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Abstract. Observations of NQin the Sacramento, CAre- 1 Introduction

gion show that mixing ratios decreased by 30% between

2001 and 2008. Here we use an observation-based methddany populated regions worldwide have chronically high
to quantify net ozone (€ production rates in the out- levels of summertime ozone produced during the photo-
flow from the Sacramento metropolitan region and exam-chemical oxidation of carbon monoxide (CO) and volatile
ine the Q decrease resulting from reductions in N@mis-  organic compounds (VOCs) in the presence of \NO
sions. This observational method does not rely on assumpNOx =NO +NQ,). Protecting human health (Uysal and
tions about detailed chemistry of ozone production, ratherSchapira, 2003; Trasande and Thurston, 2005; McClellan
it is an independent means to verify and test these assumst al., 2009; Yang and Omaye, 2009) and agriculture (Mor-
tions. We use an instantaneous steady-state model as wegan et al., 2003; Ashmore, 2005; Feng and Kobayashi, 2009;
as a detailed 1-D plume model to aid in interpretation of Fuhrer, 2009) has required local regulation aimed at reducing
the ozone production inferred from observations. In agreeVOC and NQ levels.

ment with the models, the observations show that early in Two informative examples of this are Mexico City (Zavala
the plume, the NQdependence for Oy = O3 + NO,) pro- et al., 2009) and Beijing (Tang et al., 2009), which have
duction is strongly coupled with temperature, suggesting thabeen subject to two contrasting emission control strategies.
temperature-dependent biogenic VOC emissions and othdn Mexico City, VOC emissions decreased significantly be-
temperature-related effects can drivg @oduction between tween 1992 and 2006 while N@missions stayed relatively
NO-limited and NQ-suppressed regimes. As a result,,NO constant; @ concentrations decreased during this time at a
reductions were found to be most effective at higher temper+ate close to 3 ppby!. In contrast, in Beijing, @ concen-
atures over the 7 year period. We show that violations of thetrations increased over a 5 year period, from 2001 to 2006,
California 1-h Q standard (90 ppb) in the region have been in response to controls on N@ith no corresponding reduc-
decreasing linearly with decreases in N@t a given tem-  tion in VOC emissions. The results observed in both cities
perature) and predict that reductions of N@ncentrations ~are in line with what would be predicted, in a qualitative
(and presumably emissions) by an additional 30 % (relativesense, from the chemical mechanisms af @oduction in

to 2007 levels) will eliminate violations of the state 1 h stan- a VOC-limited atmosphere, typical of polluted cities.

dard in the region. If current trends continue, a 30 % decrease The contrasting examples of Mexico City and Beijing
in NOy is expected by 2012, and an end to violations of theshow that the way in which emission controls are imple-
1 h standard in the Sacramento region appears to be immimented can result in varying levels of success, or in some
nent. cases, detriment, in controllings@oncentrations. Compli-
cating matters, however, is that the @sponse to identi-
cal control strategies is not always the same in different re-

Correspondence taR. C. Cohen gions. For example, in Los Angeles, combined VOC and
BY (rccohen@berkeley.edu) NOy controls resulted in a nearly 50 % decrease in peak 1h
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O3 concentrations from 1990 (310 ppb) to 2007 (159 ppb), In what follows, we will give a description of the Sacra-
however the San Joaquin Valley in Central California, which mento urban plume (Sect. 2), highlighting previous efforts to
was subject to essentially the same controls, showed only aharacterize its chemistry. We then describe our observation
marginal decrease in peak 1k (164 ppb to 142 ppb) over based method for inferring the production of ozone (JO
this time frame (Cox et al., 2009). in an urban plume (Sect. 3) and describe the correlations

While we have an adequate qualitative understanding obf the inferred P(@) with temperature and NQO(Sect. 4).
the response of £to NOy and/or VOC reductions, a quan- We will compare our observations to results from a steady-
titative analysis remains elusive (e.g. Thornton et al., 2002) state model and a time-dependent Lagrangian plume model
presumably because of our incomplete knowledge of the rel{Sect. 5) and discuss the implications of our results for air
evant emissions and photochemistry and our inability to rep-quality in the region (Sect. 6).
resent the meteorology with sufficient accuracy. As it is un-
clear which aspects of our chemical understanding need im-
provement, direct tests of the mechanisms by comparisont@ The Sacramento urban plume
observations in the ambient atmosphere are needed.

One of the primary difficulties with such an analysis is Due to its extremely regular, topographically-driven wind
that controlled experiments where a single parameter is varpatterns, the Sacramento region can be represented as a sim-
ied while all others are held constant are almost never realple flow reactor with dilution (Carroll and Dixon, 2002; Dil-
ized in the atmosphere. Day-of-week effects on ozone are #n et al., 2002; Brez et al., 2009). This Lagrangian rep-
close approximation to a control experiment, becausg NO resentation holds for a significant portion of the year and
emissions typically decrease significantly on weekends withgreatly facilitates the understanding of changes in photo-
relatively small changes in VOC emissions. Still, in most chemical conditions over diurnal (Murphy et al., 2006a; Day
locations, meteorology varies too much to directly compareet al., 2009), weekly (Murphy et al., 2007), seasonal (Mur-
weekends and weekdays in a given year, and long term dePhy etal., 2006a; Day et al., 2008; Farmer and Cohen, 2008),
creases in NQand VOCs, along with changes in land use, and, as in the present study, inter-annual timescales.
makes year to year comparisons subject to the difficulties of A map of the Greater Sacramento Area (GSA) and the
interpreting an experiment where many things have changedownwind regions influenced by the urban plume is shown
at once. in Fig. 1. We will refer to three different sub-regions in this

The Sacramento, California (3858, 121.49 W) urban discussion: the urban core, the suburbs, and the foothills. A
plume offers a rare opportunity for evaluating effects of number of monitoring sites operated by the California Air
changes in a single parameter, Néncentrations, on atmo- Resources Board (CARB) are located within the study re-
spheric chemistry using ambient measurements. The locegion, as shown in Fig. 1, as are two UC Berkeley research
topography in the region results in an extremely stable winadsites. Exceedances of both the 1h and 8 h CA standard are
field, with upslope flow during the daytime, and downslope yearly occurrences during the so-called ozone season, typi-
flow at night, driven by heating and cooling in California’s cally from May to September.
central valley (e.g. Carroll and Dixon, 2002; Dillon et al.,  In the GSA, biogenic VOCs are the main source of VOC
2002). The VOCs that control ozone production in the regionreactivity that leads to ozone production. In all phases of the
are predominantly biogenic (Dreyfus et al., 2002; Cleary etplume evolution, biogenic VOC emissions dominate VOC
al., 2005; Steiner et al., 2008). Variability in NCtherefore,  reactivity (Cleary et al., 2005; Steiner et al., 2008). Iso-
is completely decoupled from variability in VOCs in the re- prene emissions are strong in the metropolitan region and
gion. peak within a roughly 10 km wide band of oak forest that

NOy mixing ratios in the Greater Sacramento Area (asruns north-south along the western edge of the Sierra Nevada
we will discuss below) and throughout Northern California foothills (Dreyfus et al., 2002; Spaulding et al., 2003). Iso-
(Ban-Weiss et al., 2008; Cox et al., 2009; Russell et al., 2010prene and its oxidation products represent the majority of
have been in steady decline for over a decade, thus facilitatVOC reactivity throughout the plume. East of the oak
ing an atmospheric experiment in which only a single vari- band methyl but-2-ene-3-ol (MBO), and terpenoid species
able in the ozone production system has been changed (atare added to the mix and become a larger fraction of the re-
given temperature). Previous work (Murphy et al., 2006b, activity (Lamanna and Goldstein, 1999; Schade et al., 2000;
2007) has investigated the effect of day-of-week changes iBouvier-Brown et al., 2009).

