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Abstract. Volatile organic compound (VOC) reactivity 30-50% of the modeled urban VOC reactivity is due to alde-
in central California is examined using a photochemical hydes and other oxygenated species, and the total oxygenated
air quality model (the Community Multiscale Air Quality Rown,voc is nearly equivalent to anthropogenic VOC reactiv-
model; CMAQ) and ground-based measurements to evaluity. In rural vegetated regions, biogenic and aldehyde reac-
ate the contribution of VOC to photochemical activity. We tivity dominates. This indicates that more attention needs
classify VOC into four categories: anthropogenic, biogenic,to be paid to the accuracy of models and measurements of
aldehyde, and other oxygenated VOC. Anthropogenic andoth primary emissions of oxygenated VOC and secondary
biogenic VOC consist of primary emissions, while aldehy- production of oxygenates, especially formaldehyde and other
des and other oxygenated VOC include both primary an-aldehydes, and that a more comprehensive set of oxygenated
thropogenic emissions and secondary products from primarifyOC measurements is required to include all of the impor-
VOC oxidation. To evaluate the model treatment of VOC tant contributions to atmospheric reactivity.

chemistry, we compare calculated and modeled OH and VOC
reactivities using the following metrics: 1) cumulative distri-
bution functions of N concentration and VOC reactivity
(Ron,voc), 2) the relationship betweendr voc and NQ, 1 Introduction
3) total OH reactivity (RH,total) @nd speciated contributions,
and 4) the relationship between speciategiRoc and NQ..

We find that the model predictsdR total to within 25-40% at
three sites representing urban (Sacramento), suburban (Gra
ite Bay) and rural (Blodgett Forest) chemistry. However in
the urban area of Fresno, the model under predictg &
VOC emissions by a factor of 2-3. At all locations the model
is consistent with observations of the relative contributions” .." . . .
_erties is present in the atmosphere, and the chemical struc-

of total VOC. In l_eran areas, anthropogenic and blogenlctures of these compounds affect reactivity (Atkinson, 2000).
Ron,voc are predicted fairly well over a range of N@on-

I ; . nce in the atmosphere, VOC oxidation leads to the forma-
ditions. In suburban and rural locations, anthropogenic an :

other oxygenated & relationships are reproduced. but on of tropospheric ozone when in combination with suffi-
yd ,VOC P P ’ cient concentrations of nitrogen oxides (NNO+NQ,) and

calculated biogenic and aldehydeRvoc are often poorly sunlight. VOC oxidation also leads to the formation of sec-

characterized by measurements, making evaluation of the ; . . .
. . : .. . ondary organic aerosol via gas-to-particle conversion (e.g.,
model with available data unreliable. In central California

" Odum et al., 1997), aqueous phase chemistry (e.g., Ervens
Correspondenceto: A. L. Steiner et al., 2004), and/or oligomerization (e.g., Kalberer et al.,
(alsteiner@umich.edu) 2004).

Atmospheric concentrations of volatile organic compounds
F]\_/OC) depend on primary anthropogenic and biogenic emis-
sions, chemical formation and loss in the atmosphere (due
to gaseous, agueous and heterogeneous chemical reactions),
and removal from the atmosphere due to dry and wet depo-
sition. A wide suite of VOC with varying chemical prop-

Published by Copernicus Publications on behalf of the European Geosciences Union.



352 A. L. Steiner et al.: VOC reactivity in central California

Reducing anthropogenic VOC and/or NQorecursor tion in order to understand more fully the chemical factors
emissions has been the main method of controlling ozone irthat may change under future climate and guide the develop-
the United States over the past several decades (National Reaent of air quality control strategies.
search Council, 1991). In some regions, such as the Los An-
geles area in southern California, control of anthropogenic
VOC from automobiles and industrial processes has prover2 Methods
effective at reducing ozone exceedances over the past three
decades, indicating that VOC were the limiting factor in 2.1 Model simulations
ozone production in this region (Milford et al., 1989; Mar-
tien and Harley, 2006). In other regions with high emissionsWe investigate VOC reactivity for an episodic air quality
of biogenic VOC, NQ control has been more efficient at Simulation in central California using the Community Mul-
reducing ozone (Trainer et al., 1988; Sillman et al., 1990;tiscale Air Quality model (CMAQ, Byun and Ching, 1999).
Cardelino and Chameides, 1990; Han et al., 2005). In cenWe compare two five-day simulations, where the first sim-
tral California, differences between weekday and weekendlation represents an ozone episode during the summer of
ozone concentrations indicate that ozone production in ur2000 (29/7/2000-3/8/2000). During this time period, stag-
ban regions are N@saturated while more remote areas suchnant conditions and warm temperatures led to high ozone
as the southern San Joaquin Valley and the Sierra Nevada ag®ncentrations in the southern San Joaquin Valley and in the
more NQ-sensitive (Blanchard and Fairley, 2001; Marr and San Francisco Bay area. Further details of this simulation, in-
Harley, 2002; Murphy et al., 2006a, b). cluding model domain, resolution, and base case emissions

Certain VOC such as alkenes are more reactive than alkaare described in Steiner et al. (2006) and are described only
nes and, in the hours immediately after emission, they carpriefly here. The model domain (96 grid cells in the east-
contribute more to ozone formation per unit mass. As a re-west direction and 117 grid cells in the north-south direc-
sult, VOC have been ranked according to their ozone formation) is focused on central California (approximately 3A6
tion potential and incremental contributions to 0zone produc-to 3% N and 118.8W to 123 W), with a horizontal resolu-
tion (e.g., Carter, 1994). One element of the overall controltion of 4km. There are 27 terrain-following vertical sigma
strategy has been to use modeling studies to identify and relayers from the surface to approximately 100 mb, where the
duce VOC with high ozone formation potential (Russell et first near-surface layer is approximately 20m. Concentra-
al., 1995; Avery, 2006). tions presented here are averaged over the first eleven vertical

This approach requires an assessment of regional VOdayers of the atmosphere, representing approximately 500 m
reactivity and applicable control strategies, which are oftenabove ground level. This vertical averaging was utilized to
performed using air quality models. Recent studies have useg@pproximate an average boundary layer concentration and
ground-based VOC measurements to assess VOC reactivigccount for vertical and horizontal mixing.
and validate emission inventories. These results vary by loca- Mesoscale meteorological simulations (MM5) are used
tion, but studies suggest that urban alkanes and alkenes terid drive the CMAQ simulations, and were performed as
to be under estimated by current inventories, while aromatpart of the Central California Ozone Study (CCOS). MM5
ics such as toluene tend to be over estimated (Jiang and Faggsting over the region indicated that the model performs
2004; Choi et al., 2006; Velasco et al., 2007; Warnecke etoptimally when including the NOAH LSM, Eta boundary
al., 2007). This suggests that proposed control strategies tatayer scheme, and FDDA nudging techniques (Wilczak et al.,
geting specific VOC species might be less effective than pre2004). The use of the nudged simulation yields good agree-
dicted due to errors in emissions inventories. ment between observed and modeled wind speeds (within

In our prior analysis of climate effects on ozone in Cal- 0.2 m/s averaged over the full domain, and a maximum dif-
ifornia (Steiner et al., 2006), we used ground-based meaference of 1-2 m/s) and wind direction (Wilczak et al., 2004;
surements of ozone concentrations to evaluate model perforesults available online at http://www.etl.noaa.gov/programs/
mance and found that the model reproduced the spatial distrimodeling/ccos/data/). Observed and modeled boundary layer
butions and daily maximum ozone concentrations in the Sarheights in the San Joaquin Valley agree within about 20%,
Joaquin Valley and in the eastern portion of the San Francisc@nd the model captures the spatial distribution of vari-
Bay area. Here, we utilize ground-based VOC and/N@a-  able boundary layer height well compared to observations.
surements to develop metrics to evaluate the representatioBreater discrepancies between the observed and modeled
of VOC reactivity in a regional chemical transport model. boundary layer height are noted in the coastal regions; how-
We do this by comparing calculated and modeled 1) cumula€ver, the analysis here focuses on the Central Valley and
tive distribution functions of NQand Ron.voc, 2) the rela-  Sierra Mountains.
tionship between B4 voc and NQ,, 3) speciated contribu- Anthropogenic emission estimates are based on point, area
tions to RoH total, @and 4) the relationship between speciatedand mobile sources from gridded emission inventory data
Ron.voc and NG.. Additionally, we provide a discussion of supplied by the California Air Resources Board (CARB) for
the present day and future VOC component of ozone produca summer 1990 air pollution episode (Marr et al., 2002),

