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In-canopy gas-phase chemistry during CABINEX 2009: sensitivity
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Abstract. Vegetation emits large quantities of biogenic products. Implementing observed micrometeorological data
volatile organic compounds (BVOC). At remote sites, thesefrom above and within the canopy substantially improves the
compounds are the dominant precursors to ozone and sediurnal cycle of modeled BVOC, particularly at the end of
ondary organic aerosol (SOA) production, yet current fieldthe day, and also improves the observation-model agreement
studies show that atmospheric models have difficulty in capfor some BVOC oxidation products and OH reactivity. We
turing the observed HEOcycle and concentrations of BVOC compare the RACM mechanism to a version that includes the
oxidation products. In this manuscript, we simulate BVOC Mainz isoprene mechanism (RACM-MIM) to test the model
chemistry within a forest canopy using a one-dimensionalsensitivity to enhanced isoprene degradation. RACM-MIM
canopy-chemistry model (Canopy Atmospheric CHemistrysimulates higher concentrations of both primary BVOC (iso-
Emission model; CACHE) for a mixed deciduous forest in prene and monoterpenes) and oxidation products (HCHO,
northern Michigan during the CABINEX 2009 campaign. MACR+MVK) compared with RACM simulations. Addi-
We find that the base-case model, using fully-parameterizedionally, the revised mechanism alters the OH concentrations
mixing and the simplified biogenic chemistry of the Re- and increases H These changes generally improve agree-
gional Atmospheric Chemistry Model (RACM), underesti- ment with HG, observations yet overestimate BVOC oxida-
mates daytime in-canopy vertical mixing by 50—70 % and bytion products, indicating that this isoprene mechanism does
an order of magnitude at night, leading to discrepancies imot improve the representation of local chemistry at the site.
the diurnal evolution of HQ, BVOC, and BVOC oxidation  Overall, the revised mechanism yields smaller changes in
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8830 A. M. Bryan et al.: Modeling in-canopy chemistry during CABINEX 2009

BVOC and BVOC oxidation product concentrations and gra-prene oxidation products such as hydroxyacetone are under-
dients than improving the parameterization of vertical mix- predicted compared to observations. While revised chemi-
ing with observations, suggesting that uncertainties in verti-cal mechanisms can explicitly account for more detailed iso-
cal mixing parameterizations are an important component irprene chemistry Roschl et al, 200Q Paulot et al. 2009
understanding observed BVOC chemistry. Peeters et gl2009 Stavrakou et a).2010, difficulties re-
main in simulating isoprene degradation and oxidation prod-
ucts under low-N@ conditions Karl et al, 2009.

In addition to uncertainties in the pathways of BVOC
1 Introduction oxidation, vertical transport within and above the canopy

sub-layer is an additional source of uncertainty in forest-

There is increasing evidence of the important role of for- atmosphere exchang€&ifnigan 200Q Hurst et al, 2001).
est canopies and biogenic volatile organic compound (VOCHere, we define the canopy sub-layer as the thin atmospheric
emissions on tropospheric composition and atmospheridayer nearest the surface containing forest roughness ele-
chemistry Goldstein and Galbally2007 Lelieveld et al, ments. Turbulence occurs over a range of scales in the plane-
2008. VOC oxidation, in the presence of reactive nitrogen tary boundary layer (PBL) from the mesoscale to the sub-grid
oxides (NG =NO + NO) and sunlight, is critical for ozone scale, and thus, must be either represented with higher-order
formation (ogan 1985 and condensation of their oxida- turbulence schemes or parameterizations. Among the most
tion products can yield secondary organic aerosols (SOAommon parameterizations is the first-order flux-gradient re-
(Claeys et al.2004 Carlton et al. 2009 Hallquist et al, lationship, known as K-theory, in which turbulent exchange
2009. Additionally, VOC can control the oxidation capacity is a function of the eddy diffusivity parametek, (Black-
of the troposphere through the regulation of hydrogen rad-adar 1979. Because mixing strength in the mid-PBL peaks
icals (HQ,=OH + HO,) (Poisson et a).200Q Tan et al, at two orders of magnitude higher than in the canopy rough-
200]). Forest canopies are an important VOC source bothness layerGao et al. 1993, turbulent transport tends to be
globally and regionally, contributing to nearly half the global much smaller within plant canopies than above the roughness
VOC budget Guenther et al.1995. To affect the tropo- elements. In fact, K-theory has been found to break down
sphere, biogenic VOC (BVOC) emissions and their oxidationcompletely within forest canopies due to the existence of in-
products must be mixed effectively out of the forest canopy.termittent coherent structures that encompass the entire depth
This forest-atmosphere exchange is highly sensitive to tur-of the canopyRaupach et al1996, yet the parameterization
bulent mixing and chemistry because BVOC oxidation andcontinues to be used for its computational efficiency in many
transport occur on similar timescalddd@lemaker and Vi- models Forkel et al, 2006. Though high-resolution canopy
Guerau de Arellano1998 Krol et al, 200Q Pugh et al. models may have the vertical resolution to capture fine-scale
2010. turbulence within the canopy, many models do not have the

To investigate the role of BVOC on tropospheric chem- detailed description of higher-order turbulence to simulate
istry, several recent field campaigns have involved chemi-the effects of coherent structures and other canopy-scale tur-
cal measurements at multiple heights throughout the foresbulence. Therefore, most models have large uncertainties in
canopy (e.g.Carroll et al, 2001, Hewitt et al, 201Q Mar- the role of vertical mixing on BVOC gradients and forest-
tin et al, 2010. Results from these field campaigns highlight atmosphere exchange (e.Ganzeveld et gl.2006§. Near-
gaps in our understanding of BVOC oxidation. For exam-field effects, often represented by a scaling factdaKar
ple, the hydroxyl radical (OH) is underestimated in most for- et al, 1999 Stroud et al.2005 Wolfe and Thornton2011),
est ecosystem type€érslaw and Carslav2001 Tan et al, have been shown to improve modeled in-canopy and above-
2001 Butler et al, 2008 Karl et al, 2009. Modeling studies  canopy turbulenceRaupach1989. Large-eddy simulation
of remote forest sites that add a kKl@cycling mechanism models (e.g.,Heus et al.201Q Patton et a].2001) can cap-
through BVOC oxidation reactiond ¢lieveld et al, 2008 ture these dynamical changes, though development with suf-
Hofzumahaus et al2009 or OH regeneration from epoxides ficient detail in chemical mechanisms is still underway (e.g.,
(Paulot et al.2009 display some improvement in measured- Kim et al, 2012. The use of a 1-D model in this study rep-
modeled agreement in some locations, yet these do not shovesents a computationally efficient preference towards a de-
consistent improvement in all studieKgrl et al, 2009 tailed chemical mechanism over that of a detailed turbulence
Barkley et al, 2017). Additionally, BVOC oxidation prod- parameterization.
ucts are poorly simulated in a number of forest regirRegh Despite the uncertainties in vertical mixing, one-
et al. (2010 show that first-generation oxidation products dimensional (1-D) models are still useful tools for studying
of isoprene (GHs, 2-methyl-1,3-butadiene)—the dominant the vertical transport in the context of atmospheric compo-
BVOC emission in many broadleaf ecosystems—are oversition because they focus on the implications of in-canopy
estimated by box-model simulations of a Malaysian tropicalchemistry on vertical concentrations and gradients (e.g.,
rainforest.Karl et al. (2009 compare several mechanisms Wolfe et al, 2011, Boy et al, 2011). Wolfe et al. (2011
with enhanced isoprene oxidation and find that some isoexamine daytime biogenic chemistry at a ponderosa pine
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plantation, concluding that chemistry may outweigh the ef-to boreal forest $chmid et al. 2003. Depending on the
fect of turbulent mixing on forest-atmosphere exchange, everwind direction, the site can be controlled by local emissions
for compounds with long chemical lifetimes relative to their and chemistry or regional transport from urban areas (Mil-
transport timescaleBoy et al. (2011 applies a more de- waukee, WI ( 378 km SW); Detroit, MI ¢ 385km SSE);
tailed turbulence scheme to understand BVOC oxidation ancaind Chicago, IL £ 475km SW), as shown in Fig. S2). The
tracer transport and their effect on particle formation in alocal vegetation is diversd>(essley et al2005, containing
Scots Pine forest in Finland and find that this improved mix- varieties of aspen, oak, beech, birch, maple, and pine with
ing parameterization can reproduce observed vertical profilean average canopy height)( of approximately 22.5m.
of BVOC. Climate conditions at the PROPHET site are generally cold

Here, we focus on chemistry and turbulence within andbut with warm summers (FLUXNET databadgaldocchi
above a deciduous hardwood forest in Northern Michigan.et al, 2001). The average daily maximum temperatures for
A number of field campaigns as part of the Program for Re-Pellston, MI, in July and August are 26 and 25C with
search on Oxidants: PHotochemistry, Emissions, and Transaverage precipitation of 63.2 mm and 81.8 mm, respectively.
port (PROPHETCarroll et al, 200]) have been conducted The summer of 2009 was unseasonably cool and cloudy
since 1997 at the University of Michigan Biological Station with an average high temperature of 22 and with rain
(UMBS). Results from the summer 1998 PROPHET inten-or fog occurring on 62 % of the days within the 1 July-8
sive show that models underestimate OFhlpona et al.  August 2009 observational period, which may reduce BVOC
2002, Sillman et al, 2002, while measured H®concen-  emissions and photochemical activity.
trations compare well with model resultgaf et al, 2007). O3, NO2, NO, isoprene, monoterpenes, formalde-
Measurements of OH reactivity suggest an unknown BVOChyde (HCHO), methacrolein and methyl vinyl ketone
source, which may contribute to these OH discrepancie{MACR+MVK), OH, HO,, and glyoxal (GLY) were mea-
(Di Carlo et al, 2004. In 2009, the Community Atmosphere- sured at multiple heights within and above the canopy. Due to
Biosphere INteractions Experiment (CABINEX) was con- limited instrumentation during the campaign, simultaneous
ducted to provide new insights into the role of BVOC chem- measurements at multiple heights could not be obtained for
istry and its relationship to HOchemistry observed at the all compounds. Therefore, data availability at a given height
PROPHET site. Branch enclosure measurements from CABwidely varies over the campaign. Primary BVOC species
INEX 2009 show that identified primary emissions reason-and BVOC oxidation products were measured, alternating
ably reflect current emission estimat&xrtega et al.2007), at 10-min intervals between 6 m, 20.4m, and 34 m, using a
suggesting that the missing ambient OH reactivity couldproton transfer reaction mass spectrometer (PTR-MS) with
be explained by secondary BVOC oxidation produétsn dehumidified sampling to allow more sensitive measurement
etal, 2011). of HCHO (de Gouw and Warneke2007 Jobson and

In this manuscript, we compare measurements from theMicCoskey 2010. NO and NQ were measured, alternating
CABINEX 2009 campaign with a 1-D Eulerian Canopy between the same three heights, using a 2-channel chemilu-
Atmospheric CHemistry Emission model (CACHEgrkel minescence instrument with a blue light photolytic converter
et al, 2006 to investigate the role of in-canopy chemistry for NO2 (Air Quality Design). HQ species were measured
and turbulence on HEand BVOC concentrations and ver- only at 32m during the two-day simulation presented
tical gradients. To examine the relative sensitivities of thehere, with OH measured using laser-induced fluorescence
model to mixing and chemistry, we compare a base-casevith the Fluorescence Assay by Gas Expansion (FAGE)
model scenario with the original turbulence and chemistrytechnique and H® measured by chemical conversion to
description within CACHE against a revised mixing scheme OH with added NO $tevens et al.1994 Dusanter et aJ.
and isoprene-focused chemical mechanism. We explore th2009. Total OH reactivity was measured at 30.9 m using
relative impacts of HQ pathways in an atmospheric chemi- a turbulent flow tube technique similar to that described in
cal mechanism versus the effects of vertical mixing on ambi-Kovacs and Brung2001). Glyoxal (GLY) was measured
ent concentrations to isolate and highlight the key processeat 35.4m using laser-induced phosphorescemt@s(man
of biosphere-atmosphere interactions at this deciduous forest al, 2011). Wind speed and direction were measured via
ecosystem. propeller anemometer at 36.4 m. Additionally, two sonic

anemometers measuring the three-component wind field (
v, andw) and temperature were mounted at 20.6 m and 34 m

2 Methods (Steiner et al.2011). Temperature was also measured at 6 m,
20.4m, and 31.2m using R. M. Young relative humidity
2.1 CABINEX 2009 campaign and temperature probes. Photosynthetically active radiation

(PAR) was measured at 32.6m using a BF-3 Sunshine
CABINEX 2009 was conducted at the PROPHET Sensor.
site at UMBS near Pellston, Ml (48331.66'N,
84° 4352.40' W) at the transition between mixed hardwood
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2.2 Model description and simulations Table 1. Leaf and soil reflectance and transmittance by waveband
(visible/near infrared/thermal) used in CACHE. Absorptivities are

CACHE is a 1-D multilayer model that simulates the verti- 1 — (reflectancet transmittance Values are derived fromisner

cal distribution of concentrations and vertical fluxes of heat,(1998.

moisture, and gas-phase chemical species over time using the

prognostic equations for potential temperatuig gnd vol- Soil Leaf

ume mixing ratio for compound(c; ): Reflectance  0.15/0.20/0.10  0.20/0.45/0.10
Transmittance  0.00/0.00/0.00  0.10/0.30/0.10

0 9 LAY o

ar oz \ "az) oM

BC,' d ac,‘

— = —(Kn— | +Sc+C 2 3¢

ot az( Haz> c @ w/c;=—1<Ha—cl. 4)

4

Equations {) and @) are solved for each model layer, where . ) .
ModeledKy (hereinafter denote®H mod) is derived em-

Ky denotes the turbulent exchange coefficient for h&at, a \ _
and . denote sources and sinks for heat and mass, respe@irically according tdrorkel et al(1990 given a length scale

tively, andC denotes chemical transformation. Turbulent ex- . the vertical wind sheaigv/dz|, and a stability parameter
change, chemistry, emissions, deposition, and advection aré’
described in subsequent sections.

