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Abstract

Biogenic volatile organic compounds (BVOCs) can react in the atmosphere to form
organic nitrates, which serve as NO, (NO + NO,) reservoirs, impacting ozone and sec-
ondary organic aerosol production, the oxidative capacity of the atmosphere, and ni-
trogen availability to ecosystems. To examine the contributions of biogenic emissions
and the formation and fate of organic nitrates in a forest environment, we simulated the
oxidation of 57 individual BVOCs emitted from a rural mixed forest in Northern Michi-
gan. Of the total simulated organic nitrates, monoterpenes contributed ~70 % in the
early morning at ~12 m above the forest canopy when isoprene emissions were low. In
the afternoon, when vertical mixing and isoprene nitrate production were highest, the
simulated contribution of isoprene-derived organic nitrates was greater than 90 % at all
altitudes, with the concentration of secondary isoprene nitrates increasing with altitude.
Key BVOC-oxidant reactions were identified for future laboratory and field investiga-
tions into reaction rate constants, yields, and speciation of oxidation products. Forest
succession, wherein aspen trees are being replaced by pine and maple trees, was pre-
dicted to lead to increased afternoon concentrations of monoterpene-derived organic
nitrates. This further underscores the need to understand the formation and fate of
these species, which have different chemical pathways and oxidation products com-
pared to isoprene-derived organic nitrates and can lead to secondary organic aerosol
formation.

1 Introduction

Globally, biogenic volatile organic compound (BVOC) emissions (~1150TgCyr'1)
comprise ~90 % of total non-methane VOC emissions, and isoprene and monoter-
penes alone are estimated to account for ~48 % of total non-methane VOC emissions
(Guenther et al., 1995; Goldstein and Galbally, 2007). These BVOCs typically have
atmospheric lifetimes of minutes to hours for reactions with the hydroxyl (OH) radical,
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ozone (O3), and the nitrate (NO3) radical (Atkinson and Arey, 2003b). In the atmo-
sphere, BVOCs exist as complex mixtures with individual BVOC mole fractions ranging
from a few ppb to sub-ppt (Bouvier-Brown et al., 2009). The chemistry and fate of atmo-
spheric BVOCs have important implications for ozone and secondary organic aerosol
production, yet many questions remain regarding these processes (Goldstein and Gal-
bally, 2007).

Tropospheric ozone is produced via oxidation of NO to NO, by organic peroxy
radicals and HO, (e.g. Hauglustaine et al., 1996). Organic nitrates serve as NO,
(NO + NO,) reservoirs. Therefore, they impact nitrogen availability to ecosystems
(Lockwood et al., 2008), ozone production (both locally and downwind) (e.g. Fiore
et al., 2005; Wu et al., 2007), and the oxidative capacity of the atmosphere, impact-
ing trace gas removal and secondary organic aerosol formation and processing (e.g.
Rollins et al., 2010). Organic nitrates (RONO,) are formed via reactions of VOCs with
OH in the presence of NO, as shown in reactions 1-3, which show H-atom abstraction
from a C—H bond, followed by O, addition yielding a peroxy radical that can react with
NO to produce RONO, (Orlando et al., 2003).

RH+ OH — R +H,0 (R1)

R +0, — RO, (R2)

RO, + NO — RONO, (R3)

Alternatively, organic nitrates can also be formed from VOCs through addition of NO4
or OH, followed by peroxy radical formation and reaction with NO. Olefins constitute
the largest VOC emission flux globally, and OH reactions with olefins are primar-
ily via addition. Therefore, most organic nitrates are “multifunctional” (O’Brien et al.,
1995) and not simple “alkyl nitrates”, produced via H-atom abstraction. Organic ni-
trates have been shown to be a major component (12-20 %) of NO, (measured as
NO + NO, + HNOg + peroxy acetyl nitrates + RONO,) over the Eastern US during sum-
mer (Perring et al., 2009a). During the aircraft-based study by Perring et al. (2009a),
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~75 % of the organic nitrates below 0.5 km were estimated to be derived from isoprene.
At night, isoprene nitrates formed via reaction of isoprene with NO5 were estimated to
comprise 2-9 % of NO, (Brown et al., 2009). Correspondingly, modeled tropospheric
ozone production rates and concentrations are sensitive to isoprene emission rates
and the yield of isoprene nitrates (Fiore et al., 2005; Wu et al., 2007). Further, the
fate of organic nitrates and associated recycling of NO, is highly uncertain, even for
isoprene, the most abundant BVOC (Horowitz et al., 2007).

While the measurement of a large contribution of organic nitrates to NO, raises im-
portant questions about their nature and sources, measurement of the contributions of
specific RONO, compounds in the atmosphere remains an analytical challenge, due to
low ambient concentrations and the adsorptive nature of multifunctional nitrates (e.g.
Muthuramu et al., 1993). Thus, few atmospheric measurements of speciated organic
nitrates from BVOC precursors exist; in fact, only select nitrates resulting from isoprene
oxidation have been measured (Werner et al., 1999; Grossenbacher et al., 2001, 2004;
Giacopelli et al., 2005; Beaver et al., 2012). Isolation of specific RONO, isomers is fur-
ther complicated by secondary chemistry and loss processes (Giacopelli et al., 2005),
the contributions of which change spatially and temporally (Day et al., 2003).

The rural mixed forest environment at the University of Michigan Biological Station
(UMBS) in Northern Michigan is an excellent location for studying the atmospheric
chemistry of a wide variety of individual BVOCs. At this site, the forest composition and
succession are well characterized (Bergen and Dronova, 2007), and the tree species-
specific fluxes of BVOCs have been measured (Ortega et al., 2007, 2008). Together,
this unique information and the well-studied atmospheric environment at UMBS rep-
resent a unique opportunity to study the specifics of BVOC-derived organic nitrate
production. This study utilized a simple atmospheric chemistry one-dimensional model
to simulate the formation and fate of organic nitrates produced from the oxidation of 57
individual BVOCs locally emitted at UMBS. Several previous studies of BVOCs have uti-
lized more complex one-dimensional modeling to gain insight into local-scale chemistry
(Trainer et al., 1991; Gao et al., 1993; Makar et al., 1999; Spanke et al., 2001; Stroud
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et al., 2005; Forkel et al., 2006; Boy et al., 2011; Mogensen et al., 2011; Wolfe and
Thornton, 2011; Wolfe et al., 2011a, b). These recent BVOC-focused modeling studies
combine detailed micrometeorology with atmospheric chemistry to simulate chemistry
in and above the forest canopy. The goal of this study was to investigate the full suite of
the 57 BVOCs observed to be emitted in the UMBS forest; however, existing chemical
mechanisms cannot capture this large number of BVOC species. For example, one of
the most complex mechanisms at this time is the Master Chemical Mechanism (MCM,
http://mcm.leeds.ac.uk/MCM); yet of the BVOCs emitted at UMBS, this mechanism
only includes isoprene, a-pinene, (-pinene, limonene, and @-caryophyllene. Further,
most chemical mechanisms require lumped species, not allowing the examination of
individual BVOCs. These various BVOCs are characterized by different and complex
chemical structures, resulting in variations in reactivity, as well as different oxidation
products with subsequently different lifetimes. Therefore, the model herein includes
a simplified atmospheric treatment with more complex chemistry to investigate the
contributions of the full suite of observed BVOCs to organic nitrate production and
concentrations with respect to time of day and height above the forest canopy. As the
aspen forests (Populus grandidentata and Populus tremuloides) in the upper Great
Lakes region are maturing and will be replaced by northern hardwoods (Acer rubrum,
Acer saccharum, Fagus grandifola) and upland pine (Pinus strobus, Pinus resinosa)
(Bergen and Dronova, 2007), the impacts of forest succession on atmospheric compo-
sition are also examined. The focus of this study was to highlight the role of individual
BVOC contributions to organic nitrate formation and to identify key species that require
further examination in future laboratory and field studies.

17036

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
12, 17031-17086, 2012

Contributions of
BVOCs to organic
nitrates

K. A. Pratt et al.

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/17031/2012/acpd-12-17031-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/17031/2012/acpd-12-17031-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://mcm.leeds.ac.uk/MCM

10

15

20

25

2 Experimental
2.1 Measurements

Atmospheric summertime BVOC emissions and oxidation chemistry were evaluated in
Northern Michigan at the Program for Research on Oxidants: Photochemistry, Emis-
sions and Transport (PROPHET) tower site at the University of Michigan Biological Sta-
tion (UMBS, 45° 30" N, 84° 42" W, elevation 238 m) in Northern Michigan (Carroll et al.,
2001). An AmeriFlux site is located 132 m north-northeast of the PROPHET tower.
The nearest town is Pellston, Michigan (population <800), located ~5.5 km to the west;
Detroit, Michigan is the nearest major metropolitan area, ~350 km to the southeast. To
eliminate the need to account for wet deposition, only sunny and partly sunny days with
no precipitation in July—August 2008 were considered for the following analysis. Am-
bient air measurements of isoprene, total monoterpenes, methacrolein (MACR), and
methyl vinyl ketone (MVK) were conducted using the proton-transfer reaction linear ion
trap mass spectrometer (PTR-LIT), described previously by Mielke et al. (2008, 2010),
at ~34m above ground (~12m above canopy) at UMBS in July—August 2008. NO,
NO,, total RONO,, and No;, (~NOy-HNO3) were measured using a custom chemi-
luminescence instrument with thermal decomposition inlets, constructed following the
designs of Ridley and Grahek (1990), Bollinger et al. (1983), and Day et al. (2002).
All times are given in Eastern Standard Time (EST), one hour behind Eastern Daylight
Time.