Atmos. Chem. Phys., 8, 351-368, 2008 www.atmos-chem-phys.net/8/351/2008/
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and scaled to include changes due to growth and technol- AR R S —
ogy to the year 2000 (Marr, 2002). The mobile portion of 30 2 Sacgmento O 'Sag%mo :
this inventory was further adjusted to reflect on-road and s 2y e 5t Y

ambient measurements of pollutant emissions, the ratios of e
these emissions, and different activity patterns by time of daya7°N |

- 38°N —f

S . ~
.
RS ’
¢ ® f- 37°N o -~ w

and day of week for gasoline versus diesel engines. This . L Whsno | @ Frésfio

resulted in an increase in VOC emissions and a decrease t‘.ﬁ ]

in NOy emissions relative to the original CARB inventory ™ N e N "

(Marr et al., 2002; Harley et al., 2005). Biogenic VOC emis- S "

sions for these simulations include isoprene, monoterpenes, W | 5o L

and methylbutenol, with emissions estimated hourly over the w w w w w T T T
122°W 121°W 120°W 119°W 122°W 121°W 120°W 119°W

model domain using the BEIGIS modeling system (Scott and s s ; ! s L

. . cGra.ni‘fJ’eloBa N o] oé}ra%i?emga N D
Ben]a’mlnl 2003)' ®Sacramento Y & Sacramento Y
The second simulation emulates future climate by using ., | i | aeon L

temperature changes estimated fromxeC®, regional cli-
mate simulation (Snyder et al., 2002). An increase in temper-

ature is predicted from the doubling of GGnd thisincrease ™" | AT o rosno |
is applied to the present-day model atmospheric tempera- ‘
tures. We allow temperature to affect the simulation in three s - - aen -
ways: 1) by altering the kinetics of the gas phase chemistry,
2) by increasing the atmospheric water vapor content due,_,, | — i
to the increased temperature, and 3) by increasing the emis- ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
sions of biogenic VOC compounds, which generally increase W e e W mew
with temperature. This simulation does not include a change T

in vegetation or land cover due to the temperature increase,

which could alter biogenic VOC emissions through changesrig. 1. Primary, present-day emissions (mal’s for four VOC

in vegetation species composition and biomass. The changesitegories:(a) anthropogenic(b) biogenic, andc) aldehyde and

to temperature, water vapor, and biogenic VOC emissiongd) other oxygenated VOC. All figures display the average emission
are referred to as the “combined climate simulation” and areflux at 09:00 LT.

detailed in Steiner et al. (2006), therefore we provide only

a brief summary of this simulation here. Temperature in-

creases about 1°6 along the coast to approximately@in  gories each for olefins (OLE1, OLE2) and aromatics (ARO1,
the Sierra Nevada Mountains, with a similar spatial impactAROZ2). Model anthropogenic species are listed in Table 1
on atmospheric moisture. The higher temperatures increaselong with average morning contributions to total VOC re-
biogenic VOC emissions by 20-45%. Together, these thre@ctivity. The modeled anthropogenic VOC category repre-
temperature impacts are included in a single simulation andents the total amount of anthropogenic hydrocarbon primary
we utilize this combined climate simulation to estimate the émissions (spatial distribution shown in Fig. 1a) based on

impact of future climate on VOC reactivity. gridded emission inventory data supplied by the California
Air Resources Board and modified by Marr et al. (2002) and
2.2 VOC classification Harley et al. (2005). Emissions of anthropogenic VOC are

dominated by higher alkanes (ALK3-ALK5) and ethene.

Gas phase chemistry is modeled in CMAQ using the The second category, biogenic VOC, includes primary
SAPRC99 mechanism, which lumps VOC into functional emissions of isoprene, monoterpenes, and methylbutenol
groups based on structure and reactivity (Carter, 2000). Fofrom natural, agricultural, and urban areas estimated with the
this analysis, we group VOC into four categories reflecting BEIGIS model (Scott and Benjamin, 2003) (Fig. 1b). An-
different primary emission sources and secondary chemistryhropogenic and biogenic VOC are emitted in similar mag-
in the atmosphere: anthropogenic, biogenic, aldehydes anditude although their spatial distributions differ, with anthro-
other oxygenated VOC. Anthropogenic and biogenic VOC pogenic VOC emitted from dense urban areas and transporta-
reactivity are solely from primary sources and reflect thetion corridors and biogenic species emitted from California’s
majority of primary VOC emissions provided to the chem- natural and crop vegetation. We note that urban locations in
istry model. Aldehydes and other oxygenated VOC reactiv-the northern portion of the modeling domain (e.g. the San
ity include a minor primary emission source plus a secondaryFrancisco Bay area and the Sacramento metropolitan area)
source from oxidation of all VOC in the atmosphere. still have significant amounts of biogenic VOC emissions

Anthropogenic VOC includes ethene (ETHE), five lumped from isoprene, while agricultural areas in the Central Valley
categories of alkanes (ALK1-ALK5), and two lumped cate- are low in both anthropogenic and biogenic VOC emissions.

www.atmos-chem-phys.net/8/351/2008/ Atmos. Chem. Phys., 8, 351-368, 2008
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Table 1. Average morning modeleddyy voc for four VOC categories: anthropogenic, biogenic, aldehydes, and other oxygenated VOC.
kopn values for anthropogenic VOC reactions (alkanes, olefins and aromatics) arett mim_l (Carter, 2000).

CMAQ Category  Description Sacramento Fresno Granite Bay Blodgett Forest
Anthropogenic 2.635 1.988 1.590 0.146
ETHENE Ethene 0.516 0.330 0.326 0.036
ALK1 alkanes/non-aromatics, 26@oH<500 0.015 0.046 0.017 0.004
ALK2 alkanes/non-aromatics, 56&oH <2500 0.028 0.028 0.019 0.004
ALK3 alkanes/non-aromatics, 256@pH <5000 0.088 0.133 0.066 0.005
ALK4 alkanes/non-aromatics,508@oH <10 000 0.231 0.238 0.177 0.010
ALK5 alkanes/non-aromatic&gop>10 000 0.285 0.282 0.196 0.007
OLE1 Alkenes withkgy<70 000, usu. terminal alkenes 0.506 0.230 0.305 0.036
OLE2 Alkenes withkgy>70000, usu. internal or disubstituted alkenes 0.364 0.215 0.017 0.016
ARO1 Aromatics withkgy<20 000, usu. toluene and monoalkyl benzenes 0.131 0.104 0.101 0.011
ARO2 Aromatics withkgy>20 000, usu. xylenes and polyalkyl benzenes 0.546 0.429 0.384 0.019
Biogenic 1.893 0.392 0.318 6.124
ISOP Isoprene 1.473 0.349 0.240 2.570
TRP Biogenic alkenes less isoprene 0.356 0.046 0.022 0.359
MBO 2-methyl-3-buten-2-ol 0.236 0.049 0.037 2.885
Aldehydes 1.642 1.492 1.506 1.071
HCHO Formaldehyde 0.908 0.629 0.862 0.411
CCHO Acetaldehyde and glycolaldehyde 0.354 0.444 0.323 0.309
RCHO Lumped C3+ aldehydes 0.321 0.353 0.270 0.321
BALD Aromatic aldehydes 0.012 0.010 0.011 0.001
GLY Glyoxal 0.014 0.015 0.012 0.003
MGLY Methyl glyoxal & higher a-dicarbonyls 0.033 0.041 0.028 0.026
Other Oxygenated 0.399 0.338 0.174 0.413
ACET Acetone 0.003 0.008 0.002 0.004
MEK Ketones withkon<5x10~12cm3 molec 1571 0.010 0.029 0.009 0.008
MEOH Methanol 0.002 0.003 0.001 0.001
PHEN Phenol 0.0003 0.0002 0.0001 0.00002
CRES Cresols 0.010 0.010 0.009 0.001
MVK Unsaturated ketones 0.049 0.043 0.029 0.070
MACR Methacrolein 0.154 0.050 0.026 0.105
IPRD Unsaturated aldehydes other than acrolein and methacrolein 0.105 0.076 0.043 0.153
PROD2 Ketones witlop <5x 10~ 2 cm3 molec 1 s—1 0.066 0.119 0.055 0.071