NOy emissions on @ production in the region. Here, with Early studies of the plume found that ozone concentra-
variability in NOy occurring on both day-of-week and inter- tions peak some 50 km downwind of the city center and de-
annual time-scales, we are able to compare the effects ofrease significantly over the next 15km of travel (Carroll
NOy reductions within a single year (weekdays vs. week-and Dixon, 2002). These authors were among the first to
ends) to the equivalent NOeductions on weekdays several characterize the plume as a Lagrangian air parcel that mi-
years later. grates from the urban core to the sparsely populated Sierra
Nevada Mountains. Using a suite of VOC measurements
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Fig. 1. Map of the Greater Sacramento Area indicating the location of monitoring stations used in this analysis. Yellow circles are UC
Berkeley research sites, blue circles are CARB monitoring sites, and red circles are CIMIS weather stations. Map created using Google
Earth.

at Granite Bay, in the suburbs to the southwest of Folsom — The regular meteorology in the region allows for a sim-

Lake, and downwind at UC Blodgett Forest Research Sta-
tion (UC-BFRS), Dillon et al. (2002) took advantage of the
Lagrangian nature of the plume in order to characterize the
average mixing and oxidation characteristics of the plume.
More recently, Brez et al. (2009) built on this conceptual
framework for plume transport and incorporated a detailed
chemical model in order to test the mechanistic understand-
ing of NOy chemistry as it pertains to ozone production.
Murphy et al. (2006b, 2007) analyzed the day-of-week
patterns of several species related to photochemical ozone
production at various points along the plume transect and
identified a change in the NQdependence for ozone pro-
duction as the plume migrates downwind. In addition to
an analysis of day-of-week differences in NOOs, and
isoprene concentrations, observations of the,MNIQy ratio
(NO;=NOy — NOy) at two different locations in the Sacra-
mento urban plume, one at Granite Bay, in the suburbs, and
one at UC-BFRS, showed different day-of-week behavior,
suggestive of N@-suppressed (VOC limited) ozone produc-
tion in the urban core and suburbs and Niinited ozone
production in the foothills. As a result, there was higher ob-
served ozone in the urban core on weekends than on week-
days while the reverse holds at the remote downwind site
during the years 1998-2002 (Murphy et al., 2007). 3
Our current understanding of the behavior of the Sacra-
mento urban plume is summarized as follows:

plistic representation of the plume as an air parcel mov-
ing in a Lagrangian sense to the northeast.

— Dilution of chemical species in the plume occurs at a

predictable rate as the plume migrates away from the
urban core and mixes with the regional and global back-
ground.

— Anthropogenic emissions of NOn the plume exhibit

strong weekday/weekend differences and have been de-
creasing over longer time scales, presumably due to re-
placement of older vehicles with newer ones that have

better emission controls.

— VOC reactivity in the plume, even in the urban core, is

controlled primarily by biogenic emissions, which vary
with temperature and solar radiation, leading to diurnal,
seasonal, and synoptic variability.

— O3 production is VOC-limited in the urban core and

transitions to NQ-limited as the plume is transported
into the foothills and away from NQsources.

Estimating odd-oxygen production rates from
observations

As an urban plume evolves, it is influenced by both chemical
and physical processes. The rate of change in concentration
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Table 1. Measurement summary.

Site ARB Number Location Measurements  Uncertainty  Detection Limit
T Street 34305 38.57%121.49 NC? See Sect. 3
Del Paso 34295 38.61121.37 N 10% 0.4 ppb
NOF See Sect. 3 0.4 ppb
0§ <1% 0.6 ppb
Roseville 31822 38.75;121.26 NO& 10% 0.4 ppb
NOF See Sect. 3 0.4ppb
0§ <1% 0.6 ppb
Folsom 34311 38.68;121.16 NC? See Sect. 3  0.4ppb
Cool 9693 38.89-121.00 G <1% 0.6 ppb
UC-BFRS N/A  38.90-120.63 Ncg 10% 10-20 ppt
0§ <1% 0.6 ppb

a Chemiluminescence following catalytic conversion to NO (Model: API 20BE)hemiluminescence (Model: API 200E)UV photometry (Model: API 400A).
d Laser induced fluorescence (Thornton et al., 208@Q)V photometry (Model: Dasabi 1008-RS).

for a given species in the plume, represented by a box movindgn Eq. @), A[Ox]obd At is the observable parameter, calcu-

with the local winds, is given by: lated from the difference in [(}ops at two adjacent locations
in the plume and the time it takes for the air mass to travel
@ —=P+E—-D—-L—-M 1) between the two sites. We then calculate a time-dependent
dr mixing rate using Eq.5), and solve forA[Ox]chenf At.
whereP andL are the rates of chemical production and loss, "
respectively,E is the emission ratep is the rate of deposi- ) _
tion to the surface, and¥ is the mixing or entrainment rate A [Oxlmix ,{km'x ([0 ©) = [Oxluig)
of the plume with its surroundings. M= At = At )

For a chemically inert tracer”(= L =0) that has negligi- _ _
ble emission sources and does not depasit 0 =0), its ~ Other than entrainment, the loss pathways for i@ the
concentration is influenced only by the mixing/entrainmentplume are deposition, reaction with VOCs, reaction with

rate M, which we represent as follows: HO>, photolysis followed by the reaction ofD atom with
H»0, and reaction of OH with N& The lifetime of Q with
M = kmix ([X]—[X]bkg) (2)  respectto chemical losses and deposition in the PBL is on the

] o ) order of 20-30 h, an order of magnitude longer than the time
wherekmix is an empirically determined constant diokg  gifferences fr) used in our analysis. Thus, variability in the
is the concentration of species X in the background or surg_removal rates will have little effect on the observational
rounding air. . o ~ calculation ofA[Oy]chen{At. Variability in production rates,
For reasons that will be described in Sect. 5, we are interyyhich often reach 10-30 ppb/h in urban areas, corresponding
ested in the rate of change for odd oxygen t@s+NO2). 5 O lifetimes with respect to production of 2-6 hours, dom-
We assume phas no direct emission sourcés 0), andits  jnate the variability inA[Ox]chenf Af. We derive our estimate

time derivative can be expressed as: for Oy losses based on previously published observations of
d [Oy] O3 and NQ fluxes over Blodgett Forest (Kurpius and Gold-
T P—-—L—-D-M. (3)  stein, 2003; Farmer and Cohen, 2008) and observations of

VOCs at Granite Bay and at Blodgett Forest (Dillon et al.,
If Ox measurements are made at two locations in the plume2002; Cleary et al., 2005).
Eqg. @) can be rearranged and the derivative evaluated at Seven years of NQand Q data were compiled from three
those two points to solve for the mean net chemical producCARB sites (Del Paso, Roseville, and Cool) (CARB, 2009)
tion (P — L — D or A[Ox]chenf At) between the two locations  and from UC Berkeley measurements at UC-BFRS between

as follows: 2001 and 2007. Table 1 summarizes the observations used
A [Odchem bl Do A [OxJobs y . from each site and the methods of detection. These f0L_1r sites
A O ThETPE TR + M. 4) fall roughly along the center line of the plume and split the
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Table 2aAll Data (Full Year).

