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Abstract. We present the Chemistry of Atmosphere-Forestprene (GHg), 2-methyl-3-buten-2-ol (MBO), monoterpenes,
Exchange (CAFE) model, a vertically-resolved 1-D chem- sesquiterpenes and a host of small-chain organic compounds.
ical transport model designed to probe the details of nearOxidation of these VOC influences ozonesfj(roduction
surface reactive gas exchange. CAFE integrates all key proand secondary organic aerosol (SOA) formation (Hallquist
cesses, including turbulent diffusion, emission, depositionet al., 2009), with broad implications for air quality and cli-
and chemistry, throughout the forest canopy and mixed layermate (Goldstein et al., 2009; Isaksen et al., 2009). Forests
CAFE utilizes the Master Chemical Mechanism (MCM) and also provide ample surface area that facilitates dry deposi-
is the first model of its kind to incorporate a suite of reac- tion of reactive nitrogen, & sulfur dioxide (SQ), aerosols
tions for the oxidation of monoterpenes and sesquiterpenesand other atmospheric constituents (Fowler et al., 2009). At-
providing a more comprehensive description of the oxida-mospheric deposition, in turn, influences forest productivity.
tive chemistry occurring within and above the forest. We useFor example, wet and dry deposition of atmospheric am-
CAFE to simulate a young Ponderosa pine forest in the Sierramonia, nitric acid and other oxidized nitrogen compounds
Nevada, CA. Utilizing meteorological constraints from the represents an important source of bio-available nitrogen that
BEARPEX-2007 field campaign, we assess the sensitivitycan modulate carbon sequestration by forests (Magnani et
of modeled fluxes to parameterizations of diffusion, laminaral., 2007; Thomas et al., 2010). In contrast, ecosystem
sublayer resistance and radiation extinction. To characterstress from @ deposition can reduce carbon uptake (Sitch
ize the general chemical environment of this forest, we alscet al., 2007) and even alter emissions (Schade and Goldstein,
present modeled mixing ratio profiles of biogenic hydrocar-2002). The complexity of this system lends itself to an ar-
bons, hydrogen oxides and reactive nitrogen. The verticatay of biosphere-atmosphere feedbacks that are sensitive to
profiles of these species demonstrate a range of structurdemperature, radiation, atmospheric composition and other
and gradients that reflect the interplay of physical and chemparameters (Carslaw et al., 2010; Fuentes et al., 2001).

ical processes within the forest canopy, which can influence  petailed chemical-transport models that resolve the verti-
net exchange. cal structure of processes throughout the forest canopy are
powerful tools for assessing and documenting chemical con-
tributions to the fluxes of reactive species. Several such
1 Introduction models have been developed to explore forest-atmosphere
exchange of S Oz, VOC and nitrogen oxides (Forkel et

At the forest-atmosphere interface, biogenic emissions, surdl., 2006; Ganzeveld et al., 2002; Gao et al., 1993, 1991;
face deposition and anthropogenic pollutants interact withMakar et al., 1999; Meyers, 1987; Stroud et al., 2005; Wal-
significant impacts on atmospheric composition and ecosyston et al., 1997; Baldocchi, 1988; Boy et al., 2010). We
tem function. Globally, biogenic activity accounts for more Presentanew model optimized for investigating the effects of
than 80% of volatile organic compound (VOC) emissions C&nopy-atmosphere interactions on atmospheric composition

(Guenther et al., 1995). Forest emissions include iso-2nd reactive gas exchange, thae@istry of Amosphere-
Forest Exchange (CAFE) model. CAFE represents a unique

extension of many previous approaches in that it incorpo-
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contributions to fluxes over forested regions. Model design
has focused on simulating results from the Biosphere Effects
on Aerosols and Photochemistry Experiment (BEARPEX)

2007 field campaign, which we review briefly in Sect. 2.

In Sect. 3 we detail the various aspects of CAFE, includ-
ing canopy structure, meteorology, vertical transport, emis-
sions, deposition, advection and chemistry. Section 4 exam-
ines the sensitivity of modeled concentrations and fluxes to |, - ransfer
several key parameterizations that influence or control phys-
ical and chemical processes in the forest. We conclude in
Sect. 5 with a characterization of the chemical environment
within and immediately above the forest. This approach to
model characterization is similar to several analogous model
descriptions (Baldocchi, 1988; Gao et al., 1993). Detailed
comparisons with BEARPEX-2007 data are presented in a
companion paper (Wolfe et al., 2010).

hABL
800 m

;

Fig. 1. Modeled processes in CAFE.

2 BEARPEX-2007 Figure 1 summarizes the key processes included in the
model. Within each layer, the 1-D time-dependent continuity
Though adaptable to any forest, the CAFE model was orig—iﬂgﬁ.'ggl IS :é)_l(\a/e.d to determine the rate of change for all
inally designed to simulate a young Ponderosa pine plan- Ical species.
tation located in the western foothills of the Sierra Nevada dC(z) dF (2)

Mountains, CA (385842.9'N, 120°5757.9' W, elevation ~g; — ! @ HLQ+EQ+D@+A@ - ——= (2)

1315_m). .Th'S site Is mana_tged.by Slerrq Pa9|f!c Industnes]-erms on the right respectively represent rates of chemical
and is adjacent to th.e University of CaI|f'orn|a.s BIodgett roduction, chemical loss, emission, deposition, advection
Forest Research Station (BFRS) as described in detail els horizontal mixing) and vertical turbulent flux divergence.

where (Goldstein et al., 2000). Meteorological and Cheml'Below we outline considerations for modeling each of these

cal ob_servations have t_)een ongoing_ at B_FRS_ since_ 1997 an[Sirocesses in the context of BEARPEX-2007.

have included two major collaborative field intensives, the

Biosphere Effects on Aerosols and Photochemistry Experi3.1  Canopy structure

ment (BEARPEX) campaigns in August—October 2007 and

June-July 2009. Below, we describe the configuration ofThe BFRS overstory is primarily Ponderosa pine, with a few

CAFE for BEARPEX-2007. For evaluating key physical pa- interspersed White fir, Douglas fir, Incense cedar, Black oak

rameterizations in the model design, we restrict our simula-and Sugar pine. A tree survey conducted in early Octo-

tions to mean mid-day (11:30-12:30 PST) conditions fromber 2007 gave an average tree height of7288 m, with

17 September 2007 (day of year 260). 75% of the trees below 10m. For the model, we choose
an overstory heighti) of 10m, a one-sided leaf area in-
dex (LAlog) of 3.2 m~2 and a leaf area dry masdyf) of

3 Model description 219 gnT2 (Table 1). LAbsanddos were estimated from tree
survey data via the allometric equations developed by Xu et

The CAFE model domain consists of 86 layers in the verticalal' (2001). Vertically—_resolveq canopy struqturg Is described
ranging from 0.1 m to 800m. Layer spacing is constant atPY the leaf area density function (LARE, which is parame-
0.1m up to 1 m (the first 10 layers), after which layer heightsterized following a modified Weibull distribution (Teske and

are given by the exponential formulation of Gao et al. (1993)1Thistle, 2004).
—(A—z/hos) \¢
2 = exp((i—a) /b) (1) g [ 1—exp( e

LADF =—LAl gs—
os(2) %oz | 1—exp(—1/b°)

3
wherez is the layer height;j is the layer index (11 to 86),
a =-—4882 andb =1141. This formulation yields a fine-
resolution grid of 36 layers within our (10m tall) forest The constants =0.6 andc = 3.6 are chosen to fit the param-

canopy and 50 layers within the atmospheric boundary layefterized LADF to results from destructive harvesting mea-

(ABL). The ABL height of 800 m is typical of summer mid- Surements (L. Misson, personal communication, 2008).
day conditions at BFRS (Choi et al., 2010). The understory at BFRS is primarily Manzanita and Cean-

othus shrubs and comprises a significant portied(%o) of
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Table 1. Model parameters. . e ® R
081\ 0 Shrub 4 0.8
O Measured
0.6 32 1 0.6
Parameter Symbol Value Units < ° <
N 0.4 o N 0.4+
Overstory height h 10 m o °
. 0.2 0.2
Understory height hus 2 m
Atmospheric boundgry layer height1apL 800 m 2 0 0004 0008 0012 0016 0 02 04 06 08 10
Overstory leaf area index LB 32 nmfm- LADE/em? cm? Radiation Extinction
Understory leaf area index LAd 1.9 mfm2 Wind Speed/m s™
2 0 05 10 15 20 25 30 35
Overstory dry leaf mass dos 219 gnr 20 ‘ 20 e
Understory dry leaf mass dus 377 g n2 © @
Radiation extinction coefficient krad 0.4 159 1 159 *
Diffusion timescale ratio /T 4 *
NO basal emission flux EPo 3 ngNm2s?t £ ™0 X
Integration interval At 2 s 051 1 051
Chemistry time step 005 s } } l
Diffusion time step 0.05 s o ‘ e
Total integration time 7200 s 15 20 25 0 10 20 30 40 50 60 70

Temperature/°C Friction Velocity (u*)/cm st

Fig. 2. (a) Modeled leaf area distribution functions (LADF) for
] ] overstory (solid line) and understory (dashed line). Red circles
the total leaf area as of 2007. Understory heighfsX is represent the LADF for Ponderosa pine as measured by destruc-
estimated at 2m, while LAk (1.9n? m~2, one-sided) and  tive harvesting and scaled to the BEARPEX 2007 canopy height.
dus (377 gn12) are approximated by scaling 2003 destruc- (b) Modeled in-canopy radiation extinction ratio, shown as a frac-
tive harvesting measurements to the 2007 understory heighton of above-canopy incoming radiatioft) Measured (red circles)
(L. Misson, personal communication, 2008). LARRs pa- and modeled (blue lines) near-surface temperature pridijélea-

rameterized with a parabolic shape to mimic a similar Man-Sured above-canopy friction velocity (red circle) and modeled pro-
zanita stand described by Law et al. (2001): file (blue line). The measured wind speed profile for the same pe-
riod is also shown (black asterisks).
6LAlys(z — hus) (z —71)

3
(z1—hus) wherek.aq is the radiation extinction coefficient, LAlm(z)
wherez; is the height of the first layer (0.01 m). Figure 2a is the top-down cumulative LAl and SZA is the solar
displays the modeled vertical LADF profiles, as well as the zenith angle as calculated by the Troposphere Ultraviolet
Ponderosa pine LADF as determined by destructive harvestand Visible (TUV) Radiation Modelhttp://cprm.acd.ucar.
ing in 2003 and scaled to the 2007 canopy height and LAl.edu/Models/TUV). The radiation extinction profile calcu-
By definition, integration under these curves yields the totallated from this method is similar to that derived from more

LADF s(z) = 4)

one-sided LAl complex parameterizations (Guenther et al., 1995; Gao et al.,
1993) but is more flexible due to the tunable paramkiter
3.2 Meteorology Forkraqg= 0.4, radiation at the lowest model level (0.01 m) is

) ) _ ) attenuated by a factor of 10 compared to above the canopy
Meteorological constraints, including pressure, temperature(,:ig_ 2b). We explore model sensitivity tg.qin Sect. 4.3.
water vapor concentration, radiation and friction velocity, are  Eriction velocity ¢*) is intimately related to the near-

derived from a combination of measurements and paramegface diffusion profile. Since within-canopy micromete-

terizations. Table 2 lists the mean noontime rneteorOIOgi'orological observations are not available for BFRS, above-
cal observations for day 260 during BEARPEX-2007. At- -43n0py u* measurements are attenuated within the canopy by

mospheric pressure is measured at a single height (12.5 "Qpplying an LAI-dependent exponential decay (Yi, 2008):
and assumed to decay exponentially with increasing altitude.

Measured air temperature profiles are fit using a spline in«*(z) = u™ (hos) eXp(—LAl cum(z)/2) (6)

terpolation below 12.5m, above which an adiabatic profile _. . . . , .
is assumed (Fig. 2c). Water vapor concentration is set conf'gure 2d illustrates the in-canopy u* gradient, which closely

stant at the 12.5m measurement. Above the canopy totaHaCks the LADF and has decreased by more than a factor of

incoming solar radiation and photosynthetically-active radi- 10 at the IO_WE_St level. A typical measure_d horlzontgl vx_nnd
ation (PAR) are set constant to the 12.5m measured valueSPe€d Profile is also shown, demonstrating a qualitatively
In-canopy radiation extinction is parameterized according toSmilar decay.

a modified Beer-Lambert law (Makar et al., 1999),

ER(z) = exp(—kradLAl cum(z)/ COS(SZA)) ®)

www.atmos-chem-phys.net/11/77/2011/ Atmos. Chem. Phys., 110772011
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Table 2. Mean noontime meteorological parameters for day 260.

Parameter Symbol Value Units

Air Temperaturé T 20.7-18.2 °C

Surface pressu?e P 868 mbar

Actinic flux? RAD 618 Wnr?
Photosynthetically Active Radiati8n PAR 1601 umolm?2s-1d
Water vapor concentratién H>O 10.6  mmolmot?
Vapor pressure defiéit VPD 1.10 kPa

Friction velocity? u* 061 mst

Solar Zenith Anglé SZA 36.4 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 m?.

3.3 \Vertical transport Here, the vertical wind speed standard variangp énd La-
grangian timescal€el{ ) are defined as in Raupach (1989):

Turbulent mixing between layers is represented as a purely ,

w2

diffusive process using the flux-gradient or “K-theory” ap- o (2) = (1.250" (2) ©)
roach:

P T3 (2) = 0.3hos/u* (2) (10)

0F(z) 0 K@) IC(2) ) The constant represents a “near-field” correction, as derived
Iz 0z ¢ 0z in Makar et al. (1999) from the work of Raupach (1989),

that accounts for the influence of canopy elements on eddy

K-theory is known to have limitations within dense forest diffusivity:

canopies, where “near-field” effects of individual canopy el- i 3/2

ements and large-scale coherent processes like intermittent_ (1_e )(T/ Ti - 1) (11)
sweep-ejections influence turbulence structure (Arya, 1988; (v/Ti— 1—|—e—f/TL)3/2

Harman and Finnigan, 2007). We neglect such intricacies in

CAFE, as reproducing the full mixing structure in a forest Here, 7(z) represents the “time since emission” for a the-
requires a more refined numerical approach, such as |argé1retical diffusing cloud. In practice, this equation is tuned
eddy simulation (Patton et al., 2001). Flux-gradient relation-Py choosing an appropriate value foffi , typically ranging
ships may also fail when reaction timescales are similar tofom 1 to 5 and constant throughout the canopy. For the cur-
or shorter than mixing timescales, leading to segregation ofent study, we choose/7i. =4. The effects of this choice on
reactants that can reduce the effective rate of second-orddf-canopy diffusion are explored in Sect. 4.1.

chemical reactions (Dlugi et al., 2010; Pugh et al., 2010). o

Previous efforts to account for such effects include modify-3-4 BVOC emissions

ing eddy diffusivities to account for chemistry or implemen- Biogenic VOC (BVOC) emissions are modeled in each

tation of higher-order closure schemes (Hamba, 1993; Ga%ano laver as a function of leaf density. liaht. tempera-
et al.,, 1991). Such corrections can be computationally ex- Py 1ay Y. 119Nk, P

pensive in a model with thousands of reactions, like CAFE.ture and vegetation type (overstory and understory). For each

Despite these drawbacks, K-theory continues to be a standargﬂg;{gg i?m?t(; u;dg;ig:lizc;%zger;she emission rate is cal-
approach for this type of model (Gao et al., 1993; Makar et
al., 1999; Stroud et al., 2005) and is likely sufficient for rep- LADF(z))

resenting vertical diffusion in an average sense. LAI (12)

Figure 3 shows the vertical profile of the eddy diffusion
coefficient,K (z). Above 12.5mK (z) is based on the values
used by Gao et al. (1993), scaled to an ABL height of 800 m
Below 12.5m,K (z) is given by

E(z) = EpCL(2)C1(2) (d

Ey is the basal emission rate in molecules per gram of leaf
per second and’, (z) and Ct(z) are dimensionless correc-
‘tion factors for light and temperature (Guenther et al., 1995).
The rightmost terms collectively represent the vertically-
distributed leaf dry mass (grams of leaf percair), deter-
K(z)= raV%(z)TL (2) (8) mined by the leaf area dry mas#, (grams of leaf per ch

Atmos. Chem. Phys., 11, 7761, 2011 www.atmos-chem-phys.net/11/77/2011/
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Table 3. Emission parameters.