For our simulations of the PROPHET site, we use a modelKy mod = /2
domain consisting of 40 vertical layers spanning 4.4km in
the vertical () direction with eight layers in the 6-m trunk ; yaries within and above the canopy according to the follow-
space and ten layers in the 16.5-m crown space. The grid ré$ng parameterization:
olution decreases exponentially with height with a spacing of
0.81m at ground level and 1061.1 m at the top. Simulations k(z—d)
are run for 48 h at a time step of 60s. Initial conditions are’ — 1+ (k(z—d)/2) ®)
provided to the model for vertical profiles of chemical con-
centrations based on observed near-canopy concentrations Wherex is the von Karman constant (0.4) is the zero-plane
the start of the simulation; the initial vertical temperature displacement height (854 for z > 4 and zero forz < ),
profile is interpolated using radiosonde data from Gaylord,andA is the maximum mixing length (given iyorkel et al.
MI (~59.5km S). Model input includes (Fig. S1 in the Sup- (1990 Eq. (10)) forz > and set constant at 2m far<
plement): (1) observed PAR to drive the prognostic tempera#). The vertical wind profile for computinghv/dz| derives
ture profile and photochemistry and account for cloud cover,from the common logarithmic expression for the PERt(,
and (2) observed wind speed and direction at 36.4 m to drivel988; within the canopy, winds dissipate as a functionof
the vertical wind profile and NQand VOC advection. Addi- and canopy structure according to a modified logarithmic-
tional input required for the revised turbulence scheme (se&vind equation followingBaldocchi (1988 Eg. 6). f is a
Sect.2.2.]) includeu, anda,, at 20.6 and 34 m. In addition, function of the Richardson number Ri:

- : 2

we prescribe a total leaf area index (LAI) of 3.8m2 (as { 1351 TIRIL-55Ri ‘Ri<0

ov

oo | ©)

observed at PROPHEQrtega et al.2007) and typical val- £ (Ri) = LOASSRL_ .
ues for leaf reflectance and transmittance observed in decidu- 1.35(1+6R)v1+6RII™":Ri=0

ous broadleaf ecosystems (see Tablasner, 1998. Model In the original model configuration—hereafter referred to as

OUtPUt IS mterpolated_ at the mstr_ument_ heights and data COIfhe “BASE" model scenario — the vertical turbulence profile
lection times for precise comparison with measurements.

is driven solely by Eqs 5-7).

To evaluate the sensitivity of BVOC gradients to in-canopy
vertical mixing, we apply a modified K-theory parameteriza-
Vertical transport is parameterized in CACHE using a first- tion in a modeling scheme hereafter referred to as the "MIX”
order f|ux-gradient re|ationship, or K-theory, in which heat simulation. We first define “ObserveKH (hereafter denoted
and mass are transported by eddy diffusion at a rate propo®Y KH,obs) following Makar et al (1999:
tional to the turbulent exchange coefficient for hé&i, Ver- 2
tical fluxes of heat and mass are computed at each model tim&H.ops = 0, TL 8)
step as follows:

@)

2.2.1 Turbulent exchange

whereT, is the Lagrangian timescal&( = 0.3h/u.), u is
- 96 the friction velocity, and,, is the vertical velocity standard
w'o' = _KHB_Z ®3) deviation.u, ando,, are computed using half-hour Reynolds

Atmos. Chem. Phys., 12, 8828849 2012 www.atmos-chem-phys.net/12/8829/2012/
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averages of raw (10 Hz) sonic anemometer measurements slurrogate species in RACM. By using this greater speciation,
u, v, andw above the canopy (34 m;34) and in the top of RACM-MIM includes an additional twelve reactions. Ulti-

the canopy (20.6 m;.0 h): mately, this mechanism provides more specific pathways of
14 isoprene oxidation, the production of second-generation iso-
Uy = (u’_w’z-|-W2) / 9) prene oxidation products, and further detail on the MACR

chemistry under low-N@Qconditions.

2.2.3 Emissions

1 & _.2
Ow = n_lz(wi —w) (10) BVOC emissions are controlled by site-specific emission
i=1 rates that depend on ecosystem-specific emission factors,

In the MIX simulations, we adjust the modeled turbulence (€MpPerature, and PARS(einbrecher et al.1999. Iso-
profile (i.e. the BASE case) to match the near-surface obPréne emission fluxes were not routinely measured during

servations estimated in Eq8)(as follows. At each time (e campaign; therefore, we use the mean isoprene sur-
step, we first compute a full vertical profile @y mod US- face emission flux observed_ at PROPHET during 2003 and
ing Eq. 6). Then, we linearly interpolate betwedfy mod 2005 Qrtega et al.2007. Bigtooth aspenRopulus gran-

at the canopy base (6 m) arith obs at the first measure- didentatg and nqrthern red oalQuercg; rubra account
ment level (20.6m). At the model grid points between the for 99 % of the isoprene budget, emitting at mean basal
two measurement heights (20.6-34 m), we linearly interpo-€Mission rates of 46.3 and 53.5 ugCo~* at standard
late u, ando, and computeky ops Using Eq. ). Above  conditions (PAR=1000 umolnfs-1: temperature = 30C).
34m, modeled values are adjusted to remove any discontinu®Nce 2009 was colder than average summers, we sub-

ity between the measured and modeled values. Near-canog§2ct one standard deviation from the melan isoprene emis-
Ku (z < 1.641) is scaled by ar factor to account for near- 519N fluxes, corresponding to 24.8 ugCéy~* for aspen and

field effects of the canopy, wheteis: 23.8ugCglh—1 for oak. The net emission of isoprene per
model level is determined by scaling the given emission fac-
[1—exp(—t/TD)](x — T, )3/2 tors by PAR and temperature, according to the parameter-
= 372 (11)  ization described irForkel et al.(2006 following Guen-
[r = 7L + TLexp(—7/T0)] ther et al(1995, and a prescribed vertical LAI distribution.

and the transport timescateis derived using a/ 7} ratio Monoterpene emission rates derive from tree branch enclo-

of 4 (Stroud et al. 2005 Wolfe and Thornton2013). We  SUré measurements in 2003, 2005 and 20D8gga et al.
evaluate the revised mixing scheme in S&ct. 2007 Ortega and Helmig2008. Normalized (20 C) foliage
emission rates for the sum of monoterpenes for northern red

2.2.2 Chemistry oak Quercus rubrd, eastern white pineRinus strobuy red
pine (Pinus resinosp and American beecliragus grandifo-

Gas-phase chemical transformation in the original CACHEIlia) measured during CABINEX 2009 are 0.16, 0.38, 0.56,
model implements the Regional Atmospheric Chemistryand 7.46 ugCgth1, respectively. For beech, the predom-
Mechanism (RACMStockwell et al. 1997, which includes  inant emission igl-limonene (27 %), followed by sabinene
a suite of 77 chemical species and 237 reactions. The mech17 %), a-pinene (12 %), and cymene (12 %)rtega et al.
anism includes explicit treatment of three BVOC categories:(2007) measure a mean basal emission rate for paper birch
isoprene (denoted by the RACM surrogate, I1SO), monoter{Betula papyriferd of 0.5ugCgh~1. For white and red
penes with one double bond (i.e-pinene; denoted API), pine, we scale the emission factors by 2.%&iterer and
and monoterpenes with two double bonds (@dimonene;  Koérner, 1990 to account for the conversion from projected
denoted LIM). The remaining VOC are lumped into four to total leaf area. We sum these species contributions and
alkane categories, four alkene categories, and three aromatgplit this total monoterpene emission factor into the RACM
categories based on reactivity with OH. In the RACM mech- species API (56.5%, or 0.086 nmohfleafareas?!) and
anism, MACR+MVK are contained in the surrogate for all LIM (43.5%, or 0.066 nmolm?leafareas?!) according to
unsaturated C4 carbonyls (denoted MACFSiockwell etal.  the measured fractional contribution of similar species.
(199%), which derive from both anthropogenic and biogenic  We note that these emission estimates are based on avail-
diene oxidation; however, we note that measurements fronable data from the site collected by several investigators over
the campaign only account for MACR+MVK alone. several seasons. Due to the high variability seen in these

In this study, we perform a sensitivity test (hereafter data, it is difficult to define representative values particu-
referred to as the “MIM” simulation) comparing RACM larly given the cool conditions during the summer of 2009.
against the Mainz isoprene mechanism (MIM) adaptationPrevious studies have noted that emission factors can vary
of RACM (RACM-MIM, Geiger et al.2003. RACM-MIM based on prior temperatures on the span of weBkfrdn
treats an additional seven species explicitly that are split fromet al, 2001 and can vary based on the plants acclimation,

www.atmos-chem-phys.net/12/8829/2012/ Atmos. Chem. Phys., 12, 8&349 2012
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particularly for isopreneH{anson and Sharke2001). Con- 3 T ; T
sequently, these estimates may have uncertainties of a mini- ’
mum of a factor of two. Measurements indicate a dependence
on temperature for monoterpene emissions; therefore, we
presume monoterpene emissions to be from pools within the
foliage, and are, thus, scaled according to the temperature-
dependent parameterization describeHarkel et al(2006.

Soil NO emissions are parameterized according-ookel

et al. (2009, following Simpson et al(1995, based on an
emission rate of 180 nmolnth— observed previously at
PROPHET Alaghmand et a).2011). Foliage NGQ emission
from nitrate photolysis at the leaf surfadégfi et al, 2003 is

not considered in this study due to uncertainties in emission : :
factors. 04 05 06
EST [Aug 2009]

C4H60

vy [em s™]

2.2.4 Deposition _ ) : iy :
Fig. 1. Simulated canopy-integrated deposition velocity) (for

methacrolein (gHgO), formaldehyde (CHO), ozone (@), and hy-

Dr iton of chemical i n foli
y deposition of chemical species to canopy foliage drogen peroxide (bOy).

(Sc.depi; nmol M2 s71) is parameterized following/leyers
and Baldocch{1988:

Sc,depi (z) = =LAl (2)¢; (Z)Ud,i(Z) (12)

_  Rei=Reoy(10°°H  + fo "t (7)
where LAl and¢; are the leaf area index per unit height
and concentration for gas respectively. Deposition ve- fo,; follows Wesely(1989 with the exception of MACR and
locity (vq;;mst) is represented by four resistances: the HCHO, which are set to that of {3 fo,; = 1) in response to
quasi-laminar boundary layerRf;), stomatal Rs), meso-  recent suggestions that oxidized VOC can decompose in the

phyll (Rm,;), and cuticular R¢;): leaf more rapidly than previously believelddrl et al, 2004
2010. Following this change, CACHE simulates canopy-
04 (@) = 1 n 2 . (13)  integrated deposition velocities for MACR within the expec-
’ Rpi(2) + Rs(z2) DH,0/Di + Rm,i~ Rb,i(2) + Re,i tations ofkarl et al.(201Q vy macr < 2.4 cmst) and com-

parable to that of @(Fig. 1). H,O» deposition rates are con-
sistent with previous modeling studies, yet may be underes-
timated according to recent observational studizasnzeveld

et al, 2009. Deposition to the ground follow&ao et al.

where Dy,0/D; is the ratio of the molecular diffusivities
of water to gas (Gao et al. 1993. Ryp; is a function of
Dn,o0/D; and the layer-mean horizontal wind (Meyers
1987%):

(1993.
Rp,i(z) = %- (14) 2.2.5 Advection
H,O i
h Horizontal advection of anthropogenic @nd long-lived
where VOC is represented in CACHE as a function of wind direc-
500 “i(z) <0.01mst tion. Cooper et al(2001) attribute elevated concentrations
rp(z) = { 18070 (@) : ii(2) = 001ms? (15) of Oz, CO, NQ, and other oxidized nitrogen species (NO

observed at PROPHET to southerly flow from Chicago or

given an estimated typical leaf lengtlf 8 cm. Rs is depen-  Detroit and lower mixing ratios to flow from clean Canadian
dent on light, leaf temperature, and water potentials duringdir masses over the Great Lakes. We estimate the direction-
the day, followingJarvis(1976), and is equivalent to the cu- dependent advection rate of eight RACM species {NO
ticular resistance for (Rc o, ~ 3000 ms!, Wesely 1989 ~ HCHO, MACR, KET, HC3, HC5, OLT, and OLI; se&tock-

at night. R; and R¢; are parameterized according\tie- ~ Well et al. (1997 for full definitions) according to the geo-
sely (1989 as a function of the Henry’s law constaht* graphical location of PROPHET relative to nearby major ur-
and a reactivity factorfp; describing the extent that gas  ban centers. Chicago (pop.2.9 million) and Detroit (pop.
decomposes in the plant mesophyll relative tg @nging  ~ 950000) are the major contributors of anthropogenic emis-
from non-reactive fp ; = 0) to full decomposition fp; = 1, sions affecting northern Michigan, with emission inventories

i.e. Gg): for NOx and VOC totaling over 20000 kgday, whereas
peak NQ and VOC emissions from Milwaukee (pop.
Rm; = (H;"/3000+ 100fo,,~)*l (16) ~950000) total in the range of 12500-15000 kgdfay
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(LADCO, 2010. Therefore, we presume signatures of an- Table 2. Advection rates for N@, VOC, and other hydrocarbons as
thropogenic advection observed at PROPHET to be more function of wind direction. Rates (in ppbvh) are scaled by the
pronounced with air originating in Chicago or Detroit over geostrophic wind speed.

