may not be included in current The reactive nitrogen (NQ fam||y encompasses a wide
emission inventories. CAFE already contains emissions O%pectrum of atmospheric oxidized nitrogen CompoundS, in-
highly reactive SQT that account for some of the missingcluding NQ,, acyl peroxy nitrates (APNs), alkyl nitrates
ozone reactivity inferred previously (Kurpius and Gold- (ANs) and nitric acid (HN@), among others. Primary NO
stein, 2003; Goldstein et al., 2004). Bringing our model sources in the troposphere include both anthropogenic (e.g.
results into agreement with these studies, however, woul&ombustion and agriculture) and natural (e.g. soil and light-
require a substantial increase in emissions of the highlyning) emissions (Jaeglet al., 2005). The higher oxides of
reactive SQT species or other yet-unmeasured BVOC. Suchitrogen are formed via reactions of N@ith ROy:

missing emissions have also been postulated from obser-

vations of “missing” OH reactivity at a forest in northern RC(0)O2+NOz = RC(O)O2NO2 (APN) (R12)
Michigan (Di Carlo et al., 2004) and from anomalously

high HCHO concentrations measured at BFRS (Choi etROZJFNO_)RONOZ (AN) (R13)
al., 2010). For BEARPEX-2007, CAFE reproduces the oy NO, —» HNO;3 (R14)
observed above-canopy OH reactivity during the hot period

(Fig. 3), when BVOC emissions should be highest. Thus,We restrict our analysis to these four classes since they com-
to affect ozone fluxes, unidentified emissions must reactprise the bulk of NQ at BFRS (Day et al., 2009; Ren et al.,
preferentially with Q in the canopy, similar to the SQT 2010) and their formation mechanisms are reasonably — if not
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Table 7. Model-measurement comparison of N@peciation. Model results are taken from the layer closest to the measurement height.
Measurements are reported as the mean. NO was not measured during BEARPEX-20@MNOy represents the sum of all listed NO
components.

Species Height/m  Concentrations/pptv 9e¥Oy
Model Meas Model Meas
Hot
NO 9 26 - 2 -
NO, 9 142 139+ 65 12 14
2PN 9 290 185t 104 25 18
AN 9 125 147+ 146 11 14
HNO3 16.8 562 555+ 190 49 54
ENOy 1144 1028+ 505 - -
Cool
NO 9 135 - 9 -
NO» 9 385 368+ 115 27 30
PN 9 533 430t 99 37 38
AN 9 93 119+ 66 7 10
HNO3 16.8 285 273t 4 20 22
ZNOy 1431 1234+ 284 - -

yet quantitatively — understood. Table 7 compares modeleamitted NO, often a primary NOsource in rural and remote
concentrations of N components to observations. Over- regions (Williams et al., 1992), is rapidly converted to NO
all, the model is in decent agreement with measuEdNDy by reaction with @ and peroxy radicals in the canopy (Gao et
(=NO+NGOG; + XPN+XZAN +HNO3) and the temperature- al., 1991), with implications for measuring the fluxes of NO
dependence of NOspeciation, thougEZPN (comprised pri-  components. NQpartitioning within the canopy also affects
marily of APNs in the model) are slightly over-predicted and the fate of APNs, which depends in part on the NOA/N@-

S AN are slightly under-predicted. Speciation is discussedtio. Oxidation of BVOC can enhance or alter the pathways
in more detail below.xNOy measured during BEARPEX- for production of APNs and ANs, while temperature gradi-
2007 (1-1.3ppbv) is about half that reported for previousents can influence the decomposition of APNs to,Nex-
years (2.5 ppbv), but the relative speciation is similar (Day fecting fluxes of both of these components (Farmer and Co-
et al., 2009; Murphy et al., 2006). This decrease is consishen, 2008; Wolfe et al., 2009). In what follows, we examine
tent with ~10 ppbv lower average £xoncentrations during the modeled vertical exchange for each class of, M@h a
BEARPEX-2007. Advection is important for maintaining focus on the role chemistry plays in modifying the net above-
reasonable concentrations of many \&pecies, particularly  canopy flux.