81

Species  E(0sf  Ep(usp @ 1 ¢1 ¢z ToptorTs  EgptorTm  RefP
MBO 13.1° 0 0.0011 137 131 154 312 1.45 i
isoprene 6 0.04 0.001 1.42 95 230 314 303 i, iii

Species  Ep(0sf  Ep (usf  B(os) B(us) Ref®

MCHAV 0.41 0 0.16 iv, v

MT 1.5 0.5 0.16 0.11 iv

SQT 0.4 0.16 0.11 0.04 iv

aBasal emission rates for overstory (0s) and understory (us), u gC gieaf}.

b (i) Schade et al. (2000). (ii) Steiner et al. (2007). (i) Guenther et al. (1995). (iv) Bouvier-Brown et al. (2009c). (v) Bouvier-Brown et al. (2009b).

C Includes 27% reduction to correct for needle age distribution.

Z/meters

Kicm®s™

Fig. 3. Eddy diffusivity (K) over the full model domain.

Q

ground), the LADF (crf ground per cr air) and the 1-
sided LAI (cn? leaf per cmd ground). Modeled BVOC emis-

The temperature dependence for MCHAV, MT and SQT
takes the exponential form

CT(Z) — eﬂ(T(Z)—30°C) (13)
with temperature coefficients8) as reported by Bouvier-
Brown et al. (2009c). Temperature corrections for MBO
and isoprene follow functionally similar forms to one another
(Guenther et al., 1995; Harley et al., 1998):

Eoptcr2exp(ci1(1/ Topt—1/T(2)) / R)
cr2 _Ctl(l_ eXp(CtZ(l/Topt— 1/T(Z))/R))

exp(ci1(1/Ts—1/T(2)) /R)
1+exp(ci2(1/ Ts—Tm/(TsT (2))) / R)

whereR is the ideal gas constant (8.314 JmbK 1) and
all other coefficients are empirical constants (Table 3).

The light correction factor ) is set to unity for MT
and SQT, since their emissions are not strongly radiation-
dependent. Bouvier-Brown et al. (2009b) note that MCHAV
mixing ratios at BFRS track well with those of MBO, and
thus MCHAV emissions may be light-sensitive. As a strict

CMBO (7) = (14)

() = (15)

sions include MBO, isoprene, methyl chavicol (MCHAV, characterization of the MCHAV light-dependence has yet to
also known as estragole), and a suite of speciated MT antbe performed, we sef| =1 for MCHAV in the current

SQT.

study. MBO and isoprene share the same light correction

Table 3 lists all parameters used for emission calcu-factor (Guenther et al., 1995, 1999):

lations. Basal emission rates, defined 7at 30°C and

PAR =1000 umolris~%, are largely based on values re- C,(z)=

ported previously for this forest (Bouvier-Brown et al

2009b, c; Harley et al., 1998; Schade et al., 2000) but are
slightly adjusted in some cases to improve model agreemen(f
with BEARPEX-2007 observations (Wolfe et al., 2010). ., ;) = ¢/ge 03 Alcum(@)

a(2)c11(z) PAR(z)
(16)
) V1+a(z)2PAR(z)2
(2) = 2o+ 0.00085L Alkym(2) 17)
(18)

Basal emission rates for MBO include a 27% reduction for

weaker emissions in 2 and 3-year-old needles (Schade et alKigure 4a illustrates. and Ct calculated for MBO emis-
2000). MBO emissions from Ponderosa pine are indepensions. The temperature factor dominates the environmen-
dent of soil moisture content (Gray et al., 2003), thus we dotal correction, though light extinction becomes the limit-

not include corrections for drought stress.

www.atmos-chem-phys.net/11/77/2011/

ing factor below~3 meters. At higher temperatures (not
shown),Ct for MBO approaches unity and, becomes the
controlling factor.

Atmos. Chem. Phys., 110772011
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1.0

@ ®) Table 4. Monoterpene and sesquiterpene emission partitioning
] (fraction of total emissions) for Ponderosa pine (os) and shrubs (us)
084 HE | (Bouvier-Brown et al., 2009c).
\ S
N Tl Species 0s us
\ RN
067 T N S MT
3 ' ,‘ b a-pinene 0.15 0.16
0.4/ I PR B-pinene 0.45 0.12
c oy i 3-carene 0.15 0.18
o P VY Limonene 0.06 0.18
0.2 —cc *-7_/>.~’ 1T eoprene ) Myrcene 0.12 0.08
B S, MCHAY Cam.phene 0.03 0.17
o R sQr Terpinolene 0.01 0.04
0 02 04 06 08 10 0 5 10 15 20 oz-terpi.nene 0.02 0.04
MBO Emission Factors Emission Rate/pptv s™ y-terpinene 0.01 0.03
SQT

Fig. 4. (a) Environmental adjustment factors for MBO emissions:

L -bergamotene 0.79 0
radiation (), temperature 1) and the product of these two. z-farngesene 0 05
(b) BVOC emission rates for the full canopy (overstory and under- B-caryophyllene 0 025

story) during the hot period, including MBO, isoprene, monoter-
penes (MT), methyl chavicol (MCHAV) and sesquiterpenes (SQT).
Note that bulk MT and SQT emissions are further partitioned into
individual species (Table 4).

Unspeciated SQT 0.21 0.25

3.5 Soil NO Emission

Figure 4b shows the calculated emission profile at BFRSgmjssijon of nitric oxide (NO) from soils can be an important
for our meteorological conditions (Table 2 and Fig. 2). MBO soyrce of oxidized nitrogen to the atmosphere, especially in
is the dominant emission of Ponderosa pine, while underyyral and remote regions. NO emission rates are sensitive to
story emissions are primarily monoterpenes. By designsgj| and vegetation type, temperature, soil moisture and nitro-
the canopy-integrated emission rates of isoprene are consigren deposition (Herman et al., 2003; Williams et al., 1992;
tent with values used in larger-scale models for this regionyjenger and Levy, 1995). We model soil NO emissions as a

(Steiner et al.,, 2007). Local isoprene emissions at BFRS arnction of temperature only, following the parameterization
likely smaller than our estimates here, as isoprene is not emitsf yienger and Levy (1995) for dry soil:

ted from Ponderosa pine. Isoprene can, however, originate
from other trees within and upwind of the plantation, partic- { EP ( Tsoil )/zl, Tsoil < 30°C
NO =

o i No\ 30°C
ularly Black Oak. While likely compensating for an underes- (19)

b . o
timate of isoprene advection from upwind sources (Dreyfus ENO/ “ +Tsoil 2 30°C
et al:, 2002), modeling the isoprene source as an emissiof, , — 0.847; +3.6°C (20)
provides the best agreement with BFRS observations (Wolfe
et al., 2010). Representing the isoprene source as strictly«jﬁo is the basal emission flux (defined at@), z1 is the
due to advection (Sect. 3.7) results in a large overestimatéeight of the first layer and the function for calculating soil
of the first-generation isoprene oxidation products methyltemperature Tsoi)) from the air temperature in the lowest
vinyl ketone and methacrolein. In the emission parameter{ayer (77) is taken from the Williams et al. 1992) estimate
ization, MT and SQT are given a bulk emission rate and therfor forests. A recent inventory of soil NO emission ob-
partitioned into individual species (Table 4) based on leaf-servations suggest a range for the basal NO emission flux
level cuvette measurements .(Bouvier-Brown et al., 2009¢) of 9,8@3551‘36 ngNm2s1 for dry-soil coniferous forests
Speciated MT includex-pinene, B-pinene, limonene, 3- (Steinkamp and Lawrence, 2010). We choose a basal NO
carene, myrcene, camphene, terpinolemgerpinene and  emission flux of 3ngN m2s-1, which gives a temperature-
y-terpinene. SQT includer-bergamotene (ABERG)B-  corrected NO emission flux of 2.4 ngNThs~1. This value
caryophyllene (BCARY)q-farnesene (AFARN) and unspe- is at the low end of estimates derived from above-canopy
ciated SQT (USQT). USQT are a proxy for the non-speciatedNO, fluxes at BFRS (Farmer and Cohen, 2008) but is within
SQT observed by Bouvier-Brown et al. (2009a, c). the range of observations from California oak woodlands

at lower elevations (Herman et al., 2003) and from recent
soil chamber measurements at BFRS (E. Browne, personal
communication, 2010).

Atmos. Chem. Phys., 11, 7761, 2011 www.atmos-chem-phys.net/11/77/2011/
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Table 5. Deposition parameter3.

Species  Dlem?s™t  H*Matm™l £

H,0 0.14
H,05 0.1 1.0x104F 1
HCHO 0.11 6000 0
HNO3 0.074 1.0x 10M 0
CH3CHO  0.088 15 0
NO 0.11 0.002 0
NO, 0.088 0.01 0.1
O3 0.088 0.01 1
CoH5CHO  0.077 15 0
CH300H  0.088 2.0¢ 10°9 0.3
HCOOH 0.088 4.0¢ 106 0
CH3CO,H  0.077 4.0x 10° 0
HONO 0.086 1.0< 10° 0.1
HO,NO,  0.067 2.0< 104 0
APN& 0.054 3.6 0.1
ANs® 0.047 1.0x 108h 0.1
ROOH 0.053 2.0x 1069 0.3
MTOX®© 0.074 1.0x 1014 0
SQTOX  0.074 1.0x 1014 0
IEPOXE 0.074 1.0x 104 0

lw  Rsmin  BPAR Tmin  Tmax Topt bvpD Rcut(O3)
ecm scnml wm?2 °c °c °c kPal scn?

overstory 1 7.4 44 5 40 15 0.10 40

understory 2

@ Taken from Seinfeld and Pandis (2006); Wesely (1989) and Zhang et al. (2003).

b Includes PAN, PPN, MPAN, PHAN, C4PANS5, C4PAN6, C5PAN17 and C5PAN19.

C Includes MBOANG;, MBOBNO3, ISOPANG;, ISOPBNG;, ISOPCNQ and ISOPDNQ.

d Includes MBOAOOH, MBOBOOH, ISOPAOOH, ISOPBOOH, ISOPCOOH and ISOPDOOH.

€ Terpene and isoprene oxidation products (see Sect. 3.7), assumed to have the same deposition velocgy as HNO
f Adjusted to give an above-canopy deposition velocity at the aerodynamic limit (Paulot et al., 2009a).

9 Adjusted to give an above-canopy deposition velocity-df.6 cm s as in Hall and Claiborn (1997).

h Adjusted to give an above-canopy deposition velocity-&.7 cm s asin Farmer and Cohen (2008).

i Modified from Zhang et al. (2003) recommended values (see text).

3.6 Deposition and Hummelshgj (1995, 1997), modified slightly to represent
a resolved canopy rather than a “bulk canopy”:

Leaf-level deposition is calculated for 35 species (Table 5) - 1/2

using a standard resistance parameterization (Wesely, 198Ry(z) = v ( wit (Z)> (21)

Wesely and Hicks, 2000). In this approach, individual pro- Du*(z) v

cesses controlling the deposition of a molecule are assigneHiere, v =0.146 cnd s~1 is the kinematic viscosity of aif)

a characteristic resistance inversely related to the rate of thas the species-dependent molecular diffusion coefficigrs

process. Summation of these resistances, in a manner anahe “aerodynamic leaf width,” and is a canopy-dependent

ogous to the treatment of electrical circuits, yields the totaltunable constant, set to 1 for the current study. Little infor-

deposition rate. All constants for deposition parameteriza-mation is available regarding the appropriate valudsg, éor

tions are listed in Table 5. different canopies, especially conifers. For the understory,
Transfer of material between the canopy airspace and ave choosd,, = 2 cm, which is the typical width of a shrub

leaf starts with molecular diffusion across a thin boundaryleaf at BFRS. For the overstory, we chodge= 1 cm, which

layer, known as the laminar sublayer, which develops adjais the square root of the projected leaf area of a Ponderosa

cent to the leaf surface. Our parameterization of the laminapine needle. The sensitivity of modeled fluxes to the choice

sublayer resistancerf,) is based on the derivation of Jensen of i, is explored in Sect. 4.2.
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Once past the laminar sublayer, a molecule may depositn this formulation,H* and fp are meant to account for the
through either stomatal or non-stomatal pathways. Resiseffects of solubility and reactivity on uptake (Wesely, 1989).
tance to passage through the leaf stomdg (s primar-  The sum,Rs and R, defines the total resistance to stomatal
ily a function of in-canopy PAR, with additional correc- uptake.
tions for temperaturef{((T)) and water vapor pressure deficit  In addition to stomatal uptake, molecules can be lost via
(f(VPD)) as described in Zhang et al. (2003): adhesion to — or reaction on — non-stomatal surfaces such

as the waxy leaf cuticle. The cuticular resistangg,f) for
Rsmin(1+ Brar/PAR(2)) Di,0

Re(z) = 22) individual molecules is calculated by assuming a characteris-
s f(T) f(VPD) D tic cuticular resistance for ozone that varies by canopy type,
Rcut(O3), and scaling this value bl * and fp (Wesely, 1989;
T—Tmin [ Tmax—T 1” Zhang et al., 2003):
£y = g [ e L | (23) ’ )
opt— Lmin L £max— {opt Reut= Rcut(o3)/<1075H*+fO) (27)
b; = Tmax— Topt (24) Figure 5a illustrates example sub-laminar, stomatal, meso-
Topt—Tmin phyll and cuticular resistances fos@eposition to the over-
F(VPD) =1 byppVPD (25) story. Rp and Rs increase in the canopy due to decreasing

friction velocity and PAR, respectively. In general, the rel-

ative importance of stomatal and non-stomatal uptake will
' depend on the magnitude &, which can vary by orders
AN - of magnitude between molecules. We caution that the choice
molecular diffusion coefficients for water and the molecule ) .