2.2 Model description

A simplified atmospheric chemistry one-dimensional model was constructed to simu-
late the emissions, transport, and reactions of 57 locally-produced BVOCs at the UMBS
PROPHET site. The atmosphere was represented by 25 vertical bins, including 2 bins
within the forest canopy, extending from 12 m above the surface to approximately 4 km;
due to the simplicity of the canopy bins, atmospheric chemistry is only discussed for
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the bins above the forest canopy. BVOC concentrations were calculated according to
transport and reaction kinetics following Eq. (1), which describes the change in the
concentration of VOC / at altitude z and time ¢ (c;(z,1)):

/:l,i(z’ Z(‘)

dc;(z,t) Fi(z,t)  Dj(z,1)
'dt = E(z,t) +P(z,t) + " Li(z,t)- Ihz - Ihz

- H;(z,1) (1)

VOC terms, described below, include emission (£) into the first canopy bin, chemical
production (P) and loss (L) based on chemical kinetics, upward and downward verti-
cal fluxes (F; and F, respectively) divided by bin height (), dry deposition (D), and
horizontal advection (H).

2.2.1 BVOC emissions

Based on mean green-leaf dry mass, characterized during litter trap studies of 101 plots
in 2008 and 2010, the local UMBS forest (1.4 kmz) is primarily composed of bigtooth as-
pen (Populus grandidenta, ~23 %), red maple (Acer rubrum, ~23 %), red oak (Quercus
rubra, ~22 %), quaking aspen (Populus tremuloides, ~8 %), sugar maple (Acer saccha-
rum, ~7 %), paper birch (Betula papyrifera, ~7 %), white pine (Pinus strobus, ~7 %),
American beech (Fagus grandifolia, ~3 %), and red pine (Pinus resinosa, ~1%). The
average canopy height is ~22 m. Speciated emission rates were measured from these
individual tree species by branch-enclosure experiments, including measurements at
UMBS during the summers of 2003, 2005 (Ortega et al., 2007, 2008), 2009 and 2010;
thus, these emission rate measurements are expected to be characteristic of the mod-
eled summer emissions. A total of 57 BVOCs were identified, including isoprene, 2 aro-
matics, 3 alkanes, 20 monoterpenes (MTs), 8 oxygenated species, and 23 sesquiter-
penes (SQTs), and are shown in Table 1. To estimate emission rates for the whole
canopy, the basal emission rates (ugCg'1 h'1) for each compound were multiplied by
the mean green-leaf dry mass (g m_2) for each tree species, obtained through litter
trap studies. To estimate future BVOC emissions due to forest succession predicted

17038

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
12, 17031-17086, 2012

Contributions of
BVOCs to organic
nitrates

K. A. Pratt et al.

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/17031/2012/acpd-12-17031-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/17031/2012/acpd-12-17031-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

by Bergen and Dronova (2007), a simplified replacement of aspen (Populus grandli-
dentata, Populus tremuloides) by northern hardwoods (Acer rubrum, Acer saccharum,
Fagus grandifola) or upland pine (Pinus strobus, Pinus resinosa) was carried out and
is described in the supporting information.

Since isoprene emission is both temperature- and light-dependent, its diurnal emis-
sion rates were calculated according to the algorithm given by Guenther et al. (1993),
which includes light and temperature correction factors (Cpag and Cr, respectively):

ER(T,PAR) = ER(T;)-Cpar - Cr (2)

ER(7,) is the normalized basal isoprene emission rate at a standard temper-
ature of 303.15K and a standard photosynthetic active radiation (PAR) flux of

1000 umolm™2s™". The light correction factor Cpag is given by:

Coag = aC“—PAR (3)
V1 + a2PAR?

a (=0.0021) and ¢, (=1.013) are coefficients to account for shading that were cal-
culated according to Guenther et al. (1999) (Egs. 4b, c) using a measured leaf area
index of 3.1m?m~2 and assuming equal distribution across the 8.8 m primary canopy
bin; these calculated values are similar to those measured by Guenther et al. (1993).
Photosynthetic photon flux density was measured at 46 m above ground at the Ameri-
Flux tower using a LI-COR PAR sensor. The temperature correction factor C; is given
by:

Cr1 (T - Ts)

RTT

Cra(T = Ty)
RT,T
where T is the temperature measured at the PROPHET tower at 32m, R is the ideal

gas constant (8.314JK'1 mol'1), T, is the standard temperature (303.15K), and cr4
17039
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(950000 Jmol™"), ¢7, (230000 Jmol™"), and Ty, (314 K) are empirical coefficients given
by Guenther et al. (1993).

At UMBS, MT and SQT emissions are primarily driven by temperature. This was
parameterized by an empirical B-factor, measured for the different tree species during
branch-enclosure experiments. Therefore, the diurnal emission rates of the BVOCs
were calculated according to Guenther et al. (1993):

ER(T) = ER(Ts)-expB(T - Ts) (5)

ER(T7,) is the BVOC emission rate at a standard temperature of 303.15K. Previous
measurements of MT B-factors showed an average value of 0.14 K™ with inner-quartile
ranges of 0.11-0.17 K™ the corresponding average SQT S-factor was 0.17K™" with
an inner-quartile range of 0.15-0.21 K (Ortega et al., 2008). These average, upper,
and lower B-factors were utilized for the base, minimum, and maximum production rate
scenarios, described below. Of the monoterpenes considered here, trans-ocimene has
been shown to be light- and temperature-dependent (Ortega et al., 2007). Thus, the
frans-ocimene emission rates were scaled by the light correction factor Cpag (EQ. 3)
and an exponential temperature dependence (Eq. 5).

BVOC emissions were found to vary considerably between individual trees at
UMBS (Ortega et al., 2008), similar to previous observations elsewhere by Guenther
et al. (1991). Therefore, to examine the model sensitivity to BVOC emissions, three
emissions scenarios were constructed as described in the supporting information. For
this study, the base production scenario values are reported, with minimum and maxi-
mum values reported in brackets, to evaluate the impacts of measurement uncertain-
ties and emission variability. BVOC volumetric production rates (molecules m_33_1)
were calculated by dividing the BVOC fluxes (molecules m™2 s'1) by the height of the
first canopy bin (8.8 m), which extends from 12.1-20.9 m above the ground and covers
the majority of the leaf biomass at the site (Schmid et al., 2003). As noted above, for the
light-dependent BVOCs isoprene and trans-ocimene, shading within the large canopy
bin is accounted for using the coefficients @ and ¢, ;. Despite the fact that multiple
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finely-resolved canopy bins are not utilized in this model, there is good agreement be-
tween measured and modeled above-canopy VOC concentrations (discussed below).
This suggests that our treatment with BVOCs being emitted into one large canopy bin is
sufficient for the purposes of understanding the local contributions of individual BVOCs
to biogenic organic nitrate formation.

2.2.2 \Vertical transport

The vertical flux of each chemical species, denoted as F; and F, for positive and nega-
tive vertical fluxes, respectively, was calculated as:

A[VOC;]

Fri= =Ko =

(6)
where A[VOC,] is the concentration difference between neighboring altitude bins, and
Az is the vertical distance between the centers of these two bins. The vertical trans-
port of BVOCs following emission was described by thermal eddy diffusivity (Ky) pro-
files based on modeled mixing by the CACHE model (Forkel et al., 2006; Bryan et al.,
2012) for sunny and partly sunny days during the summer 2009 CABINEX campaign
at UMBS. Mixing within the canopy and up to 1.5 times the canopy height (1.5h) was
parameterized with a modified K-theory that uses observations of vertical velocity stan-
dard deviation at two heights within and above the canopy (0.92h and 1.5h) to account
for “near-field” mixing effects (Raupach, 1989). Modeled K, values were linearly inter-
polated from the modeled K at the base of the crown space (6 m) to the first (20.6 m;
0.92h) and second (34 m; 1.5h) measurement heights. In this region, K, was scaled
by the R factor (Eq. 10 in Makar et al., 1999) using a 7/7| ratio of 4 (Stroud et al., 2005;
Wolfe and Thornton, 2011), where 7 is the transport lifetime and 7 is the Lagrangian
timescale. Above the canopy, modeled values according to Forkel et al. (1990) were
used up to approximately 4 km above ground and adjusted to remove the sharp dis-
continuity between the measurement height and the adjacent model level. The vertical
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Ky profile peaks at ~287 m above ground (14:45 EST) with a maximum mixing height
of 1km (Fig. S1, see Supplement), following Gao et al. (1993).