NOy; however, advection does not significantly affect mod-

eled vertical fluxes. 351 NO

Forest-atmosphere exchange of reactive nitrogen contin-
ues to be a significant uncertainty in assessing the influenc€igure 7a displays vertical profiles of NOnixing ratios.
of anthropogenic nitrogen emissions on forest productivity NO; is lower during the hot period, likely because of faster
(Magnani et al., 2007; Thomas et al., 2010) and regional airconversion to HN@ and a decreased APN reservoir (Day et
quality (Steiner et al., 2006). Quantifying dry nitrogen depo- al., 2008). Concentrations increase near the ground due to
sition to forests remains a challenge for several reasons. Ddast conversion of soil-emitted NO via reactions with &d
position velocities may vary by an order of magnitude for dif- peroxy radicals, as well as relatively enhanced thermolysis
ferent classes of NQ(Farmer and Cohen, 2008; Turnipseed of APNs via the reverse of Reaction (R12). The measured
et al., 2006; Horii et al., 2006). As a result, deposition canNO» gradient is steeper than the model during the hot pe-
alter the relative partitioning of remaining gas-phaseyNO riod, which may be symptomatic of a deficiency in our dif-
which in turn affects NQ chemistry and deposition down- fusion parameterization or of soil NO fluxes that are higher
wind. Furthermore, rapid in-canopy chemical transforma-than our estimate. Gradients in the NO/Nfatio (Fig. 7b)
tions can alter the net forest-atmosphere exchange gf NOare driven by a balance between the soil NO emission rate,
species (Dorsey et al., 2004; Duyzer et al., 2004; Farmer andapid establishment of the NO-NE@D3 equilibrium (Reac-
Cohen, 2008; Walton et al., 1997; Wolfe et al., 2009). Soil-tions R9-R11), and diffusion timescales. NO/N® lower

www.atmos-chem-phys.net/11/1269/2011/ Atmos. Chem. Phys., 11, 12692011



1284 G. M. Wolfe et al.: The (CAFE) Model — Part 2

3.0 riod, we are unable to conclude whether the highep lx

vl (D’A predicted for 2007 by CAFE is realistic.
e H Ot
2.0 Cool ] 3.5.2 APNs
@® Hot Meas
% 1.5 O Cool Meas |1

APNs are a unique class of NOn that their atmospheric
residence time, determined partly by the chemical equilib-
rium (R12), is highly sensitive to temperature. Peroxyacetyl
nitrate (PAN, CHC(O)O,NO,) comprises 70-90% of the
0 100 200 300 400 50001 02 03 04 05 observed APN budget during BEARPEX-2007 and evolves
NO,fpptv NO/NO, from a variety of anthropogenic and biogenic VOC pre-
' el T ] @ cursors. Notable minor APNs include peroxypropionyl ni-
1 ] trate (PPN, @GH5C(O)O;NO,) and peroxymethacryloyl ni-
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20— —no ! S N ] trate (MPAN, CHC(CH3)C(O)O,NO»), which form dur-
—nNoO, : ing the oxidation of GHsCHO and MACR, respectively.
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L5y e NO, BEARPEX-2007 measurements (Table S1) include vertical
concentration gradients and above-canopy fluxes of PAN,
} PPN and MPAN, as well as a separate measurement of total
Ny 1 ] peroxy nitrates YPN) that may contain contributions from
R S é\ T b s 5 o 5 e e other APNs and non-acyl species such agGO#NO,. Most
Flux/pptv m s™ Flux/pptv m s™ of our analysis will focus on the speciated observations, since
these include fluxes.
Fig. 7. (a) Vertical NO, model profiles for the hot and cool periods. ~ After accounting for both thermal decomposition via
Filled and open circles represent observations (rdedn) for the  the reverse reaction in (R12) and subsequent loss of the
hot and cool periods, respectively. The lowest cool period observaRC(o)Q radical, canopy-top APN lifetimes for the current
tion is offset on the y-a?<is for clarity(b) Modeleq NO/NQ ratios study range from~0.7 h during the hot period to-4.9h
for the hot and cool per_|0d$c) Moqleled flux profllesforNO,_ N©® during the cool period. Thus, both observed and mod-
and NG for the hot period(d) As in (c), but for the cool period. eled PAN concentrations increase by more than a factor of
2 between the hot and cool periods (Fig. 8a). PAN mix-
ing ratios are over-predicted by30% during the hot pe-
during the hot period because of higher levels obR@hich  riod but agree well with observations during the cool pe-
mainly convert NO to N@via Reaction (R3) butalso to ANs  riod. Model-measurement agreement here is partly coupled
via Reaction (R13). to our choice of initial/advection PAN concentrations (Ta-
The mirrored shape of in-canopy flux profiles (Fig. 7c— ble 4), though an assumption of negligible background con-
d) reflects the rapid inter-conversion of NO and N@lear  centration seems fair given the sustained high temperatures
the ground, low radiation results in net conversion of emit-and steadily decaying daytime PAN maxima observed dur-
ted NO to NQ, thereby increasing fluxes of NGand de-  ing this period (Wolfe et al., 2009). This over-prediction
creasing those of NO. Flux profiles turn more vertical atis consistent with the steady-state analysis of LaFranchi et
z/h = 0.6, when NQ photolysis becomes competitive with al. (2009), who suggested that overestimates of modeled
NO oxidation. The net NQflux above the canopy is upward PAN during warmer conditions may have resulted from un-
and nearly equal in magnitude to the soil NO emission flux,derestimated sinks for G€(0)O; (PA) radicals. Addi-
though it is mostly comprised of ND The canopy reduction tionally, our extensive chemical mechanism predicts several
factor, defined as the fraction of soil-emitted Nthat does  individually small sources of the PA radical, neglected by
not leave the canopy due to deposition and chemical transfortaFranchi et al. (2009), that sum te30% of the total PA
mations, is~11% for the current study. Because most of the production budget. In contrast, modeled PPN and MPAN
soil-emitted NQ escapes the canopy and because the modeoncentrations agree with observations to within 5% for the
eled NQ flux is almost entirely comprised of NQcanopy-  hot period and within 17% for the cool period (Table S2).
top NGO, fluxes likely provide an indirect check on our soil  Roughly 15% of modeledPNs can be attributed to
NO emission flux. Unfortunately these observations werecompounds other than PAN, PPN and MPAN during the
not available during BEARPEX-2007, but we may draw a hot period. This result is consistent with the observa-
rough comparison to previous studies. During the hot pe-+ional inter-comparison of Wooldridge et al. (2010), who
riod, CAFE predicts an above-canopy déxchange veloc- showed that APNs other than PAN, PPN, and MPAN typ-
ity of +3.5cm s, which is 50% higher than the +2.3cmls ically make up less than 10% AtPNs. It is not consis-
observed by Farmer and Cohen (2008) at BFRS in Augustent with many other models, however, including the base
2004. Without soil NO flux measurements from either pe- MCM, which would attribute a much larger fraction of