. L . o - of fpis somewhat arbitrary, as few flux or laboratory uptake

of interest, and the remaining variables are empirical coeffi- . . o

. . measurements are available to validate modeled deposition
cients that vary by canopy type (Table 5). Stomatal resistance

is thus calculated for water vapor and subsequently scaled Vigates for many species (Zhang et al., 2003, 2002b). Con-

e - L traints onR re also ten th re typicall
molecular diffusion coefficients for other gases. Originally, straints onRey(Os) are also tenuous, as they are typically

. derived from or validated against above-canopy flux obser-
all parameters for the above equations were adopted from the_ . o
vations that do not account for potential intra-canopy gas-

Zhang et al. (2003) recommendations for the land-use cate- . o
ory “evergreen needleleaf trees.” These values, howeve Iphase chemistry contributions to the net forest — at_mc_)sphere
9 ' ' xchange (Zhang et al., 2002a, b). Such uncertainties may

do not adequately predict the stomatal resistance at BFRS ; o

when compared to independent canopy-scale calculations u%l_mlt assessments of the r_e!atlve contrlbu_tlons of stomatal up-

ing the Penman-Monteith (Monteith and Unsworth, 1990) or ake, non-stomatal deposition and chemistry to above-canopy

leaf temperature (Thom, 1975) methods, both of which relyﬂuﬁs' | . d e h del |

on observed above-canopy latent heat fluxes. In particular € tgta resistance to eposmon N €ach model fayer,

the VPD dependence was found to be too strong with the deFdef’(Z)’ IS the sum of the laminar syblayer and 'tota_l surface

fault Remin andbypp values. Thus, we adopt the Zhang et resistances, where the latter consists of_ contrlbut.lons from

al. (200’3) values foBpag, Tiin, Tmax and Tops, but we set stomatal and nonstomatal uptake added in parallel:

Rsmin="7.4scnt! andbypp =0.10 kPat (Table 5) to opti- 1\ 1

mize agreement with the observationally-constrained stom-Rdep(z) = Rn(z) + <m + R_> (28)

atal resistance calculations from the full BEARPEX-2007 sie m out

dataset. The correction for leaf water potential stress fromRdep(z) iS calculated separately for the overstory and under-

Zhang et al. (2003) is not included, as it was found to bestory and scaled by LADF to give a first-order loss rate con-

negligible for the conditions of our study. Sing&7T) and  Stant:

f(VPD) were originally developed for a “big-leaf” model, LADF(z)os LADF(2)us

we compute these using meteorological measurements at Kgep(2) = Raen(2) Raen(2) (29)

single height (12.5 m) and apply them as constant corrections epesos RS

throughout the canopy. Thus, vertical variationshgz) ~ Multiplication of kgep(z) by a concentration yields the first-

are driven solely by PAR, while seasonal changes depend ofirder loss rate due to deposition in each layer. Figure 5b

both PAR and meteorology. illustrates deposition rates for several key species. EINO
After passing through the stomata, molecules are assimiand FO2 deposition are controlled primarily by, as their

lated by the mesophyll. Resistance to mesophyll upt&kg (  Henry's Law constants are set high to fog, = 0. The ef-

is generally treated as a function of the effective Henry's lawfective Henry’s law coefficient for bD, is set much higher

constantH*, and a “reactivity” factor.fo, assigned for each than typical values¢10° M atm™) to force HO; to deposit

In the above,Rsmin is the minimum stomatal resistance
Brar is a light correction coefficientDy,0 and D are the

depositing molecule (Table 5): at the “aerodynamic limit,” meaning that its deposition is lim-
ited only by turbulent and molecular diffusion, in accordance
Rm=1/(H"*/3000+ 100f) (26)  with recent observations at BFRS (Paulot et al., 2009a).
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1.0

— ‘ a—— Ground deposition includes resistances to aerodynamic
: transfer Ra0) between the first model layer and the ground
and to actual loss at the surfadeyf:

0.8 [ererenees R | 1

Vgnd= 75— (30)
0.61 o (RQ + Ra 0)

z/h

-1
o Rg=(107°H" / Rg(Ca)+ fo/ Rg(SO»)) (31)
Ra0(20scntl) and ground resistances fog@nd SQ (both
2scntl) are taken from Wesely (1989). Ground resistances
for other species are scaled tg @d SQ according toH*

@ e and fop, akin to cuticular and mesophyll resistances. Ground
oo 61 1 10 100 0 3 4 & & 10 12 deposition is treated separately from canopy deposition in the

0, Resistance/s cm™ K,e,/10° 8™ numerical integration scheme (see Sect. 3.9).

0.2+

Fig. 5. (a) Overstory resistances for ozone deposition, including 3.7 Chemistry

laminar sublayer (maroon dotted line), stomatal (green solid line),

mesophyll (blue dashed line) and cuticular (orange dash-dotted ”neglhemistry in CAFE, Is based o.n the Master Chemical Mech-
resistances (b) Modeled dry deposition rate constants for hydro- anism (MCM) version 3.1Htp:/mcm.leeds.ac.uk/MCN/

gen peroxide (gray dotted line), nitric acid (red dashed line), alkyl The MCM is a nearly-explicit reaction set that aims to track
nitrates (black solid line), formic acid (green dash-dotted line), or- all oxidation processes and products throughout the photo-
ganic peroxides (yellow thick solid line), ozone (cyan short dashedchemical degradation of primary VOC (Jenkin et al., 1997;
line) and acyl peroxy nitrates (magenta dash-dot-dotted line). Saunders et al., 2003). For the current study, a subset of
the MCM is used that includes all reactions stemming from
oxidation of MBO, isopreneg-pinene,8-pinene, propanal
Formic acid (HC(O)OH) and acetic acid (GB(O)OH, not  (C,HsCHO) and methane. Anthropogenic VOC other than
shown) also deposit quickly due to their relatively high solu- CoHsCHO are not included, as VOC chemistry at BFRS
bility, as do the alkyl nitrates (ANs). AN deposition veloci- js dominated by biogenics. Inorganic and photolysis re-
ties are tuned to match the above-canopy value of 2.7¢éms actions are also taken from the MCM inventory. MCM-
suggested in Farmer and Cohe (2008) by increasihgoH  derived photolysis rate constants are scaled up by 10% to
1x 10°Matm™*, effectively lowering the cuticular resis- jmprove agreement with estimates from TUV model cal-
tance. A similar modification is made for the most abundantc|ations hittp:/cprm.acd.ucar.edu/Models/TYV/The full
organic peroxides to yield an above-canopy deposition vexhemical mechanism includes 632 species and 2085 reac-
locity of 1.6 cm s (Hall and Claiborn, 1997). We note that tions. MCM names and structures for key species mentioned
setting fo to 1 for these molecules —following a recent study jn this study are listed in Appendix A. MCM reactions are
showing fast uptake of oxidized VOC (Karl et al., 2010) — gownloaded in the FACSIMILE format from the MCM web-
would not be sufficient to generate the required depositionsite and, using custom MATLAB algorithms, automatically
velocity in this resistance framework. Ozone and acyl peroxyparsed into a format compatible with the CAFE chemical
nitrates (APNs) deposit more slowly through both stomatalggyer.
and non-stomatal pathways. The model includes deposition The CAFE chemical mechanism includes a number of

of eight APNs, six AN species and six ROOH species (Ta-modifications and additions to the base MCM (see also Ta-
ble 5), with a singlekqep for each class. Most other species pie 6).

exhibit deposition rates smaller than,@he exception being

a set of terpene oxidation tracers (MTOX and SQTOX) and (i) Stiffness within the coupled differential equations is re-
the isoprene epoxide IEPOX, which are assigned the same  duced by assuming that &) and OtD) are in steady-
deposition velocity as HN§(see Sect. 3.7). We do not in- state (i.e. their rate equations are not explicitly inte-
clude deposition of other oxidized VOC as suggested by Karl ~ grated) and that all species with lifetimes shorter than
et al. (2010), partly due to a lack of observational constraints ~ 0.01s instantaneously proceed to products. The lat-
and partly because the pathway of metabolic consumption ~ ter includes decomposition of alkoxy radicals (RO)

is likely limited by the stomatal conductance at this forest ~ and Criegee biradicals and is a standard simplification
during the late summer. (Taraborrelli et al., 2009; Whitehouse et al., 2004).

(ii) Product branching for the reaction of methyl glyoxal
(MGLYOX) with OH is updated following Baeza-
Romero et al. (2007). Product branching for reaction of
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Table 6. Additional and modified reactions.

Reaction

k (cimolec1s~1) Notest

MGLYOX +OH — 0.6(CH;CO3+CO) +0.4
(CH30, +2CO0)

MACO3 + NO— 0.35(CH;CO3+ HCHO + NOy)
+ 0.65(CH0, + CO + HCHO + NGQ)

1.72x 1011 i

8.7x 10712 exp(290/T) i

OH Production from acyl peroxy radicals

CyH5CO3 + HOp —0.44(GH50, + OH)

+0.41 PERPROACID +0.15(PROPACID D

C,H5CO3 +0.15(CHCOsH + O3)HO, — 0.44(GH505 + OH)
+ 0.41PERPROACID + 0.15(PROPACID +D

MACO3 + HO, —0.44(CHCO3 + HCHO + OH)

+ 0.41MACQ3H + 0.15(MACOH + O3)

4.3x 1013 exp(1040/T) i
4.3x 1013 exp(1040/T) i

4.3x 1013 exp(1040/T) i

B-hydroxy aldehyde oxidation
OH+HOCH,CHO — 0.81GLYOX +0.81HQ
+0.19HCOOH +0.190H

HOCH,CO3 — 0.73HG, +0.84HCHO +0.58CO
+ 0.260H

IPRHOCQ; — OH + CHzCOCHg

0.2x1x 10711 iv
10h iV, v
10 (s iV, V, XX

Alkyl Nitrate Chemistry

HMVKAO 5+ NO — 0.11HMVKANO3
+0.89(MGLYOX + HCHO + HG + NO,)

MACRO, + NO — 0.85(ACETOL + HCHO + HQ + NOy)
+0.15MACRNG,;

MACRNO;3 + OH — 0.08(CH;CO,H + HCHO + NOy)
+0.07(HCOOH + MGLYOX + NQ) + 0.85(ACETOL + NG)

2.54x 1012 exp(360/T)  vi
2.54x 1012 exp(360/T) Vi

5x 10711 Vi

Isoprene Epoxides

ISOP*OOH + OH-IEPOX + OH
IEPOX + OH—0.5C57Q + 0.5C58Q

1.9x 107 exp(390/T)  vii, viii
5.78x 10~ 11 exp(-400/T)  vii, ix

Terpene Oxidation

Limonene + OH— products + MTGQ

Limonene + @ — 0.670H + 0.02CHCOCH;z;

+ 0.19HCHO + 0.05HCOOH + MT®

Limonene + N@ — MTO»

3-carene + OH-> 0.15CHCOCHz + 0.21HCHO +
0.08HCOOH +MTQ

3-carene + @— 0.860H+0.1CHCOCH;

+ 0.16HCHO +MTQ

3-carene +N@— MTO»

Myrcene + OH— 0.36 CHCOCH; + 0.3HCHO

+ 0.05HCOOH + MTQ

Myrcene + @ — 0.630H +0.25CHCOCH;

+ 0.26HCHO +0.19ACETOL +MTQ@

Myrcene + NG — MTO»

Camphene + OH> 0.39CH,COCH; + MTO»
Camphene + @— 0.180H+MTG

Camphene + N9— MTO»

Terpinolene + OH— 0.39CHCOCH;
+0.29HCHO +0.08HCOOH + MT®
Terpinolene + @ — 0.740H + 0.5CHCOCH;z + MTO»

1.7x 10710 X
2.0x 10716 X
1.3x 10711 X
8. & 10711 X
2.0x 10716 X
9.5x 10712 X

9.2 10 12 exp(1071/T) X, xi
4.7x 10716 X

1.1x 10711
5.34x 10711
9.19x 10719
6.54x 10713
2.3x 10710

X X X X X

1.9x 10715 X
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Table 6. Continued.

Terpinolene + N@ — MTO» 9.5x 10711 X
a-terpinine + OH— 0.1CH;COCHz + MTO» 3.4x 10710 X, Xi
a-terpinene + @ — 0.380H +0.03CHCOCH; + MTO, 2.1x 10714 X
a-terpinene + NQ — MTO, 3.3x 10711 X
y-terpinene + OH— 0.1CH;COCHs + MTO, 1.8x 10710 X
y-terpinene + @ — 0.080H + 0.1CHCOCH; + MTO» 1.4x 10716 X
y-terpinene + NQ — MTO, 3.3x10°11 X
MCHAV + OH — 0.52HCHO +0.01CHCHO 5.4x 10711 xii, xiii
+0.08HCOOH +0.01CHCOCH; + 0.25CHCOH + MTO,

MCHAV + O3 — OH +0.61HCHO 1.x 10717 xii, xiii
+0.11HCOOH +0.01CKCOCH; + 0.02CHCOH + MTO,

MCHAV +NO3 — MTO» 25%x 10712 xiv
BCARY +OH — 0.76HCHO +0.01CHCHO 2.0x 10710 X, Xii
+0.04HCOOH +0.01 CECOCH; +0.2CHCOH + SQTG

BCARY + O3 — 0.14HCHO + 0.060H + SQT® 1.2x 10714 X
BCARY +NO3 — SQTO 2.2x 1011 X
AFARN + OH — SQTO 3.2x 10710 Xii
AFARN + O3 — 0.060H + SQTQ 1.0x 10715 xii, xv
AFARN +NO3 — SQTO 2.2x10711 XVi
ABERG + OH— SQTO, 1.8x 10710 Xii
ABERG + O3 — 0.060H + SQTQ 8.6x 10716 xii, xv
ABERG +NO; > SQTO, 2.2x 10711 XVi
USQT +OH— SQTO, 2.0x 10710 XVi
USQT +Q; — 0.060H +SQTQ 1.2x 10714 XV, XVi
USQT +NQ; — SQTO 2.2x 10711 Xvi
MTO,+NO — MTOX +NO5 + HO» 2.54x 10~12 exp(360/T) xvii
MTO, + HO; — MTOX 0.914[2.91x 013 exp(1300/T)]  xvii
MTO5 + RO, — MTOX +0.7HO; 9.0x 10714 Xvii
SQTO, + NO — SQTOX + NG, + HO» 2.54x 10712 exp(360/T) XVii
SQTG, + HO, — SQTOX 0.914[2.9% 10~ 13 exp(1300/T)]  xvii
SQTO + RO, — SQTOX +0.7HG 9.0x 10714 XVii
Updated Rate Constants

MPAN + OH 32x 1071 xviii
PAN +OH 3x 10714 ii
MBO + OH 8.1x 1012 exp(610/T) ii
IBUTALOH + OH 1.4x 10711 i
ISOP*OOH + OH 0.6[5.3< 10~ 12 exp(190/T)] i, viii, xix

2 (i) Baeza-Romero et al. (2007). (i) Orlando et al. (1999). (iii) Atkinson et al. (2004). (iv) Butkovskaya et al. (2006). (v) Assumed rate constant. (vi) Paulot et al. (2009b).
(vii) Paulot et al. (2009c). (viii) Includes all four ISOPOOH isomers. (ix) Archibald et al. (2010). (x) Atkinson and Arey (2003b, 2003a). (xi) Hites and Turner (2009). (xii)
Bouvier-Brown et al. (2009c). (xiii) Lee et al. (2006a, 2006b). (xiv) Rate constant assumed equivalent togtmnefie + NQ@. (xv) OH yield assumed equivalent to that of
BCARY. (xvi) Rate constant assumed equivalent to that of BCARY. (xvii) Rate constants and product yields estimated from reg{iimsnefderived R@ (xviii) Orlando et

al. (2002). (xix) Rate constant assumed equal to that fos@BH + OH— CH30, + H,0. (xx) Carrasco et al. (2006).

the methacrolein-derived peroxy radical MAg@ith (iv) The oxidation of glycoaldehyde (HOGEBHO) is up-

NO is updated following Orlando et al. (1999). dated following (Butkovskaya et al., 2006). First, prod-
uct yields for the abstraction of the central hydrogen
(i) An OH-production channel for reaction of HQvith by OH are adjusted to include a 19% yield of OH and
peroxyacetyl radical (CECOz) is added (Hasson et al., HCOOH. Next, a fast unimolecular decomposition is
2004). Branching ratios for the two pathways already implemented for HOCHICO;, the acyl peroxy radi-
included in the MCM are updated accordingly. Analo- cal formed after abstraction of the aldehydic hydrogen,
gous changes are incorporated for reaction of kM@h with a rate constant of 104 (Butkovskaya et al. (2006)
peroxypropionyl (GH5COz) and peroxymethacryloyl do not give a rate constant for this reaction but they note
(MACO3) radicals. that it should be fast). A similar reaction is added for

www.atmos-chem-phys.net/11/77/2011/ Atmos. Chem. Phys., 110772011



88

v)

(i)

(vii)

Atmos. Chem. Phys., 11, 7761, 2011

G. M. Wolfe and J. A. Thornton: The (CAFE) Model — Part 1

the IPRHOCQ radical, an analogoug-hydroxy acyl
peroxy radical produced during reaction of IBUTALOH
with OH. These changes are subject to verification with
observations and, to our knowledge, these processes
have not been independently verified.