Milwaukee by assuming the strongest advection rates when
winds are directly from the south. Westerly advection from RACM species name 90-135225-270  135-223

Lake Michigan has been associated with lower isoprene con- o, 0.05 0.25
centrations than advection from forests to the so8flirian MACR 0.00 1.00
et al, 2002); therefore, we add advection of biogenic HCHO  HCHO (anthropogenic) 0.00 0.03
and MACR from isoprene oxidation under southerly winds. HCHO (biogenic) 0.00 1.00
We incorporate advection of the above species between the KET 0.00 0.25
heights 45-106 m (22—26 model levels) at the hourly, wind- HC3 0.00 250x 10~4
direction-dependent rates shown in TaBléMeasured NG, HC5 0.00 0.25
HCHO, and MACR concentrations are used to tune advec- OLT 0.00 0.13
OLlI 0.00 0.01

tion rates for the model scenario that incorporates both the re-
vised turbulence scheme and RACM-MIM chemistry (here-
after, the MIX+MIM case). Due to the lack of ambient obser-
vations, anthropogenic hydrocarbon RACM categories, OLI, 1. BASE: a control run in which turbulence follows
OLT, KET, HC3, and HC5, are added to reflect average con- ~ KH.mod (EQ. 5) alone and chemistry is according to
centrations of regional pollution events. RACM;

2. MIX: sensitivity of the model to turbulence is tested by
modifying Ky mod With KH,obs (EQ. 8) and R (Eq. 11)

The case study simulation period includes 48 h starting at L0 accountfor near-field effects (Se2t2.1) while using
00:00 Eastern Standard Time (EST) on 4 August 2009 and ~ BASE chemistry;

ending at 23:59 EST on 5 August 2009. This two-day period 3 v sensitivity of the model to varying treatments of

offers the clearest daytime skies within the period when the isoprene degradation is tested by replacing RACM with
most chemistry observations are available. We select these  rAcM-MIM while using BASE turbulence; and

clear-sky days because they represent the time period most

conducive to BVOC emissions and photochemistry, as well 4. MIX+MIM: the combined effects of enhanced turbu-
as providing the best measured-modeled agreement for the lence and biogenic representation are examined by ap-
turbulence parameterization. NCEP surface reanalysis indi-  plying MIX turbulence and MIM chemistry.

cates a weak frontal passage occurring-@7:00 EST on 4 ) o

August (Fig. S2 in the Supplement), visible in the observedVe first evaluate the modifications made to the turbu-
wind direction (Fig. S1 in the Supplement) through a shift lent exchange parameterization implemented in the MIX

from southerly to northwesterly winds. Back-trajectory data M0del scenario (Sec3.1), followed by an analysis of
(Fig. S2 in the Supplement) show that air originated in north-odel-measurement comparisons throughout the canopy and

em lllinois (southwest of the PROPHET site) prior to the the surface layer (to approximately:$ for O3 and NG
frontal passage. Following the frontal passage, the source rdS€ct-3.2), BVOC and their oxidation products (Seé.3),
gion ranges from northern Minnesota and southwestern on@nd HQc concentrations and OH reactivity (Se8i4).
tar!o, Canada (west and no_rthwest of the site, respectlvely)&1 Evaluation of turbulent exchange

This meteorological scenario allows us to evaluate our ad-

vection scheme presented in S&c2.5and the ability of the  \yi5 estimate observed eddy diffusiviti(i§ obs Fig. 2) from
model to capture the shift from polluted- to clean-air advec-ggnic anemometer measurements @qét two heights on
tion, while also providing a good comparison between chem+o PROPHET tower (01 and 15h) for the 4-5 August
istry at PROPI—!ET under the ianL_Jence of regional transport. ;e study. At 34 MK opshas a strong diurnal cycle ranging
versus predominantly local chemistry. from 3?1 at night to 10 s~ at midday with nighttime
and daytime standard deviations of around 1 and&th
respectively.K ops in the upper canopy is only 1-3%s 2
lower than above the canopy, with a similar magnitude of
We compare micrometeorological and chemistry observastandard deviations. The majority of the canopy foliage re-
tions from CABINEX 2009 against CACHE simulations dur- Sides below the ® 2 measurement, and the absence of lower

ing the 4-5 August 2009 case period using four model scecanopy micrometeorological measurements is a limiting fac-
narios: tor in our estimates of in-canopy mixing.

The original CACHE parameterization & mod (EQ. 5)
is below one standard deviation o0Knops at both

2.2.6 Case study: 4-5 August

3 Results and discussion
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Fig. 2. Observed KH obs given by Eq. 8, diamonds)) and modeled
(KH,mod» given by Eq. §), solid lines) time series of the turbulent
exchange coefficient in the upper-canopy (20.6 ,/0 red) and
above the canopy (34 m,8h, black) for 4-5 August 2009. Stan-
dard deviations of the mean diurnal cycle Kf; ops for the sunny
and partly sunny days (21, 29 July, 2, 4, 5, and 7 August) are shaded. EST [Aug 2009]
K4 obsis calculated using sonic anemometer estimations, @nd
oy (see Seci2.2.1).

temperature [°C]

measurement heights 95 % of the simulation time (EjigAt

1.5 h, daytimeKn mod is underestimated by a factor of two,
whereas nighttime values are two orders of magnitude be-
low K4 obs KH.obsat 0.9 h are an order of magnitude greater
than model estimates over the full simulation period. In ad-
dition, the modeled onset of the stable nocturnal boundary
layer, represented by the shift from higher, buoyancy-driven
mixing to lower, mechanically-driven mixing at the end of
the day, occurs two hours earlier and more abruptly than oby
served. This suggests that the empirical piecewise stability
function (Eq.7) may inadequately capture the formation of
the stable layer and/or its effect on turbulence.

We evaluate the MIX turbulence scheme by comparing thethe original K-theory parameterization. The standard devia-
BASE and MIX model simulations against observed time se-tions of theKy ops (denoted by the error bars) are based on
ries of near-canopy temperatures (Fpand midday vertical ~ daily averages for the sunny and partly sunny days during
profiles of Ky, temperature, primary BVOC (isoprene and the period of available, ando,, measurements (21, 29 July,
monoterpenes), and BVOC oxidation products (formalde-2, 4, 5, and 7 August). Of these “clear-sky” days, observed
hyde, MACR+MVK, and acetaldehyde) (Fig). Following turbulence was stronger than average on 5 August, leading to
the frontal passage, which CACHE cannot simulate, nearnearly uniform temperatures with height that is well captured
canopy temperatures are reproduced by the model, especiallyy the MIX model case (Fig4b). In the BASE scenario,
in the MIX simulation (Fig.3). This indicates that the PAR- Ky mod decreases to 0.198~* at the displacement height,
driven heating source and vertical exchange of heat at thereating an unrealistic artificial boundary. This is an artifact
surface are captured fairly well by the mod&l, ons, Which of the use of two different equations to construct the in- and
drives in- and near-canopy turbulence for the MIX case, isabove-canopy wind profiles and turbulence schemes, which
twice as large as the BASE-case turbulence §g.mod) at creates a discontinuity at the forest-atmosphere interface and
1.5 h and an order of magnitude larger a® @ (Fig. 4a), indi- prevents BVOC transport out of the canopy sub-layer in the
cating missing turbulence such as coherent structures (as olorodel. Temperature (Figlb) decreases with height within
served during CABINEX 200%teiner et al.2011), counter-  and above the canopy according to the observations, yet the
gradient terms, or other processes that cannot be captured IBASE model case imposes a stabilizing inversion induced by

temperature [°C]

EST [Aug 2009]

ig. 3. Measured and modeled temperatures at 34, 20.4, and 6 m.
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Fig. 4. Measured and modeled vertical profileqaf eddy diffusivity,(b) temperature(c) isoprene(d) monoterpenegg) formaldehyde(f)
MACR+MVK, and (g) acetaldehyde at 14 EST 5 August 2009. Whiskers denote the standard deviations for the sunny and partly sunny days
(21, 29 July, 2, 4, 5, and 7 August).

heating of the upper canopy. Consequently, in-canopy mixingour study focusses on exchange across the forest-atmosphere

is weak in the BASE simulation. interface where we expect little influence from these upper
Observed midday vertical gradients of BVOC and oxida- PBL features.

tion products are also compared against the BASE and MIX

simulations in Fig.4c—g. Enhanced turbulence effectively 3-2 Oz and NOx

improves the agreement of modeled and measured concen-

trations for the more reactive species (isoprene and monoterWe assessl\tlhoe pergorNrrg\(rjlce_ of tEe T%dzl in simulating r_1e:r-
penes) by reducing in-canopy concentrations and weakenin anopy @, NGz, an uring the 4-5 August case perio

the vertical gradient. For the longer-lived species (formalde- i9. 5) At aII_ three heights (6, 20.4, and 34m), observed
hyde, MACR+MVK, and acetaldehyde), concentrations are03 mixing ratlp S pea!< at 40-50 ppbv shortly after the start
decreased and gradients are weakened by the enhanced mp- thﬁ smt;}latlo_n pegodkand dsubs.eque.ntly dr%p by dzg pphbv
ing, leading to a nearly uniform modeled vertical profile in In 5 ,' At,t at tlme,. ackwar tr_ajectorles produced by the
the lowest 60m (2). Oxidized VOC (e.g., MACR+MVK) Hybrid S!ngle F_’art|cle Lagrangian .Intggrated (H\_(SPLIT)

can deposit as efficiently as;@Karl et al, 2010, yet simu- model (Fig. S2 in the Supplement) indicate that air pargels
lated gradients of these species in the MIX case are Weak(.)bserved at PROPHET prior to 08:00 EST on 4 August orig-

This suggests that either a compensation point has beeWated near Milwaukee and Chicago, and parcels arriving af-

reached or there are some primary sources of oxidized vocer 0_8.':00 EST originate_d in r?orth.ern Minnesota and Canada.
from the forest canopy. Additionally, the local wind direction observed at PROPHET

Above the canopy, CACHE accurately captures the char-(':ihg' S})jhiﬁedf;‘rom .309”;]9”%/;0 northwesterly over a 3’.?
acteristic features of the PBL, as indicated by the diurnal cy—5' period just after midnight. This transport, concurrent wit

cles of stability and turbulence. During the day, surface heat? peak in observed Nconcentrations (Fig5), highlights

ing from canopy absorption of solar radiation induces insta—the influence of large-scale advection on localahd NG

bility and buoyancy-driven mixing, generating the convective co;‘:centr.atlcr)]nséADSeéplte dtlt]/ltla)inclusmnhof éf;esséame aldvectj:tg) :
mixed layer. The maximum height of the mixed layer varies scheme in the an cases, the ~simulatg

with surface heating, but generally peaks mid-day around {is reduced after initialization while the concentrations in the

km above the surface with a maximum strength occurring aﬂ\/'hlx_ (;?se |ncr$aseb t? near_—qbservedd valu_es. fTh'S T?{cates
approximately 500 m as modeled@wao et al(1993. At the t ijd uenlce 0 tgr léent mixing ofn ﬁ V?C“"E r?m a(l) '
end of the day, buoyant turbulence ceases in the absence of nder clean-air advection (i.e. following the frontal pas-

surface heating, and the stable nocturnal boundary forms be2dde discyssed in Se@.2.§, above- (Fig5a) and upper-
neath a well-mixed residual layer. CACHE does not explic- canopy (Figsd) Os measurements show only small variabil-

itly model conditions in the free atmosphere nor the existencéty (e.9., approximately 10 ppbv) over the remainder of the

of an entrainment zone along a capping inversion. Therefores'mU|at'°n' BASE S|mul_ates a strong_ d".”ne.ll cycle, whereas
MIX shows no clear diurnal cycle, indicating that locally
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Fig. 5. Measured versus modeled time serieq&, g)O3, (b, e, h)NO,, and(c, f, i) NO at 34 m, 20.4 m, and 6 m for the 4-5 August 2009
simulation period, showing observed concentrations (OBS, black) and modeled concentrations as follows: the original model configuration
with modeled turbulence and RACM chemistry (BASE; red); the corrected mixing simulation with RACM chemistry (MIX; green); the
original mixing scheme with RACM-MIM chemistry (blue; MIM); and the revised mixing scheme with RACM-MIM chemistry (MIX+MIM;
orange).