2.2.3 BVOC reactions and oxidant measurements

Once emitted into the model atmosphere, individual BVOCs reacted with OH, O3, and
NOs. Rather than explicitly calculating oxidant concentrations, 0.5-h resolution average
diurnal profiles of OH, O3, and NO5 were directly input to minimize uncertainties in O
production (Wu et al., 2007) and OH recycling under low NO, conditions (e.g. Sillman
et al., 2002; Hofzumahaus et al., 2009). Above-canopy (32 m above ground) daytime
(8:30—18:30) and nighttime [OH] were measured by laser-induced fluorescence (Du-
santer et al., 2009) in July—August 2008 and July—August 2009, respectively; these
data were combined to provide a full diurnal OH profile. Ozone was measured at 32 m
above ground using a Thermo Environmental Instruments model 49C UV absorption
ozone analyzer. The 0.5 hr resolution average diurnal profile of NO4 radical concen-
trations was calculated using the model described by Hurst et al. (2001); details and
modifications are provided in the supporting information. Oxidant concentrations were
assumed to be constant with altitude since no vertically-resolved measurements have
been made at UMBS. However, previous modeling scenarios for other locations sug-
gest that [O3] and [NO3] may increase slightly with increasing height above the forest
canopy, while [OH] may increase with height above the canopy in the daytime and de-
crease above the canopy at night (Gao et al., 1993; Geyer and Stutz, 2004b, 2004a).
However, as discussed below, much of the BVOC oxidation occurs in the lowest ~100 m
of the boundary layer.

The chemical reaction loss of each VOC at each time step within each bin was
calculated as:

L; = kon, - [OH]-[VOC,]- At + ko, ; - [Os] -[VOC,1- At + kyo, ;- [NOg] - [VOC;]- At (7)

where t is the model time step (0.2s) and Aoy ;, Ko, and kyo, ; are the respective
OH, O3, and NOj rate constants for VOC;, as shown in Table 1. When rate constants
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were not available, they were calculated using the US Environmental Protection Agency
Estimation Program Interface Suite (USEPA, 2010) and the structure activity relations
described by Pfrang et al. (2006) and Kerdouci et al. (2010).

Given the abundance of isoprene at UMBS, concentrations of major first-generation
isoprene oxidation products MACR and MVK were calculated based on reacted iso-
prene concentrations and measured yields (Ruppert and Becker, 2000) (Table S3).
The isoprene first-generation Cg-unsaturated hydroxyaldehyde isomers, referred to as
IP-HMY and IP-MHY, were calculated based on Carter and Atkinson (1996) and Costa
(2011) (see Table S3).

2.2.4 Organic nitrates

Few laboratory studies have measured organic nitrate (RONO,) yields from BVOC
oxidation. In fact, of the 57 BVOCs considered here, RONO, yields have only been
measured for isoprene (Tuazon and Atkinson, 1990; Chen et al., 1998; Chuong and
Stevens, 2002; Sprengnether et al., 2002; Patchen et al., 2007; Perring et al., 2009b;
Rollins et al., 2009; Lockwood et al., 2010; Costa, 2011), a-pinene (Hallquist et al.,
1999; Noziere et al., 1999; Spittler et al., 2006), B-pinene (Hallquist et al., 1999; Davis
et al., 2005; Fry et al., 2009), and limonene (Hallquist et al., 1999; Leungsakul et al.,
2005; Spittler et al., 2006; Fry et al., 2011). Therefore, for the remaining BVOCs and
primary organic nitrate species, organic nitrate yields for reaction of BVOCs with OH,
and subsequently NO, were first estimated based on the number of carbon atoms within
each BVOC:

y = (0.0381 + 0.0031) n — (0.073 + 0.0178) (8)

where n is equal to the number of carbon atoms (Arey et al.,, 2001). To apply this
parameterization to alkenes, the calculated yield was multiplied by 0.58, according to
O’Brien et al. (1998). For compounds with oxygen-containing functional groups present
in positions B or further from the peroxy radical, the calculated yield was multiplied by
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1.7 (Espada and Shepson, 2005). The production of organic nitrate / was calculated
as:
Pon,i = kow,i - [OH]-[VOC/]- At -You,; - B + kno, i - [NO3)] - [VOC;]- At - Yo, )

where y is the RONO, yield from the reaction of VOC; with either OH or NO;. Since
NO was not explicitly calculated within the model, low NO, conditions were accounted
for by the term (3, which describes the fraction of time RO, reacts with NO versus HO,
and RO,, as previously described by Barket et al. (2004):

_ kro, No[RO2]INO]
kro,,NO[RO2]INO] + Aro, Ho,[ROIHO,] + kro, ro,[RO2IIRO,]

B (10)
where NO was measured using a customized chemiluminescence instrument, de-
scribed above, HO, was measured using laser-induced fluorescence (Dusanter et al.,
2009), and [RO,] was assumed to equal [HO,] (Tan et al., 2001; Mihele and Hastie,
2003). The associated rate constants, based on isoprene reactions, are 9.0 x 1072,
3.9x107'2, and 1.3x 10" cm®*molec™'s™" for Kro,,No» KRO,,HO,» @Nd KRro, RO, €-
spectively (Barket et al., 2004). It should be noted that recent studies have found that
instruments that detect HO, radicals using chemical conversion to OH by reaction with
added NO may be sensitive to the detection of hydroxyalkyl peroxy radicals produced
from the OH-initiated oxidation of alkenes (Fuchs et al., 2011). As a result, the HO,
measurements in this study likely represent an upper limit to the actual concentration
of HO, radicals; thus, the calculated 8 and corresponding nitrate production represent
lower limits.

Speciated primary and secondary isoprene nitrates were estimated based on the
laboratory studies of Lockwood et al. (2010), Rollins et al. (2009), Paulot et al. (2009),
and Costa (2011) (Table S4). Structures of all other primary and secondary BVOC
nitrates produced by reactions with each oxidant (OH, O3, and NO3) were estimated
(based on known chemistry for proxy compounds) to allow estimation of the corre-
sponding rate constants using the US EPA Estimation Program Interface Suite (USEPA,
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2010), as well the structure activity relations described by Pfrang et al. (2006) and Ker-
douci et al. (2010). Retention of the nitrate group upon reaction of the primary organic
nitrates with OH, O3, or NO5 was defined to occur 98 % of the time for all BVOCs except
isoprene, which was explicitly described, a-phellandrene (defined as 49 % based on
structure estimation for reaction with OH or O3), and B-phellandrene (defined as 0 %,
complete loss, based on structure estimation for reaction with OH or O3). Secondary
dinitrates were predicted to form based on organic nitrate yields, described above, for
all BVOCs except a-phellandrene (0.5 dinitrate yield assumed) and G-phellandrene
(no dinitrate formation assumed). Nitrate structures were estimated based on trends
in bond reactivity and previous studies of organic nitrate formation (Shepson, 2007).
A goal of this study was to highlight potentially important BVOC-oxidant chemistry that
should be studied further; therefore, the absolute concentrations of organic nitrates re-
flect the simulation assumptions and should be evaluated by further laboratory studies.

2.2.5 Advection and dry deposition

To examine the impact of only local BVOC emissions and chemistry, the forest canopy
was assumed to be the only source of BVOCs. BVOCs and reaction products were
removed via horizontal advection (H;) from the above canopy bins based on horizontal
loss rate constants (k;,q) defined as:

U(2)
wind = m

(11)

U(z) is the wind speed at a given altitude (in km 3'1). While there is heterogeneity in
the forest canopy within and near UMBS (Bergen and Dronova, 2007), a homogeneous
forest path length of 30 km is assumed, based on the approximate distance from UMBS
to Lakes Huron and Michigan. Measurements of wind speeds at 46 m at the AmeriFlux
tower using a Campbell Scientific CSAT3 sonic anemometer were used to derive fric-
tion velocities (u,); using Eq. (12), vertically-resolved wind speeds were calculated and
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are shown in Fig. S2.

U(z) = &In(z_d)

k 2y

(12)

d is the zero-plane displacement, defined as 0.75 x canopy height (22.0m), k is the
von Karman constant (0.40), z is the bin height, and z, is the aerodynamic surface
roughness length (2.0 m), calculated based on the Monin-Obukhov length during neu-
tral atmospheric stability conditions.

Reaction products were removed via dry deposition from the two canopy bins (start-
ing at 12.1m and 20.9m above ground, respectively). Dry deposition loss (D;) was
defined by the species specific deposition velocity (vy):

Dry deposition velocities of organic nitrates are thought to range between that of perox-
yacetyl nitrate (PAN, 0.5cm 3'1) and HNO; (4-5¢cm 3’1) (Grossenbacher et al., 2001).
For a pine forest, Farmer and Cohen (2008) calculated a summer mid-day deposi-
tion velocity of 2.7 cm s~ for total RONO,. Daytime dry deposition velocities (v4) were
assumed as follows: first-generation isoprene oxidation products (0.5 cms'1) (Zhang
et al., 2003), primary organic nitrates (1.50ms‘1), and secondary organic nitrates
(2.5cm 3’1). Nighttime dry deposition velocities were assumed to be 10 % of daytime
values, following Ganzeveld et al. (2008).