Alkyl nitrate chemistry for MVK and MACR is up-
dated following Paulot et al. (2009b). This includes

and SQTOX are likely semi-volatile and thus should de-
posit to canopy surfaces or particles. For simplifica-
tion, MTOX and SQTOX do not currently react further
within CAFE but are allowed to deposit with a deposi-
tion rate constant equal to that of nitric acid. The be-
havior of these oxidation products is discussed further
in Sect. 5.1.

Rate constants are updated for reactions of OH with

increasing the yield of HMVKANQ@ from 0.017 to
0.11 and adding the formation of a new compound(,v"')
MACRNO;3. We also include a reaction for the oxida-
tion of MACRNO;s by OH.

MPAN, PAN, MBO, IBUTALOH and the four isomers

of ISOPOOH following IUPAC recommendations or
literature-reported measurements. These are listed in
A set of 5 reactions are included for the for- Table 6.

mation and oxidation of isoprene dihydroxyepox-

ides (IEPOX) during reactions of OH with the 3.8 Advection

four first-generation isoprene hydroxyhydroperoxides

(ISOPAOOH, ISOPBOOH, ISOPCOOH and ISOP- Atmospheric composition at BFRS is influenced by upwind
DOOH) following Paulot et al. (2009¢). Our IEPOX emissions, chemistry and mixing (Dillon et al., 2002). In par-
mechanism deviates from the original formulation in ticular, horizontal transport and mixing of localized plumes
that reaction of IEPOX with OH produces two isoprene- with regional background air can sustain or otherwise affect
derived peroxy radicals already in the MCM, C5/O concentrations of species with large upwind emissions, such
and C58Q. Though this is only strictly correct for as NG, (=NO +NGQ;) and isoprene (Dillon et al., 2002; Mur-
IEPOX derived from ISOPBOOH and ISOPDOOH phy et al., 2007). For simplicity, we refer to such processes
(Archibald et al., 2010), these two are the most dom-collectively as advection. Advection is treated as a simple
inant of the four MCM isomers. Moreover, the fate of mixing process within each model layer (Dillon et al., 2002):
IEPOX from ISOPAOOH and ISOPCOOH is not known
(Paulot et al., 2009c¢). IEPOX is forced to deposit at the /4¢
aerodynamic limit by assigning it a deposition rate equal <

to that of HNG.

36 reactions are added to model oxidation of MCHAY The mixing rate constant is taken &gix = 0.3 (Perez et

and all MT and SQT (listed in Sect. 3.4) by OHz O al., 2009). Advection concentration§{) are set constant
and N@. This excludesx and B-pinene, which are throughout the model domain (no vertical profile) and are
already included in the MCM. Rate constants and re-chosen such that final model concentrations represent typi-
action products are taken from the literature (Atkinson ¢al conditions at BFRS for this period (Table 7); thus, in a
and Arey, 2003b; Bouvier-Brown et al., 2009c; Lee et Sense, CAFE is constrained by measured chemical mixing
al., 2006a, b; Hites and Turner, 2009). UnspeciatedfatiOS- Strictly speaking, it would be more appropriate to in-
SQT are given the same reaction rate constants-as clude a horizontal wind speed dependence in our advection
caryophyllene. Though these reactions do not follow terms; however, we do not have the necessary measurements
the explicit oxidation scheme of the MCM, we attempt tO constrain such a parameterization. Advection is neces-
to track oxidation products by including formation of Sary to maintain reasonable concentrations for species that
the generic peroxy radicals MBand SQTQ. Oxida-  Wwould otherwise build up to unreasonable levels or decay be-
tion of MCHAV also makes MTQ@ (though MCHAV is  low measured values during integration. As parameterized
not strictly a monoterpene). These radicals react withhere, advection has a negligible effect on modeled vertical
NO, HO, and RQ to form the species MTOX and SQ- exchange in CAFE, since the timescale for advective mix-
TOX, which represent closed-shell oxidized products.ing is long (-3 h) compared to the timescales for turbulent
Reaction rate constants and product yields are estimateffansport and chemistry.

from the analogous reactions gfpinene-derived R®

(Table 6). As further reaction or decomposition of MT 3.9 Numerical considerations

and SQT oxidation products would also lead to the

formation of smaller VOC (e.g. HCHO, CH3COCH3, During model initialization, meteorological inputs are used
etc.), we have included non-zero yields for these laterto calculate diffusion parameters, emission rates, deposi-
generation products in the initial oxidation step using tion velocities and chemical rate constants. These are held
experimentally-determined values when available (Leeconstant throughout a model run, as are advection concen-
etal., 2006a, b). The compounds represented by MTOXtrations. The latter are also used to initialize all chemical

) ) = —kmix (C —Ca) (32)

dt mix
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Table 7. Initial/advection concentrations. Species not listed have — -_\ \ 1 :jfl-’.":
initial/advection concentrations set to 0. 2.5] os |\ '-_‘ \ : i ,:7,':}'
- = s v \ l R
20 --igg[)s v \\ 'Iu I;TI'{'II
X — ; ; — ; ol [ 2 samc | b 1] . il
Species Mixing Ratio/ ~ Species Mixing Ratio/ ol B \ R $i
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X 45  GHsCHO 0.13 i // @ o ©
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NO
Noy 0.1 Fig. 6. Evolution of modeled fluxes fofa) ozone,(b) PAN and
NO, 0.8 Hydrocarbons (c) MBO over the course of a model run. Profiles have been nor-
HNO3 0.25 CHy 1600 malized to their respective canopy-tagh= 1) values at the end of
PAN 0.26 isoprene 0.2 the model run (7200s). Arrows denote the general progression of
PPN 0.02 GHg 0.1 profiles as a function of model runtime.
MPAN 0.03
MBOANO3 0.04 Ketones
MBOBNO3 0.03 CHCOCHs 1.7 ground). For species that are emitted or deposited at the
ISOPANG; 0.02 MVK 0.3 ground, this boundary condition is replaced by a ground flux,
ISOPBNG 0-02 ACETOL 0.02  calculated as the ground emission or deposition rate multi-
ISOPCNGy 0.0 - plied by the height of the lowest layer. The chemistry opera-
ISOPDNG; 0.02 Organic Acids . . .
CH3CO,H 3 tor is executed with a simple forward Euler scheme. Canopy
Peroxides HCOOH 35 emission and deposition are represented in the chemistry op-
Ho0, 0.8 CH;COszH 0.16 erator as Oth-order production and 1st-order loss processes,
Alcohols Other respectively. Advection is also included in the chemistry op-
MBO 015 MCHAV 0 erator. The entire model is written and executed in MAT-
CH30H 4.6 MT (all) 0 LAB.
CaHsOH 1.6 SQT (al) 0 The model is run for two hours, after which fluxes and ex-
IPROPOL 0.09 IEPOX 0 o ; .
change velocities are calculated from concentration profiles
via
AC (Z)
. L . F(z)=—K(2) (34)
concentrations (Table 7). Integration is accomplished via
operator splitting (Jacobson, 2005):
perator splitiing ( ) Vex(2) = F(2) /€ (2) (35)
t+At _ ~AL/2 At/2 At/2 At/2 . . ) .
¢ = Ot (Ochem<ochem<odlff (c )))) (33) Figure 6 depicts the time evolution ofsDPAN and MBO

Changes in concentration due to diffusion and chemistry are quxes during a typical model run. A total integration time
of two hours is sufficient for relaxation of flux and exchange

thus calculated separately and incrementally over each inte-
velocity profiles.

gration interval Ar = 2s). For a single integration interval,
each operator in Eq. (33) includes 20 operations, each with
a time step of 0.05s, giving a total of 40 chemistry and 404  Sensitivity to parameterizations
diffusion operations for each 2s interval. Intervals shorter
than 2s or time steps shorter than 0.05s do not noticeablyeveral of the parameterizations implemented in CAFE are
improve model performance. not fully constrained by observations or are highly simplified

Diffusion (Eq. 7) is solved numerically using a Crank- representations of complex processes. To better characterize
Nicolson scheme (Jacobson, 2005). At the upper boundsources of uncertainty, we have performed a series of sen-
ary (the ABL) we assume a net-zero flux divergence sitivity simulations that demonstrate the contributions of in-
(8F/8z =0), corresponding to a constant concentration gra-canopy diffusion, laminar sublayer resistance and radiation
dient through the last layer. This boundary condition im- extinction to modeled concentration and flux profiles. Model
plicitly assumes some level of entrainment across the ABLruns for these studies consisted of taking the base setup (de-
and was deemed better than simply fixing the concentrationscribed above) and modifying a single parameter: the diffu-
at the top of the model, as it allows concentration and fluxsion timescale ratior(7} ), the aerodynamic leaf widtti)
profiles to remain smooth. For most species, we assume nor the radiation extinction coefficientfq). The default val-
downward flux at the lower boundary (i.€g = C1 at the  ues for these parameters are listed in Tables 1 and 5. In the
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following discussion, we focus primarily on concentrations 3.0

and fluxes of HN@, O3, MBO and the nitrogen oxides NO 25] HNO, ;;’ : ' ]
and NQ. Nitric acid and ozone are lost primarily via deposi- ' 2 i
tion to the canopy, though their controlling mechanisms are 2.0 b ! ' 1
different. Turbulent and molecular diffusion limits HNO < 1] i : ' ]
deposition, while stomatal and cuticular resistances control N { I '
O3 uptake. Thus, @and HNG should respond differently 1.0 ,f \ /‘ 1
to changes in diffusion, deposition and radiation parameter- .} /_,-".’ 1 ] _5,,.—,,-’»‘-‘"
izations. MBO is the dominant emission of Ponderosa pine vil @ /s»“"‘" ®)
and its flux and profile will be sensitive to diffusion and radi- 00 05 / "1f0 5 0 0s 10
ation parameterizations. The NO/M@tio will be sensitive
to the radiation profile, with implications for hydrogen oxide 3.0 ' | ' I
radical partitioning and the formation and loss of higher ox- 2.5] O, I i
ides of nitrogen. Our goals for these sensitivity tests are to 2 0] ' ‘:
demonstrate the effects of our choices on model output and ™ i '1
to provide a more thorough, but still general, picture of the S 1.5 i ‘1 1
mechanics that underlie forest-atmosphere exchange. 101 5 Y

: ] \i
4.1 In-canopy turbulent diffusion 0.51 s ,_.—--’/

0 ' g (©) - (d)
As noted in Sect. 3.3, turbulent transport within forest 0 0.5 1.0 15 0 0.5 1.0
canopies is difficult to accurately simulate. In our K-theory 3.0 , N
approach, we compensate for “near field” effects of canopy | MBO T g
elements by inclusion of a correction facteythat is linked 2.5 f, 1 g 1
to the canopy structure through our choicewfi. For 20 § _ 1; '3 ]
t/TL <1,r isundefined. Increasing7, leads to anonlinear  _ [\ NS N PO 2' i
increase irv, corresponding to faster diffusion and shorter ~ 159 B 1 1o oge u 3
residence times within the canopy. For high enough values 1.0 l:'-.,‘\ § ]
of ©/TL (> 5), r is approximately unity an& is defined by [ _~
the “far field” limit (Makar et al., 1999). 033 W, 1 — o]

Figure 7 shows results for model runs witl. values of 00 Li ‘é p ©) A oE 1('0)

1.1, 1.5, 2 and 4. These correspond-te 0.074,0.45,0.71 Normalized Mixing Ratio Normalized Flux

and 0.97. At the lowest value, diffusion is slow enough

that substantial gradients develop in depositing and emittingrig. 7. Vertical profiles of mixing ratios and fluxes of nitric adia-

species. HN@ mixing ratios decrease within the canopy b), ozone(c—d)and MBO(e-f) for the diffusion sensitivity runs. In

to ~20% of the canopy-top value. s@loes not deposit as €ach plot, curves are normalized by the canopy top values from the

readily, thus the @gradient is less steep, reaching 75% of base run{/T =4). Profiles correspond to runs wit7 values of

the canopy-top value. In contrast, MBO pools near the basé-1: 1.5 2 and 4.

of the canopy, increasing by more than a factor of 5 rela-

tive to the base case. Decreasing in-canopy K-values alswhich is accomplished by rearranging Eg. (34) and substitut-

reduce the magnitude of above-canopy fluxes, though thisng in the observed fluxes (at 12.5m) and vertical gradients

effect is somewhat offset by steeper concentration gradient§from observations at 12.5m and 8.75m). We broaden the

(see Eqg. 34). As noted above, the effects /i, are nonlin-  data selection window to include all noontime observations

ear, and there is very little difference in mixing ratio profiles from the BEARPEX-2007 dataset for this analysis, as calcu-

betweent/Ti. =2 and 4. lated K-values can be quite variable for any single point in
For BFRS, we findr/T. =4 (giving » =0.97) to be the time. Observationally-derived average K-values range from

best choice, based on several metrics. First, this value pro2.4-3.9n3s~1, which bracket the canopy-top model value

vides the best agreement between modeled and measurefl 2.8 n?s~1. Within the canopy — where the uncertainty

vertical concentration profiles of strongly emitting and de- in K is largest — data is not available for such a calculation.

positing species such as BVOC and ozone (Wolfe et al.nstead, we estimate an average canopy residence time by in-

2010). Second, modeled above-canopy K-values are consigegrating over the “turbulent aerodynamic resistance” within

tent with those calculated independently from fluxes and gra€ach layer, in analogy to the resistance formulation for depo-

dients of carbon dioxide (C£), water vapor, sensible heat sition parameterizations (e.g. Baldocchi, 1988).

and momentum obtained during BEARPEX-2007. Table 8

shows our derivation of K-values from these observations,
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3.0

Table 8. Calculation of K-values from non-reactive scalars. T "k
Fluxes and gradients represent the mean of 160 noontime (11:30— P g |emOS:US)
12:30 PST) observations from the full BEARPEX-2007 dataset. 254 : L 1 5 . _8'2’ 02
H ® feeeeeee 1, 2*
20] : : ] £ |=--24
Scalar Flug Gradienf K (m?s1)c N :
CcCo, —0.24ppmvms!  0.074ppmvnrt 3.3 S 151 Il . 3
Water vapor 0.11ppthvmtd  —0.047 ppthv Tl 2.4 Iy 3
Sensible heat 0.18Kmé¢  —0.047KnrLd 3.9 o] b 1
Momentum —0.41nfs2 0.17ste 25 ' i ¢
CAFE 2.8 \ \ N N\,
0.5 RN \\
aMeasured at 12.5m. Q) ™~
b AC/Az between 12.5m and 8.75m. 0 - N ' ' ~a
¢ Calculated a% = 35 /Az. 12 10 -8 -6 -4 -2 0 0.4 0.2 0.0
d Gradient in air temperature. HNO, V_/cm st O,V /cm s™

€ Gradient in horizontal wind speed.

f Model value at 12 m.
Fig. 8. Exchange velocity profiles di) nitric acid and(b) ozone

for the laminar sublayer sensitivity runs. Profiles correspond to runs
36 36 ; i
Az; with the basé,y values multiplied by 0.1, 0.5, 1 and 2.
Tcan= hz K(Zl = ZRa,i (36)
) i=1

is consistent with the results of Farmer and Cohen (2008),
RgNho scaled wintertime HN®flux measurements with fric-
tion velocity to derive a noontime HN§leposition-only ex-
change velocity of-3.4cm st for BFRS in August 2005.