Wind Direction (deg.) Wind Speed (n’f%) [NOy] (ppbv) Roseville @ Cool O3 Blodgett &
Year #Days Mean Std. Err. Mean Std. Err. Mean  Std. Err. Exc. Days # Days Exc. Days # Days Exc. Days # Days
Hot
2001 64 2475 25 35 0.1 17.2 1.3 14 64 32 64 17 63
2002 49 263.4 35 3.2 0.1 19.2 14 15 49 31 49 18 49
2003 66 260.8 2.6 3.0 0.0 17.2 1.3 13 66 26 66 18 66
2004 53 261.8 2.0 3.4 0.0 14.2 0.8 6 53 12 51 13 51
2005 56 263.3 2.4 2.6 0.1 15.2 0.9 16 56 27 56 9 56
2006 58 255.1 2.6 3.2 0.1 14.3 1.0 20 58 30 58 10 38
2007 49 255.9 2.0 3.3 0.1 12.3 0.8 4 49 6 a7 1 14
Medium
2001 58 248.8 2.4 35 0.1 141 1.1 1 58 7 54 3 56
2002 62 252.3 2.7 34 0.1 15.0 1.0 7 62 21 61 4 62
2003 45 251.9 5.0 3.1 0.1 14.9 14 1 45 2 45 2 45
2004 55 2495 4.1 35 0.1 135 1.0 1 55 2 50 2 55
2005 47 258.9 3.3 3.0 0.1 13.3 1.2 2 a7 4 47 1 41
2006 58 253.6 3.3 3.4 0.1 11.8 0.6 0 58 9 55 1 38
2007 56 248.3 3.6 3.4 0.1 9.1 0.5 1 56 2 55 0 15
Cold
2001 237 220.6 33 2.9 0.1 22.9 14 0 237 0 56 0 222
2002 251 235.3 2.9 3.0 0.1 23.7 1.3 0 251 5 71 4 248
2003 250 235.8 2.7 2.7 0.1 21.7 1.2 1 250 3 69 0 234
2004 224  236.9 3.6 3.0 0.1 23.0 14 0 224 2 62 0 203
2005 259 236.0 29 2.7 0.1 20.9 11 0 259 0 78 0 132
2006 242 229.8 3.0 2.6 0.1 19.6 11 0 242 1 65 1 74
2007 254 2385 2.9 2.7 0.1 18.0 1.1 0 249 0 75 0 26

transect into three segments that will be referred to as Segeonsistent with observations of NOPNs, ANs and HN@
ments A (Del Paso to Roseville), B (Roseville to Cool), and at the Granite Bay site; Cleary et al., 2005, 2007). Thus, we
C (Cool to UC-BFRS). Temperature and solar radiation mea-define NQ at these sites as 50 % of the reported “NCCal-
surements from the California Irrigation Management Infor- culations using the observed NO ang, @ssuming standard
mation System site at Fair Oaks, located roughly in betweerparameters for the NO-N£O3-HO, steady-state relation-
Del Paso and Roseville, and wind speed and wind directiorship, indicate that N@is 65-70 % of the observed “NQ
from the Camino CIMIS site located to the southwest of UC- These two scenarios bracket our uncertainty of the true NO
BFRS (CIMIS, 2009). Table 2a summarizes the full 7 year at between 50 and 70 % of the observed “RO
data set. Based on the average daily wind speed, the Lagrangian
The method for N@ detection at the CARB sites is the plume age, relative to an arbitrary start timg),(can be ap-
catalytic conversion of N©@to NO, followed by detection proximated for each measurement site along the transect. Se-
of total NO (ambient plus converted) by chemiluminescence lecting Del Paso as the plume start point amglaf 1000 PST,
Subtraction of the NO signal detected in ambient air fromthe plume passes over Roseville, Cool, and UC-BFRS at
the NQ signal gives the response, labeled “NO There 1200 PST, 1500 PST, and 1700 PST respectively. Daily val-
are known positive artifacts to this measurement (Winer etues for each available measurement were obtained from 2 h
al., 1974; Grosjean and Harrison, 1985; Dunlea et al., 2007averages about these times.
Steinbacher et al., 2007) as a result of the accompanying con- Equation 4) is solved for A[Ox]chen{ At for each plume
version of peroxy nitrates (PNs), alkyl and multifunctional segment using a constant ®ackground of 53 ppb (N©
alkyl nitrates (ANs), and nitric acid (HN§) over the molyb-  background is negligible for consideration of odd-oxygen)
denum oxide (MoO) catalytic converter. In this study, we andkmix =0.31h ! (see Appendix B for details). Since there
will assume that these higher oxides are detected with 100 %are no nitrogen oxide measurements available at the Cool
efficiency and refer to observations reported as NGy site, we estimate NP(and NQ) based on an exponential
CARB, instead, as N decay from Roseville with a lifetime of 2 h and a transit time
For the purpose of understanding the role of N@® Oy of 3h. The resulting NQis consistent with observations of
chemistry, we estimate NOmixing ratios from the observa- NOy further downwind at UC-BFRS and amounts to NO
tions of NG,. To do this we assume that the sum of the higherlevels of at most 3 % of Qat the site.
oxides of nitrogen are present at the monitoring stations in The analysis is applied to the months of May through
an amount equal to the NGt those stations (a ratio roughly September and uses days when wind speeds are between
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3 and 4ms!? (at the Camino site), wind direction is W or 20 T T
SW (between 200 and 260at Camino), and solar radiation QO Annual mean
is within 10 % of a 30 day running mean (at Fair Oaks) to 18 O [0 weekdays only |
ensure clear sky conditions. About half of the observations q /\ Weekends only
from May through September survive this filter. There is no 16 Q
significant correlation of wind speed or wind direction with O O O
temperature or N@in this data setR? < 0.04). The filtered s 14 A O
data used in this analysis is summarized in Table 2c. g A N)
§> 12 A A \U\
4 Observed NG, and temperature influence onP (Oy) 10 A A A
Figure 2 shows the annual averageNbserved during the
summer months (May—September, 2001-2008) from the av- 8 A
erage of 4 GSA monitoring sites (T Street, Del Paso, Ro-
seville, and Folsom). Observations are shown for all days, 00 2002 2004 2006 2008 2010

weekdays only, and weekends only. N@ecreased by 30 %
from 2001-2008 at an approximate rate of 0.6—-0.7 ppb.yr  Fig. 2. Annual mean [N@] in the Sacramento metro region from
This long-term decrease is of the same magnitude as th@001-2008. Values calculated from daily (10-1400 PST) means of
mean observed weekday-weekend difference over the stud§ sites (T Street, Del Paso, Roseville, and Folsom) in each year of
period (5 ppb). The day-of-week effect in the Sacramento the study period.