3 Results and discussion

3.1 BVOC emissions and concentrations

The predicted isoprene emission rate diurnal cycle (Fig. S3, mid-day average canopy

top flux of 3.5 [1.1-6.2]mgCm~2h~") agrees well with previous eddy covariance mea-

surements at UMBS with average mid-day fluxes of 2.8, 3.2, and 2.9 mng‘zh'1
17046
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for the summers of 2000-2002 (Pressley et al., 2005). For the base production sce-
nario, simulated isoprene emissions (2.9 x 10" moleculesm h'1) comprised 95 % of
all BVOCs emitted on a molar basis from the UMBS forest at the time of maximum total
BVOC emissions (14:00 EST) (Fig. S3). As shown in Fig. 1, the modeled isoprene ver-
tical profile at 17:00 EST is in agreement with previous measurements made at UMBS
at the same time of day (Hurst et al., 2001). In the daytime, the isoprene concentrations
at ~12m above the forest canopy agree with measured values (Fig. 2), similar to pre-
vious modeling by Sillman et al. (2002). However, at night (22:00—-06:00 EST) modeled
isoprene concentrations were lower than observed, with increasing biases through the
night. Previous studies using a 0-D model found that the observed isoprene decay
rate in the late evening at UMBS was over-predicted, and they hypothesized that this
was due to uncertainties in vertical mixing estimates and/or an unknown dark isoprene
emission source (Hurst et al., 2001). Uncertainties associated with calculated NO; rad-
ical concentrations cannot account for the isoprene concentrations (Hurst et al., 2001).
Here we included a simple estimate of vertical mixing and found that isoprene con-
centrations were still under-predicted at night. This further suggests the presence of
a nighttime isoprene emission source, estimated previously by Faloona et al. (2001) to
be ~2-30 g m~2h~" in the summer at UMBS.

The discrepancy between measured and modeled isoprene concentrations at
night is unlikely to be caused by overestimating [OH] because modeled concen-
trations of methyl vinyl ketone (MVK) and methacrolein (MACR) are also under-
predicted at night (00:00-08:00 EST) (Fig. 2). Additionally, the modeled ratios of
[MVK + MACRY]/[Isoprene] and [MVK]/[MACR] agree with measurements (Fig. S4). The
observed small underprediction of daytime MVK and MACR concentrations is expected
because we included only the oxidation of locally emitted BVOCs and did not advect
BVOC oxidation products to the site. Overall, the measured and modeled BVOC con-
centrations were within the ranges of daytime variability. A detailed study of isoprene
emission and oxidation in the nocturnal boundary layer should be completed to further
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our understanding of these processes, including the contributions from upwind advec-
tion.

At night, simulated MT and SQT emissions (~3-4 x 10'" moleculesm™2h~" and
~2-4 x 10'® moleculesm=2h~", respectively) comprised ~79-82 % and ~7 %, respec-
tively, of total BVOC emissions; the remaining minor fraction of emissions were due
to other BVOCs, including oxygenated species, shown in Table 1. Modeled mid-day
canopy-scale emission rates of total MTs and SQTs (0.23 [0.04—0.61]mgm’2h'1
and 0.03 [0.001-0.09] mgm‘zh‘1, respectively) were close to previous estimates
(0.21 ﬂ:0.06mgm'2 h™' and 0.10 +0.05 mg m~h7, respectively) based on PTR-MS
measurements at UMBS (Kim et al., 2009). Considering uncertainties and variability,
modeled a- and B-pinene emission rates were also in agreement with measured fluxes
at UMBS using a disjunct eddy accumulation system (Edwards et al., 2012); these new
speciated MT flux measurements by Edwards et al. (2012) will help constrain emis-
sions in future modeling efforts. Comparison between measured (PTR-LIT) and base
modeled total MT concentrations ranged from agreement to an under-prediction of up
to a factor of ~3; however, these values were still within the range of measured vari-
ability (Fig. 2).

3.2 BVOC OH reactivity

Assessment of the total OH reactivity, which is the inverse of the OH lifetime, is indica-
tive of the effective concentration of OH sinks. The specific nature of these sinks pro-
vides insights into impacts on ozone, organic nitrates, and secondary organic aerosol
formation. Since the efficiency of organic nitrate formation depends on the size of the
molecule reacting with OH (Arey et al., 2001), the efficiency of O5 formation also de-
pends on the particular VOC reactants. During measurements at UMBS in the summer
of 2000, Di Carlo et al. (2004) measured total OH reactivity, which was found to range
from <1to ~12s™" depending on ambient temperature. However, the mean difference
between the measured and calculated OH reactivity was 2.6 £ 1.0 s, ranging from
<0510 3.7s™" (Di Carlo et al., 2004). Since this “missing” OH reactivity was found to
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be exponentially dependent on ambient temperature and independent of light, it was
suggested that unmeasured reactive BVOCs were the likely source of this “missing” OH
reactivity. Of the 57 BVOCs measured during branch-level emission studies at UMBS
and included herein, only nine (isoprene, B-myrcene, 1,8-cineole, a-phellandrene, a-
pinene, G-pinene, 3-carene, camphene, and limonene) were considered by Di Carlo
et al. (2004). Therefore, we examined possible contributions of primary BVOCs that
were not included in the Di Carlo et al. (2004) study.

Individual component OH reactivities were calculated as the concentration of
a species multiplied by its reaction rate constant with OH. For the base BVOC produc-
tion scenario in this study, the diurnal variability of the calculated OH reactivity for the
57 modeled BVOCs, plus the major first generation isoprene oxidation products MVK,
MACR, IP-HMY, and IP-MHY, ranged from ~O.2—10.4s_1, depending on the time of
day (Fig. 3a), similar to the Di Carlo et al. (2004) study. It should be noted that a simi-
lar ambient temperature range was observed in 2000 compared to the modeled 2008.
Simulated contributions from isoprene reached a maximum of 92 % during the day with
a minimum in the early morning of 7 % for ~12m above the forest canopy (location
of measurements by Di Carlo et al., 2004). The simulated OH reactivity for BVOCs
not considered by Di Carlo et al. (2004) was calculated to range from ~0.08—-0.31 s
(0.01-0.86 s, considering emissions uncertainties) (Fig. 3b), with the largest contri-
butions from trans-ocimene, cis-ocimene, y-terpinene, and sabinene. This suggests
that directly emitted BVOCs comprise less than 25 % of the average “missing” OH re-
activity measured in 2000. The simulated twenty-four hour integrated BVOC emissions
(on a molar basis) were 93 % isoprene, 6 % monoterpenes, 0.5 % sesquiterpenes,
and 0.6 % other BVOCs based on detailed branch-level emission rate measurements.
Given that the “missing” reactivity described by Di Carlo et al. (2004) was ~33 % of
the total, it is therefore logical to conclude that the noted “missing” reactivity could be
due primarily to isoprene oxidation products, particularly during mid-day. This is con-
sistent with a recent OH reactivity study attributing “missing” OH reactivity to oxidation
products rather than direct emissions (Lou et al., 2010). Recent branch enclosure OH
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reactivity measurements at UMBS also suggest that the contribution from previously
unmeasured BVOC emissions is minimal and that isoprene oxidation products may
contribute significantly to the total OH reactivity at UMBS (Kim et al., 2011b). Modeling
of the isoprene oxidation products hydroxyacetone, glyoxal, methylglyoxal, and C,- and
Cs-hydroxycarbonyls suggests contributions of ~8 % to the total ambient OH reactivity
at UMBS; thus, Kim et al. (2011b) recommended that further generations of isoprene
oxidation products should also be examined.

3.3 Biogenic organic nitrates and NOy budget

Here we define total biogenic organic nitrates as the sum of primary and secondary
biogenic organic nitrates, as well as nitrates formed from reaction of first generation
isoprene oxidation products (MVK, MACR, IP-HMY, and IP-MHY). At ~12m above the
forest canopy, the simulated concentration of total biogenic organic nitrates ranged from
12—74 ppt (4—137 ppt, considering emissions uncertainties) through the day (Fig. 4).
In the morning hours, enhanced vertical mixing transported the RONO, produced in
the near canopy environment upward, resulting in increased [RONO,] aloft (shown
for ~560 m). In comparison, the measured NO§, (~NOy-HNOj3) concentration at ~12m
above the forest canopy ranged from ~1.4—4.5 ppb over the course of the average day;
during a previous UMBS study, HNO3; comprised ~30 % of NO, on average (Thorn-
berry et al., 2001). The fraction of simulated biogenic RONO,/measured NOj, ranged
from 0.01 at night to 0.04 during the day. When measured total RONO, and NO|, data
were both available (n = 7) at UMBS for the summer of 2008, the average measured
RONOZ/No; ratio was 0.17. Comparison of measured [RONO,] with simulated bio-
genic [RONO,] suggests that ~2-48 % of the total RONO, was associated with local
biogenic RONO,; the lowest percentages were from the early morning, when trans-
ported RONO, was likely more important (Alaghmand et al., 2011) and when isoprene,
and therefore isoprene nitrates, were under-predicted by the model.