For our conditions, this calculation yieldgan,= 134s,
within the range of observation-based estimates for BF
(Farmer and Cohen, 2008; Holzinger et al., 2005). For com-
parison, values ot/7i =1.1,1.5 and 2 give canopy resi-
dence times of 1700, 290 and 182s.

4.3 Radiation extinction

4.2 Laminar sublayer resistance
Though solar radiation is heterogeneously distributed in a

The laminar sublayer is a thin region of laminar flow that forest canopy, we represent the average vertical profile by
develops above individual canopy surfaces in response t@ Beer's Law parameterization (Eg. 5). Without in-canopy
surface wind drag. This layer is a barrier to deposition, asradiation measurements, the radiation extinction coefficient
molecules in the canopy airspace must diffuse across it betkrad) must be estimated from measurements at other forests;
fore uptake can occur. The thickness of the laminar subtypical values ofk;ag range from 0.4-0.65 for conifers and
layer is related to the size and shape of canopy elements (e.gnderstory shrubs (Law and Waring, 1994; Runyon et al.,
leaves and needles) and is represented in our resistance pt894). As solar radiation can influence stomatal uptake,
rameterization by the aerodynamic leaf widtf, According BVOC emissions and photochemistry, it is prudent to exam-
to Eq. (21),Ry should scale with the square rootigf The  ine model sensitivity t@rag.
impact of changingd, on fluxes will be strongest for species  Figure 9 illustrates modeled concentration and flux pro-
whose deposition is not limited by stomatal or cuticular re- files of O3 and MBO for kaq ranging from 0 to 0.6. For
sistances, such as HN@nd HO;. Sievering et al. (2001) both species, the effects of increasiag on both mixing ra-
note that HNQ deposition can be much faster over conifer- tios and fluxes are fairly linear. As light extinction increases,
ous canopies than over broad-leaf canopies due to the small&s concentrations increase slightly (by2%) due to higher
Ry in the former. stomatal resistance in a darker canopy. This effect is more
Figure 8 displays modeled HN@nd G exchange veloc- apparent in @ fluxes, which decrease by30% on going
ities for a range of,, values. In these model runs, the base from low to highkag. Ozone mixing ratio trends may also in-
lw for both the overstory (1 cm) and understory (2 cm) wereclude a photochemical effect from shifts in the NO-NOs
multiplied by factors of 0.1, 0.5 and 2. At the lower limit, equilibrium (see below), but such behavior does not signifi-
HNO3 exchange velocities are quite fast{to—10cms?1) cantly influence @ fluxes. MBO displays a much stronger
and are essentially limited by turbulent diffusion and the dependence on radiation, stemming from its emission param-
available leaf area (Eq. 29). Exchange velocities follow theeterization (Eq. 16). MBO mixing ratios are50% lower
expected trend with increasig. The effects are dampened for our base casekfg= 0.4) compared to the case with
in the case of @fluxes as their uptake is limited by stomatal no extinction kraq=0), and the gradient is slightly steeper
and cuticular resistances. Default valuegofiive an above- near the ground. Within CAFE, changes in radiation will
canopy HNQ exchange velocity 0£3.5cms L. Thisvalue  influence MBO and isoprene concentrations and fluxes but
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Normalized Mixing Ratio Normalized Flux 0.4and 0.6.

Fig. 9. Vertical profiles of mixing ratios and fluxes of ozofe- C
b) and MBO (c—d) for the radiation sensitivity runs. In each plot, the effect is limited taz/h< 0.2 for even moderate values of

curves are normalized by the canopy top values from the base ru/‘?rad' The influence oflln—canopy ra'dlatlon extlnct!on persists
(krag=0.4). Profiles correspond to runs witfyq values of 0, 0.2, ~ @bove the canopy, with NO/NCratios for the various runs
0.4 and 0.6. converging only above 30 nzth= 3). Variations in NO/NQ
will feed back into other chemical processes, including those
controlling the cycling of hydrogen oxide radicals and the
will not affect those of MT, SQT and MCHAV, though there fate of acyl peroxy nitrates; thus, it is important to have an
is some evidence that the emissions of the latter three argccurate estimate of radiation in the canopy airspace. Our
also sensitive to photosynthetically-active radiation in cer-choice ofkag= 0.4 gives near-surface NO/NQratios of
tain ecosystems (Bouvier-Brown et al., 2009b; Fowler et al.,0.3, in good agreement with recent measurements at BFRS
2009; Geron and Arnts, 2010). (E. Browne, personal communication, 2010). Furthermore,
In addition to affecting surface processes like depositionmodeled gradients and fluxes of MBO withyg = 0.4 are
and emission, radiation extinction also influences in-canopyconsistent with previous observations at this site (Baker et
photochemistry, as demonstrated by the partitioning of ni-al., 1999; Holzinger et al., 2005; Schade et al., 2000).
trogen oxides (N@=NO + NO,). Chemistry generally con-
trols the relative balance of NO and MQvhich interconvert
rapidly via reaction of NO and 9to form NO,, followed
by photolysis of NQ in the presence of molecular oxygen to
reform NO and Q.

5 Mixing ratio profiles

The most unique aspect of the CAFE model is the incor-

NO-+ O3z — NO,+ O (37) poration of the extensive MCM reaction scheme. CAFE
is also the first 1-D canopy model to be implemented for

NO, +hv — NO+OCP) (38) BFRS despite many years of chemical measurements at this
site. To characterize the chemical environment in this for-

OCP)+ 0, — O3 (39)  est, we present a brief overview of modeled near-surface

mixing ratio profiles of biogenic VOC (BVOC), hydrogen
Figure 10 shows the sensitivity of modeled NO/N@ofiles  oxides (RQ) and reactive nitrogen (NQ. All results pre-
to changes itkrag. In these model runs, total N@hanges by  sented below are taken from the base run, and all profiles
<2%. The equilibrium defined by reactions (Egs. 37—-39) ishave been normalized to their canopy taghg 1) values.
light-dependent; thus, NO/NCshifts towards lower values In a companion paper, we explore concentrations and fluxes
as radiation extinction increases and lesgN&photolyzed.  in more detail through an extensive comparison with results
Near the ground, soil NO emissions enhance NO/Niauit from BEARPEX-2007.
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5.1 BVOC 307 ‘ ‘ :
\ VEG W IBUTALOH

Oxidation of biogenic VOC is integral to the formation — ,5] = ChJy e

of tropospheric ozone, organic nitrates and secondary or- \ ————

ganic aerosol (SOA) and can potentially influence forest- ;] \ ]

atmosphere exchange of @Kurpius and Goldstein, 2003), \

acyl peroxy nitrates (Wolfe et al., 2009) and other reactive < ;5] \ b

compounds. VOC oxidation is initiated by reactions with " \

OH to produce organic peroxy radicals (RORO, can then 1.0] \ ]

react with NO to form an alkoxy radical (RO), which quickly \

decomposes into carbonyl-containing VOC (e.g. aldehydes 5] N\

and ketones) and a hydroperoxy radical (OReaction of \

the latter with NO regenerates OH. Ozonolysis of unsatu- ;1@ ‘ ‘ A ®) ‘ &

rated VOC can also lead to formation of RGHO, and ox- 06 08 10 12 0.95 1.00 1.0

idized VOC, though the mechanism is typically more com- Normalized Mixing Ratio Normalized Mixing Ratio

plex than OH-initiated oxidation. ) - i ) i )
Fig. 11. Mixing ratio vertical profiles for{a) MBO and isoprene,

Oy and(b) IBUTALOH, HOCH,CHO, MVK and MACR. Each profile
VOC+0H— ROz +H20 (40) is normalized to its value at the top of the canop€ 1).
RO, +NO — RO+NO2 (41)
o . . _

RO—% HO,+carbonyls (42) than the other three because its production rate is slightly
faster, thus it is more sensitive to the gradient of MBO. Lit-

HO2+NO— OH+NO2 (43)  tle is known about the deposition of oxidized VOC, though

VOC-+ 03— products (44) recent work suggests that it may be faster than currently as-

sumed in regional and global models (Karl et al., 2010). The
RO, can also undergo reactions with other REIO; or NO, shape_of these profiles might be different than our model sug-
to form oxidized VOC, peroxides or organic nitrates. Using 9€StS if these molecules are taken up by the canopy. Par-
an explicit reaction scheme like the MCM offers the abil- ticularly, we might expect that the hydroxyl functionality
ity to track key reaction pathways and products during hy-°n IBUTALOH and glycoaldehyde would enhance the de-
drocarbon processing. Note that our condensed mechanisRPSition rate of these molecules relative to that of MVK
combines Egs. (41-42) into a single step and does not explic@nd MACR, leading to variations in their respective gradi-

itly consider the Criegee intermediates formed during VOC®NtS. Furthermore, in-canopy gradients of isoprene, MVK
ozonolysis. and MACR at BFRS could be less pronounced than predicted

Figure 11a shows modeled profiles of MBO and isoprene,by CAFE given the primary isoprene source is believed to be

the two dominant BVOC emissions in CAFE. MBO and iso- advection and not emission.

prene exhibit the same gradient, with20% higher con- Figure 12 displays a similar set of predictions for terpenes.
centrations at the ground than at the top of the canopyln this plot, the composite MT’ includes MCHAV and all
Averaged over the full 800 meter model domain, MBO monoterpenes other than and 8-pinene (Sect. 3.4). All
and isoprene mixing ratios are onky25% of those at monoterpenesy-pinene,S-pinene and MT’) exhibit similar
canopy top, illustrating that surface layer concentrationsprofiles, with enhancements of 40—-70% at the ground rela-
may not be entirely representative of the overlying regionaltive to the canopy top, consistent with early measurements of
mixed layer. The major 1st-generation oxidation productsmonoterpene profiles at BFRS (Holzinger et al., 2005). We
of MBO are 2-methyl-2-hydroxypropanal (IBUTALOH) and expect this enhancement to be stronger for terpenes than for
glycoaldehyde (HOCKLCHO), while those of isoprene are MBO and isoprene because the understory is a major terpene
methyl vinyl ketone (MVK) and methacrolein (MACR); Ap- source (Fig. 4). The dominant species in the MT’ group are
pendix A lists the structures of these compounds. Glycoalde3-carene (24% of total mixing ratio), MCHAV (20%) and
hyde is the product of a number of VOC reactions, but MBO camphene (19%). Boundary layer-averaged monoterpene
is by far the dominant source for our model conditions. In- concentrations are generally 20% of their canopy top values,
canopy gradients in these oxidation products a&% of consistent with their high reactivity. Sesquiterpene (SQT)
the canopy top concentrations (Fig. 11b), much smaller thargradients are even stronger, with a factor of 2 enhancement
for their parent VOC. This reflects the relative timescales ofat the ground and domain-averaged concentrations that are
chemistry and turbulent diffusion; that is, vertical mixing of <10% of the canopy-top mixing ratio. Dominant resolved
these species is faster than their chemical production and/d8QT includex-bergamotene (44% of total mixing ratio) and
loss. IBUTALOH demonstrates a slightly steeper gradienta-farnescene (39%). Due to different oxidation lifetimes
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3.0 . Y i canopy (Holzinger et al., 2005). In that study, the profile
VY @ \ ®) of unidentified oxidation products showed a pronounced in-
254 13 1] \ : crease of a factor of 2 between the ground and directly above
\ " the canopy. Holzinger et al. (2005) note that the observed
20 \-"’1 1] ‘\'\ :.5 ] oxidation product mixing ratios require emissions of highly
ik} \ i reactive BVOC at a rate 6—30 times higher than the total
- 15] \y 1] WS ] monoterpene emission rate. SQT were not considered by
N N\ i Holzinger et al. (2005) but are a significant contributor to
1.0] \ 1] .}'r' pNAL M total terpene reactivity. In CAFE, the total SQT emission
\ .~":7.l LT NSERONE rate is 33% of the total MT emission rate on a per-molecule
05| _gjgi‘gzgz ‘\ S N L basis, while the reactivity with ozone, averaged over the full
T e \\ N SO model domain, is 10 times higher for SQT than MT. Reactiv-
0 : : AN : \ [\ : ities with OH are similar for both classes. It is intriguing that
00 05 10 15 20 09 10 t 12 our modeled SQTOX profile is qualitatively consistent with
Normalized Mixing Ratio Normalized Mixing Ratio

the results of Holzinger et al. (2005); however, it appears that
we would require significant additional emissions of highly

Fig. 12. (a)Mixing ratio vertical profiles forx-pinene,s-pinene, reactive BVOC to fully reproduce their results.

MT’ and SQT. The MT’ family is defined as the sum of MCHAV
and all monoterpenes other thafpinene ang-pinene.(b) Mixing

ratio vertical profiles for pinonaldehyde, nopinone, MTOX and SQ-
TOX. Each profile is normalized to its value at the top of the canopy
(z/h=1).