1.04

0.5 \
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30 ) o Alternatively, model-measurement disagreement may be

25 related to the interplay of gas-phase chemistry and vertical

’0 mixing. Enhanced thermal decomposition due to the strong
- —. —o— temperature gradient at the ground (Fig. 1) forces PAN out
R of chemical equilibrium (i.eP < L), resulting in net chemi-

10 p——— cal loss within the canopy and increasing its downward flux.

05 e — o . Lo tens \ This chemical perturbation, which we will call the chemical

opmt——d L N\ L ° °°°'_:)”;as u velocity (V¢) in analogy with the deposition velocityg),

amounts to—0.1cms! and —0.08cms? for the hot and
_ _ _ N _ cool periods, respectively (Table 7). Wolfe et al. (2009) esti-
Fig. 8. Vertical profiles of(a) mixing ratios,(b) fluxes andc) ex-  mated an average chemical velocity-3.3 and—0.1 cm st
change velocities for PAN. Model results are shown for both hotq, two larger periods of BEARPEX-2007 that include our
and cool periods. Filled and open circles represent observationﬁot and cool periods. Thus, it is possible that CAFE un-
(.meartt 1o) for the h.Ot a.nd cool periods, respectively. O_bserva- derestimates this effect esp;ecially during the hot period
tions for the cool period irfb) and(c) are offset on the y-axis for which would also be Co,nsistent with the disagreement bei
clarity.
Y tween near-ground modeled and measured PAN gradients as
_ mentioned above. Decreasing diffusion in the lower canopy
TPNs to species other than PAN, PPN, and MPAN (Perez5s per the sensitivity test described in Sect. 3.1) does lower
et al., 2009). In. our chemical mechanism, we neglectpap mixing ratios by a few percent near the ground, but
most anthropogenic VOC precursors (except acetaldehydgiower mixing ultimately leads to a decrease in the magni-
and propanal) and we invoke a rapid decompositioBof  de of the modeled above-cannopy PAN exchange velocity.
hydroxy acyl peroxy radicals (Wolfe and Thornton, 2011). Another potential cause for an under-estimate of the PAN
These two characteristics explain the much lower predictiong:phemical velocity is excess in-canopy production of PAN —
of XPNs other than PAN, PPN, and MPAN. For example, if o more specifically its precursor, the PA radical, which could
we were to excludg-hydroxy acyl peroxy decomposition, pe the case if modeled OH mixing ratios in the lower canopy
modeled concentrations of PHAN (HOGB(O)O:NO2)  are too high (recall that we have no constraint on these be-
and C4PANS (HOC(Ch)2C(O)O:NO), which are second- oy 7/; = 0.9). This notion emphasizes the fact that APN
generation MBO oxidation products, lead to a 40% over-eychange appears to be quite sensitive to the vertical profiles
prediction of ZPNs. The model overestimate BIPNs dur- iy chemical production and loss.
ing the hot period (Table 7) is mostly due the 30% overesti- ppN and MPAN fluxes and exchange velocities (Table 8)
mate of PAN. _ are mostly within the large range of observed values, except
The measured PAN gradient near the ground reveals thgp, the PPN exchange velocity during the hot period. Mea-
observations at 1.5 m are consistently lower than those at 5 ny ;red PPN exchange velocities are quite fast8cms?)
with an average difference of 2614 pptv (meant 1) be-  qgyring the hot period, the possible implications of which
tween these two heights for the hot period. This differencenaye peen discussed elsewhere (Wolfe et al., 2009). Within
constitutes a gradient of17+ 9% that is not captured inthe  he CAFE model framework, an exchange velocity of this
modeled PAN profile. CAFE may not adequately representmagnitude can only be obtained if PPN deposition rates are
deposition to the soil and ground litter, or diffusion near the jncreased markedly by decreasing the cuticular resistance.
ground, Where chemical sinks are largest. We explore this inrpe high variability of PPN and MPAN exchange velocities
more detail below. B _ for the chosen observation windows precludes a more de-
Modeled PAN fluxes and exchange velocities (Fig. 8b—iailed model evaluation for these species.
¢) are under-predicted by 50-60% for both periods. Within - geparating APN fluxes into chemical and surface (deposi-
CAFE, deposition of PAN occurs primarily through stomatal tjonal) contributions can provide a more detailed look into
_uptake (Table_ 6). Itis possible that non-stomatal depositionhe factors controlling forest-atmosphere APN exchange.
is under-predicted, though laboratory measurements suggeﬁgure 9 compares the chemical velocities of PAN, PPN,
that this term should be small compared to the stomatal comyspaN and C4PANS for the hot period, as calculated ac-
ponent (Sparks et al., 2008). The 22% decrease in the obsording to Eq. (9). The latter species is the primary first-
served PAN exchange velocities between the hot and cool p&jeneration APN from MBO oxidation as predicted by the
riods suggests a temperature-dependent in-canopy 10Ss pPrgqcm and is an analog of MPAN, which derives from iso-
cess that is not represented in CAFE. Surface-facilitated therprene. Even though we do not have observations for com-
mal decomposition on sunlit canopy elements (which areparison, we include C4PANS in this analysis for demonstra-
warmer than the surrounding air) followed by loss of the PA tjye purposes. Starting near the ground, the PPN chemical
radical seems a feasible mechanism, though the magnitude Qf|ocity diverges slightly towards less negative values than
this process would need to be larger than our total modelegaN while the MPAN chemical velocity is even less neg-
deposition rate. ative. The chemical velocity of C4APAN5 shows the largest