During summertime aircraft-based measurements above the Eastern US, Perring
etal. (2009a) observed ~18 % of NO, to be attributed to organic nitrates when isoprene
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concentrations exceeded 500 ppt in the boundary layer below 0.5 km. Formaldehyde
was correlated with the total organic nitrate concentrations, suggesting a major contri-
bution from isoprene (Perring et al., 2009a). For UMBS, the contribution of isoprene-
derived organic nitrates to the total simulated biogenic organic nitrates at ~12 m above
the forest canopy was predicted to reach a maximum of ~89 % in the afternoon (12:00—
17:30) with a minimum of ~20 % in the early morning (05:00 EST), when the contribu-
tion from monoterpenes reached its daily maximum (~70 %). The calculated contribu-
tion of isoprene-derived organic nitrates to total biogenic organic nitrates was greater
than 90 % at all altitudes in the afternoon when vertical mixing and the isoprene ni-
trate production rate were highest. In the early morning, the fractional contribution of
isoprene-derived organic nitrates was simulated to be <40 % below ~150 m, compared
to >90 % above ~1400 m. This is due to the relatively greater emissions of monoter-
penes at night compared to isoprene, resulting in monoterpene nitrate production in
the near-canopy environment. These differences in the vertical profiles of the isoprene
and monoterpene nitrates are clearly shown in Fig. 5. Simulated monoterpene nitrate
concentrations below ~200 m were higher at night than during the day due to night-
time monoterpene emissions and reaction with NO5. Above ~200 m, the monoterpene
nitrate concentrations were lower at night than during the daytime due to decreased
vertical mixing; however, we note uncertainties in the low nighttime mixing as K-theory
does not capture nighttime turbulence events that have been observed in stable noc-
turnal boundary layers (e.g. Mahrt et al., 1998; Salmond and McKendry, 2005).

While simulated primary organic nitrate production at ~12m reached a maximum
in the mid-day (17 times greater than nighttime production), the specific BVOCs
and oxidants contributing to organic nitrate production changed with time of day, as
shown in Fig. 6. At ~12m above the forest canopy at night, monoterpene-NO; re-
actions comprised up to 83 % of primary organic nitrate production, with isoprene-
OH reactions comprising up to 82 % during the daytime. At night, the major contrib-
utors (>5 %) to primary organic nitrate production were predicted to be limonene, y-
terpinene, a-pinene, cis-ocimene, B-pinene, sabinene, G-myrcene, and a-farnesene.
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Trans-ocimene, a light-dependent monoterpene, was estimated to be the greatest non-
isoprene contributor to primary organic nitrate production (up to ~10 %) during the day
through reaction with OH. It is quite noteworthy that during the day (11:00-17:30 EST),
~8 % of the primary organic nitrate production was predicted to be from isoprene-
NO; reactions due to high isoprene concentrations (modeled daytime average [iso-
prene] = 2.82 ppb; modeled daytime average [NO3] = 0.10 ppt). The NOj lifetime versus
photolysis was estimated to be ~5 s, compared to that for reaction with NO or isoprene
of ~18s and ~21s, respectively. Thus, while [NO3] was lower in the daytime (by ~4
times on average compared to nighttime), isoprene concentrations were much higher
(by ~45 times, modeled) in the daytime, so these are compensating effects. This led to
a greater predicted rate of primary isoprene nitrate production via NOj in the daytime
(Fig. S5). However, due to under-predicted isoprene concentrations at night (Sect. 3.1),
isoprene nitrate production from NO5; chemistry at night was also likely under-predicted.

The 24 h total column simulated local biogenic RONO, production rate was cal-
culated to be 18 [8-36] umolm‘zd'1. In comparison, soil measurements at UMBS
showed an estimated source NO, flux of 4.3 umolm'2 q- (Alaghmand et al., 2011),
highlighting the significance of the local formation of organic nitrates. Overall, dry de-
position, horizontal advection, and chemical reaction accounted for ~15 %, ~52 % and
~32 %, respectively, of organic nitrate loss in the simulations (Fig. S6). The modeled or-
ganic nitrate dry deposition rate of 2.8 [1.2-5.5] umol m=2d~" agrees with the previous
estimate for organic nitrogen dry deposition (2.0 umolm‘zd‘1, ~1 % of the total calcu-
lated nitrogen dry deposition) at UMBS by Hill et al. (2005). In this model, horizontal
advection removed organic nitrates; however, in the atmosphere, more extensive pro-
cessing of the organic nitrates occurs as the air mass moves downwind of this BVOC
source region. To evaluate the impact of continued oxidation for longer timescales in the
downwind plume, a simulation was run with horizontal advection turned off and BVOC
emissions only allowed during the first spin-up day in the model with evaluation of the
second day. During the second simulation day, the concentration of total simulated bio-
genic organic nitrates, at ~12m above the forest canopy, declined by ~92 % with an
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increasing fraction of secondary organic nitrates (59 % to 90 % of the total), showing
the impact of reactions with OH, O3, and NOj, as well as dry deposition. In partic-
ular, since most secondary isoprene nitrates release NO, upon subsequent reaction
(Paulot et al., 2009), the total simulated concentration of isoprene nitrates decreased
significantly during this time period, corresponding to a calculated increase in NO, of
~138 ppt. This is equal to ~11 % of the daily average NO, concentration at UMBS.

3.4 Individual isoprene nitrates

Recent laboratory studies by Paulot et al. (2009), Rollins et al. (2009), Lockwood
et al. (2010), and Costa (2011) allowed the simulation of individual isoprene nitrate
species, shown in Tables 2 and 3, formed via reaction of isoprene with OH or NOs.
In the mid-day at ~12m above the forest canopy, ~91 % of the primary isoprene ni-
trates were formed via OH oxidation, compared to ~42 % at night when NO5 oxidation
was prevalent. Previously, Giacopelli et al. (2005), using a zero-dimensional model
that did not include NO5 chemistry, predicted a maximum isoprene nitrate concentra-
tion of 79 ppt for UMBS. The most abundant individual isoprene nitrate isomers, at
~12m above the forest canopy, in the daytime were predicted here to be RONO,-
4,3, estimated to be present at concentrations up to 28 [13—49] ppt, and RONO,-1,2
(up to 10 [5—-18]ppt) (Fig. 7, see Table 2 for structures); at their maximum concen-
trations at this height, these compounds comprised ~60 % and ~22 % of the primary
isoprene nitrates produced via OH oxidation. These two primary isoprene nitrates are
the most abundantly produced nitrates via OH oxidation at relative yields of 63.0 %
and 18.3 %, respectively, as observed by Costa (2011). The enrichment in RONO,-1,2
relative to its yield was due to lower predicted reaction rates with OH and O3 com-
pared to RONO,-4,3 (Table 2). Through the night, the relative concentrations of the
primary OH-produced isoprene nitrates changed due to reaction with NO5. For ex-
ample, at 04:30 EST, the relative concentrations of RONO,-4,3, RONO,-3,4, RONO,-
1,2, RONO,-2,1, RONO,-4,1, and RONO,-1,4 were 38 %, 1%, 47 %, 13 %, 1%, and
0.2 %, respectively. RONO,-1,2, in particular, was significantly enriched compared to
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its relative production yield due to a lower predicted reaction (removal) rate with NOg,
compared to the other nitrates (Table 2). During previous measurements at UMBS,
Grossenbacher et al. (2001) and Giacopelli et al. (2005) detected two gas chromato-
graphic peaks associated with nitrates produced from the OH-oxidation of isoprene,
with associated average diurnal concentrations ranging from ~1-10 ppt and observa-
tions up to ~90 ppt; based on recent studies (Costa, 2011), we believe these peaks
correspond to the RONO,-4,3 and RONO,-1,2 species, eluting in that order.

Reaction of primary isoprene nitrates with OH, O3, or NO3 can produce secondary
isoprene nitrates, as described by Giacopelli et al. (2005), Paulot et al. (2009), and
Rollins et al. (2009) (Table 3); in addition, nitrates can form from subsequent oxidation
of the first generation isoprene oxidation products, including MVK, MACR, and the Cs-
unsaturated hydroxyaldehyde isomers (Paulot et al., 2009; Costa, 2011). In general, the
contributions of secondary isoprene nitrates and nitrates formed from first generation
isoprene oxidation products were simulated to increase with altitude and time of day.
Following initiation of isoprene emissions in the morning, primary isoprene nitrates
contributed ~90 % of the total simulated concentration of isoprene nitrates (defined
here as primary, secondary, and first generation oxidation product isoprene nitrates)
at ~12m above the forest canopy (Fig. 7). Through the day and overnight, secondary
isoprene nitrate concentrations increased due to reactions of first generation isoprene
oxidation products and primary isoprene nitrates. By early morning, the secondary
isoprene nitrates and nitrates formed from the reaction of first generation isoprene
oxidation products contribute ~55% and ~15 %, respectively, to the total simulated
isoprene nitrate concentration at ~12m above the forest canopy.