region has also been observed in the satellite record (Russell

et al., 2010) and was found to have a significant effect on
ozone production rates, as reported by Murphy et al. (2006b
2007).

a nonlinear function of NQwith a steeper variation at lower
NOy concentrations, particularly for the medium and high

; : : : . _temperature bins. The segment between Cool and UC-BFRS
It is our expectation that the primary variables causing has much lower NQconcentrations. The\[Oylenend At in

changes in ozone production rates are thg d@d biogenic . . o !
VOC concentrations. Since BVOCs are emitted as an ex-thIS segment (Fig. 3¢) shows a slight increase with Nt

) . no discernable temperature dependence, except at the highest
ponential function of temperature, we use temperature as & : . .
. L O« concentrations. Net Oproduction rates inferred from
surrogate to represent changes in VOC reactivity. Changes . : .
; . ) ; Observations are lower here than in the two upwind segments.
in radical propagating reaction rates and water vapor are
expected to be correlated with changes in temperature and
BVOC emissions. These factors also have an impact or6  Comparison of observed ozone production with two
ozone production rates although their effects are smallerthan models
those of BVOCs (Steiner et al., 2006).
Figure 3a—c showA[Ox]chen{At for each segment (A, B, The qualitative patterns of P(Pas a function of NQ and
and C, respectively) vs NQestimated from measurements temperature shown in Fig. 3a—c are consistent with predic-
at the upwind site and in three different temperature regimegions based on standard photochemistry. Here we make use
(low, medium, and high). In Fig. 3a—c, data points represenof equations describing instantaneoyspgoduction derived
calculations ofA[Ox]chenfAt for individual days, solid lines by Murphy et al. (2006b). Briefly, ®@participates in a null
represent the mean values binned by, Nénd the error bars catalytic cycle with nitrogen radicals (NO and NO As a
are the standard error of the mean for each biny B@cen-  result, Q is more conserved than either individually. This so
trations are from observations at the upwind site, except incalled NG, cycle is described by Reactions (R1) to (R3).
Fig. 3c, where Cool [N]) is estimated from observations at

Roseville, assuming a 2 h lifetime. Oz + NO — NOz + O (R1)
We assume that NQobserved at the upwind site is well- NO, + hv —s O + NO (R2)

correlated with NQ across the entire plume segment. For

Segment A (Fig. 3a), the region between Del Paso and Ro© + 0, — Oj (R3)

seville, A[Ox]chen{ At increases with both temperature and

NOx. The slope of A[Ox]chen{ At VS. NO increases as Net O production occurs when some alternative oxidant fa-
temperature increases. Figure 3b shows the behavior dfilitates the conversion of NO to NOIn continental regions,
A[Ox]cher{ At between Roseville and Cool (Segment B). As this is most often achieved through the oxidation of volatile
in Fig. 3a, Q production rates are sensitive to both N&hd  organic compounds (VOCs). Reactions (R4)—(R7) outline
temperature. At the low NPend, however, the temperature the oxidation of VOCs by the hydroxyl radical (OH) and sub-
dependence is minimal. Additionally, the N@ependenceis sequent reaction of peroxy radicals with NO (Reactions R5

Atmos. Chem. Phys., 11, 6946960 2011 www.atmos-chem-phys.net/11/6945/2011/
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and UC-BFRS, shown ic) and(f). In all figures, plots are color coded by temperature range: red = high, green = medium, blue =low. See
Sect. 4 for additional details.

and R7), which, when coupled with N@hotolysis (R2 and  limits P(C) through their influence on the concentrations of
R3), leads to net production ofsQ@luring the daytime. This the reactants in Reactions (R4)—(R7). These terminating re-
series of reactions is radical propagating, with no net loss ofactions are thought of in two categories, one involving self-
NOy or HOy taking place. The rate of {production can be reactions of peroxy radicals (HEHOy, Reactions R8—R10),
calculated as the combined rates of Reactions (R5) and (R7and one involving cross reactions betweenN@d HQ, rad-

or as approximately twice the rate of any single reaction inicals (NG-HOy, Reactions R11 and R12).

this cycle.

HO2 + HO; — H2 02 + O R8
OH + VOC (+0;) —> RO, + H20 (R4) 2 2 zrem e (R8)
RO, + NO — NO, + RO (R5) HO2 + RO; — ROOH + O, (R9)
RO + O, — RO + HOp (R6) RO, + RO; —> non—radical products (R10)
HO NO NO. OH R7
2+ NO — NO2 + R NO, + OH —> HNOs (R11)
Accompanying these propagating reactions are a series of
radical terminating Reactions (R8)—(R12), which ultimately NO + RO, — RONO, (R12)
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Competition between these two types of radical terminating NO, limited Transition _VOC Limited
reactions is what leads to different ozone production regimes, TTT ¥5 ) ]
giving rise to NQ-limited and NQ-suppressed or VOC-
limited behavior (e.g. Sillman et al., 1990; Sillman, 1995). sl r?ﬂ
Non-linearities arise in the relationship between ozone pro- [ 2
duction and the primary ozone precursors, \N¥dd VOCs,

as a result of OH suppression by N@t high NQ, (Reac-
tion R11) and peroxy radical self reactions that limit their
abundance at low NQ(Reactions R8—R10).

P(O) can be calculated over a range of [NOV/OC reac-
tivities, and temperature by simultaneously solving steady-
state equations for OH, HQ and RQ species at each in- foothills
put value (Kleinman et al., 1997; Thornton et al., 2002; 2t !
Murphy et al., 2006b). Figure 4 shows the results from l

30

(=)
a1

Temperature (°C)

=
o

VOC reactivity (s)

such a calculation, where P{Dis plotted as a function of 0.1 oj3' 1 30
[NOy], and against two correlated variables: VOC reactivity [NO,J (ppbv)
(Zk4;[VOC];) on the left axis and temperature on the right - . . -

2 4 0 12

axis. The VOC reactivity/temperature relationship is typi- PGSy (ppbih)

cal for the region, based on VOC measurements at Granite

Bay (Dillon et al., 2002; Cleary et al., 2005). Direct OH re- Fig. 4. Ozone production as a function of NOVOC reactivity, and
activity measurements at UC-BFRS during BEARPEX 2007 temperature. Contour lines represent theoretical ozone production
showed similar behavior with temperature (W. H. Brune andrates over a range of NOand VOC reactivity phase space. See
co-workers, unpublished results). Additional reactions in-Sect. 5 for additional details.