5.2 Hydrogen oxides

As evident from Egs. (40-43), the hydrogen oxide and or-
ganic peroxy radicals OH, Hand RQ are central to photo-
chemical cycling and hydrocarbon degradation in the tropo-

(Table 6), relative terpene mixing ratios will not necessarily SPhere. The lifetimes of these radicals are fairly shat ¢
reflect their relative emission rates (Table 4). for OH and <100s for peroxy radicals), and the primary

Each of the four terpene classes shown in Fig. 12a has S0Urces in CAFE are through photolysis of &hd HCHO:

distinct oxidation product in our chemical mechanismand
B-pinene are the precursors to pinonaldehyde (PINAL) anol03
nopinone, respectively, while oxidation of other monoter- yeHo 44y — 2HO, +CO (46)
penes, MCHAV and sesquiterpenes yields MTOX or SQ-
TOX (see Sect. 3.7 and Table 6). PINAL and nopinone dis-Thus, we might expect their concentrations to show signifi-
play in-canopy gradients of5% (Fig. 12b), similar to the cant in-canopy gradients. Figure 13 displays the normalized
1st-generation products of MBO and isoprene. These commixing ratios for all three radicals (RQrepresents the sum
pounds are semivolatile (Kavouras et al., 1999), and parof 154 speciated organic peroxy radicals). OH decreases by
titioning to particles or deposition to surfaces — neither of 38% between canopy top and the ground due to decaying
which are represented in the current version of CAFE — maysources (@ photolysis and reaction of HOwith NO) and
change their profiles near the surface. The MTOX profilefaster losses via reactions with VOC. OH continues to in-
represents an upper limit for such effects, as we choose therease above the canopy as VOC mixing ratios continue to
deposition velocity for MTOX to be near the aerodynamic decrease (Fig. 11) and H@nd NO increase. Our OH gradi-
limit. MTOX decreases by~10% between the top of the entis consistent with other model estimates (Gao et al., 1993;
canopy and the ground. SQTOX does not decay as much istroud et al., 2005), though these results should be viewed
the canopy, despite having the same deposition rate; indeedyith caution. Growing evidence suggests that OH chem-
there even appears to be a slight bulge in the SQTOX profilastry in high-BVOC environments is not well understood
atz/h=1.5. The primary contributors to SQTOX formation (Hofzumahaus et al., 2009; Lelieveld et al., 2008; Thornton
(through SQTQ) are reactions of @with g-caryophyllene et al., 2002) and thus is likely not accurately represented by
and unspeciated sesquiterpenes, the rates of which are motiee current MCM. Indeed, elucidation of this chemistry was a
than double those of other sesquiterpene oxidation reactionkey scientific target of the BEARPEX-2007 campaign. Mod-
and more than 10 times faster than monoterpene oxidatioreled HQ and RQ profiles are more vertical, with increasing
Combined with the enhanced SQT profile near the groundHO, and decreasing RCas a function of height. Gradients
this leads to a suppressed depositional decay in the canopyf these two species mirror one another abtoie- 0.2. This
and a slight bulge over the canopy. Aba/a=1.5, turbulent  behavior is linked to the profile of NO (Fig. 14), which drives
mixing and a lack of precursors causes the SQTOX profile tathe conversion of R@to HO, via Egs. (41-42) and is lower
again decrease. in the canopy than above.

Previous observations at BFRS have suggested the pres- The cycling of OH, HQ and RQ via Egs. (40-43) is
ence of BVOC oxidation products that maximize above therelatively fast compared to the source and sinks of these

+hw 228 20H+0, (45)

Atmos. Chem. Phys., 11, 7761, 2011 www.atmos-chem-phys.net/11/77/2011/



G. M. Wolfe and J. A. Thornton: The (CAFE) Model — Part 1 95

5.3 Reactive nitrogen

3.0 i T T T N L— T /T
1 p ) / ]

951 | 7 ] The reactive nitrogen family (NQ encompasses a wide
"~ i K4 ] spectrum of atmospheric oxidized nitrogen compounds, in-
] ' | /'/ ] cluding NG (= NO+NQO,), acyl peroxy nitrates (APNSs),

2.0 ! 7 ] alkyl nitrates (ANs) and nitric acid (HN§). NOy enters the
] Ll J ] atmosphere via anthropogenic (e.g. combustion) or biogenic
ﬁ 1.5 L . (e.g. soil) emissions, while the higher oxides of nitrogen are
: | 1 formed via reactions of NQand RQ:
] 1 —=-OH | ]
1.0 . % - ho | 1 RC(0)0,+ NO, = RC(0)O2NO,(APN) (47)
] R 2 ]
0.5 ] | R ROl 1 RO;+NO-— RONG(AN) (48)
] 7 B RO, ]
. ."/ o \ o OH+NO2 — HNO3 (49)
0.6 0'8_ 1'_0 _ 1'2_ 14 The quantity and partitioning of NQin the troposphere in-
Normalized Mixing Ratio fluences @ production, pollution transport and deposition of

bio-available nitrogen to ecosystems. Near the surfacg, NO
Fig. 13. Mixing ratio vertical profiles for OH, H@, RO, and total  gradients are determined by both deposition and photochem-
ROx. Each profile is normalized to its value at the top of the canopy jstry, with potentially important consequences for net forest-
(z/h=1). atmosphere exchange (Farmer and Cohen, 2008; Wolfe et al.,
2009; Horii et al., 2006). Figure 14 illustrates the modeled
vertical profiles for all major forms of N@ NO and NGQ

3.0 —— ; ,
] s ] follow the behavior discussed in Sect. 4.3, with profiles con-
2.5 ] trolled by NO emissions and the radiation-dependen}NO
] ] O3 equilibrium.
2.0 ] Total APNs, composed primarily (77%) of peroxyacetyl
] ] nitrate (PAN), do not exhibit a strong concentration gradient
< 1_5_3 o sg E under our model conditions. APN deposition is not partic-
N ] 2 | ] ularly fast (Fig. 5), thus chemical production and loss can
04 ¥ T EQZN ] also influence the APN gradient. APN chemistry is a func-
5/ N LN | tion of both temperature (through the the_rmal eqU|I|b_r|L_|m,
0 5_2 —1O ° ] Eq. 47) and the NO/N®@ratio, both of which can exhibit
~ o - y marked gradients in a forest canopy. In a detailed analy-
] R S~ ] sis of APN flux observations collected during BEARPEX-
00.8 ' 0:9 ' 10 B 1f1 112 ' 13 2007, Wolfe et al. (2009) demonstrated that the consider-

) . ) able increase in air temperature near the ground at BFRS
Normalized Mixing Ratio (Fig. 2c) can enhance APN losses, which adds a negative
) o ) ) ] (downward) contribution to the net above-canopy flux (or,
Fig. 14. Mixing ratio vertical profiles for NO, N, total acyl per- ¢ jivalently, a positive contribution to the in-canopy concen-
OXy nitrates, tOtf""I alkyl.n'trates’ nhitric acid and total NOEach tration gradient). Observations at BFRS have also suggested
profile is normalized to its value at the top of the canapii¢ 1). that in-canopy chemical production can alter APN gradients
and fluxes. From observations of positive sum peroxy nitrate
molecules, thus it is often convenient to define the sum oft=PN) fluxes in summer 2005, Farmer and Cohen (2008) de-
these as the chemical family RO ROy (also shown in duced azPN concentration gradient ef2% between 7.3 m

Fig. 13) is mostly conserved throughout the surface layer@nd 14.3m#/h=1and 2). This inferred slope is opposite in
demonstrating that gradients in RGomponents are driven  SIgN but similar in magnitude to our modeled APN gradient,

by their interchange through radical-propagating reactionsWhich we find to be driven by a combination of deposition
This result might change for a denser forest than BFRS,a”d enhanced thermal decomposition near the ground. Com-

where substantial light attenuation could significantly limit Parison to measured APN gradients suggests intra-canopy
radical production and NO-Ngxycling. losses are under-estimated (Wolfe et al., 2010). o
Total ANs and HN@ demonstrate profiles characteristic
of strong deposition, with in-canopy gradients of 6% and
12%, respectively. Little information is available on AN de-
position, thus we set their Henry’s Law coefficient (Table 5)

www.atmos-chem-phys.net/11/77/2011/ Atmos. Chem. Phys., 110772011



96 G. M. Wolfe and J. A. Thornton: The (CAFE) Model — Part 1

to give an above-canopy deposition velocity~e2.5cm s, NO/NQ;, ratio, the influence of which persists upt@ times
inline with AN flux measurements at BFRS (Farmer and the canopy height. Generally, these sensitivity tests con-
Cohen, 2008). Our modeledAN gradient agrees with that firm that our chosen parameterizations are reasonable in that
predicted by Farmer and Cohen (2008), while our modeledhey are within ranges inferred from observations made pre-
HNOg3 gradient is somewhat steeper than their “deposition-viously at the site or represent a midpoint between possible
only” gradient despite having similar deposition velocities. extreme values where constraints are lacking. They also pro-
Our HNG;s profile is also within the range of above-canopy vide some insight into how fluxes of reactive species might
HNOg3 gradient observations from a similar forest (Sievering vary between forests having different canopy architectures
et al., 2001). and/or meteorology.

Total NG, is mostly conserved throughout the vertical. ~ To illustrate the chemical environment in this forest, we
The NG, gradient is most similar to that 38APNs, which ~ examined modeled mixing ratio profiles of biogenic VOC,
comprise 42% of total Npaveraged over 0-30m, followed ROx and NG within and immediately above the canopy.
by NO, (24%), HNG; (19%), NO (9%) andzAN (6%). Directly emitted VOC demonstrate decaying profiles char-
Other components (e.g. HONO, NON»Os, CINOy, etc.)  acteristic of turbulent mixing, though chemical loss also af-
are negligibly small for the current study, either because phofects the gradients of more reactive VOC such as sesquiter-
tochemistry prevents significant concentrations or, in the cas@enes. First-generation oxidation products of these VOC are
of HONO, because we neglect sources for which quantitativenore evenly distributed in the vertical but can show inter-
theoretical descriptions are lacking (Kleffmann et al., 2005;esting structure, such as an above-canopy local maximum in
Zhang et al., 2009; Ren et al., 2010). The N@adient the sesquiterpene oxidation tracer SQTOX. Photochemistry,
is not affected by interchange among individual nitrogen-VOC abundance and radical-propagating cycles control the
containing species, thus its shape is determined by depagradients of individual R@components, while total ROs
sition and soil NO emissions (note the negative slope neaconserved throughout the surface layer., @rtitioning re-
the ground). Our modeled N(profile looks similar — both  flects the radiation-dependent photostationary state between
in shape and magnitude — to the model results of Gao eNO, NG, and G, which is only influenced by soil NO emis-
al. (1993), despite the fact that the latter study was focused osions in the lower canopy. THeAPN gradient is fairly weak
a different forest and used a fairly condensed chemical mechbut reflects net in-canopy sinks, consistent with BEARPEX-
anism. NO, NQ and NQ, profiles also compare well be- 2007 observations. GradientsitAN and HNG; are primar-
tween our results and those of Gao et al. (1993). Our modeledy deposition-driven, while the vertical profile of total NO
NOx/NOy ratio of 0.33 (averaged over 0-30m, profile not is determined by deposition and, near the ground, soil NO
shown) is~50% of that reported by Gao et al. (1993), which emissions. Quantitatively, these results are likely specific to
may reflect greater production of organic nitrates (APNs andBFRS, though similar relative gradients should be expected
ANSs) in our detailed chemical mechanism. Gao et al. (1993)for analogous environments, e.g. Ponderosa pine forests in
do not report the details of their modeled N€peciation. Mediterranean climates.

Detailed canopy modeling is a useful tool for investigat-
ing the physics and chemistry underlying forest-atmosphere
6 Conclusions exchange. Though CAFE is not currently viable as a fully
prognostic model, it can be used to examine the present state
We have introduced and assessed the initial performance aif knowledge on reactive gas exchange and related hypothe-
the CAFE model, a vertically-resolved 1-D chemical trans- ses, thus allowing us to identify potential avenues for future
port model designed to examine forest-atmosphere exchangesearch. In a companion paper (Wolfe et al., 2010), we uti-
of reactive gases, by simulating a young Ponderosa pindize CAFE in conjunction with the comprehensive chemical
forest with meteorological constraints from the BEARPEX- dataset obtained during BEARPEX-2007 to evaluate model
2007 field campaign. We characterized the sensitivity ofprocesses and chemical contributions to forest-atmosphere
modeled profiles to key parameterizations: diffusion, lami- exchange of reactive gases at this site. Though CAFE is cur-
nar sublayer resistance and radiation extinction. Slowing in+ently optimized to simulate Blodgett Forest, we note that
canopy diffusion leads to steep gradients in depositing andt could be adapted to another forest with sufficient infor-
emitting species, leading to a net decreases in the magnitudaation about canopy structure, meteorology and chemical
of deposition-driven modeled fluxes. Changes to the laminaconcentrations.
sublayer resistance produce expected variations in exchange
velocities of depositing species, with the strongest effect on
diffusion-limited HNQ; deposition. In-canopy radiation de-
cay affects both stomatal uptake and light-dependent BVOC
emissions, though the effects are relatively minor over a re-
alistic range of radiation extinction coefficients. In addition,
canopy radiation extinction has a substantial effect on the
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Appendix A

MCM nomenclature and molecular structurdstg://mcm.

lleeds.ac.uk/MCN)I/

MCM Abbreviation  Structure

VOC

MBO CH2CHC(CHg)20OH

C5H8 (isoprene) CbIC(CH3)CHCH,

MVK CH>CHC(O)CH

MACR CH,C(CH3)CHO

IBUTALOH HOC(CHz)2,CHO
HOCH2CHO HOCHCHO

MVKOH CH>CHC(O)CHOH

ROOH

ISOPAOOH HOCHC(CHz)CHCH,O2H
ISOPBOOH CHCHC(CHOH)(CHsz)O2H
ISOPCOOH HOCHCHC(CHg)CH,0O2H
ISOPDOOH CHC(CH3)CH(CH,OH)OoH
MBOAOOH HOC(CH;)2CH(CH,OH)OH
MBOBOOH HOC(CH;)2CH(OH)CH,OH
ISOPBO2 CHCHC(CHOH)(CH3)O»
APNs

PAN CH3C(O)O:NO;,

PPN CHCH.C(O)ONO2

MPAN CH2C(CH3)C(O)ONO2
PHAN HOCH,C(O)O:NO,

C4PAN5 HOC(CH)2C(O)O:NO,
C4PANG6 CHC(O)CH(OH)C(O)QNO2
C5PAN17 HOCHCH(CHz) CHC(O)Q:NO,
C5PAN19 HOCHCHC(CHz)C(O)O:NO2
CH3CO03 CHC(O)O,

C2H5CO03 CHCH,C(0)O,

MACO3 CHC(CH3)C(O)O,

ANs

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

AcknowledgementsThe authors thank R. Yatavelli for initial mod-

services mentioned. The authors also acknowledge support from a
National Science Foundation grant ATM-0633897.

Edited by: J. Lelieveld

References

Archibald, A. T., Cooke, M. C., Utembe, S. R., Shallcross, D.
E., Derwent, R. G., and Jenkin, M. E.: Impacts of mechanis-
tic changes on HQformation and recycling in the oxidation of
isoprene, Atmos. Chem. Phys., 10, 8097-8118, doi:10.5194/acp-
10-8097-2010, 2010.

Arya, S. P.: Introduction to Micrometeorology, Academic Press,
San Diego, CA, 1988.

Atkinson, R. and Arey, J.: Atmospheric degradation of volatile or-
ganic compounds, Chem. Rev., 103, 4605-4638, 2003a.

Atkinson, R. and Arey, J.: Gas-phase tropospheric chemistry of bio-
genic volatile organic compounds: a review, Atmos. Environ.,
37, S197-S219, 2003b.

Atkinson, R., Baulch, D. L., Cox, R. A, Crowley, J. N., Hamp-
son, R. F.,, Hynes, R. G., Jenkin, M. E., Rossi, M. J., and Troe, J.:
Evaluated kinetic and photochemical data for atmospheric chem-
istry: Volume | — gas phase reactions of Oy, NOy and SQ
species, Atmos. Chem. Phys., 4, 1461-1738, doi:10.5194/acp-4-
1461-2004, 2004.

Baeza-Romero, M. T., Glowacki, D. R., Blitz, M. A., Heard, D. E.,
Pilling, M. J., Rickard, A. R., and Seakins, P. W.: A combined ex-
perimental and theoretical study of the reaction between methyl-
glyoxal and OH/OD radical: OH regeneration, Phys. Chem.
Phys. Chem., 9, 4114-4128, 2007.