The third category, aldehydes, includes primary emissionsles and other oxygenated VOC in the model are solely an-
sources as well as the secondary oxidation products of arthropogenic and are located near urban and industrial ar-
thropogenic and biogenic VOC. In the model, we considereas. These anthropogenically-emitted species can also be
six aldehyde categories, detailed in Table 1. Primary anproduced in the atmosphere as secondary products from the
thropogenic emissions of aldehydes in the model are showmxidation of anthropogenic and biogenic VOC. Additional
in Fig. 1c and include formaldehyde (HCHO), acetalde- other oxygenated VOC that are a result of atmospheric oxi-
hyde (CCHO), benzaldehyde, other C3+ aldehydes (RCHO)dation only include PROD2 (a lumped oxygenated VOC that
glyoxal (GLY) and methylglyoxal (MGLY). Primary urban represents secondary products from both biogenic and an-
emissions of aldehydes are dominated by HCHO and CCHOthropogenic VOC oxidation), MVK, MACR, and IPRD (re-

The fourth category, other oxygenated VOC, includes ninesultmg primarily from biogenic VOC oxidation).

model categories (Table 1). Primary emissions (Fig. 1d) We note a few caveats to the emissions and description
include acetone, C4+ ketones (MEK), phenol, cresol andof the other oxygenated VOC category that suggest this
methanol, and the dominant emissions of oxygenated speciegOC category may be underestimated. Several compounds
in urban regions are MEK, methanol and acetone, althouglgrouped in the anthropogenic VOC category include primary
aldehyde and other oxygenated VOC emissions tend to bemissions of oxygenated species such as ethanol, other al-
1-2 orders of magnitude less than anthropogenic or biocohols, glycols, and some ethers. One example is methyl
genic VOC emissions. The primary emissions of aldehy-tert-butyl ether, which is included as an anthropogenic VOC

Atmos. Chem. Phys., 8, 351-368, 2008 www.atmos-chem-phys.net/8/351/2008/
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Table 2. Measured chemical species in each of the four VOC categories, ranked in order of reaction rate. List of species used to esti-
mate calculated B4 voc at each of the following sampling locations: Sacramento PAMS (2000 data), Blodgett Forest Research Station
(22/07/2001-19/09/2001), and Granite Bay (16/07/2001-17/09/2001), with average afternoon concentrations (ppb). CMAQ lumped cate-
gories for each measured species are indicated for comparison with modglegh.

VOC Categories and k8, x10712 cm®molects™!) PAMS® BlodgetP Granite Bay CMAQ
Chemical Species

Anthropogenic VOC

1,3-butadiene 68.3 0.026 OLE2
trans-2-pentene 67.0 0.107 0.016 OLE2
trans-2-butene 66.0 0.130 0.009 OLE2
cis-2-pentene 65.0 0.099 0.007 OLE2
2-methyl-1-butene 60.7 0.019 OLE2
styrene 58.0 0.089 OLE2
cis-2-butene 57.9 0.121 OLE2
1,3,5-trimethylbenzene 57.5 0.836 ARO2
cyclopentene 57.0 0.004 OLE2
2-methylpropene (isobutene) 52.8 0.027 0.081 OLE2
1,2,4-trimethylbenzene 375 0.084 ARO2
1,2,3-trimethylbenzene 32.7 0.174 ARO2
1-butene 32.2 0.144 0.038 0.034 OLE1
1-pentene 314 0.118 0.036 OLE1
propene 30.0 1.029 0.367 OLE1l
m-xylene 23.6 1.792 0.240 ARO2
m-ethyltoluene 171 0.018 ARO2
p-xylene 14.3 1792 0.133 ARO2
m-diethylbenzene 14.2 ARO2
o-xylene 13.7 0.296 0.123 ARO2
o-ethyltoluene 12.3 0.184 ARO2
n-undecane 12.9 2.021 ALK5
p-ethyltoluene 114 0.073 ARO2
n-decane 11.2 0.070 ALK5
methylcyclohexane 10.0 0.170 ALK5
n-nonane 9.91 0.063 ALKS
n-octane 8.60 0.086 ALK5
3-methylheptane 8.56 0.073 ALK5
2-methylheptane 8.28 0.903 ALK5
p-diethylbenzene 8.11 0.097 ARO2
3-methylhexane 7.16 0.232 ALK5
ethylbenzene 7.10 0.497 0.021 0.080 ARO1
cyclohexane 7.10 0.193 ALK5
2,3,4-trimethylpentane 7.10 0.010 ALK5
n-heptane 6.98 0.208 0.243 ALKS5
methylcyclopentane 6.80 0.353 ALK4
isopropylbenzene 6.50 0.085 ARO1
toluene 6.40 0.340 0.085 0.488 ARO1
2,3-dimethylpentane 6.10 0.119 ALK5
propyne (methyl acetylene) 5.90 0.022 0.022 ALK4
2,3-dimethylbutane 5.75 0.147 ALK4
n-propylbenzene 5.70 0.187 ARO1

in the ALK3 category (Table 2) despite the oxygenated na-tionally, we have not included primary biogenic emissions of

ture of the compound. However, MTBE and other similar oxygenated VOC. Crops and natural vegetation may directly
compounds tend to have low reactivity and comprise a smalemit some aldehydes and other oxygenated VOC including
portion of the total anthropogenic VOC emissions. Addi- acetone, methanol, acetaldehyde and a wide variety of other

www.atmos-chem-phys.net/8/351/2008/ Atmos. Chem. Phys., 8, 351-368, 2008
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Table 2. Continued.

Anthropogenic VOC, cont.

3-methylpentane 5.40 0.294 0.011 0.851 ALK4
n-hexane 5.40 0.276 0.015 0.135 ALK4
3-methyl-1-butene 5.32 0.016 OLE1l
2-methylpentane 5.30 0.626 0.022 0.851 ALK4
2-methylhexane 5.10 0.154 ALK5
2,4-dimethylpentane 5.00 0.091 ALK4
cyclopentane 4.92 0.122 0.041  ALK4
n-pentane 3.91 0.567 0.038 0.259  ALK4
isopentane 3.70 1.579 0.067 0.665  ALK4
methyl tert-butyl ether 2.96 1.943  ALK3
2,2-dimethylbutane 2.34 0.112 ALK4
n-butane 2.34 0.779 0.080 0.443 ALK3
isobutane 2.15 0.498 0.045 0.300 ALK3
benzene 1.17 0.136 0.227 0.152 BENZz
propane 1.07 2.406 1489 ALK2
acetylene 0.78 1.587 ALK2
ethene 0.236 1.648 ETHE
ethane 0.236 2.017 ALK1
2,2-dimethylpropane 0.0000179 0.005 ALK2
Biogenic VOC

d-limonene 171.0 0.031 TRP1
isoprene 103.0 1521 0.262 0.516 ISOP
3-carene 88.0 0.010 TRP1
b-pinene 80.5 0.125 TRP1
methylbutenol 64.0 1.135 MBO
a-pinene 55.1 0.123 0.035 TRP1
Aldehydes

hexanal 317 0.276 RCHO
pentanal 29.9 0.064 0.118 RCHO
acetaldehyde 15.8 1.398 1.386 1.417 CCHO
formaldehyde 9.2% 2.658 HCHO
Oxygenated VOC

3-methylfuran 938 0.009
methacrolein 35.0 0.289 0.213 MACR
methyl vinyl ketone 18.8 0.331  0.309 MVK
ethanol 3.27 2.257 ALK3
methyl ethyl ketone 1.15 0.213 MEK
methanol 0.94 10.735 7.467 MEOH
acetone 0.22 2507 2911 ACET

8 kon values based on Atkinson (1994) unless noted otherwise.

b Average AM (06:00-08:00 a.m. local time) concentrations over the sampling period, in ppb. PAMS data listed is an average of the four
sites in the Sacramento metropolitan area.