PAN/pptv PAN Flux/pptv m s™ PANV_/cm s?
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3.0 % T T T T T Table 8. Model-measurement comparison of APN exchange veloc-
“ ‘ H ities. All measurements are from 17.8 m and are given as the mean
251 oy ] +10. Model results are from the layer closest to the measurement
| ; height.
2.01 o /7 ] Species  Height/m Vexlcm s71
| : 09cms™
. Model Meas
< 1.5 : .
N l ..' Hot
10. * 1 PAN 178 -0.21 -0.63+0.25
' | : - = -PAN PPN 178 —020  —3.3+1.0
o e o PPN MPAN 17.8 -0.13 -1.24+1.2
0.5 : essess MPAN
\ CAPANS Cool
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Fig. 9. Modeled chemical velocity profiles for PAN, PPN, MPAN L L .
and C4PANS during the hot period. The deposition velocity, which to BVO,C emissions and thus are more evenly distributed in
is the same for all APNSs, is also shown. The chemical velocity for (e vertical. . o . .
C4PANS extends off the scale (0.9 cmisatz/h = 3). The PPN chemical velocity is something of a special
case, as the shape of its profile relative to that of PAN

stems from an increased contribution from the storage term,

departure from PAN, becoming positive abaygh = 0.3. —J BCDEZ)dz. In this instance, the PPN precursor propanal