produced ozone is also highly sensitive to mixing. In the Like Oz, observed N@ displays a signature of anthro-
lower canopy (Fig5g), O3 measured after the frontal pas- pogenic advection on the early morning of 4 August. In the
sage is more variable, which is not captured by any of themodel, we have tuned the NGdvection rate (Secg.2.5
model simulations. Wind directions are weakly variable from to capture the higher concentrations observed at the begin-
the west to northwest, showing no relationship with changesing of the simulation and subsequent lower concentrations
in O3 concentration, suggesting that advection does not exas the winds shift following the frontal passage. Observed
plain the observed variability. At the minima of the vari- NO, ranges from 1.2 ppbv at the beginning of the simula-
ability, lower-canopy concentrations are lower than the up-tion to approximately 0.5ppbv on the second night, with
per two measurements, indicating the potential relevance ofmidday concentrations of less than 0.1 ppbv after photoly-
an important @ canopy sink. In the canopy layer, deposi- sis. MIX+MIM underpredicts N@ slightly in the early part
tion is the primary sink of @, exceeding modeled chem- of the second night, likely due to an oversimplification in our
ical loss by a factor of 10. ModeledzQdeposition veloc- NO» advection scheme, missing downward transport from
ity peaks mid-day at 1.6cm$ (Fig. 1), which is higher  the residual layer, or an additional NGource (e.g., emis-
than other modeling studies (0.4 cmis Finkelstein et al.  sion from foliage). NO mixing ratios show a distinct diur-
200Q Stroud et al.2005, yet yields deposition fluxes that nal pattern in the observations, peaking at nearly 180 pptv
compare quite well with previous observations at PROPHETaround mid-morning 5 August at 34 m, consistent with mea-
(15-20 nmolm?s~1, Hogg et al, 2007). This suggests ©  surements taken over multiple years at PROPHEMRgh-
deposition is fairly well represented in the model. How- mand et al.2011). At night, mixing ratios reach as low as
ever, midday ozone deposition velocity increases by less tha—5 pptv. The model reproduces the NO diurnal cycle well at
0.02 % with enhanced mixing, indicating that deposition is the top of the canopy in all model scenarios, with concentra-
not the main driver in the large concentration differences intions overestimated on the first day in the BASE and MIM
the BASE and MIX ozone simulations. Lastly, we note that cases and good agreement for the MIX cases, and underesti-
micrometeorological observations were not available in themated on the second day in the MIX and MIX+MIM cases.
lower canopy and may be underestimated by the MIX simu-NO concentrations decrease with increasing canopy depth as
lation, leading to an uncertainty in lower-canopy turbulence.a result of light attenuation lowering the NO yields from NO
Consequently, we are unable to evaluate whether these uncgphotolysis. All four model scenarios are able to capture this
tainties in mixing can explain the lower canopy variability. In effect of attenuation reasonably well.

contrast with turbulent mixing, the enhancement in isoprene

degradation bgtwee_n BAS!E and MIM show little ir_n.pact ongg Biogenic VOC and oxidation products

O3 concentrations, indicating that3Qs more sensitive to

mixing than chemistry. . . .
9 y Figure 6 evaluates the four model scenarios against ob-

servations for primary BVOC, isoprene and monoterpenes.
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— 12l0es @ — 800 result in insufficient exchange across the forest-atmosphere
3 g q 600 boundary. Our evaluation of the BASE and MIX turbulence
% 6 e 400 schemes presented in Se8tl discusses several observed
& ;. <I§' 200 1 model-measurement discrepancies in the BASEthat are
° o= corrected in the MIX scenario, including the end-of-day de-
_ 12 © . 800 crease in mixing at sundown. This indicates the sensitivity of
3 12: 2 fi 600 the top-of-canopy BVOC flux to turbulence and emphasizes
&m 6F e 400 the importance of an accurate representation of in-canopy
5 ;': ZQ 200 mixing in models. Overall, these results highlight the impor-
0 08 tance of an accurate representation of in-canopy mixing in
12 _ models and the need for improved simulation the transition
3o Z from the convective to the nocturnal PBL.
S 6} - While enhanced mixing improves the diurnal evolution
3;; ;: z; of isoprene, modeled mixing ratios exceed observations on
0 the second day by 1-3ppbv, likely due to an underesti-
° EST [Aug 2009] EST [Aug 2009] mate of isoprene oxidation. Oxidation of isoprene in the

model is primarily controlled by reaction with OH, with loss
Fig. 6. Same as Figp, but for(a, c, e)isoprene an¢b, d, f)y monoter-  rates in the model peaking at midday around 11 pptvrhin
penes. (Fig. 7). Oxidation by ozone follows at much smaller rates

(up to 2 pptvmin® around sunset) and small contributions

by loss with the nitrate radical at night (approximately
Observations of isoprene show a strong diurnal cycle rang9.5 pptvmirr?). Simulated NQ mixing ratios at 34 m (not
ing from 0.2 ppbv at night to up to 2—-3 ppbv at midday at all shown) peak at 4 pptv the first night under elevated Nan-
height levels. MIM simulations show slightly increased con- centrations from regional transport and decrease to 0.3 pptv
centrations of isoprene over the BASE simulation, owing toon the second night when chemistry is dominated by local
lower OH availability as enhanced MACR+MVK concentra- emissions. Past estimates of pjl& PROPHET range from
tions increase the competition for OH. However, the BASE 0.4 pptv Pratt et al.2012 to 2—3 pptv Faloona et a).2001),
and MIM model scenarios have difficulty reproducing this although we note that N{£has not been measured at the site
diurnal pattern in two respects: (1) modeled concentrationefore, making it difficult to evaluate the model. The pri-
increase later in the morning than observed, and (2) a rapignary model NQ source is the nighttime oxidation of N@y
increase in concentrations occurs at sunset, causing a larges, yet observed N@concentrations at the site remain rel-
discrepancy between the model and observations. Near thatively low; therefore, we should expect relatively low con-
ground, this modeled pattern is dampened with a less proeentrations of N@ and low isoprene-N@ oxidation rates.
nounced evening peak and better drawdown of concentraA potential explanation for the lack of nighttime oxidation
tions at night. Such a pattern has been frequently observethay be OH concentrations, as discussed in Se4t.In ad-
(cf. Martin et al, 1997), and is prevalent in many model- dition to the effect of nighttime chemistriganzeveld et al.
ing studies (e.g.Sillman et al, 2002 Forkel et al, 2006 (2008 suggest that downward transport of oxygenated VOC
Barkley et al, 2011), which attribute the end-of-the-day in- from the residual layer may lower OH availability, further re-
crease to decreased mixing associated with the developmenducing isoprene oxidation, particularly in the morning. This
of the stable nocturnal boundary layer. As noted in S&dt. = downward transport is captured in our model for oxygenated
CACHE captures the formation of the stable layer throughVVOC during the second morning of the simulation, yet model
the development of positive potential temperature gradient®verestimations of isoprene begin as early as sundown on
and highly reduced turbulent mixing below a well-mixed the prior day, suggesting that the effect of entrained oxy-
residual layer. In the BASE simulation, however, rapidly re- genated VOC from the residual layer on OH concentrations
duced mixing associated with an early and abrupt onset ofs likely small relative to the observed discrepancies in night-
the stable layer (Sec8.1, Fig. 2) leads to accumulation of time chemistry.
isoprene (and other BVOC) near the canopy at the end of the Monoterpenes (€H16) are grouped together as a total
day, further indicating the inability of the stability param- monoterpene concentration by the PTR-MS. As noted at
eter (Eq.7) to realistically capture the stable layer forma- other forest sitesRouvier-Brown et al.2009, observations
tion and its effect on turbulent exchange. As demonstratedgshow a different diurnal cycle than isoprene. The early morn-
in the MIX simulation, amplified turbulence and the gradual ing and late evening peak (Fif) and higher concentrations
dissipation of daytime buoyancy-driven turbulence dampensat night than during the day have been attributed to high pho-
these accumulations. We note, however, that underestimaooxidation during the daytime and an accumulation at night
tions of modeled in-canopy turbulence due to a lack of mi-as these temperature-dependent emissions continue in the ab-
crometeorological measurements in the lower canopy maygence of sunlight. Above the canopy, higher concentrations
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the possible existence of a compensation point, similar to
that observed of other compounds (e.g.,AN@cetone, and
methanol,Ganzeveld et al.2002 2008, at which the con-
centration in the plant mesophyll matches or exceeds that of
the ambient air, restricting further deposition and potentially
inducing emissions.HCHO deposition velocity decreases by
less than 0.1 cmg with enhanced mixing, as with that of
O3. When advection is not playing a role (the second day
of the simulation), modeled HCHO exhibits a diurnal cycle
with higher concentrations during the day especially in the
BASE and MIM cases. Both above and below the canopy,
the change to MIM increases midday HCHO concentrations
_12 , , by about 15 % due to larger HCHO yields from BVOC ox-
04 05 06 idation Geiger et al.2003. MIM makes additional HCHO
EST [Aug 2009] from the isoprene peroxy self-reaction (ISOP+ISOP), plus
Fig. 7. Modeled isoprene loss rates with respect to reaction withth€ new methacrolein peroxy radicals (MACP). Enhanced
OH, NOg, and Q; at 34 m from the MIX case. mixing (MIX and MIX+MIM) weakens the diurnal pattern
of HCHO, better reflecting observations.
Other key BVOC oxidation products are the
lumped species methacrolein and methyl vinyl ketone
of monoterpenes are observed at the beginning of the sSimfMACR+MVK or C4HgO). These compounds are detected
ulation, suggesting a potential advective source of terpeneat the same nominal mass on the PTR-MS and are also
to the site in the first six hours of the simulation, which is lumped in the RACM mechanism. Observed concentrations
consistent with air traveling over the forested state. RACM-peak in the early portion of the simulation both above and
MIM simulates terpene concentrations to be very similar tobelow the canopy (Fig8) due to advection of oxidation
the RACM case due to no changes in the MIM terpene oxi-products from the south. Adding an advective source of
dation scheme. As with isoprene, however, enhanced mixindMACR aloft improves measured-modeled agreement at the
greatly improves the model-measurement agreement in termiseginning of the simulation at all measurement heights. The
of magnitude of concentrations, though the diurnal cycle isMIX case improves concentrations as compared to observa-
only weakly captured. tions, yet removes the observed diurnal pattern. Changing to
Formaldehyde (HCHO) is an important VOC oxidation the MIM mechanism doubles the BASE-case concentrations
product and is typically produced in relatively large quan- of MACR+MVK due to the increased yield in MACR+MVK
tities from the oxidation of isoprene. While anthropogenic by the reaction of first-generation oxidation products of
VOC can also provide a substantial source of HCHRarlg  isoprene with NO. Consequently, modeled concentrations of
et al, 2009, their effect on local HCHO concentrations ob- the MACR RACM-MIM surrogate overestimate measured
served at the PROPHET site is min@umner et a).2007) MACR+MVK by a factor of three throughout the profile.
unless under advective conditions from the south. Observedhis finding is consistent with chamber study comparisons
mixing ratios at the site are 0.5-1 ppbv (FB), reflecting  of RACM and RACM-MIM by Geiger et al.(2003, who
values that are slightly lower than the 1999 field campaignattribute the result to measurements only accounting for
observations (0.5-12 ppb&umner et a).2001), consistent MACR+MVK while the RACM species also includes all
with the expected reduced photochemistry in the summeother unsaturated Lcarbonyls. Past studies suggest that
of 2009. An advection source is apparent at the beginningdry deposition rates for MACR+MVK may be underesti-
of the simulation with higher HCHO concentrations both mated Karl et al, 2004 201Q Pugh et al. 2010, yet the
above and below the canopy (FR&g, d, g). When an advec- modeled MACR+MVK deposition velocity mid-day peak
tive HCHO source is added at 45-106 m, measured-modeledf 1.6 cms? (Fig. 1) compares well with observations by
comparisons improve above the canopy but not below theMisztal et al.(2011, 1-2cms?) andKarl et al. (201Q <
canopy, suggesting either that there is in-canopy produc2.4cms1) after modifying the reactivity factor for oxidized
tion that the model does not capture, in-canopy depositiolVOC following Karl et al.(2010. Enhanced mixing reduces
is overestimated, or mixing within the canopy is strongerthe MACR deposition velocity by about 5 %.
than simulated. HCHO midday deposition velocity is higher We also evaluate the simulation of the biogenic oxida-
than other studies (2.3cmkin our model as compared to tion product hydroxyacetone ¢8gO,) added to the RACM-
1.5cmstin Sumner et al(2007)), yet the model still over-  MIM mechanism (denoted as HACE) representing a major
estimates HCHO in all simulations at all heights, even afterproduct of MACR+MVK oxidation. While calibrated obser-
enhancing the in-leaf reactivity to that ofsOas suggested vations of HACE are not available, the model simulates a di-
for other oxidized VOC Karl et al, 2010. This indicates urnal cycle with mixing ratios ranging up to 100 pptv that

-4

3, [CsHq) [pptv min”])
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Fig. 8. Same as Figb, but for(a, d, g)formaldehyde(b, e, hyMACR+MVK, and (c, f, i) hydroxyacetone. Observations of hydroxyacetone
are not available.