cluded in this particular calculation, not listed in the re-

action series (Reactions R1-R12), are the radical propa-

gating reactions of OH+CO and3;®HO, and the pho- the plume begins to the right of the ridgeline, clearly in the
tolysis of O; and formaldehyde. The relevant parametersNOyx suppressed (VOC limited) regime. The plume always
for this calculation, tailored to observations in the Sacra-ends up well in the NQlimited regime. By 2007, decreases
mento urban plume, are: NAINO=4.5; [CO]=140ppbv; in NOx emissions have resulted in initial conditions that are

[0O3] =53 ppbv; P(OH) =5« 16 moleccn3s1; P(HO) = essentially right at the ridgeline. The model also predicts that
5x 10°moleccnr3s1: alkyl nitrate branching ratioo(=  increases in temperature, at constantyNd with corre-
kiolks) 5%; [M]=2.45x 10°moleccnt3. As is well  sponding increases in VOC reactivity, will result in increased

known, three different photochemical regimes can be idenP(Q) in metropolitan Sacramento and have little to no im-
tified in these non-linear equations, a N@imited regime  pact on P(Q) in the foothills, as indicated by the nearly ver-
where Q production increases with increasing N@nd  tical contours on the left side of the figure.
is insensitive to VOC, a NQsuppressed or VOC limited We use Fig. 4 to interpreA[Ox]chenf At @s shown in
regime where @production decreases with increases inNO Fig. 3. In the early plume evolution (Segment A)
and increases with increasing VOC reactivity, and a tran-[Ox]chenf At increases with temperature at all N@alues.
sition regime where production is relatively insensitive to In the low temperature range, there is not a significant trend
changes in either parameter. with NOy, while there is a clear increase with NGn
Also shown in Fig. 4 are shaded boxes representing NO the middle and high temperature bins. Comparing to the
concentrations in the Sacramento urban plume. The boxetends one would expect by integrating Fig. 4 during dilution
show the range (inter-quartile) of concentrations observed ir(i.e. along the arrow shown), we interpret the observations as
the metropolitan Sacramento region (average of 4 sites, as iimdicating that this region of the plume is N@mited. The
Fig. 2) and the resulting concentrations in the plume after 5data show that changes in VOC influence ozone production
hours of aging, assuming a 2 h N@fetime due to the com- rates in roughly the manner expected - we observe steep in-
bined effects of oxidation and dilution. The boxes representcreases with increasing VOC. Nncreases result in small
average plume conditions in the years 2001 (A and C) andncreases or almost no changeAfOy]chenf At, perhaps an
2007 (B and D) under high (red) and low (blue) temperatureindication that the trajectory of the first segment moves the
scenarios. To the extent that this calculation, which repreplume through the ridgeline, or perhaps an effect of added
sents perpetual noon, can simulate the time over whigh O urban sources of VOC emissions that correlate withNO
is produced, we interpret Fig. 4 as a prediction for the re- In Segment B of the plume, where it moves from Ro-
sponse of P(¢) to advection and dilution of the plume. In seville to Cool, our analysis (Fig. 3b) shows an increase in
the early years of the study period, on both weekdays andP(C) at low NGy and a slow in the increase at the highest
weekends and at all temperatures, the urban initialization oNOy. We interpret this slower rate of increase in R(@t
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high NO in Segment B to indicate that this segment of the Thisis notto say the correspondence is perfa¢Oy]chem
plume crosses over the transition region intoN®hited Oy /At in the model is too strongly NOsuppressed in the
production. The temperature dependence\fy]chenf At first segment. The observations have a slightly positive
is additional evidence that these first two segments are VOGIlope while the model slightly negative. In Segment B,
limited. As seen in the model (Fig. 4) at fixed N@Ds pro- A[Ox]cher{ At does not rise as steeply as the observations
duction contours are a strong function of temperature. Inor reach values as high. In Segment C, the net production
contrast, further downwind, in Segment C, we observe a in-at the lowest N@ is much higher than in the observations.
crease iIM[Ox]chenf At With NOy that is independent of tem- However, our point here is not to establish that this model
perature indicating this segment of the plume is,Ni®ited. is correct, but rather to establish that this method of anal-
The qualitative interpretation oA[Ox]opd At as a func-  ysis of the observations does provide a strong challenge to
tion of temperature and NOs supported by this relatively any model, one that is especially sensitive tpDoduction
simplistic photochemical model in which VOC reactivity chemistry.
and reaction rate constants are the only parameters that vary Some of the model observation differences can be inter-
with temperature. In an evolving urban plume, the situa-preted as due to the model not having the ridgeline between
tion is more complex since there are accompanying factorsNOy limited and NQ suppressed behavior in the right loca-
and feedbacks that cannot be represented by a steady-staten. Factors that influence the location of this the boundary
model, such as: changes in N{ifetime, changes in the ther- and thus may contribute to the model/observation discrep-
mal stability of peroxy nitrates, and feedbacks on primaryancy are: (1) uncertainty in the modeled VOC reactivity, for
HOy radical production (e.g. from increased formaldehydewhich very few observations exist in the region; a doubling of
and Q in the plume). In order to provide a more quantita- VOC reactivity in the model increases the Néncentration
tive analysis and demonstrate that our qualitative descriptiorwhere P(Q) peaks by about 50 % and would result in better
of A[Ox]chen{At as a function of temperature and NG agreement of the model and observations, (2) uncertainty sur-
robust, we use a 1-D Lagrangian plume model that incor-rounding the link between isoprene oxidation products and
porates this more detailed chemistry. A brief description of HO, concentrations, as indicated by recent theoretical and
the model and details particular to this work are given in experimental studies (Thornton et al., 2002; Lelieveld et al.,
Appendix A. A complete description of the model can be 2008; Ren et al., 2008; Hofzumahaus et al., 2009; Paulot
found in Perez (2008) andéRez et al. (2009). This model et al., 2009; Peeters et al., 2009; Archibald et al., 2010; Da
represents diurnal variations that occur as the plume evolveSilva et al., 2010; Stavrakou et al., 2010); observations of
along with a self-consistent representation of the chemistryhigher oxides of nitrogen as a function of temperature by
and mixing. Day et al. (2008) also indicated a need for additional OH in
Figure 3d—f show the result#[Ox]chenf At (Circles with  the region. Anincrease in OH by a factor of 2 would increase
solid lines), from model calculations over a range of temper-the modeled transition point between fimited and NQ-
atures, with corresponding changes in BVOC emissions, anduppressed ozone production by 25 %, resulting in slightly
initial NOy mixing ratios and emissions rateS[Ox]chenf At better agreement between observations and the model; and
is calculated from the model in the same manner as from(3) the uncertainty in our assumptions about the fraction of
the observations — taking the,@ifference between the be- observed “NQ” in the urban core that is true NOwhich we
ginning and end points of each segment and adjusting foestimate at 50-70 %; if N©is a smaller fraction of the ob-
the effect of dilution. We also calculate the average (O served NQ than we estimate, the perceived transition point
over each model transect (dashed lines in Fig. 3d—f), calcuwould occur at lower NQ.
lated directly at each time step, using E6), @nd taking the
segment-wide average. The qualitative similarity between
P(C) and A[Ox]chen{At justifies our use ofA[Ox]chen{ At 6 Implications for regional air quality

as an indicator of observedi@roduction.
Regional air quality is a function of the integrated ozone
P(Ox) = k2 [NOy] — k1 [NQ] [O 6 . . .