These variations are not due to differences in deposition, a§CoHsCHO) is evenly distributed in the vertical because its
all APNs have the same deposition velocity in the model,sole source in CAFE is advection. PPN produced aloft is
which is also shown in Fig. 9. Deposition velocities may transported into the canopy but cannot escape as easily, as
vary somewhat between APNSs in reality, e.g. according todecreased diffusion in the canopy can serve as a “trap” for
the functional groups on the carbon backbone. gases with weak concentration gradients. This results in a
The diversity of modeled APN chemical velocity profiles slight buildup of PPN and thus a slight positive perturbation
is largely due to varying vertical distributions of their pre- to the flux. Chemical flux contributions are slightly damp-
cursors. This is particularly evident in MPAN and C4PANS5 ened during the cool period (not shown), though MPAN ex-
chemical velocities. Near the ground, the chemical ve-change velocities are still somewhat less negative than those
locity of MPAN and C4PANS5 is still controlled by ther- of PAN and PPN (Table 8).
mal losses. Within and immediately above the canopy, The strength of any APN production flux will depend on
however, oxidation of emitted isoprene and MBO leadsa number of factors, including BVOC emission rates, OH
to formation of methacrolein (MACR) and 2-hydroxy-2- mixing ratios and canopy residence times. In particular, we
methylpropionaldehyde (IBUTALOH), respectively. In our noted earlier (Sect. 3.1) that a substantial isoprene emission
MCM-based mechanism, these aldehydes are the sole preate is required to maintain agreement with isoprene obser-
cursors of MPAN and C4PANS5, respectively, and slightly vations, though previous studies have identified advection as
enhanced levels of these precursors will enhance MPAN andhe primary isoprene source at BFRS (Dreyfus et al., 2002).
C4PANS formation in the canopy. This production term con- Replacing isoprene emission with advection would reduce
tinues to dominate above the canopy, whereas the thermahe MPAN production flux and bring the modeled MPAN
chemical loss term becomes more constant as the temperad4y closer to that of PAN or PPN, because the source of
ture gradient is less pronounced here (note the near-verticdMACR would no longer be elevated in the canopy. Like-
gradient of the PAN chemical velocity betwegth =1 and  wise, thermochemical APN loss fluxes depend on both the
2). Production of C4PANS is strong enough that CAFE pre-absolute temperature and the shape the temperature gradi-
dicts net emission of this compound from the forest, thoughent in the canopy, which may change dramatically between a
this prediction is sensitive to the deposition term, which mayyoung and open forest like BFRS and a more mature forest.
be higher than we have modeled due to the hydroxyl func-Moreover, APN production and loss are also subject tg NO
tionality on C4PAN5. BVOC oxidation also produces PAN concentrations and NO/NOatios. To expand the relevance
precursors, but these are not as specific as those of MPAN( these findings to other ecosystems, future modeling work
and C4PAN5. PAN production includes significant contri- should probe the sensitivity of APN fluxes to such factors,
butions from multi-generational oxidized VOC, such as ac-particularly temperature gradients, BVOC emissions and soil

etaldehyde and methyl glyoxal, that are not as directly linkedNO emissions.
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To conclude this section, we note that timescales for APN  so
production and loss (30 min to several hours) are much . ® © o
longer than the modeled canopy residence time-®fmin;
however, chemistry still obviously contributes markedly to
the modeled fluxes of these compounds. It is not the abso-~ **
lute magnitudes of production and loss, but rather sustained 1o
gradients in these terms, that can perturb mixing ratio verti- 5 -
cal profiles and thus drive diffusive fluxes. To the extent that . -
our model captures the average mixing process, these results % 3% 40 44 0 05 03 2 4
. . .. . MBOANO /pptv MBOANO, Flux/pptv m s MBOANO, V_/cm s
suggest that comparison of reactive and mixing timescales : o
may not be an appropriate metric by which to assess the co
tribution of chemistry to forest-atmosphere exchange.

g

2.0

~

r]fig. 10. Vertical profiles of(a) mixing ratios, (b) fluxes and(c)
exchange velocities for MBOANg Model results are shown for

both hot and cool periods.
3.5.3 ANs

Alkyl nitrates (RONG) are formed as minor products during - oppendix A) exhibit the same vertical and seasonal patterns
NO + RO, Reaction (R13), with typical branching ratios of 45 MBOANG.