4oss o005 Fe 003 0.4 served BVOC oxidation. Over the full field campaign (not
BASE  -0.03, R'= 0.60 shown), the observed (MACR+MVK)/isoprene ratio is 0.18,
3f 050 - oss] B 03f,, 0.08, R= 0.82 ] substantially lower than observed in the Amazon (0.44,

Karl et al, 2009, yet comparable to observations from pre-
vious PROPHET studies (0.1Apel et al, 2002. Apel

\%* et al.(2002 observe lower MACR+MVK concentrations un-
L : gt ] der westerly flow associated with clean-air advection from
% Lake Michigan, leading to lower MACR+MVK/isoprene ra-

0 . . 0.0 . . tios. Additionally, as shown by comparing the ratios of

o 2 4 6 8 00 05 1.0 1.5 20 MACR+MVK/isoprene with wind direction over the full
isoprene [ppbv] methacrolein [ppby] two-day simulation (Fig. S4 in the Supplement), we ob-

Fig. 9. Measured and modeled correlations between MACR+MVK S€rve elevated ratios (0.71) under southerly flow associ-
and isoprene (left), and hydroxyacetone and MACR+MVK (right) ated with polluted advection. Due to this strong variabil-
at 34m for 5 August 2009 between 11:00-17:00 EST. The squaredty in MACR+MVK with respect to wind direction at the
correlation coefficientsk2) and slopes of the regression lines are PROPHET site, the correlation between MACR+MVK and
given in the upper right-hand corners in colors corresponding to thésoprene is substantially weakeR{= 0.25) than observed
appropriate model scenario. by Karl et al. (2009 R?=0.86). Figure9 compares the
observed daytime ratios against the four model scenarios
for the second day (5 August) to examine local chem-
decrease slightly with increased mixing (FB), which is  istry in the absence of pollution transport. The observed
slightly lower than the range of the uncalibrated measure{MACR+MVK)/isoprene ratio of 0.03 is much lower than the
ments (200-500 pptv). Glyoxal (GLY) was also measuredmean daytime ratio for the full campaign (0.18), likely due to
at the site, with mixing ratios reaching up to 25 pptv dur- enhanced clean-air advection from the northwest. The BASE
ing midday, and with a clear advective signal on the first dayand MIM scenarios yield negative ratios, indicating ineffi-
of the simulations (Fig. S4). However, both RACM versions cient oxidation of isoprene. This is consistent with the over-
only form GLY from anthropogenic precursors and do not estimation of isoprene by the BASE and MIM cases, partic-
include the production from any biogenic species; therefore ularly on the second day, as a result of inefficient mixing out
modeled mixing ratios are on the order of 0.01-1 pptv. Ob-of the canopy. In these scenarios, OH is depleted before iso-
servations of GLY suggest local biogenic production of GLY, prene is completely oxidized, leading to insufficient produc-
a source that could be included in future models. tion of MACR+MVK given the amount of isoprene available.
We compare the daytime (11:00-17:00 EST) ratios This is consistent with past studies, who propose the need for
of (MACR+MVK)/isoprene and HACE/(MACR+MVK) to & OH recycling mechanisni.¢lieveld et al, 2008. With en-
evaluate the ability of the mechanisms to reproduce ob-hanced mixing (MIX and MIX+MIM scenarios), isoprene is

o

methacrolein [ppbv]
)
hydroxyacetone [ppbv]
)
)
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oxidized more effectively leading to ratios that correlate well eled OH concentrations at all heights, whereas the change
with observations. Additionally, the HACE/(MACR+MVK) from RACM to RACM-MIM decreases OH from the surface
relationship can highlight the added oxidation capacity whento 3%. An exception is during the anthropogenic advection
including the new MACR oxidation pathways in MIM. For event on the morning of 4 August, when enhanced mixing
local conditions on 5 Aug, the modeled ratios are 0.08 andncreases above canopy OH and decreases OH within the
0.09 for the MIM and MIX+MIM cases, respectively, both of canopy; implementing RACM-MIM increases OH through-
which are substantially lower than observed in the Amazonout the column, due to increased production from the HO
(0.3,Karl et al, 2009 due to lower oxidant concentrations. NO reaction.

While the MIX+MIM case ratios are lower than the MIM, For HO,, the measurements show a strong diurnal cy-
we note that the correlation is weaker in the MIX+MIM case cle that is reproduced by the model (Fit0). In general,
(R?=0.67) than in the MIM caseR?=0.82), indicating a  the model underestimates H@n the BASE case simula-
large uncertainty with these ratios. tion, with a slight increase in HOfrom the MIM simula-

To summarize, the original CACHE BASE simulations tion. However, recent studies suggest that the detection of
strongly overestimate isoprene concentrations, particularly irHO, radicals using chemical conversion to OH by reaction
the early evening and at nighttime. This is a known prob-with added NO may be sensitive to the detection of a frac-
lem in models that occurs at all scales (e.g., 1-D models, 3-Otion of hydroxyalkyl peroxy radicals produced from the OH-
models, etc.) and we attribute this increase at the end of thaitiated oxidation of alkenesHuchs et al.201J). Calibra-
day to improper mixing in the model. The revised mixing tions of the Indiana University FAGE instrument indicate that
scheme, which is based on observed friction velocities andapproximately 90 % of isoprene-based hydroxyalkyl peroxy
vertical velocity standard deviations, greatly improves theradicals are detected in addition to blQvhile only 5% of
simulation of primary BVOC at most model levels. There- propane-based alkyl peroxy radicals are detected. Given that
fore, a realistic representation of boundary layer turbulencdsoprene dominates the H@adical chemistry at this site, the
is critical for modeling forest-canopy exchange and its effectmeasured H@concentrations (HE) likely reflect the sum of
on BVOC chemistry accurately. Oxidation products such asboth HG, and isoprene peroxy radicals (ISOP). In Fig,
HCHO and MACR+MVK are overestimated by the BASE we compare measured HQwith a similar metric from
model simulations, with the greatest measured-modeled imthe model (HQ=HO, + ISOP) and this greatly improves
provement resulting from the change in mixing parameteri-measured-modeled agreement. The increase in late evening
zation versus the chemical mechanism. In general, the morenodeled HQ is due to an accumulation of the ISOP radicals,
detailed biogenic oxidation scheme (RACM-MIM) increases an artifact from the end-of-day increase in isoprene concen-
the oxidation products to three times more than observed, altrations (see Sec8.3). When changing to RACM-MIM, the

though the mechanism does improve modeled, F4® will reaction rate for HQ + ISOP increases and the self-reaction

be discussed in the next section. ISOP + ISOP is explicitly added, leading to greater}(@-
struction and improving the model-measurement agreement.

3.4 HOy and OH reactivity In the vertical profiles (Figll), the model produces a strong

source of HQ@ above the canopy with some in-canopy pro-
Modeled OH concentrations reproduce the diurnal cycle andduction. RACM-MIM increases H®throughout the verti-
magnitude of observed OH (18« 10° moleculescm? at cal profile, particularly in the daytime. The enhanced mix-
midday) (Fig.10). Difficulties associated with transmission ing (MIX case) increases both in- and above-canopy,HO
of laser power to the top of the tower led to few measure-concentrations in the morning and above the canopy during
ments of OH greater than the limit of the detection of the the night. Otherwise, slight decreases in Hsgcur. During
instrument (approximately & 10° moleculescm?®) during  the advection event on 4 August, increasedNE2ds to de-
this time period; therefore, FidlO displays an average di- creased HQ@ in both the MIX and MIM cases due to loss
urnal cycle of OH of the two simulation days with a peak with NO.
value of 2x 10° moleculescm?®. The model produces higher OH reactivity (Ron) represents the total first order loss
OH concentrations on the first day of simulation due to therate of OH (inverse of the OH lifetime). Measur&gy val-
higher oxidation from incoming advection, while modeled ues during CABINEX 2009 range from 0—2%at night to up
concentrations on the second day are approximately half théo 10 s°* during the day (Fig12, left panel), which compare
observed values. The MIX and MIM cases decrease modwell with previous measurements at PROPHHI Carlo
eled OH by about 10 and 20 %, respectively, on the first dayet al, 2004. Modeled Roy is calculated by summing the
and on day two, MIX increases modeled OH by about 10 %.product of the rate constant and reactant concentrations for
From the vertical profiles (Fid.1), in-canopy OH concentra- all species that consume OH. Model®g compares best
tions are low, suggesting small OH production rates. OH con-with observations for the MIX scenario, due to the poor re-
centrations are highest above the canopy where substantipkroduction of the observed diurnal cycle of isoprene simu-
production from @ photolysis and subsequent reaction with lated by the BASE and MIM simulations. This again sug-
H»0 occurs. In general, enhanced mixing increases the modgests the dependence of modeksh on the vertical mixing
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Fig. 11.Vertical profiles of modeled OH (top) and B@bottom) for the BASE case (left) and the absolute difference between the BASE and
MIX cases (middle) and BASE and MIM cases (right). Blue values indicate higher concentrations in the BASE case, and red values indicate
higher concentrations in the MIX or MIM cases.

in the model. For modele®on, we speciate contributions tion site, which is evident on the first day of the simulation.
from BVOC (isoprene, API, LIM) and oxidation produc- Because we are including the advection of some primary an-
tions (HCHO and MACR+MVK). During the afternoon, thropogenic and secondary oxidation products (Tahleve
BVOC account for approximately 85 % of the reactivity in correctly model this increase iRon on the first day of sim-
the model, followed by the CO at 15 %, whereas the oxi-ulation. The second day of the simulation reflects the local
dation products and CO dominate at night and in the earlyconditions, with slightly loweRon that is overestimated by
morning (Fig.12, right panel). Contributions from methane the model.

and NQ are relatively smallKim et al. (2011 note that the
oxidation products can account for about 8 % of the reactiv-
ity if NO concentrations are low. However, as notedkign

et al.(2011) andKarl et al.(2009, the Ron tends to increase
when photochemically aged air masses arrive at the observ:

Summary and conclusions

This manuscript presents results from a 1-D canopy-
ac'hemistry model, CACHE, applied to a northern Michigan
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30 tion products. While this parameterization cannot account for

asymmetric transport associated with coherent structures and
other non-Fickian diffusion processes, this method provides
substantial improvement in the model simulations. Adding
additional BVOC oxidation pathways with the RACM-MIM
mechanism slightly increases isoprene and HCHO (15 %)
with greater changes in MACR+MVK (80 %), although these

, 001 : concentrations were about five times higher than observed at
04 05 06 A 05 06 all heights. Past research suggests that MACR+MVK may
EST [Aug 2009] EST [Aug 2009] constitute only a fraction of the MACR RACM surrogate,
and that models may underestimate MACR+MVK surface

201

Rou [s7]
Ron [s7]

Fig. 12. Total OH reactivity measured (OBS) and modeled (BASE, N . .
MIX, MIM, and MIX+MIM) at 30.9m for 4-5 August 2009 (left): deposition; however, deposition velocity for MACR+MVK

modeled total OH reactivity and from speciated contributions of in the model compares well with observations. Changes in

NO,, CO, CH,, BVOC (ISO+API+LIM), HCHO, and MACR for O3 and NQ concentrations with enhanced isoprene chem-
the MIX case (right). istry were negligible. Overall, the parameterizations tested in

this study suggest BVOC and their oxidation products can be

very sensitive to the mixing parameterization.
mixed hardwood forest to elucidate in-canopy atmospheric The impact of vertical mixing on HOchemistry is depen-
chemistry during the CABINEX 2009 field campaign. dent on the advection conditions. Advection from polluted
CACHE calculates vertical mixing within and above the for- regions (e.g., the first day of our simulation) increases OH
est canopy using K-theory, a parameterization used by manin the region of advection (45-106 m) and decreases OH be-
1-D and 3-D models despite its limitations in the canopy low the level of advection. When local chemistry dominates,
roughness layer. Chemical transformation is modeled usin@n increase in mixing increases OH concentrations suggest-
RACM, a condensed mechanism that can cover a broad rangeg that the canopy can be a KH@ource. For HQ, an in-
of chemical situations but with limited BVOC chemistry par- crease in mixing tends to decrease concentrations regard-
ticularly under low-NQ conditions. In this study, we testthe less of advection conditions. With changes to the RACM-
model sensitivity of vertical gradients of BVOC and their MIM chemistry, OH decreases due to increased secondary
oxidation products to (1) turbulent exchange and (2) chem-oxidation of biogenic oxidation products and bi@ecreases
istry. First, we account for turbulence in the canopy rough-throughout the profile. While the additional BVOC oxidation
ness layer by applying the modified K-theory parameterizapathways of RACM-MIM improve HQ, the overestimation
tion of Makar et al (1999 and adjusting the model with high- of MACR+MVK suggests that the mechanism pathway may
time-resolution sonic anemometer measurements of frictiomot be properly capturing the oxidation of the biogenic oxi-
velocity and vertical velocity standard deviation. Second, wedation products. Additionally, we find that GLY is underesti-
implement an expanded version of RACM with more explicit mated in the model by an order of magnitude (Fig. S3 in the
BVOC chemistry, RACM-MIM. Supplement), suggesting a missing primary biogenic oxida-

Traditional K-theory (i.e. BASE) underestimates forest tion source.