(. x) 2 [NC] . 1 [NO Gl © production over the entire plume, B(@: From Fig. 4,
This model calculation, both for P¢@and A[Ox]chen{A?,  an increase in temperature, and, consequently, VOC reactiv-
has a remarkable correspondence to the patterns in the obseiy, is predicted to increase P{Din the urban core, lead-
vations. For Segment A, the model calculation shows threQng to an overall increase in PLQO'[ with temperature at all
more or less flat and parallel lines that are well separatedpoints in the plume, despite having little impact on RY@®
for Segment B, the model calculation shows curvature thathe NQ,-limited foothills. A reduction in NQ emissions in
is very much like the observations; and for Segment C thethe urban core, as observed in 2007 relative to 2001, may
model shows three curves that are almost on top of one amot have a significant effect on PDin the early stages
other indicating that\[Ox]chen{ At is independent of VOC  of the plume or may even result in increasegl i® the ur-
and temperature in this region a result virtually identical to ban core, but the point of peak ozone production and then
the analysis of the observations. NOy-limiting behavior will be achieved closer to the urban
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(a) Roseville (b) Cool (c) UC-BFRS
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Fig. 5. O3 exceedance probability (90 ppb 1 h standard) for hot (red), medium (green), and cold (blue) temperature day} VObi©
circles are annual mean exceedance probabilities ang][N@alculated as in Fig. 2, separated by temperature. Data sho\a) Roseville,
(b) Cool, and(c) UC-BFRS.

core and P(Qo will decrease. This will be especially lower than at Cool, but still quite strong, with a 4 % decrease
apparent at higher temperatures (higher BVOC emissions)in the average exceedance probability for a 1 ppb decrease
where the P(Q) contours are a steeper function of N@s  in NOy. The data show a change in exceedance probabil-
illustrated in Fig. 4. Thus, it is expected that the reductionsity during the hot days from about 40-50 % in the early part
in NOy that occurred over the period of 2001 to 2007 were of the study period to 10-20% in the later part. Finally, at
more effective at reducing £levels at high temperatures, UC-BFRS, reductions in NQemissions in the Sacramento
where P(Q) is highest, than at low temperatures. Metro region have reduced the exceedance probability at UC-
Our analysis of A[Ox]chen{At above reinforces these BFRS, some 90km to the northeast, from 50% to 0% on
model-based predictions for P{Din the Sacramento urban high temperature days (Fig. 5c). There are also reductions at
plume as a function of distance from the urban core, temperiower temperatures, which are most evident at Cool.
ature, and NQ. Comparison of these predictions of RO Early in the study period, the number of exceedance days
as a function of NQ and temperature and the probability each year at UC-BFRS were comparable to that at Roseville,
for exceeding the 1 hour State of California ozone standarcbut the increased sensitivity to N@eductions in the down-
(90 ppb) on any given day during calendar years 2001-200%ind segments of the plume have resulted in a greater im-
provides useful insight. By focusing on the exceedance probprovement in air quality at UC-BFRS than in the urban core
ability, variability in the annual distribution of high, medium, and the suburbs. This effect is consistent with the differ-
and low temperature days from year to year is removed, an@énces in the day-of-week patterns of ozone in the urban core
the effects of the steady decline in N@missions can be versus in the downwind regions, as outlined by Murphy et
quantified. This probability is calculated for three different al. (2007). Nonetheless, the 30 % decrease iry @t oc-
temperature bins and plotted against the annual region-wideurred from 2001 to 2007 has been extremely effective in re-
average N mixing ratio in Fig. 5a (Roseville), b (Cool), ducing the exceedance probability at all locations during the
and ¢ (UC-BFRS). For these probability calculations, a me-hottest days of the year when increases in biogenic emissions
teorological filter (similar to that described in Sect. 3) is usedresult in chemistry that shifts to conditions that are morg NO
to select a subset of observation days during the ozone sedimited. To put these results in perspective, if N@vels in
son. In a given year, somewhere between 60 % and 90 % 02007 had remained at 2001 levels, the 33 high temperature
the observation days survive this filter. Table 2b summarizeslays during 2007 are predicted to have resulted in£22) (
the data used in these calculations. The uncertainty in the exexceedance days at Cool, instead of the 4 that actually did
ceedance probability is calculated as@%"/2/N, whereN occur.
is the total number of days in each temperature bin for agiven |t has been argued (e.g. Muller et al., 2009) that,N@-
year. Typical uncertainties in the exceedance probability in acreases causes@hcreases in the center of cities and are more
given year are about0.1 (10). detrimental to health because of the larger number of people
A dramatic effect in the exceedance probability is ob- who live in the urban core as opposed to the surrounding sub-
served at Cool, where, in 2001 when the annual average NOurbs and rural regions. In GSA, Murphy et al. (2007) found
in the urban core was 18 ppb, nearly 70 % of the days with ahat O3 concentrations (8 h maximum) increased on week-
maximum air temperature of at least33were over the ex- ends in the urban core during the time period of 1998-2002
ceedance limit; butin 2007 at an urban Né»ncentration of  as a response to decreases in\NOapproximately 20 % on
12 ppb only 10 % of these days exceeded the limit (Fig. 5b).weekends. We find that between 2001 and 2007, the aver-
At Roseville (Fig. 5a) the sensitivity to NOdecreases is age Q is higher on weekends than on weekdays only for the
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Table 2b. Relaxed Filter (May—September).

Wind Direction (deg.) Wind Speed (nTé) [NOy] (ppbv) Roseville @ Cool O3 Blodgett G
Year #Days Mean Std. Err. Mean Std. Err. Mean  Std. Err. Exc. Days # Days Exc. Days # Days Exc. Days # Days
Hot
2001 41 236.7 1.8 3.7 0.1 16.9 15 14 41 28 41 13 40
2002 21 2441 25 3.2 0.1 17.6 2.2 9 21 18 21 10 21
2003 26 250.7 15 3.2 0.1 16.8 21 9 26 12 26 10 26
2004 27 2495 11 3.6 0.1 14.2 0.9 6 27 7 26 8 25
2005 18 245.2 24 2.9 0.1 12.0 1.0 5 18 9 18 1 18
2006 30 2413 1.9 34 0.1 155 1.4 15 30 19 30 5 26
2007 33 2487 13 3.4 0.1 11.9 0.9 2 33 4 32 0 11
Medium
2001 39 240.1 1.7 3.6 0.1 14.7 1.4 1 39 6 37 3 37
2002 41 239.8 1.6 35 0.1 14.2 1.0 7 41 17 41 2 41
2003 21 2423 1.8 3.6 0.1 14.3 2.0 0 21 1 21 0 21
2004 35 2432 1.6 3.7 0.1 111 0.8 0 35 1 34 1 35
2005 21 2419 2.1 3.3 0.1 13.1 1.7 1 21 2 21 0 18
2006 30 2405 1.8 3.6 0.1 10.3 0.7 0 30 4 30 0 21
2007 33 2422 15 35 0.1 7.8 0.5 1 33 1 32 0 10
Cold
2001 62 2349 1.7 33 0.1 16.4 1.7 0 62 0 30 0 60
2002 65 2377 1.8 34 0.1 17.5 15 0 65 4 38 3 64
2003 50 240.8 1.7 3.3 0.1 12.7 1.6 1 50 1 30 0 47
2004 45 241.0 1.6 35 0.1 11.8 1.0 0 45 0 27 0 45
2005 49 239.1 1.8 3.3 0.1 11.9 11 0 49 0 30 0 32
2006 41 2331 2.4 3.4 0.1 13.8 1.6 0 41 1 21 0 11
2007 60 239.0 14 3.3 0.1 11.8 1.0 0 57 0 31 0 11