Baker, B., Guenther, A., Greenberg, J., Goldstein, A., and Fall, R.:
Canopy fluxes of 2-methyl-3-buten-2-ol over a ponderosa pine
forest by relaxed eddy accumulation: Field data and model com-
parison, J. Geophys. Res., 104, 26107-26114, 1999.

Baldocchi, D.: A Multi-Layer Model for Estimating Sulfur Dioxide
Deposition to a Deciduous Oak Forest Canopy, Atmos. Environ.,
22, 869-884, 1988.

Bouvier-Brown, N. C., Goldstein, A. H., Gilman, J. B., Kuster,
W. C., and de Gouw, J. A.: In-situ ambient quantification
of monoterpenes, sesquiterpenes, and related oxygenated com-
pounds during BEARPEX 2007: implications for gas- and
particle-phase chemistry, Atmos. Chem. Phys., 9, 5505-5518,
doi:10.5194/acp-9-5505-2009, 2009a.

Bouvier-Brown, N. C., Goldstein, A. H., Worton, D. R., Matross, D.
M., Gilman, J. B., Kuster, W. C., Welsh-Bon, D., Warneke, C.,
de Gouw, J. A, Cahill, T. M., and Holzinger, R.: Methyl chav-
icol: characterization of its biogenic emission rate, abundance,
and oxidation products in the atmosphere, Atmos. Chem. Phys.,
9, 2061-2074, doi:10.5194/acp-9-2061-2009, 2009b.

eling work and R. Cohen, A. Goldstein and I. Faloona for helpful Bouvier-Brown, N. C., Holzinger, R., Palitzsch, K., and Goldstein,

discussion. The authors are also grateful to M. McKay, D. Matross,
L. Misson, and A. Goldstein for providing meteorological and
We are also indebted to D. Taraborrelli,

forest structure data.

A. H.: Large emissions of sesquiterpenes and methyl chavicol
quantified from branch enclosure measurements, Atmos. Envi-
ron., 43, 389-401, 2009c.

C. Stroud and an anonymous third referee for their critical reviewBoy, M., Sogachev, A., Lauros, J., Zhou, L., Guenther, A., and

of and insightful comments on the manuscript. G. M. W. thanks
the US-EPA STAR Fellowship under Assistance Agreement

Smolander, S.: SOSA - a new model to simulate the concen-
trations of organic vapours and sulphuric acid inside the ABL -

No. FP-91698901. This work has not been formally reviewed by Part 1: Model description and initial evaluation, Atmos. Chem.
EPA. The views expressed in this work are solely those of the Phys. Discuss., 10, 18607-18633, doi:10.5194/acpd-10-18607-
authors, and EPA does not endorse any products or commercial 2010, 2010.

www.atmos-chem-phys.net/11/77/2011/

Atmos. Chem. Phys., 110772011


http://mcm.1 leeds.ac.uk/MCM/
http://mcm.1 leeds.ac.uk/MCM/

98 G. M. Wolfe and J. A. Thornton: The (CAFE) Model — Part 1

Butkovskaya, N. I., Pouvesle, N., Kukui, A., and Le Bra, G.: Mech- Fuentes, J. D., Hayden, B. P., Garstang, M., Lerdau, M., Fitzjarrald,
anism of the OH-initiated oxidation of glycolaldehyde over the  D., Baldocchi, D. D., Monson, R., Lamb, B., and Geron, C.: New
temperature range 233-296 K, J. Phys. Chem. A, 110, 13492— Directions: VOCs and biosphere-atmosphere feedbacks, Atmos.
13499, 2006. Environ., 35, 189-191, 2001.

Carrasco, N., Doussin, J. F., Picquet-Varrault, B., and Carlier,Ganzeveld, L. N., Lelieveld, J., Dentener, F. J., Krol, M. C., and
P.: Tropospheric degradation of 2-hydroxy-2-methylpropanal, a Roelofs, G.-J.: Atmosphere-biosphere trace gas exchanges sim-
photo-oxidation product of 2-methyl-3-buten-2-ol: Kinetic and  ulated with a single-column model, J. Geophys. Res., 107, 4297—
mechanistic study of its photolysis and its reaction with OH rad- 4318, doi:10.1029/2001JD000684, 2002.
icals, Atmos. Environ., 40, 2011-2019, 2006. Gao, W., Wesely, M. L., and Lee, I. Y.: A numerical study of the

Carslaw, K. S., Boucher, O., Spracklen, D. V., Mann, G. W., Rae, effects of air chemistry on fluxes of NO, NQOand G near the
J. G. L., Woodward, S., and Kulmala, M.: A review of natu- surface, J. Geophys. Res., 96, 18761-18769, 1991.
ral aerosol interactions and feedbacks within the Earth systemGao, W., Wesely, M. L., and Doskey, P. V.: Numerical modeling
Atmos. Chem. Phys., 10, 1701-1737, doi:10.5194/acp-10-1701- of the turbulent diffusion and chemistry of NOO3, isoprene,
2010, 2010. and other reactive trace gases in and above a forest canopy, J.

Choi, W., Faloona, I. C., McKay, M., Goldstein, A. H., and Geophys. Res., 98, 18339-18353, 1993.

Baker, B.: Estimating the atmospheric boundary layer heightGeron, C. D. and Arnts, R. R.: Seasonal monoterpene and sesquiter-
over sloped, forested terrain from surface spectral analysis during pene emissions from Pinus taeda and Pinus virginiana, Atmos.
BEARPEX, Atmos. Chem. Phys. Discuss., 10, 25759-25801, Environ., 44, 4240-4251, 2010.
doi:10.5194/acpd-10-25759-2010, 2010. Goldstein, A. H., Hultman, N. E., Fracheboud, J. M., Bauer, M.

Dillon, M. B., Lamanna, M. S., Schade, G. W., Goldstein, A., R., Panek, J. A., Xu, M., Qi, Y., Guenther, A. B., and Baugh,
and Cohen, R. C.: Chemical evolution of the Sacramento urban W.: Effects of climate variability on the carbon dioxide, water,
plume: Transport and oxidation, J. Geophys. Res., 107, 4045, and sensible heat fluxes above a ponderosa pine plantation in the
doi:10.1029/2001JD000969, 2002. Sierra Nevada (CA), Agr. Forest Meteorol., 101, 113-129, 2000.

Dlugi, R., Berger, M., Zelger, M., Hofzumahaus, A., Siese, M., Goldstein, A. H., Koven, C. D., Heald, C. L., and Fung, I. Y.: Bio-
Holland, F., Wisthaler, A., Grabmer, W., Hansel, A., Koppmann, genic carbon and anthropogenic pollutants combine to form a
R., Kramm, G., Mlimann-Coers, M., and Knaps, A.: Turbulent cooling haze over the southeastern United States, P. Natl. Acad.
exchange and segregation of kl@dicals and volatile organic Sci. USA, 106, 8835—-8840, 2009.
compounds above a deciduous forest, Atmos. Chem. Phys., 1GGray, D. W., Lerdau, M. T., and Goldstein, A. H.: Influences of tem-
6215-6235, doi:10.5194/acp-10-6215-2010, 2010. perature history, water stress, and needle age on methylbutenol

Dreyfus, G. B., Schade, G. W., and Goldstein, A. H.: Ob- emissions, Ecology, 84, 765-776, 2003.
servational constraints on the contribution of isoprene oxida-Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C.,
tion to ozone production on the western slope of the Sierra Graedel, T., Harley, P., Klinger, L., Lerdau, M. T., McKay, W.
Nevada, California, J. Geophys. Res.-Atmos., 107, 4365-4382, A., Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Tay-

doi:10.1029/2001JD001490, 2002. lor, J., and Zimmerman, P.: A global model of natural volatile or-
Farmer, D. K. and Cohen, R. C.: Observations of H{lNGAN, ganic compound emissions, J. Geophys. Res., 100, 88738892,

2PN and NQ fluxes: evidence for rapid HOchemistry within 1995.

a pine forest canopy, Atmos. Chem. Phys., 8, 3899-3917 Guenther, A., Baugh, B., Brasseur, G., Greenberg, J., Harley, P.,

doi:10.5194/acp-8-3899-2008, 2008. Klinger, L., Ser¢a, D., and Vierling, L.: Isoprene emission es-

Forkel, R., Klemm, O., Graus, M., Rappengluck, B., Stockwell, timates and uncertainties for the Central African EXPRESSO
W. R., Grabmer, W., Held, A., Hansel, A., and Steinbrecher, study domain, J. Geophys. Res., 104, 30625-30639, 1999.
R.: Trace gas exchange and gas phase chemistry in a Norwaldall, B. D. and Claiborn, C. S.: Measurements of the dry deposi-
spruce forest: A study with a coupled 1-dimensional canopy at- tion of peroxides to a Canadian boreal forest, J. Geophys. Res.
mospheric chemistry emission model, Atmos. Environ., 40, S28— Atmos., 102, 29343-29353, 1997.
S42, 2006. Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simp-
Fowler, D., Pilegaard, K., Sutton, M. A., Ambus, P., Raivonen, M.,  son, D., Claeys, M., Dommen, J., Donahue, N. M., George,
Duyzer, J., Simpson, D., Fagerli, H., Fuzzi, S., Schjoerring, J. C., Goldstein, A. H., Hamilton, J. F., Herrmann, H., Hoff-
K., Granier, C., Neftel, A., Isaksen, I. S. A., Laj, P., Maione, M., mann, T., linuma, Y., Jang, M., Jenkin, M. E., Jimenez, J. L.,
Monks, P. S., Burkhardt, J., Daemmgen, U., Neirynck, J., Per- Kiendler-Scharr, A., Maenhaut, W., McFiggans, G., Mentel, Th.
sonne, E., Wichink-Kruit, R., Butterbach-Bahl, K., Flechard, C., F., Monod, A., Pewt, A. S. H., Seinfeld, J. H., Surratt, J. D.,
Tuovinen, J. P., Coyle, M., Gerosa, G., Loubet, B., Altimir, N.,  Szmigielski, R., and Wildt, J.: The formation, properties and
Gruenhage, L., Ammann, C., Cieslik, S., Paoletti, E., Mikkelsen, impact of secondary organic aerosol: current and emerging is-
T. N., Ro-Poulsen, H., Cellier, P., Cape, J. N., Horvath, L., sues, Atmos. Chem. Phys., 9, 5155-5236, doi:10.5194/acp-9-
Loreto, F., Niinemets, U., Palmer, P. |., Rinne, J., Misztal, P., 5155-2009, 2009.
Nemitz, E., Nilsson, D., Pryor, S., Gallagher, M. W., Vesala, Hamba, F.: A Modified K Model for Chemically Reactive Species
T., Skiba, U., Brueggemann, N., Zechmeister-Boltenstern, S., in the Planetary Boundary Layer, J. Geophys. Res., 98, 5173—
Williams, J., O'Dowd, C., Facchini, M. C., de Leeuw, G., Floss- 5182, 1993.
man, A., Chaumerliac, N., and Erisman, J. W.: Atmospheric Harley, P., Fridd-Stroud, V., Greenberg, J., Guenther, A., and Vas-
composition change: Ecosystems-Atmosphere interactions, At- concellos, P.: Emission of 2-methyl-3-buten-2-ol by pines: A
mos. Environ., 43, 5193-5267, 2009. potentially large natural source of reactive carbon to the atmo-

Atmos. Chem. Phys., 11, 7761, 2011 www.atmos-chem-phys.net/11/77/2011/



G. M. Wolfe and J. A. Thornton: The (CAFE) Model — Part 1 99

sphere, J. Geophys. Res., 103, 25479-25486, 1998. Kleffmann, J., Gavriloaiei, T., Hofzumahaus, A., Holland, F.,
Harman, I. N. and Finnigan, J. J.: A simple unified theory for flow  Koppmann, R., Rupp, L., Schlosser, E., Siese, M., and Wah-
in the canopy and roughness sublayer, Bound.-Lay. Meteorol., ner, A.: Daytime formation of nitrous acid: A major source

123, 339-363, 2007. of OH radicals in a forest, Geophys. Res. Lett., 32, L05818,
Hasson, A. S., Tyndall, G. S., and Orlando, J. J.: A product doi:10.1029/2005GL022524, 2005.
yield study of the reaction of HO2 radicals with ethyl peroxy Kurpius, M. R. and Goldstein, A. H.: Gas-phase chemistry domi-

(CoHs505), acetyl peroxy (CHC(O)O,), and acetonyl peroxy nates Q@ loss to a forest, implying a source of aerosols and hy-
(CH3C(0O)CH202) radicals, J. Phys. Chem. A, 108, 5979-5989, droxyl radicals to the atmosphere, Geophys. Res. Lett., 30, 1371—
2004. 1374, doi:10.1029/2002GL016785, 2003.

Herman, D. J., Halverson, L. J., and Firestone, M. K.: Nitrogen Law, B. E. and Waring, R. H.: Remote-Sensing Of Leaf-Area In-
Dynamics in an Annual Grassland: Oak Canopy, Climate, and dex And Radiation Intercepted By Understory Vegetation, Ecol.
Microbial Population Effects, Ecol. Appl., 13, 593-604, 2003. Appl., 4, 272-279, 1994.

Hites, R. A. and Turner, A. M.: Rate Constants for the Gas-Phasd.aw, B. E., Kelliher, F. M., Baldocchi, D. D., Anthoni, P. M., Irvine,
beta-Myrcene plus OH and Isoprene plus OH Reactions as a J., Moore, D., and Tuyl, S. V.: Spatial and temporal variation in
Function of Temperature, Int. J. Chem. Kinet., 41, 407-413, respiration in a young ponderosa pine forest during a summer
20009. drought, Agr. Forest Meteorol., 110, 27-43, 2001.

Hofzumahaus, A., Rohrer, F., Lu, K., Bohn, B., Brauers, T., Chang,Lee, A., Goldstein, A. H., Keywood, M. D., Gao, S., Varutbangkul,
C.-C., Fuchs, H., Holland, F., Kita, K., Kondo, Y., Li, X., Lou, V., Bahreini, R., Ng, N. L., Flagan, R. C., and Seinfeld, J.
S., Shao, M., Zeng, L., Wahner, A., and Zhang, Y.: Amplified H.: Gas-phase products and secondary aerosol yields from the
Trace Gas Removal in the Troposphere, Science, 324, 1702— ozonolysis of ten different terpenes, J. Geophys. Res., 111, 1—
1704, doi:10.1126/science.1164566, 2009. 18, doi:10.1029/2005JD006437, 2006a.

Holzinger, R., Lee, A., Paw, K. T., and Goldstein, U. A. H.: Ob- Lee, A., Goldstein, A. H., Kroll, J. H., Ng, N. L., Varutbangkul, V.,
servations of oxidation products above a forest imply biogenic Flagan, R. C., and Seinfeld, J. H.: Gas-phase products and sec-
emissions of very reactive compounds, Atmos. Chem. Phys., 5, ondary aerosol yields from the photooxidation of 16 different ter-
67-75, doi:10.5194/acp-5-67-2005, 2005. penes, J. Geophys. Res., 111, 1-25, doi:10.1029/2006JD007050,

Horii, C. V., Munger, J. W., Wofsy, S. C., Zahniser, M., Nelson, D.,  2006b.
and McManus, J. B.: Atmospheric reactive nitrogen concentra-Lelieveld, J., Butler, T. M., Crowley, J. N., Dillon, T. J., Fis-
tion and flux budgets at a Northeastern US forest site, Agr. Forest cher, H., Ganzeveld, L., Harder, H., Lawrence, M. G., Martinez,
Meteorol., 136, 159-174, 2006. M., Taraborrelli, D., and Williams, J.: Atmospheric oxidation

Isaksen, I. S. A., Granier, C., Myhre, G., Berntsen, T. K., Dal-  capacity sustained by a tropical forest, Nature, 452, 737-740,
soren, S. B., Gauss, M., Klimont, Z., Benestad, R., Bousquet, P., doi:10.1038/nature06870, 2008.