canopy exchange by 0.5-2 orders of magnitude, leading to Typically, 1-D models are subject to several aspects of un-
an overly-strong diurnal cycle of ozone, and an overestimatecertainty, including (1) the emissions from the canopy and
of NOy, BVOC and their oxidation products that accumu- sail, (2) the reactions described by the chemical mechanism,
late within and above the canopy to 2—-3 times higher than(3) the exchange driven by the turbulence parameterization,
observed. This highlights the issue that models with differ-and (4) the sink to surface deposition. We have evaluated
ing turbulence parameterizations in and above the canopgach of these aspects in this paper, while focussing our sensi-
may inhibit exchange across the top of the canopy due to divity study on mixing and chemistry. The BVOC emissions
discontinuity in mixing between the two equations. In addi- have been fairly well-constrained by multiple measurements
tion, traditional K-theory, in which turbulence is driven by at the site; however, we find that observed emission factors
a prognostic temperature profile, does not capture the obfor isoprene are likely on the lower end of the spectrum due to
served gradual onset and termination of convective mixingthe unusually cool summer at UMBS. If emission rates were
due to uncertainties with the empirical stability parameter athigher than modeled in this study, BVOC concentrations ac-
the transition between stable and unstable conditions. Thisumulate in the model to unrealistic concentrations. In the-
leads to anomalous spikes in primary BVOC near the canopypry, this could be matched by higher reactivity in the forest,
particularly around sunset, that are not present in the obsemvith increased oxidation by OH through the implementation
vations. Driving near-canopy vertical mixing with microm- of an OH recycling mechanisniélieveld et al, 2009 or
eteorological observations (e.g., MIX) improves the repre-enhanced deposition of compounds competing for OH (e.g.,
sentation of vertical mixing as evidenced in the improved oxygenated VOCKarl et al, 2004 2010. With enhanced
vertical profiles and diurnal cycles of BVOC and their oxida- oxygenated VOC deposition accordingKatrl et al. (2010
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applied in this study, BVOC still accumulate. OH concentra- Supplementary material related to this article is

tions were well-matched with the observations; therefore, weavailable online at: http://www.atmos-chem-phys.net/12/
did not implement a recycling mechanism in this study. Ad- 8829/2012/acp-12-8829-2012-supplement.pdf
ditionally, underestimations in peroxide (e.ga®p) depo-
sition may inhibit in-canopy photochemistry and exchange
(Ganzeveld et al.2006; however, peroxide measurements
were not available to constrain deposition rates. We teste(ﬁ

the sensitivity Of.the model to'hlgher'NOpotenUa.IIy from A.L. Steiner at the University of Michigan (UM). Additional
alecal or advective source by increasing Nadlvection rates support for AM. Bryan was provided through the University
until the NG, concentrations match urban levels (not shown). ot \ichigan Elizabeth C. Crosby Research Foundation and the
With higher isoprene emissions (e.g., the mean valu@ref  \ichigan Space Grant Consortium. We thank C. Vogel at UMBS
tega et al.2007), higher NG can increase the oxidation and for providing ancillary meteorological data for our analysis, as well
reduce BVOC concentrations to observed values, howeveas Meghan Thurlow, Melissa Galloway, and Anthony O’Brien for
modeled NQ concentrations then exceed observed valuesroviding the glyoxal measurements. We thank the editor&Jos
by an order of magnitude. It is also possible that OH concensuentes), Laurens Ganzeveld, and an anonymous reviewer for
trations are too low in the model (e.g., Fitp, left panel); comments that greatly improved this manuscript.
however, our modeled BVOC oxidation products are already_ _ o
higher than observed and we have good measured-modeldgfited by: J- Williams and J. Fuentes
agreement in OH reactivity. Therefore, we have evidence to
show that the modeled emissions and chemistry balance ieferences
the model represents the observed conditions fairly accu-
rately. Alaghmand, M., Shepson, P. B., Starn, T. K., Jobson, B. T., Wal-
Overall, we find that an improved representation of in- lace, H. W,, Carroll, M. A., Bertman, S. B., Lamb, B., Ed-
canopy turbulent transport based on micrometeorological burg, S. L., Zhou, X., Apel, E., Riemer, D., Stevens, P., and
observations and a consideration for near-field effects im- Keutsch, F.: The Moming NOmaximum in the forest atmo-
proves the simulation of concentrations and vertical gradients SPhere boundary layer, Atmos. Chem. Phys. Discuss., 11, 29251~
of BVOC and their oxidation products observed during the 29282 doi:10.5194/acpd-11-29251-2012011.
CABINEX 2009 campaign. The change to a mechanism withApeI’ E. C., Riemer, D. D., Hills, A, Baugh, W., Orlando, J.,
o ) : . Faloona, I., Tan, D., Brune, W., Lamb, B., Westberg, H., Car-
more specmc_BVOC pathways slightly improves agreement roll, M. A., Thomberry, T., and Geron, C. D.: Measurement
with observations for H@ but produces more BVOC oxi-  anq interpretation of isoprene fluxes and isoprene, methacrolein,
dation products than observed (e.g., HCHO, MACR+MVK).  and methyl vinyl ketone mixing ratios at the PROPHET
While the yields of BVOC oxidation products in MIM may  site during the 1998 Intensive, J. Geophys. Res., 107, 4034,
be too high (e.g.Geiger et al.2003 or surface deposition doi:10.1029/2000JD000223002.
rates may be too lowRugh et al.2010, observed concen- Asner, G. P.: Biophysical and Biochemical Sources of Variability
trations of these primary oxidation products suggest that our in Canopy Reflectance, Remote Sens. Environ., 64, 234-253,
in-canopy oxidation is within the observational constraints. d0i:10.1016/S0034-4257(98)000141998. o
However, we note that implementation of other isoprene OX-Baclalde%Cocski];i]oa-:toAan:ilel::I;(lj?:)etrsn;c;?(eflofrcersteigr:gg;gAirl:r:];usr Cgm‘rjoen
Show tha ibing i the canopy may be more Importantthan,, 22 863-804001 10 101610004-6981(8)90264 7055
. . Baldocchi, D., Falge, E., Gu, L., Olson, R., Hollinger, D., Running,
changes to BVOC ch.emlstry mechanisms for accurate mod- S.. Anthoni, P.. Bernhofer, C., Davis, K., Evans, R.. Fuentes, J.,
eling of BVOC chemistry and forest-atmosphere exchange, Goldstein, A., Katul, G., Law, B., Lee, X., Malhi, Y., Meyers, T.,
and point to the need for a revised in-canopy turbulence pa- Munger, W., Oechel, W., Paw U, K. T., Pilegaard, K., Schmid,
rameterization in existing 1-D and 3D atmospheric models. H. p., valentini, R., Verma, S., Vesala, T., Wilson, K., and Wof-
A thorough intercomparison of turbulence and BVOC chem-  syn, S.: FLUXNET: A New Tool to Study the Temporal and Spa-
istry data from a variety of forest ecosystems is required to tial Variability of Ecosystem-Scale Carbon Dioxide, Water Va-
assess the applicability of our results on the global scale. por, and Energy Flux Densities, B. Am. Meteor. Soc., 82, 2415~
Other aspects of the forest canopy, including the turbulence 2434, 2001.
structure of the lower canopy and the effect of vertical het-Ba:gfgy’ S"' Egrlpfll_lmeerl'];“:érG:”f;’ﬁ:gi ';: C\;gr?;%eg’ I'D"ag'
Cffenng plant iype) on he oxdaton capacty of the canopy 203 Kurosu. . . Chance, K.Mler 3, De Smett, 1,
. Van Roozendael, M., Chen, D., Wang, Y., and Yantosca, R. M.:
and forest-atmosphere exchange of BVOC may provide fur-

cknowledgementg-unding for this work was provided by the
ational Science Foundation AGS-0904128 to M.A. Carroll and

. ) ) . . Can a "state of the art” chemistry transport model simulate Ama-
ther information for understanding the vertical profiles of
BVOC, their oxidation products, and their contribution to tro-
pospheric chemistry.

www.atmos-chem-phys.net/12/8829/2012/

zonian tropospheric chemistry?, J. Geophys. Res., 116, D16302,
doi:10.1029/2011JD015893011.

Blackadar, A. K.: High-resolution models of the planetary bound-

ary layer, in: Advances in Environmental Science and Engineer-

Atmos. Chem. Phys., 12, 8&349 2012


http://www.atmos-chem-phys.net/12/8829/2012/acp-12-8829-2012-supplement.pdf
http://www.atmos-chem-phys.net/12/8829/2012/acp-12-8829-2012-supplement.pdf
http://dx.doi.org/10.5194/acpd-11-29251-2011
http://dx.doi.org/10.1029/2000JD000225
http://dx.doi.org/10.1016/S0034-4257(98)00014-5
http://dx.doi.org/10.1016/0004-6981(88)90264-8
http://dx.doi.org/10.1029/2011JD015893

8846 A. M. Bryan et al.: Modeling in-canopy chemistry during CABINEX 2009

ing, 1, 50-85, Gordon and Breech Science Publishers, Inc., NewFinkelstein, P. L., Ellestad, T. G., Clarke, J. F., Meyers, T. P,
York, USA, 1979. Schwede, D. B., Hebert, E. O., and Neal, J. A.: Ozone and sulfur
Bouvier-Brown, N. C., Goldstein, A. H., Gilman, J. B., Kuster, dioxide dry deposition to forests: Observations and model evalu-
W. C., and de Gouw, J. A.: In-situ ambient quantification ation, J. Geophys. Res., 105, 15365-15377, 2000.
of monoterpenes, sesquiterpenes, and related oxygenated corfinnigan, J.: Turbulence in Plant Canopies, Annu. Rev. Fluid Mech.,
pounds during BEARPEX 2007: implications for gas- and 32, 519-571¢0i:10.1146/annurev.fluid.32.1.512000.
particle-phase chemistry, Atmos. Chem. Phys., 9, 5505-5518Forkel, R., Seidl, W., Dlugi, R., and Deigele, E.: A One-
doi:10.5194/acp-9-5505-2002009. Dimensional Numerical-Model to Simulate Formation and Bal-
Boy, M., Sogachev, A., Lauros, J., Zhou, L., Guenther, A., and ance of Sulfate during Radiation Fog Events, J. Geophys. Res.,
Smolander, S.: SOSA — a new model to simulate the concen- 95, 18501-18515, 1990.
trations of organic vapours and sulphuric acid inside the ABL — Forkel, R., Klemm, O., Graus, M., Rappeiigk, B., Stockwell,
Part 1: Model description and initial evaluation, Atmos. Chem. W. R., Grabmer, W., Held, A., Hansel, A., and Steinbrecher,

Phys., 11, 43-51d0i:10.5194/acp-11-43-2012011. R.: Trace gas exchange and gas phase chemistry in a Norway
Butler, T. M., Taraborrelli, D., Bihl, C., Fischer, H., Harder, H., spruce forest: A study with a coupled 1-dimensional canopy at-
Martinez, M., Williams, J., Lawrence, M. G., and Lelieveld, mospheric chemistry emission model, Atmos. Environ., 40, 28—

J.: Improved simulation of isoprene oxidation chemistry with ~ 42,doi:10.1016/j.atmosenv.2005.11.02006.

the ECHAMS/MESSYyY chemistry-climate model: lessons from Fuchs, H., Bohn, B., Hofzumahaus, A., Holland, F., Lu, K. D.,

the GABRIEL airborne field campaign, Atmos. Chem. Phys., 8, Nehr, S., Rohrer, F., and Wahner, A.: Detection of Hfy laser-

4529-4546¢0i:10.5194/acp-8-4529-2008008. induced fluorescence: calibration and interferences from RO
Carlton, A. G., Wiedinmyer, C., and Kroll, J. H.: A review of Sec- radicals, Atmos. Meas. Tech., 4, 1209-1286i:10.5194/amt-

ondary Organic Aerosol (SOA) formation from isoprene, At-  4-1209-20112011.

mos. Chem. Phys., 9, 4987-5006j:10.5194/acp-9-4987-2009 Ganzeveld, L., Valverde-Canossa, J., Moortgat, G., and Stein-

2009. brecher, R.: Evaluation of peroxide exchanges over a coniferous
Carroll, M. A., Bertman, S. B., and Shepson, P. B.: Overview of forestin a single-column chemistry-climate model, Atmos. Env-

the Program for Research on Oxidants: PHotochemistry, Emis- iron., 40, 68—80¢0i:10.1016/j.atmosenv.2006.01.0@D06.

sions, and Transport (PROPHET) summer 1998 measurement§anzeveld, L., Eerdekens, G., Feig, G., Fischer, H., Harder, H.,

intensive, J. Geophys. Res., 106, 24275-24288, 2001. Konigstedt, R., Kubistin, D., Martinez, M., Meixner, F. X.,
Carslaw, N. and Carslaw, D.: The gas-phase chemistry of urban at- Scheeren, H. A., Sinha, V., Taraborrelli, D., Williams, J.,aVil
mospheres, Surv. Geophys., 22, 31-53, 2001. Guerau de Arellano, J., and Lelieveld, J.: Surface and boundary

Claeys, M., Graham, B., Vas, G., Wang, W., Vermeylen, R., Pashyn- layer exchanges of volatile organic compounds, nitrogen oxides
ska, V., Cafmeyer, J., Guyon, P., Andreae, M. O., Artaxo, P., and ozone during the GABRIEL campaign, Atmos. Chem. Phys.,
and Maenhaut, W.: Formation of Secondary Organic Aerosols 8, 6223—-6243¢0i:10.5194/acp-8-6223-2008008.

Through Photooxidation of Isoprene, Science, 303, 1173-1176Ganzeveld, L. N., Lelieveld, J., Dentener, F. J., Krol, M. C., Bouw-
doi:10.1126/science.109280004. man, A. J., and Roelofs, G. J.: Global soil-biogenic Némis-

Cooper, O. R., Moody, J. L., Thornberry, T. D., Town, M. S.,  sions and the role of canopy processes, J. Geophys. Res., 107,
and Carroll, M. A.: PROPHET 1998 meteorological overview  4298,d0i:10.1029/2001JD001282002.
and air-mass classification, J. Geophys. Res., 106, 24289-2429%ao, W., Wesely, M. L., and Doskey, P. V.. Numerical Modeling
2001. of the Turbulent Diffusion and Chemistry of NOOs, Isoprene,

de Gouw, J. and Warneke, C.: Measurements of volatile organic and Other Reactive Trace Gases in and Above a Forest Canopy,
compounds in the Earth’s atmosphere using proton-transfer- J. Geophys. Res., 98, 18339-18353, 1993.
reaction mass spectrometry, Mass. Spectrom. Rev., 26, 223-25Geiger, H., Barnes, |, Bejan, |., Benter, T., and Spittler, M.: The tro-
2007. pospheric degradation of isoprene: an updated module for the re-

Di Carlo, P., Brune, W. H., Martinez, M., Harder, H., Lesher, R.,  gional atmospheric chemistry mechanism, Atmos. Environ., 37,
Ren, X., Thornberry, T., Carroll, M. A., Young, V., Shepson,  1503-1519¢0i:10.1016/S1352-2310(02)010472003.