lowest temperature days. Becauseddncentrations on low by 15-35% in the Sacramento region by 2050 (Steiner et
temperature days are generally well below the exceedancal., 2006). Absent reductions in NQan increase in the
limit, increases in @ with decreasing NQare not likely to  number of high temperature days would increase the average
lead to additional exceedances. Thus, we find no evidencetegrated P(¢) in the plume and increase the probability
that implementation of NQemission controls has been detri- of exceeding the 1 h ©standard in a given year. Between
mental to air quality, by any policy-relevant metric, at any 2001 and 2007, there were on averagetZBhigh temper-
of the sites considered in this analysis over the period 200%&ture days per year. An increase in the number of hot days
through 2007 (and presumably up to the present day). would likely increase the number of exceedances; however,
We calculate a projected time frame for eliminating ex- even a doubling of the number of annual high temperature
ceedances in the region using the data in Fig. 5 to extrapeays over the next ten years is not expected to extend the
olate to a 0% exceedance probability. We calculate both grojected time frames (50 % and 95 %) for eliminating ex-
50 % confidence time-frame, from a linear fit of the mean ceedances by more than a year. Therefore, unless there is a
annual exceedance probabilities and a 95 % confidence timsignificant departure from the projected rate of decrease in
frame, from the upper bound of thes2uncertainty in the  NOy emissions, increased high temperature days are not ex-
mean. The high temperature values at Roseville are used fqrected to affect the number of;@xceedances, in the next
these calculations. We predict, with 95 % confidence, thatfew decades.
O3 1-h exceedance days at all sites will be completely elimi- An additional consideration for predicting the decline in
nated with a further 2/3 reduction in N@oncentrations (and O3 exceedance days is the reported rise in the global tropo-
likely NOx emissions). Assuming that the observed rate ofspheric @ background. Parrish et al. (2009) estimate that
decrease in N@continues, this is expected to be achieved background Qin air transported across the Pacific has been
by 2018. The 50% confidence time-frame will be reachedincreasing at a rate of 0.46 ppbyt If we increase the ©
with a 30 % reduction in NQ) which is expected to occur by observed in 2007 by 5 ppb to simulate an upper limit to the
2012. This suggests that in 2012, there will be a 50 % chanceffect of this increase in background; @fter 10 years, we
of no violations of the 1-h standard. This would be a first estimate mixing of this larger background would have the ef-
for the region since the passing of the original US Clean Airfect of increasing the frequency of violations at high temper-
Act and regular monitoring of @began in the early 1970s ature from 6 % (in 2007) to 9 % at Roseville and from 13 % to
(CARB, 2009). 30 % at Cool, with no further decrease in N@®{owever, we
Climate change is expected to result in higher average temnote that the increase reported by Parrish et al. (2009) would
peratures in California, increasing biogenic VOC emissionsbe largest in the recent years when Ni© lowest. Were it

www.atmos-chem-phys.net/11/6945/2011/ Atmos. Chem. Phys., 11, 69452011



6956 B. W. LaFranchi et al.: Observations of the temperature dependent response of ozopeddud@ons

Table 2c.Strict Filter (May—September).

Wind Direction (deg.) Wind Speed (rfTé) [NOy] (ppbv) Roseville @ Cool O3 Blodgett G
Year #Days Mean Std. Err. Mean Std. Err. Mean Std. Err. Exc. Days # Days Exc. Days # Days Exc. Days # Days
Hot
2001 29 239.2 2.2 34 0.1 171 1.9 10 29 23 29 11 29
2002 18 2440 25 3.2 0.0 18.2 2.3 8 18 15 18 8 18
2003 26 250.7 15 3.2 0.1 16.8 21 9 26 12 26 10 26
2004 24 250.3 11 3.5 0.1 13.9 11 6 24 7 24 7 22
2005 13 2459 2.8 3.1 0.1 10.7 1.2 3 13 6 13 0 13
2006 26 2422 1.9 34 0.1 16.3 15 13 26 17 26 5 24
2007 30 2484 13 34 0.1 11.6 0.9 1 30 4 30 0 10
Medium
2001 32 2427 15 35 0.0 15.4 17 1 32 6 31 3 32
2002 37 2414 15 34 0.0 14.0 11 6 37 16 37 2 37
2003 17 2434 2.2 34 0.1 15.3 2.2 0 17 1 17 0 17
2004 26 245.2 18 3.4 0.1 11.2 1.0 0 26 1 26 1 26
2005 19 2416 2.0 3.3 0.1 12.8 18 1 19 2 19 0 17
2006 23 2419 2.0 34 0.1 9.4 0.8 0 23 3 23 0 16
2007 31 2426 15 35 0.1 7.6 0.5 0 31 1 31 0 10
Cold
2001 22 2343 2.3 3.2 0.1 10.3 11 0 22 0 22 0 22
2002 24 240.7 2.7 34 0.1 12.6 1.0 0 24 4 24 1 23
2003 21 2434 1.9 3.3 0.1 9.9 1.3 1 21 1 21 0 21
2004 19 2453 1.9 34 0.1 13.2 15 0 19 0 19 0 19
2005 23  240.2 25 3.2 0.1 9.2 1.3 0 23 0 23 0 17
2006 17 239.7 2.6 3.2 0.0 111 13 0 17 1 17 0 10
2007 22 2413 19 33 0.1 10.3 21 0 22 0 22 0 5

a strong effect we would expect to see a slowing of the de-Appendix A

crease in exceedance probability at lower,N®@/e do not, a

result we believe indicates growth in the background ozond.agrangian urban plume model

has had no observable effect on the number of 1-h ozone vi-

olations in the Sacramento region. A detailed description of the Lagrangian model of the Sacra-

mento urban plume is given in Perez (2008) and Perez et

] al. (2009). The model represents mixing, photochemistry,

7 Conclusions and dry deposition as occurring in a box that is transported

from Granite Bay, located close to Roseville, to UC-BFRS at

@ rate set by the local winds. The chemical mechanismis are-

duced form of the Master Chemical Mechanism (v 3.1) with

ﬁjiodifications as outlined in Perez et al. (2009). There are a

total of 370 reactions, 170 specific chemicals, and 7 lumped

We have presented a quantitative method for evaluating th
NOy and temperature dependence gfdoduction in an ur-
ban plume. The observational analysis represents a direct te
of model chemistry. @ exceedance days at all points in the
plume are observed to have a strong temperature dependeng ecies in the model
(Fig. 5) due to the persistence in the plume gftoduced in S .