€ PAMS stations report co-eluting m- and p-xylene as a single sum, therefore concentrations shown here are the sum of these two isomers.
d Estimated from Kwok and Atkinson (1995).

€ Granite Bay measurements include total methylpentanes, here listed as 2-methylpentane.

f papagni et al. (2000)

9 Carter (2000)

h Atkinson et al. (1989)

Atmos. Chem. Phys., 8, 351-368, 2008 www.atmos-chem-phys.net/8/351/2008/



A. L. Steiner et al.: VOC reactivity in central California 357

alcohols, ketones, esters, and ethers (Kesselmeier and Stauy measurements. These include a limited number of an-
1999; Schade and Goldstein, 2001). However, measurementhropogenic (10 species), aldehydes (2 species), other oxy-
and modeling efforts have yet to thoroughly quantify thesegenated VOC (4 species), and the dominant biogenic VOC
species on the scale needed for regional emissions modeling4 species) (Table 2). While the number of VOC species

and they are not included in our biogenic VOC emissions in-measured at Blodgett is small compared to other sites, the

ventory. measurements comprise the major biogenic species emitted
and are likely representative of VOC chemistry at the site.
2.3 Ground-based measurements Additionally, NOx has been measured at the site (Day et al.,

2003, 2007), and data were filtered for concurrent,N@d
We utilize ground-based measurements at four locations in/OC measurements.
central California (marked in Fig. 1). For two locations,
Sacramento and Fresno, we use observations from the Ph@4 Ron.total 2nd Ron voc definitions
tochemical Assessment Monitoring Stations (PAMS) net-
work. At eleven sites in four different geographic regions in Here, we define the total OH reactivity ¢R tota, S5 as
California (in Sacramento, Fresno, Kern and Madera counOH loss with the following species: CO, GHNO;, an-
ties), ground-based £ CO, NQ,, and VOC measurements thropogenic VOC, biogenic VOC, aldehydes, and other oxy-
have been collected from 1994 to the present. The vocgenated VOC:
dataset consists of a long-term record of 55 VOC specieg20H o
(see Table 2) collected at 3-h intervals, including alkanes, ~
alkenes and aromatics (data availablenatw.epa.gov/air/ T lznavockan [aVOGh mead + 1zn;vockan [bVOC, meag
oagps/pams). This dataset predominantly reflects the anthro-""", "
pogenic VOC category as defined in Sect. 2.2, with isoprene”™ 2_ kn+on[aldVOG.mead + > Kuson [0XVOG,mead

. . . n=1,naldvoc n=1,noxvoc
measurements at these locations representing only a portion 1)
of the biogenic VOC category. Selected PAMS sites measure
a suite of carbonyl species, including formaldehyde and acwhere navoc (nbvoc, naldvoc, noxvoc) is the number of
etaldehyde, and we include these measurements when avainthropogenic (biogenic, aldehyde, other oxygenated) VOC
able. Here, we include concurrent VOC and N@ata from  speciesk,,oH is the rate coefficient (cBmolecules®s™1)
the summer of 2000 for the Sacramento (four measuremerdind [VOG, mead is the measured VOC concentration. VOC
sites) and Fresno (three measurement sites) metropolitan areactivity (Ron.voc) is calculated from the four VOC cate-
eas. While the PAMS data have been known to have severajories only:
artifacts in the hydrocarbon and aldehyde samples due to the
nature of canister samples (McClenney et al., 2002), we utiRoHvoc= Y kuion[aVOGimead + D kn+on [0VOG, mead
lize this data here in the absence of in-situ VOC sampling in rebnavee 7k nbvoe
the region and note that these results should be reviewed witti 2 %n+or [aldVOGimead + >~ kuson [0XVOC, mead
. . . n=1,naldvoc n=1,noxvoc

caution with respect to the carbonyl species. 5

A third sampling location, Granite Bay, was established in 2)
the summer of 2001 to evaluate the transport of pollutantsReactivities are calculated from ground-based CO4,CH
at the eastern edge and downwind of Sacramento, W&  NO, and VOC concentrations and kinetic rate coefficients
measured from 19/07/2001-15/09/2001, and,@ncentra-  calculated from measured temperature and pressure (Ta-
tions are estimated from NOphotolysis, measured ozone, ple 2).
and modeled R@(Cleary et al., 2005). A suite of VOCwas ~ Modeled reactivities are determined from integrated reac-
measured at the same location, including 28 anthropogeniaion rates calculated by CMAQ, which estimates the loss rate

4 biogenic, 4 aldehydes and 7 other oxygenated VOC (Milletof each species that reacts with OH integrated over each hour:
et al., 2005). As shown in Table 2, measurements in the an-

thropogenic, biogenic and other oxygenated VOC categories
represent a significant portion of the modeled VOC reactiv-OHioss (7 + A7) =OHjoss(?) + f kn+on[OH][n]dt ©)
ity, while the aldehyde category is missing the important con- 1
tribution of HCHO.

The fourth location, Blodgett Forest Research Station, is (AL
located in the Sierra Nevada mountains approx_imately 75 k”\/OCmss(t + At) =VOCioss(t) + / kn+on[OH][VOCldt (4)
ENE of Sacramento, and represents a rural site where con-
centrations and fluxes of biogenic VOC compounds have
been measured during summer months since 1997 (e.gwhere Ohbss and VOGyss is the integrated reaction rate of
Lamanna and Goldstein, 1999). Additional VOC concen-each species (ppbht), Az is the integration time of the
trations were measured in 2001 in conjunction with Granitechemical solverk,on is the kinetic rate constant of species

=kco+oH [CO] + kcH,+0H [CH4] 4 knoy+0H [NO2]

t+At

t
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Fig. 2. Measured (gray circles) versus modeled (black crosses) cumulative distribution functig@sSacramento N (b) Fresno NQ,
(c) Granite Bay NQ, (d) Blodgett NG, and(e) Sacramento By voc, (f) Fresno Ryn,voc. (9) Granite Bay RyH voc, and(h) Blodgett

RoH,voc:

n with the OH radical, and [OH] and:] represent concen- 3 Results and discussion
trations at timer (Byun and Ching, 1999). For OH loss,
includes CO, CH, NO,, and the four VOC categories. For We use ground-based measurements o NCD, and VOC
VOC loss,n includes only the four VOC categories. This to calculate Ry total 2nd Ron,voc at four locations in cen-
representation provides an accurate method of assessing tfti@l California. We compare calculated and modeled reac-
loss rates of each species with OH. In order to compare thévities using four metrics: 1) cumulative distribution func-
model loss rates with observations in California and else-tions of NQ, concentrations and & voc, 2) the relation-
where, we assume that the modeled OH concentrations arghip between By ,voc and NG concentration, and 3) spe-
relatively stable over the timescale of the hour of integrationciated contributions to B+ total. Additionally, at the Sacra-
and calculate the modeled OH and VOC reactivity as: mento location we evaluate relationships between speciated
Ron.voc and NQ,. These comparisons evaluate the model

performance in order to gain insight into the fast chemistry

OH ; . o
RoH,total= [OEGS (5) and the importance of VOC sources in central California.
3.1 Cumulative distribution functions ofdg voc and NG
VOC L . . . _
Ro|-|,voc=o—|_||°'Ss (6) To determine if the model is reproducing conditions similar
[OH] to those estimated by ground-based measurements, we evalu-