3.5 Monoterpene nitrates

Monoterpenes accounted for ~6 % of the simulated BVOC emissions (on a molar basis)

at UMBS. At night, simulated monoterpenes comprised ~80-82 % of the total BVOC

emissions at UMBS (Fig. S3). The individual monoterpenes a-pinene, limonene, (-

pinene, y-terpinene, B-myrcene, cis-ocimene, and sabinene each comprised >5 % of
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the nighttime total BVOC emissions. Unlike isoprene concentrations, which reached
a maximum in the mid-day for ~12 m above the forest canopy, the measured average
total monoterpene concentration only varied by a factor of ~2 through the entire day
(119-245 ppt) (Fig. 2). While significant uncertainties exist with respect to the RONO,
yields of numerous monoterpenes, as noted in section 2, the trends in the simulated
temporal and vertical profiles of monoterpene nitrates can be examined (Fig. 8). In
contrast to the diurnal cycle of isoprene nitrates (Fig. 7), the maximum concentrations
of primary and secondary monoterpene nitrates at ~12m above the forest canopy
occured at night due to the reaction of monoterpenes with NO; (Figures 6 and 8).
Compared to isoprene, most monoterpenes are characterized by higher rate constants
for reaction with NO5 and lower rate constants for reaction with OH; when coupled with
higher RONO, yields for reaction with NO; compared to OH (Table 1), this results in the
nighttime maximum for ~12m above the forest canopy. However, similar to isoprene,
the concentration of monoterpene nitrates aloft was governed by vertical mixing with
a maximum in the afternoon. As shown in Fig. 8, significant precursors to monoterpene
nitrates included limonene (both OH and NOj reactions), y-terpinene (NO5 reaction),
a-pinene (both OH and NO; reactions), B-pinene (both OH and NO; reactions), and
trans-ocimene (OH reaction).

3.6 Impacts of forest succession on BVOC emissions and organic nitrates

A major fraction of the upper Great Lakes region forest consists of aspen trees (Popu-
lus grandidentata and Populus tremuloides), which grew following the harvest of mature
forests in the late 19th and early 20th centuries (Friedman and Reich, 2005). Given the
short lifetimes (<100yr) of aspen trees, the forest in Northern Michigan is undergo-
ing forest succession, where the aspen trees are currently being replaced by northern
hardwoods (Acer rubrum, Acer saccharum, Fagus grandifola) and upland pine (Pinus
strobus, Pinus resinosa) (Bergen and Dronova, 2007). Here, we simulated the effect
of these future forest emissions on organic nitrate composition using current (sum-
mer 2008) temperatures. Two future forest composition scenarios were simulated with
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aspen being replaced by either northern hardwoods or upland pine (see supporting
information for more detail).

At UMBS, isoprene is emitted primarily by aspen and red oak, such that loss of aspen
trees decreased simulated isoprene emissions by 46—53 % to a mid-day average flux of
1.1-1.3mgCm~2h~" (1.1-1.3 x 10" moleculesm™2h~"). The replacement of the as-
pen by northern hardwoods and upland pine changed total monoterpene, sesquiter-
pene, and other BVOC emissions by factors of 0.7-1.5, 1.5-1.8, and 1.0-2.0, respec-
tively. Corresponding mid-day average fluxes of monoterpenes and sesquiterpenes
were predicted to be 0.2-0.3 mgm'2 h™' and 0.04 mg m=2h~", respectively, such that
isoprene emissions were predicted to still comprise 83—89 % of the total BVOC emis-
sions at UMBS (compared to the current 93 %). The composition of the BVOC emis-
sions was also predicted to change (Fig. S7), where replacement of aspen with either
northern hardwoods or upland pines increased several sesquiterpenes (a-cedrene,
a-muurolene, y-muurolene, y-cadinene, G-bisabolene G-farnesene, and a-humulene)
by factors of more than 10; replacement with northern hardwoods was also predicted
to increase emission rates of certain monoterpenes (4-carene, p-cymenene, and cy-
clofenchone) and oxygenated BVOCs (1,8-cineole, cis-linalool oxide, trans-linalool ox-
ide, camphene, borneol) by factors of more than 10. Under both northern hardwood
and upland pine future forest scenarios, a-pinene, B-pinene, limonene, and G-myrcene
were predicted to each contribute greater than 5% to the total BVOC emissions at
night.

Isoprene was predicted to reach an afternoon maximum concentration of ~2 ppb at
~12m above the forest canopy, compared to current predicted maximum of ~3.6 ppb
(base production scenarios). Average daily total monoterpene, sesquiterpene, and
other BVOC concentrations, at ~12m above the forest canopy, ranged from approx-
imately 89—153, 8-9, and 23-40 ppt, respectively (compared to ~92, 5, and 19 ppt,
respectively, for the current simulations). Due to the reduced isoprene concentrations,
and therefore reduced total BVOC concentrations, the total biogenic organic nitrate
concentration was predicted to decrease in the afternoon by 35—40 % at ~12m above
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the forest canopy. While isoprene nitrate concentrations were predicted to decrease
by ~46 %, the concentrations of organic nitrate derived from monoterpenes, sesquiter-
penes, and other BVOCs increased in the late afternoon by factors of ~4-5, 2-3, 6—
11, respectively. These are likely lower limit changes for the monoterpenes and their
oxidation products, as it does not take into account other climate changes, such as
increasing ambient temperatures and elevated CO, (Penuelas and Staudt, 2010).

4 Conclusions

The fate of the 57 individual BVOCs locally emitted from the mixed forest in Northern
Michigan and their role in organic nitrate formation in the lower troposphere was in-
vestigated. In order to obtain a first estimate of detailed organic nitrate formation from
speciated compounds, atmospheric processes were simplified; however, agreement
was observed between modeled and measured primary BVOC concentrations above
the canopy. BVOC emission rates are difficult to determine due to tree-to-tree variability
and sampling challenges during branch enclosure BVOC emission measurements (e.g.
Ortega et al., 2008), leading to large ranges in estimated production rates, shown here
to result in a range of oxidation product concentrations. In the future, improved canopy-
level flux measurements of speciated monoterpenes, such as those recently completed
by Edwards et al. (2012) at UMBS, will improve modeling of individual monoterpenes
at the canopy level. The question of “missing” OH reactivity (Di Carlo et al., 2004) was
examined by modeling the OH reactivity of the 57 BVOCs and first generation isoprene
oxidation products. Approximately 25 % of the “missing” OH reactivity can be attributed
to direct BVOC emissions. However, given the high isoprene emission rates, isoprene
oxidation products (many of which have not been measured) likely comprise a sig-
nificant portion of the OH reactivity. This is in agreement with the conclusions by Kim
et al. (2011b) and is an effect worthy of further examination via quantification of multiple
generations of isoprene oxidation products.
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During the daytime at ~12m above the forest canopy, simulated isoprene-OH re-
actions comprised up to 82 % of simulated primary organic nitrate production. In the
afternoon, when vertical mixing and isoprene nitrate production were highest, the sim-
ulated contribution of isoprene-derived organic nitrates was greater than 90 % at all al-
titudes, with the concentration of secondary isoprene nitrates increasing with altitude.
In addition, NO3 reactions led to high simulated fractions of primary isoprene nitrates,
ranging from ~9 % during mid-day at ~12 m above the forest canopy to ~58 % at night;
thus, the individual products and fates of isoprene-NO; reactions need to be studied in
detail to expand upon the work of Perring et al. (2009b) and Rollins et al. (2009) and
improve our understanding of this pathway. In general, the contributions of secondary
isoprene nitrates and nitrates formed from first generation isoprene oxidation products
increased with altitude and time of day; however, the formation and removal of these
species are poorly understood due to few studies and should be the focus of future
laboratory investigations.