5-10% for AN formation (Atkinson and Arey, 2003). ANs
are also produced during the oxidation of VOC by the nitrate3 54 HNO;
radical (NG), though daytime N@concentrations are gen-
erally too low to be important for the current study. Recent Dry deposition of gas-phase nitric acid is a primary pathway
work suggests that chemical mechanisms may be incompletfyr atmosphere-to-ecosystem nitrogen transfer. HNG-
with regard to AN chemistry, particularly concerning their sorbs readily to most surfaces, thus deposition is assumed
ability to “recycle” NG during oxidation by OH (Rollins  to proceed at the aerodynamic limit. This view is gener-
et al., 2009; Perring et al., 2009a, b; Horowitz et al., 2007;ally supported by inferential (e.g. flux-gradient) measure-
Paulot et al., 2009b). Deposition of ANs is also poorly con- ments of HNQ fluxes over forests (Horii et al., 2006;
strained by observations and may depend on the functiongbryor and Klemm, 2004; Sievering et al., 2001), which
form of the R-group. BEARPEX-2007 measurements arereport deposition velocities ranging from 2 to 10cms
limited to AN concentration profiles, though earlier obser- previous eddy covariance measurements at BFRS (prior to
vations at this forest have includeziN fluxes. BEARPEX-2007) have reported HN@eposition velocities
Figure 10a—c displays modeled mixing ratios, fluxesof 3-4 cms? during winter but have also offered evidence
and exchange velocities for MBOANQwhich is a first-  that fast intra-canopy chemistry can influence Hj\fDxes,
generation oxidation product of MBO that comprise50%  even to the point of creating a net upward flux (out of the
of the modeled AN budget. Concentrations are slightly forest) during the summer (Farmer and Cohen, 2008).
higher during the hot period, consistent with thé\N ob- Figure 11a—c illustrate modeled profiles of Hj®ixing
servations (Table 6) and with faster formation rates dueratios, fluxes and exchange velocities. HiN@ncentrations
to higher OH and BVOC concentrations. Vertical mix- are~2 times higher during the hot period relative to the cool
ing ratio gradients for both periods are characteristic ofperiod, consistent with faster production via Reaction (R14)
strong deposition. Deposition velocities are tuned to matchdue to higher OH levels. Fluxes and exchange velocities are
the value of 2.7 cms' recommended by Farmer and Co- fast and essentially driven by aerodynamically-limited depo-
hen (2008) by increasing the effective Henry's Law constantsition. As in the cases of ANs, changes in the laminar sub-
to 1x 10 Matm™2, effectively lowering the cuticular resis- |ayer resistance give rise to different exchange velocities be-
tance. The slight increase in exchange velocities between thgveen the hot and cool periods. Modeled HNiixes do in-
hot and cool periods results from the 8% rise in friction ve- clude a small £5%) positive contribution due to in-canopy
locity, leading to a decrease in the modeled laminar sublayetransformation of soil-emitted NO.
resistance. Deposition thus dominates the flux and exchange
velocity profiles of ANs with a rate that is mostly controlled 3.5.5 Oxidized nitrogen deposition
by aerodynamic transfer to canopy surfaces. A small contri-
bution from in-canopy production shifts MBOANGIuxes Ecosystem-scale nitrogen deposition affects biosphere pro-
towards less negative values byl0%. Chemistry-driven ductivity and represents a major pathway by which anthro-
fluxes could become more important if deposition rates argpogenic emissions influence the environment. Dry deposi-
lower than modeled — a distinct possibility considering the tion typically constitutes-50% of total atmospheric N depo-
limited observational constraints on this process — or if AN sition, with the other half due to wet deposition (i.e. precip-
yields are higher. Other primary ANs derived from local itation) (Bytnerowicz and Fenn, 1996; Sparks et al., 2008).
BVOC (i.e. MBOBNGQ; and the 4 isoprene-derived ANs, see Though HNQ is likely the dominant dry-depositing species,
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Fig. 11. Vertical profiles of(a) mixing ratios, (b) fluxes and(c) . HNO,  2NO,
exchange velocities for HN§ Model results are shown for both = = e 7]
hot and cool periods. Filled and open circles represent observations ¢ -5 NO NO, APNs  ANs
(meant 1o) for the hot and cool periods, respectively. The stan- 2> 101
dard deviation for observed HNmixing ratios in the cool period g
is £4 pptv. 5 159
[
-204
Cool

several studies have inferred that a significant fraction of the  -25
downward NQ flux is comprised of species other than nitric
acid (Horii et al., 2006; Sparks et al., 2008). As detailed byFig. 12. Contributions of NQ components to dry depositional
the above discussion, inferring gross N deposition rates fronfgreen striped bars) and net (orange solid bars) fluxes as modeled
net NG, fluxes without considering in-canopy chemistry can & 20 M ¢/4 =2) for the(a) hot and(b) cool periods. To convert
lead to errors. from pptvm s+ to ngN mi—< s, multiply by 0.46.

Figure 12 summarizes modeled above-canapy: & 2,
or 20m) NG, fluxes. Gross NQdeposition amounts to 23
and 14 pptvms! (11 and 7ngNm?s™1) for the hot and
cool periods, respectively. This is within the range of other

estimates of N deposition to California forests (Bytnerow- NO, or nitrous acid (HONO) rather than taken up by veg-
'tcf anéjstl;enfna 1996.; german.et ?L i0?3)' _I—tcij\lgb?su-l etation. In an analysis of HONO concentrations measured
7u2§/‘°’d 00 h ep05||e N%jurmg edo perlod u or;y during BEARPEX-2007, Ren et al. (2010) require an uniden-
fe7o urlc?g\;Ne codo perio OW'?_g tOF ege;se I—ﬂ:&h tified HONO source of 1.6 ppbv day, or 0.02 pptvs?, to
Increase an _Nmemg_ra 10S. FOr both penoas, up-  econgile observations with a steady-state estimate. Het-
ward NG fluxes (driven by soil NO gm|SS|ons) decrease t.heerogeneous HONO production is generally thought to pro-
net modeled NQflux by ~30% relative to the gross deposi- ceed via surface reactions of N@Goodman et al., 1999)
tion flux. Differences between total and depositional quxesand nitrate photolysis (Zhou et al., 2003; He et a,d 2006)
;c-)r |nd|v_|duaIFcIasses Ofl NQA%fﬁ ;on&stent W'ﬁh g(u)(r)/egrller . Assuming this missing source is purely heterogeneous (i.e.
IScussion. For example, uxes are only 0 eloOS"production occurs on canopy surfaces) and integrating over