ate the cumulative distribution functions (CDFs) of Né&nhd

For Ron,voc, we calculate this quantity as the sum of indi- Ron,voc. Comparing measured versus modeled CDFs can
vidual species for each of the four VOC categories, considerindicate if the model is able to reproduce the general mode
ing only daytime modeled and calculated reactivity calcula-of NOy and Ron voc in the atmosphere. The CDFs shown
tions, when OH dominates radical reactivity with VOC. We in Fig. 2 are based on summertime (01/06/2000—01/09/2000)
note the definitions of By total and Ron,voc are closely con-  daytime (6 a.m—6 p.m. local time) data at the four measure-
nected, as changes in concentrations of COpld@d CH, ment locations described in Sect. 2.4, including two urban
will impact OH concentrations and in turn the rate of VOC locations (Sacramento and Fresno), one suburban location
reactions. Therefore,d voc is a subset of BH total- (Granite Bay), and one rural location (Blodgett Forest). Re-
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Folsom Ryoc.-

activities calculated from Granite Bay and Blodgett forest arenificant factor, as comparisons of concentrations in the sur-
based on measurements conducted during 2001. face layer only (surface to 20 m) only impact the top 90% of
the distribution, and indicate that the model still underesti-
mates the majority of the distribution in urban locations (re-
the lower end of the NQconcentrations, while the Fresno Sults not shown). Because measured and modeled boundary
results indicate that the model predicts less N@ all  |@yer heights are similar in Sacramento (daily maxima ap-
times and over the full width of the distribution (Fig. 2b). Proximately 500-600 m) and Fresno (daily maxima approx-

Mean daytime NQ concentrations are less than those mea-mately 600-800m) during the simulation time period and
sured (Sacramento measured daytime mea=NOppb daytime wind speeds and wind directions agree fairly well

modeled mean N@:7 ppb: Fresno measured daytime mean (Wilczak et al., 2004; data available at http://www.etl.noaa.
NOx=23.5 ppb, modeled ,mean NEG ppb). A portion of gov/programs/modeling/ccos/data/), dilution is not likely a
this daytime d’iscrepancy is likely due to the NGhemi- strong factor in the differences in the measured and modeled

luminescence measurement technique employed at the EPAIStribution functions.

PAMS monitoring locations. This technique is well known  pag; gt dies indicate that some PAMS measurement loca-
to include PAN and other higher oxides of nitrogen in the re-jonq are Jikely too close to mobile sources to be regionally

ported NQ and thus to have a high bias (e.g., Winer et al., ;g esentative (e.g., Murphy et al., 2006a), leading to ele-

1974). Recent measurements using current commercial iMyated measurements that should not be reproduced in the rel-

plementations of the technique side by side with |nstrumentsative|y large size of the model grid cell (4 ko km). There

that specifically measure NGshow that high biases of 20— 516 several PAMS sites at the two urban locations, and a por-

50% occur routinely (Dunlea et al., 2007; Steinbacher et al.ion of the measured versus modeled distribution functions

2007). could be influenced by the averaging area of the model grid
Other possibilities for measured and modeled discrepaneells around these different locations. To evaluate the impact

cies include the vertical averaging technique, the impacts obf spatial averaging, we examine the Nénhd anthropogenic

dilution due to meteorological parameters, and the locatiorRon voc (Ravoc) at four individual locations in Sacramento

of urban monitoring stations. Vertical averaging is not a sig-and compare the observations to the model grid cells in the

In Sacramento during the daytime, the NCDF (Fig. 2a)
indicates that the model predicts less Nban observed at
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Fig. 4. Total Ron,voc (s~1) as a function of NQ concentrations (ppb), as modelge-d) and measurete—h)in four locations: Sacramento
(a, e), Fresno (b, f), Granite Bay (c, g), and Blodgett Forest (d, h). See Table 1 for VOC included in these calculations.

immediate vicinity (Fig. 3). The four PAMS sites represent At Granite Bay, a suburban Sacramento location at the
upwind (Type 1 sites), near urban (Type 2 sites), and downsame longitude as Folsom but located approximately 12 km
wind locations (Type 3 sites). Elk Grove (Fig. 3a and e) cor-north, a different NQ measurement technique is used (Laser
responds to an upwind location, while Sacramento Del Pasdnduced Fluorescence (LIF); Thornton et al., 2000; Cleary et
(Fig. 3b and f) and Natomas Airport (Fig. 3c and g) repre-al., 2002). Here, the CDFs indicate that observed, H@n-
sent locations near maximum emissions in the urban areaentrations are fairly well represented by the model in the
and Folsom (Fig. 3d and h) is located downwind of the ur- bottom 50% of the distribution (similar mode, with modeled
ban area and near the location of maximum ozone. The sitenedian = 3.3 ppb and measured median = 4.9 ppb), with in-
locations relative to the urban area (e.g., upwind or down-creasing differences at the high end (model less than observa-
wind) do not have a strong impact on the Nénd Rawoc tions, Fig. 2c¢). A similar N@ distribution mode is predicted
CDFs. In the upwind location of Elk Grove, the model cap- by the model at Granite Bay as at Folsom, but measuregd NO
tures the median NQaccurately but does not capture the is lower at Granite Bay than at Folsom. This fact indicates
minimum or the maximum N@concentrations. At the Del thatinthe Sacramento region, the overestimate of bithe
Paso urban site (Fig. 3b) the model accurately reproduce®PAMS monitoring network is one of the dominant sources of
the measured CDF while at Natomas Airport (a second urthe model-measurement difference, but that also some un-
ban location) the model consistently predicts lessM@an  derestimate of emissions by the model is also contributing.
observed. At the downwind site, Folsom, the model predictsFor the Ryn voc distribution (Fig. 2g), the model predicts
less NQ and Rwoc than observed. less RyH,voc than indicated by measurements, particularly
Because these factors do not show a significant impactat the lower end of the distribution. This is due in part to the
this suggests that the discrepancy between measured ampleater contribution of biogenic VOC to calculatedR/oc
modeled NQ distributions are due to differences in an- than predicted by the model (see further discussion below in
thropogenic emissions. Similar to the N©Gomparisons in  Sect. 3.3).
Sacramento and Fresno, modeleghiRoc is also less than At Blodgett Forest, a location also with LIF NOnea-
observed throughout the entire distribution (Fig. 2e and f),surements, measured and modeled,d@centration distri-
suggesting an underestimate in modeled anthropogenic VO®utions are similar (Fig. 2d), while the mode and extremes of
emissions as well. Overall, the CDFs indicate that the modethe Ron voc data are significantly different (Fig. 2h). This
under estimates emissions of N@nd anthropogenic VOC s likely due to greater values of modeled biogenisHRoc,
throughout the Sacramento and Fresno regions. which exhibits a higher reactivity over the narrow range of
NOy concentrations. Further discussion on the contributions
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of individual VOC categories to &4 total and Ron voc is in- Sacramento Fresno
cluded in Sects. 3.3 and 3.4 below. 0T N "

3.2 The relationship betweeroR voc and NG

Another approach to evaluating modeled VOC is to com-
pare the functional relationships ofoRvoc versus NQ
with observations (Fig. 4). In Sacramento (Fig. 4a and 2 & e
e), the measurements and model both span a similar range e 0 ———
of NOy concentrations (up to 80 ppb) andRvoc (up to 6 8 10 12 14 16 6 8 10 12 14 16
30s1). The increase in Byvoc with NOy predicted by Gy B

the model is close to the observations (slope of 0.28 for both 14 e E—
the model and measurements with simiké values), how- 12 4 e
ever the sparse data in Sacramento limits the robustness of o
this result. In Fresno (Fig. 4b and f), N@oncentrations 2
and Ronvoc range up to 60 ppb and 30% respectively,
for both measured and modeled data, with similar slopes of g
approximately 0.23!/ppb. This indicates increasing model -
emissions to match observed CDFs would need to be from a
source that emits NPand Ron,voc in the same proportion 6 8 10 12 14 15 6 8 10 12 14 18

as observed. Because biogenic VOC emissions in Fresno are Hour Hour

relatively small, this suggests an anthropogenic source that

co-emits NQ and VOC, including some industrial processes Fig. 5. Average daytime (LT) modeled diurnal cycle 0pR total

and motor vehicle emissions. Another possibility in the Cen-(black dashed line) and reactivitie§ of six species at four locations:
tral Valley is agricultural emissions, which can also emit both (&) Sacramenta(b) Fresno/(c) Granite Bay, andd) Blodgett For-