Collins, W., Cox, T., Eyring, V., Fowler, D., Fuzzi, S., Jockel, Magnani, F., Mencuccini, M., Borghetti, M., Berbigier, P.,
P., Laj, P., Lohmann, U., Maione, M., Monks, P., Prevot, A. Berninger, F., Delzon, S., Grelle, A., Hari, P., Jarvis, P. G., Ko-
S. H., Raes, F.,, Richter, A., Rognerud, B., Schulz, M., Shin- lari, P., Kowalski, A. S., Lankreijer, H., Law, B. E., Lindroth,
dell, D., Stevenson, D. S., Storelvmo, T., Wang, W. C., van A., Loustau, D., Manca, G., Moncrieff, J. B., Rayment, M.,
Weele, M., Wild, M., and Wuebbles, D.: Atmospheric compo-  Tedeschi, V., Valentini, R., and Grace, J.: The human footprint
sition change: Climate-Chemistry interactions, Atmos. Environ., in the carbon cycle of temperate and boreal forests, Nature, 447,

43,5138-5192, 2009. 849-851, 2007.
Jacobson, M. Z.: Fundamentals of Atmospheric Modeling, Cam-Makar, P. A., Fuentes, J. D., Wang, D., Staebler, R. M., and Wiebe,
bridge University Press, New York, 2005. H. A.: Chemical processing of biogenic hydrocarbons within

Jenkin, M. E., Saunders, S. M., and Pilling, M. J.: The tropospheric and above a temperate deciduous forest, J. Geophys. Res., 104,
degradation of volatile organic compounds: A protocol for mech-  3581-3603, 1999.
anism development, Atmos. Environ., 31, 81-104, 1997. Meyers, T. P.. The Sensitivity of Modeled $®luxes and Pro-

Jensen, N. O. and Hummelshgij, P.: Derivation of canopy resistance files to Stomatal and Boundary Layer Resistances, Water Air Soil
for water vapour fluxes over a spruce forest, using a new tech- Poll., 35, 261-278, 1987.
nique for the viscous sublayer resistance, Agr. Forest Meteorol. Monteith, J. L. and Unsworth, M. H.: Principles of Environmental
73, 339-352, 1995. Physics, 2nd ed., Edward Arnold, London, UK, 1990.

Jensen, N. O. and Hummelshgj, P.: Erratum to “Derivation of Murphy, J. G., Day, D. A., Cleary, P. A., Wooldridge, P. J., Millet,
canopy resistance for water vapor fluxes over a spruce forest, us- D. B., Goldstein, A. H., and Cohen, R. C.: The weekend effect
ing a new technique for the viscous sublayer resistance”, Agr. within and downwind of Sacramento - Part 1: Observations of o
Forest Meteorol., 85, p. 289, 1997. zone, nitrogen oxides, and VOC reactivity, Atmos. Chem. Phys.,

Karl, T., Harley, P., Emmons, L., Thornton, B., Guenther, A., 7,5327-5339, doi:10.5194/acp-7-5327-2007, 2007.

Basu, C., Turnipseed, A., and Jardine, K.: Efficient Atmospheric Orlando, J. J., Tyndall, G. S., and Paulson, S. E.: Mechanism of the
Cleansing of Oxidized Organic Trace Gases by Vegetation, Sci- OH-initiated oxidation of methacrolein, Geophys. Res. Lett., 26,
ence, 330, 816-819, 2010. 2191-2194, 1999.

Kavouras, |. G., Mihalopoulos, N., and Stephanou, E. G.: For-Orlando, J. J., Tyndall, G. S., Bertman, S. B., Chen, W., and
mation and gas/particle partitioning of monoterpenes photo- Burkholder, J. B.: Rate coefficient for the reaction of OH
oxidation products over forests, Geophys. Res. Lett., 26, 55-58, with CH,=C(CHz)C(O)OONGQ (MPAN), Atmos. Environ., 36,
1999. 1895-1900, 2002.

www.atmos-chem-phys.net/11/77/2011/ Atmos. Chem. Phys., 110772011



100 G. M. Wolfe and J. A. Thornton: The (CAFE) Model — Part 1

Patton, E. G., Davis, K. J., Barth, M. C., and Sullivan, P. P.. De- 3859, 2001.
caying Scalars Emitted by a Forest Canopy: A Numerical Study,Sitch, S., Cox, P. M., Collins, W. J., and Huntingford, C.: Indirect
Bound.-Lay. Meteorol., 100, 91-129, 2001. radiative forcing of climate change through ozone effects on the

Paulot, F., Beaver, M. R., St. Clair, J., Spencer, K. M., Crounse, land-carbon sink, Nature, 448, 791-794, 2007.

J., and Wennberg, P. O.: Exchange of hydrogen peroxide andteiner, A. L., Tonse, S., Cohen, R. C., Goldstein, A. H., and
nitric acid over a ponerosa forest measured by eddy covariance, Harley, R. A.: Biogenic 2-methyl-3-buten-2-ol increases re-
in: Eos Trans. AGU, Fall Meet. Suppl., 90(52), Abstract A41D-  gional ozone and HQsources, Geophys. Res. Lett., 34, L15806,
0133, 2009a. doi:10.1029/2007GL030802, 2007.

Paulot, F., Crounse, J. D., Kjaergaard, H. G., Kroll, J. H., Sein- Steinkamp, J. and Lawrence, M. G.: Improvement and evalu-
feld, J. H., and Wennberg, P. O.: Isoprene photooxidation: new ation of simulated global biogenic soil NO emissions in an
insights into the production of acids and organic nitrates, At- AC-GCM, Atmos. Chem. Phys. Discuss., 10, 16007-16054,
mos. Chem. Phys., 9, 1479-1501, doi:10.5194/acp-9-1479-2009, doi:10.5194/acpd-10-16007-2010, 2010.
2009b. Stroud, C., Makar, P., Karl, T., Guenther, A., Geron, C., Turnipseed,

Paulot, F., Crounse, J. D., Kjaergaard, H. G., Kurten, A., St Clair, A. A., Nemitz, E., Baker, B., Potosnak, M., and Fuentes, J.
J. M., Seinfeld, J. H., and Wennberg, P. O.: Unexpected Epoxide D.: Role of canopy-scale photochemistry in modifying biogenic-
Formation in the Gas-Phase Photooxidation of Isoprene, Science, atmosphere exchange of reactive terpenoid species: Results
325, 730-733, 2009c. from the CELTIC field study, J. Geophys. Res., 110, D17303,

Prez, I. M., LaFranchi, B. W., and Cohen, R. C.: Nitrogen ox-  doi:10.1029/2005JD005775, 2005.
ide chemistry in an urban plume: investigation of the chem- Taraborrelli, D., Lawrence, M. G., Butler, T. M., Sander, R., and
istry of peroxy and multifunctional organic nitrates with a La-  Lelieveld, J.: Mainz Isoprene Mechanism 2 (MIM2): an isoprene
grangian model, Atmos. Chem. Phys. Discuss., 9, 27099-27165, oxidation mechanism for regional and global atmospheric mod-
doi:10.5194/acpd-9-27099-2009, 2009. elling, Atmos. Chem. Phys., 9, 2751-2777, doi:10.5194/acp-9-

Pugh, T. A. M., MacKenzie, A. R., Hewitt, C. N., Langford, B., 2751-2009, 2009.

Edwards, P. M., Furneaux, K. L., Heard, D. E., Hopkins, J. R., Teske, M. E. and Thistle, H. W.: A library of forest canopy struc-
Jones, C. E., Karunaharan, A., Lee, J., Mills, G., Misztal, P., ture for use in interception modeling, Forest Ecol. Manage., 198,
Moller, S., Monks, P. S., and Whalley, L. K.: Simulating atmo-  341-350, 2004.

spheric composition over a South-East Asian tropical rainforest:Thom, A. S.: Momentum, mass and heat exchange of plant com-
performance of a chemistry box model, Atmos. Chem. Phys., 10, munities, in: Vegetation and Atmosphere, edited by: Monteith,
279-298, doi:10.5194/acp-10-279-2010, 2010. J. L., Elsevier, New York, NY, 57-109, 1975.

Raupach, M. R.: A practical Lagrangian method for relating scalarThomas, R. Q., Canham, C. D., Weathers, K. C., and Goodale, C.
concentrations to source distributions in vegetation canopies, Q. L.: Increased tree carbon storage in response to nitrogen depo-
J. Roy. Meteor. Soc., 115, 609-632, 1989. sition in the US, Nat. Geosci., 3, 13-17, doi:10.1038/ngeo721,

Ren, X., Gao, H., Zhou, X., Crounse, J. D., Wennberg, P. O., 2010.

Browne, E. C., LaFranchi, B. W., Cohen, R. C., McKay, M., bibitem Thornton, J. A., Wooldridge, P. J., Cohen, R. C., Mar-
Goldstein, A. H., and Mao, J.: Measurement of atmospheric tinez, M., Harder, H., Brune, W. H., Williams, E. J., Roberts, J.
nitrous acid at Bodgett Forest during BEARPEX2007, Atmos. M., Fehsenfeld, F. C., Hall, S. R., Shetter, R. E., Wert, B. P,, and
Chem. Phys., 10, 6283-6294, doi:10.5194/acp-10-6283-2010, Fried, A.: Ozone production rates as a function of Nabun-
2010. dances and HQproduction rates in the Nashville urban plume,

Runyon, J., Waring, R. H., Goward, S. N., and Welles, J. M.: En- J. Geophys. Res., 107, 4146-4163, d0i:10.1029/2001JD000932,
vironmental Limits On Net Primary Production And Light-Use 2002.

Efficiency Across The Oregon Transect, Ecol. Appl., 4, 226-237,Walton, S., Gallagher, M. W., and Duyzer, J. H.: Use of a detailed
1994. model to study the exchange of N@nd G; above and below a

Saunders, S. M., Jenkin, M. E., Derwent, R. G., and Pilling, M.  deciduous canopy, Atmos. Environ., 31, 2915-2931, 1997.

J.: Protocol for the development of the Master Chemical Mech-Wesely, M. L.: Parameterization of surface resistances to gaseous
anism, MCM v3 (Part A): tropospheric degradation of non-  dry deposition in regional-scale numerical models, Atmos. Env-
aromatic volatile organic compounds, Atmos. Chem. Phys., 3, iron., 23, 1293-1304, 1989.

161-180, doi:10.5194/acp-3-161-2003, 2003. Wesely, M. L. and Hicks, B. B.: A review of the current status of

Schade, G. W., Goldstein, A. H., Gray, D. W,, and Lerdau, M. T..  knowledge on dry deposition, Atmos. Environ., 34, 2261-2282,
Canopy and leaf level 2-methyl-3-buten-2-ol fluxes from a pon-  2000.
derosa pine plantation, Atmos. Environ., 34, 3535-3544, 2000. Whitehouse, L. E., Tomlin, A. S., and Pilling, M. J.: Systematic

Schade, G. W. and Goldstein, A. H.: Plant physiological influences reduction of complex tropospheric chemical mechanisms, Part
on the fluxes of oxygenated volatile organic compounds from [: sensitivity and time-scale analyses, Atmos. Chem. Phys., 4,
ponderosa pine trees, J. Geophys. Res.-Atmos., 107, 4082—-4091, 2025-2056, doi:10.5194/acp-4-2025-2004, 2004.

2002. Williams, E. J., Guenther, A., and Fehsenfeld, F. C.: Aninventory of

Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and nitric oxide emissions from soils in the united states, J. Geophys.
Physics, 2nd ed., John Wiley and Sons, Inc., Hoboken, NJ, 2006. Res., 97, 7511-7519, 1992.

Sievering, H., Kelly, T., McConville, G., Seibold, C., and Wolfe, G. M., Thornton, J. A., Yatavelli, R. L. N., McKay, M.,
Turnipseed, A.: Nitric acid dry deposition to conifer forests:  Goldstein, A. H., LaFranchi, B., Min, K.-E., and Cohen, R. C.:
Niwot Ridge spruce-fir-pine study, Atmos. Environ., 35, 3851- Eddy covariance fluxes of acyl peroxy nitrates (PAN, PPN and

Atmos. Chem. Phys., 11, 7761, 2011 www.atmos-chem-phys.net/11/77/2011/



G. M. Wolfe and J. A. Thornton: The (CAFE) Model — Part 1 101

MPAN) above a Ponderosa pine forest, Atmos. Chem. Phys., 9Yienger, J. J. and Levy, H.: Empirical-Model Of Global Soil-

615-634, doi:10.5194/acp-9-615-2009, 2009. Biogenic Nox Emissions, J. Geophys. Res.-Atmos., 100, 11447—-
Wolfe, G. M., Thornton, J. A., Bouvier-Brown, N. C., Goldstein, A. 11464, 1995.

H., Park, J.-H., McKay, M., Matross, D. M., Mao, J., Brune, W. Zhang, L., Brook, J. R., and Vet, R.: A revised parameterization

H., LaFranchi, B. W., Browne, E. C., Min, K.-E., Wooldridge, P. for gaseous dry deposition in air-quality models, Atmos. Chem.

J., Cohen, R. C,, Crounse, J. D., Faloona, I. C., Gilman, J. B.,, Phys., 3, 2067-2082, doi:10.5194/acp-3-2067-2003, 2003.

Kuster, W. C., de Gouw, J. A., Huisman, A., and Keutsch, F. N.: Zhang, L. M., Brook, J. R., and Vet, R.: On ozone dry deposition -

The Chemistry of Atmosphere-Forest Exchange (CAFE) Model  with emphasis on non-stomatal uptake and wet canopies, Atmos.

- Part 2: Application to BEARPEX-2007 observations, Atmos. Environ., 36, 4787-4799, 2002a.

Chem. Phys. Discuss., 10, 21791-21866, doi:10.5194/acpd-10Zhang, L. M., Moran, M. D., Makar, P. A., Brook, J. R., and Gong,

21791-2010, 2010. S. L.: Modelling gaseous dry deposition in AURAMS: a unified
Xu, M., DeBiase, T. A, Qi, Y., Goldstein, A., and Liu, Z.: Ecosys- regional air-quality modelling system, Atmos. Environ., 36, 537—

tem respiration in a young ponderosa pine plantation in the 560, 2002b.

Sierra Nevada Mountains, California, Tree Physiol., 21, 309-Zhang, N., Zhou, X. L., Shepson, P. B., Gao, H. L., Alaghmand,

318, 2001. M., and Stirm, B.: Aircraft measurement of HONO vertical pro-
Yi, C.: Momentum Transfer within Canopies, J. Appl. Meteorol. files over a forested region, Geophys. Res. Lett., 36, L15820,
Clim. 47, 262-275, doi:10.1175/2007JAMC1667.1, 2008. d0i:10.1029/2009GL038999, 2009.

www.atmos-chem-phys.net/11/77/2011/ Atmos. Chem. Phys., 110772011