P. B., Riemer, D., Apel, E., and Campbell, C.: Missing OH Re- Goldstein, A. H. and Galbally, I. E.: Known and Unexplored Or-
activity in a Forest: Evidence for Unknown Reactive Biogenic  ganic Constituents in the Earth’s Atmosphere, Environ. Sci.
VOCs, Science, 304, 722-72%8pi:10.1126/science.1094392 Technol., 41, 1514-15210i:10.1021/es072476@007.

2004. Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C.,
Dusanter, S., Vimal, D., Stevens, P. S., Volkamer, R., and Molina, Graedel, T., Harley, P., Klinger, L., Lerdau, M., Mckay, W. A,
L. T.: Measurements of OH and Boncentrations during the Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor,

MCMA-2006 field campaign — Part 1: Deployment of the Indiana  J., and Zimmerman, P.: A global model of natural volatile organic
University laser-induced fluorescence instrument, Atmos. Chem. compound emissions, J. Geophys. Res., 100, 8873—8892, 1995.
Phys., 9, 1665-1688l0i:10.5194/acp-9-1665-2002009. Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simp-
Faloona, I., Tan, D., Brune, W., Hurst, J., Barket, Dennis, J., Couch, son, D., Claeys, M., Dommen, J., Donahue, N. M., George, C.,
T. L., Shepson, P., Apel, E., Riemer, D., Thornberry, T., Carroll,  Goldstein, A. H., Hamilton, J. F., Herrmann, H., Hoffmann, T.,
M. A., Sillman, S., Keeler, G. J., Sagady, J., Hooper, D., and Pa- linuma, Y., Jang, M., Jenkin, M. E., Jimenez, J. L., Kiendler-
terson, K.: Nighttime observations of anomalously high levels of ~ Scharr, A., Maenhaut, W., McFiggans, G., Mentel, T. F., Monod,
hydroxyl radicals above a deciduous forest canopy, J. Geophys. A., Prévot, A. S. H., Seinfeld, J. H., Surratt, J. D., Szmigiel-
Res., 106, 24315-24333, 2001. ski, R., and Wildt, J.: The formation, properties and impact

Atmos. Chem. Phys., 12, 8828849 2012 www.atmos-chem-phys.net/12/8829/2012/


http://dx.doi.org/10.5194/acp-9-5505-2009
http://dx.doi.org/10.5194/acp-11-43-2011
http://dx.doi.org/10.5194/acp-8-4529-2008
http://dx.doi.org/10.5194/acp-9-4987-2009
http://dx.doi.org/10.1126/science.1092805
http://dx.doi.org/10.1126/science.1094392
http://dx.doi.org/10.5194/acp-9-1665-2009
http://dx.doi.org/10.1146/annurev.fluid.32.1.519
http://dx.doi.org/10.1016/j.atmosenv.2005.11.070
http://dx.doi.org/10.5194/amt-4-1209-2011
http://dx.doi.org/10.5194/amt-4-1209-2011
http://dx.doi.org/10.1016/j.atmosenv.2006.01.062
http://dx.doi.org/10.5194/acp-8-6223-2008
http://dx.doi.org/10.1029/2001JD001289
http://dx.doi.org/10.1016/S1352-2310(02)01047-6
http://dx.doi.org/10.1021/es072476p

A. M. Bryan et al.: Modeling in-canopy chemistry during CABINEX 2009 8847

of secondary organic aerosol: current and emerging issues, AtdJobson, B. T. and McCoskey, J. K.: Sample drying to im-
mos. Chem. Phys., 9, 5155-5286j:10.5194/acp-9-5155-2009 prove HCHO measurements by PTR-MS instruments: laboratory
20009. and field measurements, Atmos. Chem. Phys., 10, 18211835,

Hanson, D. T. and Sharkey, T. D.: Rate of acclimation of the ca- doi:10.5194/acp-10-1821-20,12010.
pacity for isoprene emission in response to light and temper-Karl, T., Potosnak, M., Guenther, A., Clark, D., Walker, J., Her-
ature, Plant Cell. Environ., 24, 937-9460i:10.1046/j.1365- rick, J. D., and Geron, C.: Exchange processes of volatile organic
3040.2001.00745,2001. compounds above a tropical rain forest: Implications for model-

Hari, P., Raivonen, M., Vesala, T., Munger, J. W., Pilegaard, K., ing tropospheric chemistry above dense vegetation, J. Geophys.
and Kulmala, M.: Atmospheric science: Ultraviolet light and leaf ~ Res., 109, D1830&]0i:10.1029/2004JD004732004.
emission of NQ, Nature, 422, p. 134, 2003. Karl, T., Guenther, A., Turnipseed, A., Tyndall, G., Artaxo, P., and

Heus, T., van Heerwaarden, C. C., Jonker, H. J. J., Pier Siebesma, Martin, S.: Rapid formation of isoprene photo-oxidation prod-
A., Axelsen, S., van den Dries, K., Geoffroy, O., Moene, A. F.,  ucts observed in Amazonia, Atmos. Chem. Phys., 9, 7753-7767,
Pino, D., de Roode, S. R., and ¥ilGuerau de Arellano, J.: doi:10.5194/acp-9-7753-2002009.

Formulation of the Dutch Atmospheric Large-Eddy Simulation Karl, T., Harley, P., Emmons, L., Thornton, B., Guenther, A.,
(DALES) and overview of its applications, Geosci. Model Dev., Basu, C., Turnipseed, A., and Jardine, K.: Efficient Atmospheric
3, 415-444d0i:10.5194/gmd-3-415-2012010. Cleansing of Oxidized Organic Trace Gases by Vegetation, Sci-

Hewitt, C. N., Lee, J. D., MacKenzie, A. R., Barkley, M. P., Carslaw,  ence, 330, 816-8180i:10.1126/science.1192532010.

N., Carver, G. D., Chappell, N. A., Coe, H., Collier, C., Com- Kim, S., Guenther, A., Karl, T., and Greenberg, J.: Contributions of
mane, R., Davies, F., Davison, B., DiCarlo, P., Di Marco, C. F.,, primary and secondary biogenic VOC tototal OH reactivity dur-
Dorsey, J. R., Edwards, P. M., Evans, M. J., Fowler, D., Furneaux, ingthe CABINEX (Community Atmosphere-Biosphere INterac-
K. L., Gallagher, M., Guenther, A., Heard, D. E., Helfter, C., tions Experiments)-09 field campaign, Atmos. Chem. Phys., 11,
Hopkins, J., Ingham, T., Irwin, M., Jones, C., Karunaharan, A., 8613-8623d0i:10.5194/acp-11-8613-20,12011.

Langford, B., Lewis, A. C., Lim, S. F., MacDonald, S. M., Ma- Kim, S. W,, Barth, M. C., and Trainer, M.: Influence of fair-weather
hajan, A. S., Malpass, S., McFiggans, G., Mills, G., Misztal, P., cumulus clouds on isoprene chemistry, J. Geophys. Res., 117,
Moller, S., Monks, P. S., Nemitz, E., Nicolas-Perea, V., Oetjen, D10302,d0i:10.1029/2011JD017092012.

H., Oram, D. E., Palmer, P. |, Phillips, G. J., Pike, R., Plane, Kovacs, T. A. and Brune, W. H.: Total OH Loss Rate Measurement,
J. M. C., Pugh, T., Pyle, J. A., Reeves, C. E., Robinson, N. H., J. Atmos. Chem., 39, 105-12@0i:10.1023/A:1010614113786
Stewart, D., Stone, D., Whalley, L. K., and Yin, X.: Overview: 2001.

oxidant and particle photochemical processes above a south-eaktol, M. C., Molemaker, M. J., and \@-Guerau de Arellano, J.: Ef-
Asian tropical rainforest (the OP3 project): introduction, ratio-  fects of turbulence and heterogeneous emissions on photochemi-
nale, location characteristics and tools, Atmos. Chem. Phys., 10, cally active species in the convective boundary layer, J. Geophys.
169-199d0i:10.5194/acp-10-169-2012010. Res., 105, 6871-6884, 2000.

Hofzumahaus, A., Rohrer, F.,, Lu, K., Bohn, B., Brauers, T., Chang,LADCO: Regional Network Assessment: States of lllinois, Indiana,
C.-C., Fuchs, H., Holland, F., Kita, K., Kondo, Y., Li, X., Lou, Michigan, Minnesota, Ohio, and Wisconsin, Tech. rep., Lake
S., Shao, M., Zeng, L., Wahner, A., and Zhang, Y.: Amplified Michigan Air Directors Consortium (LADCO), Des Plaines,
Trace Gas Removal in the Troposphere, Science, 324, 1702— IL, http://www.ladco.org/reports/general/RegiamlNgtwork.
1704,doi:10.1126/science.116456809. Assessment/Regioniletwork AssessmenReportVersion5.

Hogg, A., Uddling, J., Ellsworth, D., Carroll, M. A., Pressley, S.,  0_May_27.2010.pdf draft report, 27 May 2010.

Lamb, B., and Vogel, C.: Stomatal and non-stomatal fluxes ofLelieveld, J., Butler, T. M., Crowley, J. N., Dillon, T. J., Fischer,
ozone to a northern mixed hardwood forest, Tellus B, 59, 514— H., Ganzeveld, L., Harder, H., Lawrence, M. G., Martinez, M.,
525,d0i:10.1111/j.1600-0889.2007.002692007. Taraborrelli, D., and Williams, J.: Atmospheric oxidation capac-

Huisman, A. J., Hottle, J. R., Galloway, M. M., DiGangi, J. P., Co- ity sustained by a tropical forest, Nature, 452, 737—-740, 2008.
ens, K. L., Choi, W., Faloona, I. C., Gilman, J. B., Kuster, W. C., Logan, J. A.: Tropospheric Ozone: Seasonal Behavior, Trends, and
de Gouw, J., Bouvier-Brown, N. C., Goldstein, A. H., LaFranchi,  Anthropogenic Influence, J. Geophys. Res., 90, 10463-10482,
B. W., Cohen, R. C., Wolfe, G. M., Thornton, J. A., Docherty, 1985.

K. S., Farmer, D. K., Cubison, M. J., Jimenez, J. L., Mao, J., Makar, P. A,, Fuentes, J. D., Wang, D., Staebler, R. M., and Wiebe,
Brune, W. H., and Keutsch, F. N.: Photochemical modeling of H. A.: Chemical processing of biogenic hydrocarbons within and
glyoxal at a rural site: observations and analysis from BEARPEX above atemperate deciduous forest, J. Geophys. Res., 104, 3581—
2007, Atmos. Chem. Phys., 11, 8883—-8883i;10.5194/acp-11- 3603, 1999.

8883-20112011. Martin, R. S., Westberg, H., Allwine, E., Ashman, L., Farmer, J. C.,

Hurst, J. M., Barket, Dennis J., J., Herrera-Gomez, O., Couch, and Lamb, B.: Measurement of isoprene and its atmospheric ox-
T. L., Shepson, P. B., Faloona, I., Tan, D., Brune, W., West- idation products in a central Pennsylvania deciduous forest, J.
berg, H., Lamb, B., Biesenthal, T., Young, V., Goldstein, A.,  Atmos. Chem., 13, 1-32{0i:10.1007/BF00048098991.

Munger, J. W., Thornberry, T., and Carroll, M. A.: Investiga- Martin, S. T., Andreae, M. O., Althausen, D., Artaxo, P., Baars, H.,
tion of the nighttime decay of isoprene, J. Geophys. Res., 106, Borrmann, S., Chen, Q., Farmer, D. K., Guenther, A., Gunthe,
24335-24346, 2001. S. S., Jimenez, J. L., Karl, T., Longo, K., Manzi, A.iNer, T.,

Jarvis, P. G.: The interpretation of the variations in leaf water po- Pauliquevis, T., Petters, M. D., Prenni, A. Jgsehl, U., Rizzo,
tential and stomatal conductance found in canopies in the field, L. V., Schneider, J., Smith, J. N., Swietlicki, E., Tota, J., Wang,
Philos. T. Roy. Soc. B, 273, 593-610, 1976. J., Wiedensohler, A., and Zorn, S. R.: An overview of the Ama-

www.atmos-chem-phys.net/12/8829/2012/ Atmos. Chem. Phys., 12, 8&349 2012


http://dx.doi.org/10.5194/acp-9-5155-2009
http://dx.doi.org/10.1046/j.1365-3040.2001.00745.x
http://dx.doi.org/10.1046/j.1365-3040.2001.00745.x
http://dx.doi.org/10.5194/gmd-3-415-2010
http://dx.doi.org/10.5194/acp-10-169-2010
http://dx.doi.org/10.1126/science.1164566
http://dx.doi.org/10.1111/j.1600-0889.2007.00269.x
http://dx.doi.org/10.5194/acp-11-8883-2011
http://dx.doi.org/10.5194/acp-11-8883-2011
http://dx.doi.org/10.5194/acp-10-1821-2010
http://dx.doi.org/10.1029/2004JD004738
http://dx.doi.org/10.5194/acp-9-7753-2009
http://dx.doi.org/10.1126/science.1192534
http://dx.doi.org/10.5194/acp-11-8613-2011
http://dx.doi.org/10.1029/2011JD017099
http://dx.doi.org/10.1023/A:1010614113786
http://www.ladco.org/reports/general/Regional_Network_Assessment/Regional_Network_Assessment_Report_Version_5.0_May_27_2010.pdf
http://www.ladco.org/reports/general/Regional_Network_Assessment/Regional_Network_Assessment_Report_Version_5.0_May_27_2010.pdf
http://www.ladco.org/reports/general/Regional_Network_Assessment/Regional_Network_Assessment_Report_Version_5.0_May_27_2010.pdf
http://dx.doi.org/10.1007/BF00048098

8848

A. M. Bryan et al.: Modeling in-canopy chemistry during CABINEX 2009

zonian Aerosol Characterization Experiment 2008 (AMAZE- Pratt, K. A., Mielke, L. H., Shepson, P. B., Bryan, A. M., Steiner,

08), Atmos. Chem. Phys., 10, 11415-11488j:10.5194/acp-
10-11415-20102010.
Meyers, T. P.: The sensitivity of modeleth, fluxes and profiles

to stomatal and boundary layer resistances, Water Air Soil Poll.,

35, 261-278¢0i:10.1007/BF00290933.987.