NO, and VOC. Our simulations do not include agricultural €St SPECies contributing todg, otal include NG (brown solid),
NOi emissions, and only traditional biogenic V?)C emis- CO (red solid), anthropogenic VOC (black solid), biogenic VOC

. . d f includ reen solid), aldehydes (blue solid), and other oxygenated VOC
sions (isoprene and monoterpenes) from crops are include range solid). CH (not shown) contributes a constant value of

in the biogenic inventory despite knowledge that crops emit gy 351 1o Ry,
wide variety of biogenic oxygenated VOC (e.g., Kesselmeier
and Staudt, 1999).

At Granite Bay (Fig. 4c and g), daytime measured and
modeled NQ concentrations range from 0-18 ppb and
Ron,voc ranges from 0-15¢. Here the model predicts a
stronger linear trend of NQand Ron,voc (slope=0.43 and
R?=0.27), while the measurements indicate little to no trend
(slope=0.03 an®?=0.01). At Blodgett Forest, NQconcen-
trations are low 2 ppb) at this site in both the model and the ) ) )
measurements. The model predicisHRoc approximately In Granite Bay (Fig. 5¢), BH.total @ls0 peaks during the
twice that of the measurements and shows tha{ ¢ and morr)ing rush hour w_hen photochemi;try i§ accelerated, pre-
NOy are anti-correlated, which is expected at a rural loca-dominantly due to biogenic VOC. BiogenicoRvoc also
tion. Further discussion of these differences is presented if€aks at 63!, a value greater than that of anthropogenic

VOC Reactivity (1/s)
VOC Reactivity (1/s)

-

>

L
A
o
T

Reactivity

VOC Reactivity (1/s)
~
1
T

o N A O ®
1
H
.
o
(e}

VOC species) occurs about an hour or two later. In Sacra-
mento, biogenic VOC play a role equal to aldehydes in
the model, while biogenic VOC are of minor importance
in Fresno. The remaining three categories (CO4GiAd
other oxygenated VOC) tend to contribute less than'lte

ROH,totaI-

Sects. 3.3 and 3.4. VOC or aldehydes. We note that the model does not repro-
duce the second diurnal peak in reactivity observed at Gran-
3.3 The diurnal cycle of By otal ite Bay (Murphy et al., 2006b), and this could be due to the

lack of afternoon emissions in the model (discussed below
We next look at the contributions of individual species to With reference to Fig. 6) or poor representation of mixing and
modeled Ry total OVer the daytime diurnal cycle (Fig. 5). chemistry during the evening boundary layer transition. Ad-
During the daytime, VOC play a dominant role while jO  ditionally, the diurnal cycle of modeled biogenimRvoc
loss dominates at night. In the urban locations (Sacramentgoes not reflect the emissions pattern, which peaks at mid-
and Fresno; Fig. 5a and b), the dominant daytinag, R~ 92Y due to temperature and radiation patterns. The accuracy
is due to anthropogenic VOC and aldehydes. For thes®f the model related to this peak in biogenigii/oc is dis-
two VOC categories, B total Peaks during the early morn- cussed in greater detail in the discussion below.
ing rush hour, and a rise in the contribution of the sec- At the rural Blodgett location (Fig. 5d), biogenic VOC
ondary VOC categories (aldehydes and other oxygenatedominates the reactivity, leading to a midday peak of
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A) AM Secrameno Fresto Granite Bay Bladgen PAMS measurement sites (Sacramento and Fresno), the mea-
- surements include a large number of anthropogenic hydro-
carbons, accounting for many of the reactive species and ac-
counting for a large portion of the modeled lumped anthro-
pogenic categories. However, some important biogenic com-
pounds (terpenes and MBO), aldehyde (RCHO), and other
oxygenated VOC that can yield a significant contribution to
the total are not measured (see Table 1). For these species,
we use model reactivities to estimate their contribution to
RoH.total, @S indicated by the hatched regions of Fig. 6. For
Granite Bay and Blodgett, the anthropogenic measurements
— are not as complete as those provided by the PAMS sta-
o ag tions. Therefore, we include model estimates of the top two
i contributors to anthropogenicdr voc (ethene and ARO2),
which are not measured at these locations. We also include
model estimates of two important aldehydes (HCHO and
RCHO), which are unmeasured yet can contribute signifi-
cantly to Ronvoc. The detailed measurements of biogenic
Fig. 6. Modeled and calculated percent contribution tg1Rotal and other oxygenated species at Granite Bay and Blodgett
(s~1) for the four central California locations duririg) morning  include most of the important reactive species for these two
hours (6-8 a.m. local time) ar() afternoon hours (1-3p.m. local categories (Table 2).
time). RoH,total includes contributions from four VOC categories  Calculated and modeleddg tota for the four locations
(anthropogenic, biogenic, aldehydes, and other oxygenated VOCland the relative contributions of individual species are
CO, CH; and NG. Calculated contributiqns _explained in the text compared at 06:00-08:00 LT (Fig. 6a) and 13:00-15:00 LT
qnd Tables 1 and 2.®’tota| for each Iocatlon_ is no_teq atthe Io_wer Fig. 6b). The morning time period has the greatest num-
right 'han_d of each pie chart. Hatched regions indicate estimate er of VOC measurements, yet also coincides with the early-
contributions. . ’ .
morning break up of the atmospheric boundary layer and the
strongest anthropogenic emissions, which is when compari-
son of model and observations is most complicated. In the
RoH.tota=17 $71, corresponding to the time of maximum bio- morning in Sacramento (Fig. 6a), modelediRotal is about
genic VOC flux. Oxidation products of these biogenic VOC 1704 |ess than B total €Stimated from grouﬁd-based mea-
(included in the aldehyde and other oxygenated VOC cateyrements. The fnain difference is due to N@here the
gories) are the second greatest contributors, reaching a mayeasurements indicate a contribution of twice that of the
imum approximately one_to twq hours after the biogen_ic model (17% of Ryn,total iN the model versus 33% based on
RoH.voc peak. In comparison with calculated diurnal vari- the measurements). As previously discussed, measurement
ation in reactivity at Blodgett (Murphy et al., 2006b), the tachniques may lead to an overestimate of the calculated
model produces a much stronger midday peak in reactivROH 1otal from NO; at the PAMS sites (see Sect. 3.1), but the
ity (17s*) compared to an average afternoon reactivity ob-majority of this difference appears to be due to an underes-
served by Murphy et al. (2006b) of 4-5's Because the timate of emissions. Calculated (or estimated) and modeled
biogenic VOC model is tuned to Blodgett measurements,CH4 and CO compares well and contributes about 3% and
modeled fluxes of well-characterized biogenic VOC such asgoy, respectively, to By. For the VOC component, calcu-
methylbutenol compare well with measurements (Steiner efaieq Rorvoc is about 0% of B tota While the model pre-
al., 2007), and similar chemical species are included in theictg agréater contribution of 70%. Anthropogenis:Rioc
measurements and model due to the large amount of datgyntributes about 30% todR total in both the measurements
available for Blodgett forest. Therefore, the differences aregg the model, indicating that the PAMS measurements of
likely due to errors in the model representation of oxidation anthropogenic By.voc are well described by the model at
rates or mixing rates. Sacramento in the morning. The discrepancy é4Roc is
Measurements at the PAMS sites are insufficient to assessdue to the model predicting a greater contribution of biogenic
the full modeled R total diurnal cycle, but there is suffi- VOC and aldehydes than are observed. Biogenig foc
cient data to compare the model and measurements duringontributes about 20% todg wtal in the model and about
the morning and afternoon time periods. In some cases, w&2% in the measurements, even when including estimates of
estimate the contribution of important species that are nomodeled biogenic VOC species not measured, such as ter-
included in the measurements. The contribution of4CH penes and MBO. Aldehydes contribute 13% to calculated
to Rom.total IS estimated for both modeled and calculated Ro tota and 17% to the modeleddr; tota. The minor con-
RoH.total based on a concentration of 1800 ppbv. For thetribution (3%) of the higher order aldehydes estimated from