tional during the h.Ot period, while total AN fluxes underes- the canopy height, we estimate a HONO production flux of
timate the depositional flux by10%. Note that our anal- 0.2 pptv m s, which is~67% of the modeled NQdeposi-
ysis is focused on gaseous oxidized nitrogen and thus doet?’on flux durir1lg the hot period. Similarly, if the total APN
not consider dry deposition of ammonia (BHor particu- d ition flux during the hot period ’t ted emis-
late ammonium nitrate (N¥NOs3). A small set of NH flux eposition Fiux duting the hot period was treated as an emis

X ) sion of NG, NOy fluxes could increase by as much as 20%.
observations recorded at BFRS in 2006 suggests an avera
. i . ecent measurements have even suggested thateN@-
NH3 flux of —7.4 ngN nT2s~1 for this location (Fischer and 99 7

L . : - ted from canopy surfaces could originate from photolysis of

Littlejohn, 2007). If aII_ c.)f th'§ flux is dgposmonal, I\H-Up deposited HN@ (Raivonen et al., 2006). Future efforts to

Ejake w(;uldfilae competitive with our estimated dry oxidized N close the N deposition budget should include direct field ob-
eposition fitx. - _ .. servations of speciated N@luxes and gradients, controlled
The picture presented in Fig. 12 should be interpreted W'thlaboratory experiments on uptake by vegetation and other

care. Relatlve NG mixing ratios and deposn!qn rates can surfaces (e.g. soil and ground litter), and detailed modeling
vary widely by location and season. Deposition velocmesWork

are still highly uncertain for both APNs and ANs, largely be-
cause the mechanisms for uptake or heterogeneous loss are
not understood. For example, given that CAFE underesti-
mates PAN exchange velocities during the hot period, it is

possible that non-stomatal PAN deposition is faster than rep-
resented by the standard resistance parameterization. It is
also likely that some deposited species may be re-emitted as
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4 Conclusions and non-stomatal deposition. Chemical production also
influences APN fluxes, especially when their formation
We have used the CAFE model to simulate observations from  js closely tied to the oxidation of primary BVOC emis-
the BEARPEX-2007 field campaign at Blodgett Forest Re-  sjons. In contrast, fluxes of alkyl nitrates and Hi\&@e
search Station in the Sierra Nevada, CA. Our model results driven by deposition under our model conditions.

highlight a number of interesting features in the extensive
BEARPEX-2007 dataset. 6. HNO3; dominates model-calculated dry N deposition

_ . (which excludes NH and particulate N) during the hot
1. CAFE under-predicts OH concentrations by a factor period, but other classes of N@ecome non-negligible

of 6 during the hot period, requiring implementation (~28%) during the cool period. Such effects will carry
of an enhanced OH-recycling mechanism that effec-  implications for N deposition estimates from routine
tively converts key organic peroxy radicals to OH. Dur- monitoring networks, which typically only measure wet
ing the cool period, model-measurement agreement for and dry deposition of NQ/NHZ and HNQ; (Sparks et
HOy is obtained without this mechanism; however, this al., 2008).

agreement may be artificial as OH reactivity is under-
predicted for this scenario. Thus, OH production is It is clear that significant uncertainties still limit our un-
likely under-estimated by our base MCM mechanism derstanding of forest-atmosphere exchange. First, chemical
for both periods. mechanisms fail to reproduce observed Hf@ncentrations
. ) ) under high-BVOC conditions. A number of OH-recycling

2. Comparison of model results with2®, observations  gchemes have been postulated to close this gap, but the un-
SUQQ_GSFS _that ¥0 deposition occurs at the aerody- derlying mechanisms remain unidentified, which willimpede
namic limit, much f"’,‘Ste,r than predicted by_standard € the predictive capability of any model aiming to track car-
sistance para_lmetenzatlons but corroborating recent diy through the emission and oxidation process. Second, K-
rect observations. theory is a rough approximation to the true structure of tur-