Meyers, T. P. and Baldocchi, D. D.: A comparison of mod-
els for deriving dry deposition fluxes of ©and SQ to a
forest canopy, Tellus B, 40B, 270-284dpi:10.1111/j.1600-
0889.1988.tb00297,4988.

Misztal, P. K., Nemitz, E., Langford, B., Di Marco, C. F., Phillips,

A. L., Ortega, J., Daly, R., Helmig, D., Vogel, C. S., Griffith,
S., Dusanter, S., Stevens, P. S., and Alaghmand, M.: A one-
dimensional model study of individual reactive biogenic volatile
organic compounds and their contributions to organic nitrates
above a mixed forest, Atmos. Chem. Phys. Discuss., submitted,
2012.

Pressley, S., Lamb, B., Westberg, H., Flaherty, J., Chen, J.,

and Vogel, C.: Long-term isoprene flux measurements above
a northern hardwood forest, J. Geophys. Res., 110, D07301,
doi:10.1029/2004JD005523005.

G. J.,, Hewitt, C. N., MacKenzie, A. R., Owen, S. M., Fowler, Pugh, T. A. M., MacKenzie, A. R., Hewitt, C. N., Langford, B.,

D., Heal, M. R., and Cape, J. N.: Direct ecosystem fluxes of

volatile organic compounds from oil palms in South-East Asia,
Atmos. Chem. Phys., 11, 8995-9046j:10.5194/acp-11-8995-
20171 2011.

Molemaker, M. J. and Vd-Guerau de Arellano, J.: Control of

Chemical Reactions by Convective Turbulence in the Boundary

Layer, J. Atmos. Sci., 55, 568-579, 1998.

Ortega, J. and Helmig, D.: Approaches for quantifying reactive and
low-volatility biogenic organic compound emissions by vegeta-

Edwards, P. M., Furneaux, K. L., Heard, D. E., Hopkins, J. R.,
Jones, C. E., Karunaharan, A., Lee, J., Mills, G., Misztal, P.,
Moller, S., Monks, P. S., and Whalley, L. K.: Simulating atmo-
spheric composition over a South-East Asian tropical rainforest:
performance of a chemistry box model, Atmos. Chem. Phys., 10,
279-298d0i:10.5194/acp-10-279-20,12010.

Raupach, M. R.: A practical Lagrangian method for relat-

ing scalar concentrations to source distributions in vege-
tation canopies, Q. J. Roy. Meteor. Soc., 115, 609-632,

tion enclosure techniques — Part A, Chemosphere, 72, 343—-364, doi:10.1002/qj.49711548710989.

doi:10.1016/j.chemosphere.2007.11.02008.

Raupach, M. R., Finnigan, J. J., and Brunei, Y.: Coherent eddies

Ortega, J., Helmig, D., Guenther, A., Harley, P., Pressley, S., and and turbulence in vegetation canopies: The mixing-layer analogy,

Vogel, C.: Flux estimates and OH reaction potential of reactive

biogenic volatile organic compounds (BVOCs) from a mixed

Bound.-Lay. Meteor., 78, 351-3820i:10.1007/BF00120941
1996.

northern hardwood forest, Atmos. Environ., 41, 5479-5495, Schmid, H. P., Su, H.-B., Vogel, C. S., and Curtis, P. S.: Ecosystem-

doi:10.1016/j.atmosenv.2006.12.02807.
Pang, X., Mu, Y., Zhang, Y., Lee, X., and Yuan, J.: Contribution

atmosphere exchange of carbon dioxide over a mixed hardwood
forest in northern lower Michigan, J. Geophys. Res., 108, 4417,

of isoprene to formaldehyde and ozone formation based on its doi:10.1029/2002JD003012003.
oxidation products measurement in Beijing, China, Atmos. Envi- Sillman, S., Carroll, M. A., Thornberry, T., Lamb, B. K., West-

ron., 43, 2142-21470i:10.1016/j.atmosenv.2009.01.02209.

Patton, E., Davis, K., Barth, M., and Sullivan, P.: Decaying Scalars

Emitted By A Forest Canopy: A Numerical Study, Bound.-Lay.
Meteor., 100, 91-12%0i:10.1023/A:1019223515442001.

Paulot, F., Crounse, J. D., Kjaergaard, H. G., Kroll, J. H., Sein-
feld, J. H., and Wennberg, P. O.: Isoprene photooxidation: new

berg, H., Brune, W. H., Faloona, |., Tan, D., Shepson, P. B.,
Sumner, A. L., Hastie, D. R., Mihele, C. M., Apel, E. C,,
Riemer, D. D., and Zika, R. G.: Loss of isoprene and sources
of nighttime OH radicals at a rural site in the United States: Re-
sults from photochemical models, J. Geophys. Res., 107, 4043,
d0i:10.1029/2001JD000442002.

insights into the production of acids and organic nitrates, At- Simpson, D., Guenther, A., Hewitt, C. N., and Steinbrecher, R.: Bio-

mos. Chem. Phys., 9, 1479-15@bj:10.5194/acp-9-1479-2009
20009.
Peeters, J., Nguyen, T. L., and Vereecken, L. H&dical regener-

genic emissions in Europe 1. Estimates and uncertainties, J. Geo-
phys. Res., 100, 22875-22890, 1995.

Stavrakou, T., Peeters, J., andilr, J.-F.: Improved global mod-

ation in the oxidation of isoprene, Phys. Chem. Chem. Phys., 11, elling of HO, recycling in isoprene oxidation: evaluation against

5935-5939¢0i:10.1039/B908511-2009.
Perterer, J. and &ner, C.: The problem of reference parame-

ters in physiological-ecological research with conifer needles,

Forstwissenschaftliches Centralblatt, 109, 220-241, 1990.

the GABRIEL and INTEX-A aircraft campaign measurements,
Atmos. Chem. Phys., 10, 9863-981#®j:10.5194/acp-10-9863-
201Q 2010.

Steinbrecher, R., Hauff, K., Hakola, H., and$sler, J.: A Revised

Péetron, G., Harley, P., Greenberg, J., and Guenther, A.: Seasonal Parametrisation for Emission Modelling of Isoprenoids for Bo-
temperature variations influence isoprene emission, Geophys. real Plants, in: Biogenic VOC emissions and photochemistry in
Res. Lett., 28, 1707-1710, 2001. the boreal regions of Europe — Biphorep, edited by Laurila, T.

Poisson, N., Kanakidou, M., and Crutzen, P. J.: Impact and Lindfors, V., no. 70 in Air pollution research report, pp. 29—
of Non-Methane Hydrocarbons on Tropospheric Chemistry 43, Commission of the European Communities, EUR 18910 EN.
and the Oxidizing Power of the Global Troposphere: 3- EC, Brussels, 1999.

Dimensional Modelling Results, J. Atmos. Chem., 36, 157-230,Steiner, A. L., Pressley, S. N., Botros, A., Jones, E., Chung,
doi:10.1023/A:1006300616542000. S. H., and Edburg, S. L.: Analysis of coherent structures

Poschl, U., von Kuhimann, R., Poisson, N., and Crutzen, P. J.: De- and atmosphere-canopy coupling strength during the CAB-
velopment and Intercomparison of Condensed Isoprene Oxida- INEX field campaign, Atmos. Chem. Phys., 11, 11921-11936,

tion Mechanisms for Global Atmospheric Modeling, J. Atmos.
Chem., 37, 29-5240i:10.1023/A:1006391009798000.

Atmos. Chem. Phys., 12, 8828849 2012

00i:10.5194/acp-11-11921-2012011.

Stevens, P., Mather, J., and Brune, W.: Measurement of tropospheric

OH and HGQ by laser-induced fluorescence at low pressure, J.

www.atmos-chem-phys.net/12/8829/2012/


http://dx.doi.org/10.5194/acp-10-11415-2010
http://dx.doi.org/10.5194/acp-10-11415-2010
http://dx.doi.org/10.1007/BF00290935
http://dx.doi.org/10.1111/j.1600-0889.1988.tb00297.x
http://dx.doi.org/10.1111/j.1600-0889.1988.tb00297.x
http://dx.doi.org/10.5194/acp-11-8995-2011
http://dx.doi.org/10.5194/acp-11-8995-2011
http://dx.doi.org/10.1016/j.chemosphere.2007.11.020
http://dx.doi.org/10.1016/j.atmosenv.2006.12.033
http://dx.doi.org/10.1016/j.atmosenv.2009.01.022
http://dx.doi.org/10.1023/A:1019223515444
http://dx.doi.org/10.5194/acp-9-1479-2009
http://dx.doi.org/10.1039/B908511-D
http://dx.doi.org/10.1023/A:1006300616544
http://dx.doi.org/10.1023/A:1006391009798
http://dx.doi.org/10.1029/2004JD005523
http://dx.doi.org/10.5194/acp-10-279-2010
http://dx.doi.org/10.1002/qj.49711548710
http://dx.doi.org/10.1007/BF00120941
http://dx.doi.org/10.1029/2002JD003011
http://dx.doi.org/10.1029/2001JD000449
http://dx.doi.org/10.5194/acp-10-9863-2010
http://dx.doi.org/10.5194/acp-10-9863-2010
http://dx.doi.org/10.5194/acp-11-11921-2011

A. M. Bryan et al.: Modeling in-canopy chemistry during CABINEX 2009

Geophys. Res., 99, 3543-3557, 1994.

Stockwell, W. R., Kirchner, F., Kuhn, M., and Seefeld, S.: A
new mechanism for regional atmospheric chemistry modeling,
J. Geophys. Res., 102, 2584725879, 1997.

Stroud, C., Makar, P., Karl, T., Guenther, A., Geron, C., Turnipseed,
A., Nemitz, E., Baker, B., Potosnak, M., and Fuentes, J. D.:
Role of canopy-scale photochemistry in modifying biogenic-

8849

Wesely, M. L.: Parameterization of surface resistances to gaseous

dry deposition in regional-scale numerical models, Atmos. Envi-
ron., 23, 1293-130410i:10.1016/0004-6981(89)901534089.

Wolfe, G. M. and Thornton, J. A.: The Chemistry of Atmosphere-

Forest Exchange (CAFE) Model — Part 1. Model descrip-
tion and characterization, Atmos. Chem. Phys., 11, 77-101,
doi:10.5194/acp-11-77-2012011.

atmosphere exchange of reactive terpene species: Results fromolfe, G. M., Thornton, J. A., Bouvier-Brown, N. C., Goldstein,

the CELTIC field study, J. Geophys. Res., 110, D17303,
d0i:10.1029/2005JD005773005.

Stull, R. B.: An Introduction to Boundary Layer Meteorology,
p. 382, Kluwer Academic Publishers, Dordrecht/Boston/London,
1988.

Sumner, A. L., Shepson, P. B., Couch, T. L., Thornberry, T., Carroll,
M. A, Sillman, S., Pippin, M., Bertman, S., Tan, D., Faloona,
I., Brune, W., Young, V., Cooper, O., Moody, J., and Stockwell,
W.: A study of formaldehyde chemistry above a forest canopy, J.
Geophys. Res., 106, 24387—-24405, 2001.

Tan, D., Faloona, I., Simpas, J. B., Brune, W., Shepson, P. B.,
Couch, T. L., Sumner, A. L., Carroll, M. A., Thornberry, T., Apel,
E., Riemer, D., and Stockwell, W.: HCbudgets in a deciduous
forest: Results from the PROPHET summer 1998 campaign, J.
Geophys. Res., 106, 24407-24427, 2001.

www.atmos-chem-phys.net/12/8829/2012/

A. H., Park, J.-H., McKay, M., Matross, D. M., Mao, J., Brune,
W. H., LaFranchi, B. W., Browne, E. C., Min, K.-E., Wooldridge,
P. J., Cohen, R. C., Crounse, J. D., Faloona, I. C., Gilman,
J. B., Kuster, W. C., de Gouw, J. A., Huisman, A., and Keutsch,
F. N.: The Chemistry of Atmosphere-Forest Exchange (CAFE)
Model — Part 2: Application to BEARPEX-2007 observations,
Atmos. Chem. Phys., 11, 1269-12@j:10.5194/acp-11-1269-
2011, 2011.

Atmos. Chem. Phys., 12, 8&349 2012


http://dx.doi.org/10.1029/2005JD005775
http://dx.doi.org/10.1016/0004-6981(89)90153-4
http://dx.doi.org/10.5194/acp-11-77-2011
http://dx.doi.org/10.5194/acp-11-1269-2011
http://dx.doi.org/10.5194/acp-11-1269-2011