Modeled

Measured

B) PM Sacramento Fresno Granite Bay

Modeled

Measured
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the model (RCHO) indicates that the aldehyde measurementsurements show that theR tota; due to NQ is 2.6 s Lwhile

at this location (HCHO and CCHO) are fairly representa-the model calculates 0.8% Anthropogenic VOC compo-
tive of the modeled aldehyde species at this location. Othenents agree well in the morning (about 16% in the measure-
oxygenated VOC measurements are not available for Sacranents and 13% in the model), and including additional an-
mento, although they contribute a relatively small fraction in thropogenic VOC (black hatched regions) does not make a
the model (4%). During the afternoon (Fig. 6b), incomplete significant impact on B+ voc. The model predicts a greater
measurements do not allow for a comparison, but the modfraction of the total reactivity is biogenic VOG;50% com-
eled NG fraction increases along with a decrease in the pri-pared to the 20% in the measurements. This suggests that
mary emissions reactivity (anthropogenic and biogenic) andhe morning biogenic VOC reactivity is much larger than
an increase in the secondary VOC reactivity (aldehydes andhat observed. Calculated and modeled aldehyde reactivi-
other oxygenated VOC). ties are similar, contributing about 23% and 17% tonR

In the morning in Fresno (Fig. 6a), the model underesti-respectively. Calculated CCHO reactivity at Granite Bay is
mates RyH total bY a factor of 2—-3 compared to ground-based greater than that predicted by the model, leading to a greater
estimates. A large portion of this difference is due toNO aldehyde reactivity based on measurements. In the after-
and, as in Sacramento, the modeled contribution (18%) isioon at Granite Bay (Fig. 6b), the model predicis-Rotal
about half that of the calculated portion (38%). Calculatedthat is a factor of two smaller than the measurements. The
and modeled CO and CHalso have similar contributions as greatest discrepancies for the calculated and modeled reac-
in Sacramento (11-14% and 2—-3%, respectively). VOC contivities at Granite Bay can be attributed to BlCbiogenic
tributions to Ry total are about 50% based on measurementsvOC, and aldehyde components. Again N® underesti-
and about 60% in the model. Anthropogenic VOC contribu- mated, although not as significantly as in the morning hours.
tions to Ron total @re similar in the calculated and modeled Aldehyde chemistry in the model tends to follow the changes
results (~30%), while the model predicts slightly greater in anthropogenic and biogenic reactivity (increases as the
biogenic (6% modeled vs. 4% calculated), aldehyde (22%anthropogenic and biogenic reactivity decreases), but this
modeled vs. 15% calculated), and other oxygenated VOUds not reflected in the measurements. The model predicts
(5% in the model) contributions. In general, missing mea-more biogenic reactivity than aldehydeRvoc in the morn-
surements of biogenic (terpenes and MBO; green hatchethg, while the measurements indicate that aldehygdg ®c
regions) and aldehydes (RCHO; blue hatched regions), adominates over biogenicd voc.
described above, contributed very little to total estimates of At Blodgett Forest in the morning (Fig. 6a), calculated
biogenic and aldehyde species. Overall in the morning aand modeled By total Values are within 40% (6.84 cal-
Fresno, the relative contributions of different types of VOC to culated, 9.4 modeled). Contributions from N&(1-3%),
RoH.total @re similar in the model and observations. This fact CO (4-12%), and Ci(3—4%) are small compared to that
coupled with the observation that total reactivity and,NO from VOC, which contribute about 80% based on measure-
are both low by about the same amount suggests that thements and 90% in the model. Anthropogenic VOC plays
model emissions should be substantially increased for botla small role in Ru total (2—-3%). At Blodgett, the differ-
NOy and VOC in this region. VOC measurements are notences in Ry total Stem primarily from discrepancies in the
available during the afternoon at Fresno, but similar to Sacrabiogenic category. The model predicts about 75% of the
mento, the model predicts a smaller contribution of primary Ron total iS due to biogenic VOC in the morning, while the
VOC reactivity while secondary VOC (aldehydes and othermeasurements show this fraction is about 50%. In the after-
oxygenated VOC) reactivity increases. noon (Fig. 5b), calculated and modelegiRotal and relative

Direct measurements ofdg wtal have been performed in  VOC contributions are within 10% of each other, again with
several other urban locations in North America. In Nashville, an overestimate of biogenic reactivity in the model compared
RowH.total Was calculated in the range of 5-25s with a to observations. One possible reason for this difference could
median value of 113 (Kovacs et al., 2003); measure- be due to the biogenic emissions model, which predicts pri-
ments range from 15-25$% with a median of 193! in mary isoprene fluxes from Blodgett forest that are not ob-
New York City (Ren et al., 2003). Other studies have served at the site. These emissions, which are nearly equal
estimated B total ffom VOC and NQ measurements to to MBO emissions, could be contributing to the higher re-
range from 2-203! (median=-4s1) for Nashville, and  activity in the model. Another possibility is that fast chem-
1.5-10s! (median=-4 s~ 1) for New York City (Kleinman istry within the forest canopy could react away many of the
etal., 2005). The B total We estimate from Sacramento and highly reactive terpenes and this fast chemistry cannot be re-
Fresno (6-203!) are consistent with those of other urban produced by the model. Both of these factors could con-
areas in the United States. tribute to the over prediction of modele®Rvoc.

At Granite Bay (Fig. 6a), the calculated (1065 and To summarize, the urban reactivity comparison suggests
modeled (10.23') morning FoH.total iS very similar. As ~ VOC and NQ emissions are underestimated in the model,
with Sacramento and Fresno, however, the model predicts get the relative proportions of the various reactivity sources
much smaller contribution of N©Oto the Ron total, the mea- 1o Ron total are approximately correct. Analysis of the mod-
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Fig. 7. Speciated BH,voc (s1) as a function of NQ concen-
trations (ppb) in Sacramento, &) modeled andb) calculated.
The contribution of the four VOC categories to theRyoc, in-
cluding anthropogenic VOC (black), biogenic VOC (green), alde- ; ) - . )
hydes (blue), and other oxygenated VOC (orange). For the calcuPAM_S statlnons represents daytime data during the time period of
lated Sacramento &4.voc. biogenic Rop.voc is based on iso- the simulation (29/07/2000—-03/08/2000).

prene concentrations only, and aldehydes are based on HCHO and

CCHO concentrations only. See Table 1 for a full list of VOC
species included in each category.