3. Modeled @ exchange velocities under-predict obser- Pulent transport within mature canopies, yet it persists as the
vations by~20%; this discrepancy will grow if the Standard for this type of model. A computationally efficient
magnitude of non-stomatal deposition is currently over- altérnative to K-theory that accurately captures the key fea-
estimated, as we argue. With known chemistry, in- tUres of intra-canopy turbulence — particularly the influence
canopy chemical losses do not contribute significantly ©f Sweep-ejections and similar events — would improve con-
to the total modeled ©flux. Reproducing the chemical fidence in future modeling efforts. Third, a lack of detailed
flux inferred from previous measurements at BFRS will Xperimental constraints on the mechanisms and efficiency
likely require significant increases in BVOC emissions ©f depositional processes and on BVOC emission invento-
with high reactivity towards ozone. On a larger scale, M€S continues to prevent accurate parsing of fluxes into emis-
such changes carry potential ramifications for quantify_Sion, chemistry and deposition. In particular, uncertainties

ing ozone-induced ecosystem stress, BVOC oxidationn the magnitude of non-stomatal deposition fog, @PNs
pathways and intra-canopy oxidant sources. and o.ther reactive species limit our ability to assess potential
. _ . chemical perturbations on forest-atmosphere exchange and
4. Nitrogen oxide (NQ = NO + NO,) fluxes are driven  vice versa. In many instances, parameterizations are tuned
by soil emissions of NO. Roughly 89% of soil-emitted so that observed trace gas fluxes are reproduced in models
NOy escapes the canopy mostly asN6uggesting that  as being purely depositional or as direct emissions from the
NO; fluxes might be a proxy for soil NO emissions at canopy to the atmosphere. This simplification will bear con-
this and similar young forests. Upward M@uxes from  sequences for accurately modeling ecosystem responses to
soil emissions reduce the net-downward above-canopyhemical and climate stresses, such as future changes in tem-
NOy flux by 30%. In other words, nitrogen deposition perature and background ozone levels. Finally, our analysis
estimates from a total NfXlux measurement would be  of APN fluxes demonstrates that reactive timescales do not
biased low by 30%. need to be faster than canopy mixing for chemistry to in-
fluence fluxes. Future efforts to interpret observed reactive
trace gas fluxes must focus on both the absolute magnitudes
is ~50%% lower than the observations. Coupled with aand the gradients of_ production and _Ioss that develop in a
- gy : . complex canopy environment. Modeling efforts should aim
30% over-prediction of PAN mixing ratios during the . : .
. : . . towards a comprehensive theory that allows incorporation of
hot period, this suggests that in-canopy APN sinks are . ! .
. . these chemical effects into surface exchange parameteriza-
either under-estimated or masked by too much produc-. ) . .
: . ._tions of regional and global models, with the ultimate goal of
tion. The underlying cause of model-measurement dis-, . . . )
o . fully representing the interaction of the forest with the atmo-
crepancies in APN fluxes remains unclear, partly due to

uncertainties in the parameterization of vertical mixing

5. Deposition and chemical loss contribute equally to
modeled PAN fluxes, but the total modeled PAN flux

sphere.
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Appendix A

MCM nomenclature and molecular structures
(http://mcm.leeds.ac.uk/MCW/

MCM Abbreviation  Structure

VOC

MBO CH,CHC(CHs),0H

C5H8 (isoprene) CHC(CHz)CHCH,

MVK CH>CHC(O)CH;

MACR CH,C(CHz)CHO

IBUTALOH HOC(CH3)2CHO
HOCH2CHO HOCHCHO

MVKOH CH>CHC(O)CHOH

ROOH

ISOPAOOH HOCHC(CHs3)CHCH,O2H
ISOPBOOH CHCHC(CH,OH)(CHz)O2H
ISOPCOOH HOCHCHC(CHg)CH,02H
ISOPDOOH CHC(CHz)CH(CH,OH)OH
MBOAOOH HOC(CHs)2CH(CH,OH)OH
MBOBOOH HOC(CH;)2CH(OH)CH,OzH
ISOPBO2 CHCHC(CH,OH)(CHs)O>
APNs

PAN CH3C(O)O:NO»

PPN CHCHC(O)O:NO,

MPAN CH,C(CH3)C(O)O;NO>
PHAN HOCH,C(O)O:NO»,

C4PANS5 HOC(CH)2C(O)O;NO2
C4PANG CHC(O)CH(OH)C(O)QNO2
C5PAN17 HOCHCH(CHz)CHC(O)Q:NO2
C5PAN19 HOCHCHC(CHz)C(O)O;NO>
CH3CO03 ChHC(O)O»

C2H5CO3 CHCH2C(0)O,

MACO3 CH,C(CH3)C(0)O,

ANs

MBOANO3 HOC(CHs)2CH(CH,OH)ONG;
MBOBNO3 HOC(CH;)2CH(OH)CH,ONO,
ISOPANO3 HOCHC(CH3)CHCH,ONO,
ISOPBNO3 CHCHC(CH,OH)(CH3)ONO,
ISOPCNO3 HOCHCHC(CHz) CH2ONO,
ISOPDNO3 CHC(CHz)CH(CH,OH)ONG;

Supplementary material related to this

article is available online at:
http://www.atmos-chem-phys.net/11/1269/2011/
acp-11-1269-2011-supplement.pdf
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