At ~12 m above the forest canopy, simulated monoterpene-NO; reactions comprised
up to ~83 % of primary organic nitrate production at night, resulting in major contribu-
tions to the total simulated biogenic RONO, in the early morning. In particular, the
formation of organic nitrates from reactions of y-terpinene, limonene, a-pinene, cis-
ocimene, sabinene, B-pinene, and isoprene with NO3 each contributed greater than
5% to the total simulated biogenic organic nitrate production at night. However, the
organic nitrate yields for reactions of NO; with many significant BVOC precursors,
including y-terpinene, sabinene, cis-ocimene, a-thujene, and (-myrcene, have not
been measured, lending uncertainty to the simulations. Also, the rate constants cor-
responding to the reactions of a-thujene and a-farnesene with NO3 have not been
measured, and these reactions are estimated to contribute up to ~3 % and ~5 %, re-
spectively, of primary organic nitrate production each at night at ~12 m above the forest
canopy. Likewise, the NO4 reaction rate constants have not been measured for most
sesquiterpenes and oxygenated BVOCs emitted at UMBS. The contribution of NO4
reactions to the formation of isoprene nitrates and terpene nitrates is expected to be
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even greater in the Southeastern US, which is impacted by higher BVOC emissions
and higher NO, concentrations, similar to the observations for OH-produced isoprene
nitrates (Grossenbacher et al., 2004). In addition, laboratory experiments should fo-
cus on detailed studies of organic nitrates formed via reactions of limonene with NOg,
y-terpinene with NOg3, and trans-ocimene with OH given their predicted significant con-
tribution to total organic nitrates. Further, forest succession was predicted to lead to sig-
nificantly increased afternoon concentrations of monoterpene-derived organic nitrates,
underscoring the need to better understand the formation and fate of these species,
which can lead to secondary organic aerosol formation (e.g. Fry et al., 2009; Rollins
et al., 2009; Fry et al., 2011).

Organic nitrates serve as reservoirs of NO,, impacting ozone production (both locally
and downwind) (e.g. Wu et al., 2007), the oxidative capacity of the atmosphere (im-
pacting trace gas removal, secondary organic aerosol formation and processing) (e.g.
Rollins et al., 2010), and nitrogen availability to ecosystems (Lockwood et al., 2008).
Since horizontal advection accounted for ~52 % of nitrate loss in the simulations, the
local formation of biogenic RONO; is expected to impact downwind atmospheric chem-
istry and deposition processes; estimates suggested significant NO, release down-
wind, due to decreases in isoprene nitrate concentrations alone over the course of one
day of transport. The relative concentrations of OH-produced primary isoprene nitrates
changed significantly at night depending on their removal rates via reaction with NOg,
the rate constants for which were calculated to span a large range, from 4.56 x 107"
to 4.81 x 10" "2 cm®molec™'s™’ (Pfrang et al., 2006). These rate constants need to be
measured to verify and improve the prediction of this nighttime removal. However, since
the speciated isoprene nitrates have been measured in the laboratory, and in some
cases in the field, it should be possible to achieve closure on the total RONO, budget
at this isoprene-dominated site, given the major contributions of isoprene nitrates to
the total simulated biogenic [RONO,] at UMBS. Given the relatively low measured NO,
conditions at UMBS (average [NO] =67 ppt; average [NO,] = 1.2 ppb), and therefore
low propensity toward organic nitrate formation, the formation and downwind transport
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of biogenic organic nitrates formed in areas of higher NO, emissions (e.g. Southeast-
ern US (Fiore et al., 2005)) are expected to significantly impact downwind atmospheric
composition.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/17031/2012/
acpd-12-17031-2012-supplement.pdf.
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Table 1. BVOCs identified during branch-enclosure emission measurements for UMBS tree
species. Corresponding reaction rate constants for OH, O3, and NO; at 298K (koy, Ko,, and
ko, respectively) and RONO, yields for reactions with OH and NO; (yoy and yyo,, respec-

tively) are included for each BVOC identified.

Ko RONOy:
BVOC Structure kNO;:i You
(cm® molec” s™) Vo3

Isoprene 1.0x 10"f7a) 0.07 b)

(CsHs) 1.27x 10" a) 0.68 c)
F 7.0x 10" a)

norbornene 1.0x 10" d) 0.11¢)

(C7H10) 1.27x107"7 d) 0.311)
7.0x10™d)

p-cymene — 1.51x 107" g) 0.031)

(CroH1a) \ ()5 x 107 h) 0.31)
9.9x10g)

o-cymene 8.54 x 107%j) 0.03)

(C1oH14) (<)5x 107 k) 0.311)
9.9x 107 k)

cyclofenchone 3.54 x 107%)) 0.31m)

(CroHre) _ (<)1x10% d) 0.311)
1.4x10™1)

tricyclene 2.66 x 1072 j) 0.31m)

(CioH1e) - (<)1x10% d) 0.311)
1.1x10"1)

a-pinene . 53x10"" a) 0.18 n)

(CroHre) 9.0x10" a) 0.20 0)
6.16 x 102 d)

a-thujene 7.10x 107" p) 0.18¢)

(CroH16) 6.2x 1077 p) 0.311)
55x 102 q)

4-carene 5.81x10""j) 0.18¢)

(C1oH16) 2.00x 107%j) 0.31f)
8.9x10™q)

B-pinene 7.43x 107" d) 0.231)

(C1oH16) 1.5x 10" d) 0.43s)
2.51x 10" d)

camphene 5.30x 107" d) 0.231)

(CroH16) 9.0x 107 d) 0.311)
6.6x10™d)

sabinene 1.17x10'°d) 0.231)

(CroHi6) - 8.3x 1077 d) 0.311)
1.0x 107" d)

a-terpinene 3.63x107°d) 0.18 €)

(C1oH16) 2.1x10™d) 0.31f)
1.4x10"" d)

y-terpinene 1.77x10"°d) 0.18€)

(CroH16) 1.4x10"°d) 0.31f)
29x10""d)
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Table 1. Continued.

Jaded uoissnasiqg

a-phellandrene /O/L 3.13x 10;150 d) 0.18 ¢)
(CioH16) 3.0x 107" d) 0.31)
7.3x10""d)
B-phellandrene 1.68x 107'° d) 0.18 ) A =
(CroH1e) /(j)’ 47 x 10':: d) 0.311) Contl‘lbutlons Of
8.0x 10" d) BVOC a
— s to organic
terpinolene 2.25x% 19;1: d) 0.18 ¢) X g
(CioH1s) ;3; ]8.1‘ g; 0311 o nitrates
limonene 1.64 x 19;;“ d) 0.28 u) 73
(Ciabh) 2pxiota 0300 o K. A. Pratt et al.
’ »
B-myrcene 3.35x 10::2 V) 0.18 ¢) (723
(CroH1s) S - 31.§15Xx1109“ dv)) 0.311) g
(CroH1e) A~ 4:.116 x12)9“ i) 0.311) -
Ax q) @
(C1oH16) ggg : “:g'” ;; 0.31f)
Ca \ 365 1012 ) o9 ! !
(CioH16) ggg : 1841 ;; 0.31f) g
3-carene 8.80x 10" d) 0.18 €) 8
(CroH1e) 3.7x 10':; d) 0.311) =
9.1x 10" d) »
»
S S S
(Gt 15x10 M - ! !
) U
dimethylnonatriene 2.32x 10jz ) 0.20€) Q)
B : I .
L
camphor 4.30x 10" d) 0.31m)
(C1oH160) ()7 x 10‘20‘\2/) 0.31f)
(<)3.00 x 107 d) —
1,8-cineole 1.11x10" g) 0.52x) o
(C1oH180) (<)1.5x 1(‘);19 h) 0.31f) =
1.7 x10°
x 9) 3
camphene hydrate 9.43x 19:02 j) 0.52 x) %
borneol 1.14x10"")) 0.52 x) S
- 4.6x1071)
o
@

(&)
()
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Table 1. Continued. 12, 17031-17086, 2012

Jaded uoissnasiqg

4-terpineol - 1.04x107j) 0.30y)
(C10H180) ()1 x 10;0 i) 0.31f)
1axao @ Contributions of
a-terpineol _ 1.9x10 " z) 0.30y) .
(CroH150) ”\ 30x10™2) 0311 . BVOCs to organic
1.60x 107" aa) .
B-linalool 1.59 x 10" bb) 0.30y) o nitrates
(C1oH150) S 4.3x 10" bb) 0.3171) =
N 1.12x 10" bb) 8
cis- and trans- 6.68x 107" j) 0.30y) = K. A. Pratt et al.
linalool oxide P 1.75x 1078 }) 0.311) %
(C10H1802) 46x10™q) =t
a-copaene 9.00x 107" d) 0.29¢) >
(CisHas) i 1.60 x 107 d) 0.311) o
1'60)(10-11d) - g
10 © ©
a-cubebene 1.00x 107" j) 0.29¢e) [0
(CrsH24) 4.30x 107 d) 0.311) =
7.9x10™q)
a-cedrene 6.70x 107" d) 0.29 €)
(C1sHzq) 2.80x 107" d) 0.311)
8.20x 10" d) )
»
B-bourbonene 619 " 10-11 J) 029 e) O ! !
(C1sHaz) 1.2x1077j) 0.311) c
35x10™q) %
e o
B-cubebene 6.54x 107 j) 0.29¢e) >
(C1sHz4) 1.20x 1077 j) 0.31f)
35x10™q) Q')U
B-gurjunene 6.01x 107" j) 0.29¢) c_g
(CisHa4) 1.20 x 1077 j) 0.311)
somto” K ! !
aromadendrene 150 x 107 cc) 0.29¢)
(CisHaa) 650x10™dd)  0.31f) )
35x10™q) g
c
11 m
allo- 6.25x 10" )) 0.29e) 0.
aromadendrene 1.20x 10°77}j) 0.311) o
(CisHa4) 35x10™q) -
-U g
Q
e
(0}
=

(&)
()
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Table 1. Continued.