Fig. 8. Measured (gray circles) versus modeled (black crosses)
cumulative distribution functions fofa) Sacramento odd oxygen
(O3+NOy) and(b) Fresno odd oxygen. Ozone and pl@ata from

PAMS NGO, as discussed in Sect. 3.1. There are no signifi-
cant correlations of NQand the other categories of VOC in
the observations or the model.

eled and observed VOC contributions t@Rotal in the two

urban locations show that NGand anthropogenic VOC are 3.5 Implications for ozone chemistry

the two largest factors. The main categories of VOC con- i

tribution to Rop total i Urban areas are anthropogenic VOC Based on the above_ comparisons betyveer_1 measured and
(~28%), followed by aldehydes (17—22%), biogenic VOC modeled_urpan qhemlstry, the under estimation ofkN@d .
(6-20%), and other oxygenated VOC (4—6%). Modeled bio-VOC emissions inventories are _notable and I|!<ely _have im-
genic VOC contribute more to OH reactivity in Sacramento plications for ozone prediction in central California. Our

(20%) than Fresno (6%), and this is reflected in the measurelrior central California ozone study (Steiner et f':1|., 2006)
ments. compared modeled afternoon ozone concentrations versus

At Granite Bay, the model and measurements agree welfround-based observations, and found that the near-surface
on Ron.total I the morning but not in the afternoon, while ozone daily maxima were reproduced by in the model in the

the opposite is true at Blodgett Forest. In both locations, thecentral Valley. In the Sacramento region, however, modeled

discrepancies are due to the relative contributions of aldehy9Z0N€ maximum concentrations were about 10-20ppb less

des and biogenic VOC. At Granite Bay, modeled biogenictha” those observed, and this discrepancy was attributed to
VOC is greater than calculated in the morning, but the con-PO°r meteorological representation of upslope flow along the

verse is true in the afternoon. At Blodgett Forest, the modelSi€ra. In Fresno, measured concentrations of ozone show

consistently predicts greater biogenic VOC than that calcuSimilar maxima to those modeled (90-100ppb). Results

lated from measurements. These differences are indicativom this study indicate that inaccurate emissions inventories
of errors in chemistry, as we have shown the emissions argould also contribute to these differences in ozone concentra-

consistent with observations. tions.
In both Sacramento and Fresno, we compare measured and

3.4 The relationship between speciateshRoc and NG~ modeled odd oxygen (NO,) (Fig. 8). During the simu-
lation time period, the model roughly captures the median of
More insight into where the model is accurately describingodd oxygen in both Sacramento and Fresno. However, the
the relationships between NGnd VOC reactivity can be model over predicts the lower 10% of the distribution in both
found by comparing each of the four VOC categories ver-locations by about 5 ppb, and under estimates the top 10%
sus NG (Fig. 7). In the urban locations, we expect that by about 10-20 ppb. This behavior is not supported by the
anthropogenic VOC and NQwill be positively correlated, distribution functions of N@ concentrations and NOand
as both emissions have primary sources from transportatio’VOC reactivity (Fig. 2), which indicated that emissions were
and chemical removal largely occurs downwind. In Sacra-under predicted by the model at these locations over most of
mento, the slopes of correlation of anthropogenic VOC re-the distribution. This suggests that other factors are impor-
activity with NOy are 0.155/ppb NQ, for the observations  tant for local ozone, including the mixing depths, large-scale
and 0.195/ppb NQ, for the model. We note that some of meteorology, and the transport of ozone formed in other ur-
the difference in slope could be due to the positive bias in theban areas such as San Francisco. Because these distributions
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are based on ozone concentrations and not local ozone prof=
duction, it is impossible to discern the difference between lo- g
cally produced and transported ozone at this time. However,
this does suggest that merely increasingd@d VOC emis-
sions to address the emission estimate discrepancies may nc
improve ozone prediction in central California.

3.6 Present day and future spatial distributions gfiRoc

Over the model domain, & voc reaches up to 16%¢ in
the morning hours and is greatest near urban areas and re
gions with high biogenic VOC emissions (Fig. 9akiRvoc
outside regions with high anthropogenic and biogenic VOC
emissions tend to be low<@ s™1). The contribution of each
VOC category to total modeled reactivity varies with emis-
sions geography. Anthropogenic and biogenic VOC reactiv- s —
ities are located near emission sources (Fig. 9b and c), with 2 -1 05025 0 025 05 1 15 4
anthropogenic By,voc occurring near urban centers and
biogenic Ryn voc dominating in the mountainous and veg-
?tate.d r?glons. of t.he doma'”' However, an interesting pomegories (anthropogenic, biogenic, aldehydes, and other oxygenated
in this S|mulat|on. is th_e importance of aldehyde and othervoc) and(b) anthropogenic VOC(c) biogenic VOC (d) aldehy-
oxygenated species with respect tg-/oc throughout the o5 "Bottom panel is the change to reactivity under future climate
model domain (Fig. 9d). Overall, the aldehyde and otherconditions for(e) RoH.voc (f) anthropogenic VOC(g) biogenic
oxygenated BH,voc accounts for at least 40% oidR voc. VOC and(h) aldehydes. Positive values reflect an increase in total
In agricultural regions of the Central Valley, where measure-reactivity under future climate.

ments are unavailable, the oxygenated VOC fraction rep-

resents up to 90% of total reactivity with minor contribu-

tions from primary anthropogenic and biogenic emissions.mated from ground-based measurements. However, despite
As shown in Figs. 5 and 6, the model indicates that alde-uncertainties in model reactivities, these results indicate that
hydes play an important role in theoR total in Urban areas, climate impacts on anthropogenic VOC chemistry are small
accounting for 30-40% of &4.total iN the afternoon. This compared to impacts on biogenic, aldehyde and other oxy-
indicates that aldehyde compounds produced by secondanyenated VOC species. Additionally, in urban areas with sig-
formation in the atmosphere play a significant role in the cy-nificant biogenic VOC, changes in biogenic emissions will
cling of HOy in all regions, even those with of high primary likely have more impact on & voc than anthropogenic
emissions of anthropogenic and biogenic VOC. species. If anthropogenic emissions were to change in a fu-

For the climate change simulation described in Sect. 2ture emissions scenario, then the relative impact of their re-
we examine changes indR voc under future climate condi-  activity will likely change as well.
tions. Warmer temperatures and a moister atmosphere can al-
ter photochemical reaction rates and VOC emission profiles,
affecting total and speciated reactivities in the region. The4 Conclusions and implications
change in morning averageoR otal iS almost completely
composed of Bx,voc, which increases over almost all land Comparisons of calculated and modelebyRotar and
points in the model domain (Fig. 9e). The largest increaseRo voc indicate that the model generally predictsiRotal
in Ron,voc occur in the Sierra Nevada Mountains, where within 25-40% of the observations at three of the four lo-
RowH.voc increases up to 58 (~33%) due to an increase cations (Sacramento, Granite Bay and Blodgett Forest). At
in biogenic VOC emissions (Fig. 9g) and subsequent reacthe fourth location, Fresno, the model under predicts both
tions (Fig. 9h). In urban areas such as the eastern portiolNOx and RyH voc emissions by a factor or 2-3. At Sacra-
of the San Francisco Bay areapiRvoc increases by about mento and Fresno, we suspect that theRial differences
1-2s1 (12-15%). are in part due to the inadequacies of currenbM@asure-

In regions of high reactivity, the increase irbRvoc is ments used in regulatory networks, which can overestimate
due to an increase in biogenic, aldehyde and other oxyNO, and hence Bntotal SUbsStantially (e.g., Dunlea et al.,
genated reactivities. We note that the magnitude of thes®007). Because meteorological parameters such as bound-
changes should be considered in light of our previous re-ary layer height, and wind speeds and directions are repre-
sults in Sect. 3, which indicate that the model is predictingsented fairly well during the simulation time period (Wilczak
more biogenic and aldehyde VOC reactivity than that esti-et al., 2004), the representation of the measured and mod-

Fig. 9. Present-day and future morning reactivity%s. Top panel
{'s present-day reactivity fda) Ron voc, including four VOC cat-
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eled cumulative distribution functions indicate that the emis-are often not measured as part of ground-based measurement
sions inventory in urban locations underestimates both NO campaigns, and they are needed to verify emission invento-
and anthropogenic VOC emissions. This result is consistenties, reactivity in the atmosphere, and impacts on gas and
with other studies that indicate that emission inventories areparticle phase chemistry. More measurements of a suite of
underestimated with respect to on-road emissions (Parrisilpxygenated VOC would provide an additional means of as-
2006; Warneke et al., 2007). Despite these apparent undesessing their importance in regional chemistry under present
estimates of ozone precursors, the model predicts a cumuland future climate conditions.

tive distribution function for ozone that is similar to the mea-

surements, indicating that simply increasing emissions will Acknowledgements. This work has been funded by a grant from
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