the urban core and suburbs. We show that the 30 % decreasac—[}-lr;zgnmaond dEI Irf) |r;tl:nggc:o\:vvl\'ltgrgl;slg:]va&oenE;trgr:a?;tne I?Sr)r/]e
in NOy over the time frame of 2001 to 2007 has led to a sig- propag 9 grangian p

o . . . coordinates in space and time. To the east of Granite Bay
nificant decrease in £1-h exceedance days region-wide, es- . . - X

. . oo anthropogenic emissions are assumed to be negligible. Bio-

pecially during the hottest days. The reduction in exceedance _ . S ; S

o . genic VOC emissions, including isoprene, MBO, and ter-

days has been most significant at the farthest downwind re=

gions of the plume. We predict that an additional decreaséaenes. are based_ on Steiner et al. (2006). Bloge_m(;( NO
; . . e . emissions are estimated from measured fluxes of soj O
in NOy will effectively eliminate Q 1-h exceedances in the

region. At the current rate of the observed pecrease the oak forests of thg Sierra Nevada foothills (Herman et al.,
| 2003). At characteristic wind speeds, the plume passes over
Yool after 3 hours and reaches UC-BFRS after 5h. In order
Yo simulate the range of conditions observed, the model is run
at 3 different temperatures and 5 different initial N@nd
NOy) concentrations for a total of 15 separate model runs.
The model inputs are variable with temperature according to

will end in 2012 and with 95 % confidence that exceedance
will be eliminated in the region by 2018.
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the Granite Bay observations in 2001. On top of this tem-correlated with temperature since warm days generally fol-
perature variability, the NQand NG, inputs are artificially  low other warm days.
scaled by factors of 0.33, 0.66, 1, 1.33, and 1.66 to provide Under each of these scenarios, higher temperatures, and
5 different NQ scenarios for each temperature scenario.  a corresponding higher ozone background, would lead to a
Model outputs consist of concentrations of all speciesslower rate of dilution for Q in the plume and a lower in-
at 2min intervals along the plume transect. The modelferred value forA[Ox]chen{At. To understand the potential
output can be compared directly to the observations ofimpact of this on our results, we recalcula¢Ox]chenf At,
A[Ox]cherd At between Roseville and Cool (first 3 h of plume using a temperature dependentliackground, calculated as
age) and between Cool and UC-BFRS (last 2h of plumea linear function of temperature and normalized such that the
age). In order to simulate the segment between Del Pasaverage background over the entire 7 year period is 53 ppb
and Roseville, the model is modified to start at 1000 PST,with a standard deviation of 8 ppb.
and anthropogenic emissions are simulated for the first 2h of This effect will have the tendency to reduce the cal-
the transect. Equation (4) is used to calculaf®y]chenf At culated A[Ox]chenf At at high temperatures and increase
from the model outputs in an identical manner to that used oMA[Oyx]chen{ At at low temperatures relative to that calcu-
the observations. An important advantage to using the moddhated using a constant background. We find that introduc-
is that P(Q) can be calculated directly and compared to theing this variability to [Q]pk changes the absolute values of
net chemical flux of @ as calculated by Eq. (4) in order to A[Ox]chen{ At at the high and low temperatures, but the basic
understand where this approach might be affected by biasefgatures of the inferred relationship between ozone produc-
when applied to the observations. tion, NGO, and temperature are unchanged at all three seg-
ments of the transect. We find that an unreasonably large
variability in [Os]pk (likely a range of 35 ppb or greater), that

Appendix B is perfectly correlated with temperature, would be necessary
to produce the observed behavioAfOy] cherd At With tem-
Entrainment of background air perature.

Similarly, any relationship of the plume entrainment rate

For calculatingA[Ox]chen{ A, entrainment of background \yith temperature could give rise to a dampening of the per-
air into the plume is treated in a similar way to that describedcgjyed dependence a[Oy]chen{A? ON temperature. This
by Perez et al. (2009). A 1-D representation of the plumeyoy|d occur if the entrainment rate slowed with increasing
is used in this analysis, which is most characteristic of thetemperature. A conservative upper limit for this effect was
center-line of the plume where mixing occurs at the top of theastimated previously from correlations between CO,yNO
boundary layer with free tropospheric air. Perez et al. (2009)3nd temperature at UC-BFRS (Day et al., 2008); at this limit,
found that the model best reproduced observations when g5 more than a 20 % increase in Néx UC-BFRS could be
low “Global” background was used, characteristic of free tro- gccounted for by a slowing of the entrainment rate with in-
posphere air. Under this scenario, a constanb&ckground  creased temperatures in the Sacramento urban plume. In our
of 53 ppb is assumed. The mixing rate of the plumi@i)  analysis, varying the entrainment rate 520 % (negatively
under these conditions was calculated to be 0:31h correlated with temperature), which is more than sufficient to

Changes in thabsolute valuesf the mixing parameters, induce a 20 % change in NGt UC-BFRS, does not change

including the entrainment rate and the Background, are  the patterns of\[Ox]chen{A? With NOy and temperature ap-
expected to influence the absolute value\@Dx]chenf At, preciably.

but not the observed relationships with temperature and
[NOy]. Uncertainty in thevariability of the entrainment rate
or the background concentration og(however, could po-  Appendix C
tentially bias our results in a way that would artificially in-
troduce a temperature dependencéfQy]chen{ At. The role of anthropogenic VOCs

Parrish et al. (2010) found a correlative link between O
in background air arriving at the coast of northern California In our analysis we have assumed that the VOC reactivity at
from the west and high ©concentrations observed in cer- all points along the plume is dominated by biogenic emis-
tain locations of the Central Valley 22 h later. While the role sions and their oxidation products. Observations at Granite
of temperature was not specifically addressed in this studyBay and UC-BFRS support this contention (Lamanna and
the observations of Parrish et al. (2010) imply that the rel-Goldstein, 1999; Cleary et al., 2005; Steiner et al., 2008)
evant [Q]pk value for our analysis should be higher when for the suburbs and foothills. While observations of a de-
temperatures are higher. Similarly, if there is a carryover ef-tailed set of VOCs closer to the urban core are lacking,
fect from day to day, and [k has some dependence on Steiner et al. (2008) used the CMAQ model (with a 4 km
the chemistry occurring in the boundary layer on the previ-horizontal resolution) to predict about equal contributions
ous day in the Central Valley, it would likely be positively from anthropogenic and biogenic sources to the total VOC
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reactivity. From our anlaysis, the dependence afpgo- biogenic VOC emissions have made pN@mission reduc-
duction on temperature suggests that the primary source dfons more effective than anthropogenic VOC emission re-
VOCs in the region, including in the urban core, have aductions in the region, at least downwind of Del Paso. This
strong temperature dependence. Presumably a major fracticest also suggests that there are no additional effects corre-
of these temperature-dependent compounds are biogenics. lated with the long-term fleet turn-over, such as the;AND

has been shown that evaporative anthropogenic VOC emisemission ratio, that have had a detectable influence og)P(O
sions can be significant in many urban locations (Rubin et
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