Jaded uoissnasiqg

B-caryophyllene 1.97 x 107" d) 0.29 e)
(CrsHas) 1.16 x 107 d) 0.311)
1.9x 10" d)
y-cadinene \./., 1.56 x 107 j) 0.29 e) Contributions of
CisHi ; 3.20x 107 dd 0.31 :
(CrsHas) | Frpgree 0 - BVOCs to organic
- nitrates
y-muurolene \I/III 1.56 x 10’12 i) 0.29 e) =
(C1sHa4) i 4.42x10 7j) 0.31f)
59x10™q) 2 K. A. Pratt et al.
! 5
a-selinene 151x107%j) 0.29 ) o
(CrsHas) 4.42x 19{216 i) 0.311) =)
o-trans- 1.80 x 107 j) 0.29¢) 8
bergamotene 8.60x 107%}) 0.311) =
(Cetted soxto” 9 ! !
B-selinene 147 x107%j) 0.29€) T
(CisHa4) 2.40x1077j) 0.311)
-13
6.5x 10" q) O
»
ikt 4 Tonn 10-101.) Y 2 ! !
(C1sHaa) 1.63 x 1(_)1'35 i) 0.31f) %
52x10" q) 23
o
a-muurolene 190x 107 ) 029¢) . ! !
(C1sHaa) 8.6x107%)) 0.31f) )
1.1x10" q) Q
z 1
L
B-elemene 1.40x107%j) 0.29 )
(Gt oo 10:17” oo o ! !
6.3x10"" q)
D g
germacrene B 2.90x 107°j) 0.29¢) Z
(CisH24) 2.06 x 1()1':51') 0.31f) C
43x107" q) (2}
@- g
o
D germacrene 2.40x 107%j) 0.29e) =]
(CsHas) 6.10 x 12‘2‘51) 0.311) )
6.4x107°q) Q)
o
(0}
=

(&)
()
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Table 1. Continued.

a-humulene 2.93x 10" d) 0.29 e)

(CisH24) e 1.17 x 107 d) 0.311)
3.90x 107" d)

B-farnesene / 2.88x 10" v) 0.29¢)

(CisHa4) 6.86 x 107"° v) 0.311)
9.3x10™q)

a-farnesene # N 2.19x 107 V) 0.29¢e)

(CisHa4) 5.94x 107" v) 0.311)
21x10™ q)

B-bisabolene 2.4x10™""j) 0.29e)

(Ci5Ha24) Y 8.7 x 10_"‘; i) 0.311)
9.2x107° q)

a) Atkinson et al. (2006); b) Lockwood et al. (2010); c) Average of Perring et al. (2009b) and Rollins et al. (2009); d)
Atkinson and Arey (2003a); e) Estimated based on Arey et al. (2001) and O’Brien et al. (1998); f) Average of
a-pinene, B-pinene, and limonene yields; g) Corchnoy and Atkinson (1990); h) Atkinson et al. (1990); i) p-xylene
(Espada et al., 2005) used as a proxy; j) Estimated using the Environmental Protection Agency’s Estimation Program
Interface Suite (USEPA, 2010); k) p-cymene used as a proxy; |) Estimated based on Kerdouci et al. (2010); m)
Estimated based on Arey et al. (2001); n) Noziére et al. (1999); o) Spittler et al. (2006); p) Pinto et al. (2007); q)
Estimated based on Pfrang et al. (2006); r) Davis et al. (2005); s) Fry et al. (2009); t) B-pinene used as a proxy; u)
Leungsakul et al. (2005); v) Kim et al. (2011a); w) Reissell et al. (2001); x) Estimated based on Arey et al. (2001) and
Espada and Shepson (2005); y) Estimated based on Arey et al. (2001), Espada and Shepson (2005), and O’Brien

et al. (1998); z) Wells (2005); aa) Jones and Ham (2008); bb) Atkinson et al. (1995); cc) Ng et al. (2007); dd)
Pollmann et al. (2005); ee) Fry et al. (2011); ff) styrene (Atkinson and Arey, 2003a) used as a proxy.
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Table 2. Individual primary isoprene nitrate relative yields and corresponding rate constants
(units of cm®molec™ s‘1) are shown; secondary isoprene nitrate yields for reaction with OH
are shown with the specific species listed in parentheses and shown in Table 3. All primary
isoprene nitrates are assumed to have secondary RONO, yields of 0.50 for reaction with Os.
For reaction of all primary isoprene nitrates with NO3, yields are assumed to be 0.60 (containing
one nitrate group) and 0.40 (dinitrate yield) based on Rollins et al. (2009).

Isoprene Structure Relative RONO, Kon Secondary RONO,
Nitrate Yo ko3 (Vo)
Yno3 Knos
RONO,- o, 0.63 a) 53x10" c) 0.40 (MVKN) e)
43 0b) 3.7x 10" d)
3.0x10™d)
RONO,- 0.013 a) 53x10" ¢) 0.15 (MVKN) e);
34 oo 0b) 3.7x 10" d) 0.30 (ETHLN) e)
3.0x10™d)
RONO,- MOz 0.183 a) 1.4x10"" ¢) 0.40 (MACRN) e)
1,2 S 0b) 1.4x10"7 d)
46x10™d)
RONO,- H 0.0747 a) 28x10" ¢) 1.0 (PROPNN) e)
2,1 oo™ N 0b) 1.4x 107 d)
46x10™d)
RONO,- 0.0795 a) 45x10" ¢) 0.30 (PROPNN) €)
4,1 W/W 0.2 b) 1.6x107 d)
48x 10" d)
RONO,- o & o 0.0195 a) 45x10"" ¢) 0.15 (MVKN) e);
1,4 /Y\/ 0b) 1.6x 10 d) 0.30 (ETHLN) e)
48x10"d)
NO3- 0a) 3.1x10"" ¢) 0.30 (PROPNN) b)
NITROX 0.8 b) 3x 10" b)
N 42
5.5x 102 d)

a) Costa (2011) (Correction to Lockwood et al. (2010) yields); b) Rollins et al. (2009); c) Estimated using the
Environmental Protection Agency’s Estimation Program Interface Suite (USEPA, 2010); d) Estimated based on Pfrang
et al. (2006); e) Paulot et al. (2009).
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Table 3. Secondary isoprene nitrates and corresponding

cm>molec™'s™).

rate constants (units of

Isoprene Structure
Nitrate

Kow
k03
kNO3

MACRN
/\i/\
NOp
MVKN >_<—
CroN
[o>

oH
oH
o N
ETHLN _/=0
\/kg

]
PROPNN
NO.

50x10™ a)
(<)1x10% b)
9.6x 10" ¢)

56x 10" a)
(<)1x10% b)
47x10™c)

1.0x10™ a)
(<)1 x 10% b)
2.9x 107 ¢)
49x10™ a)
(<)1x10% b)
9.4x 10" ¢c)

a) Paulot et al. (2009);
b) Atkinson et al. (1990);
c) Estimated based on Kerdouci et al. (2010).
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Fig. 2. Diurnal cycles of modeled and measured [isoprene], [total monoterpenes (MTs)], and
[methyl vinyl ketone (MVK) + methacrolein (MACR)] at ~12m above the forest canopy. July—
August 2008 measurements were completed using a proton-transfer reaction linear ion trap
mass spectrometer (PTR-LIT) (Mielke et al., 2010). Sensitivity to uncertainties and variability
are indicated by error bars.
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Fig. 3. OH reactivity at ~12m above the forest canopy for average concentrations of (a) all
BVOCs plus first generation isoprene oxidation products and (b) only compounds not consid-
ered by Di Carlo et al. (2004). OH reactivities are shown for the base BVOC production rate
scenario. First generation isoprene oxidation products included are methyl vinyl ketone (MVK),
methacrolein (MACR), and Cs-unsaturated hydroxyaldehyde isomers (IP-HMY and IP-MHY).
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Fig. 5. Vertical profiles of total (primary and secondary) isoprene (left) and monoterpene (right)
nitrate concentrations above the forest canopy at 02:00 and 14:00 EST for the base emission
rate scenario. Total isoprene nitrates include nitrates formed from first generation isoprene
oxidation products (methacrolein, methyl vinyl ketone, and Cs-unsaturated hydroxyaldehyde
isomers).
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Fig. 6. Diurnal cycle of fractional modeled primary organic nitrate production at ~12m above
the forest canopy. Results for the base BVOC production rate scenario are shown.
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Fig. 7. Diurnal cycles of the modeled concentrations of isoprene nitrates at ~12 and ~560m
above the forest canopy for the base isoprene production rate scenario. Structures of specific
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primary and secondary isoprene nitrates are shown in Tables 2 and 3.
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Fig. 8. Diurnal cycles of modeled monoterpene nitrate (including both primary and secondary

species; oxidant refers to initial reaction) concentrations at ~560 m and ~12 m above the forest
canopy. Results for the base BVOC production rate scenario are shown.
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