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Abstract. The San Joaquin Valley (SJV) experiences some ofature in the southern SJV using measurements made as part
the worst ozone air quality in the US, frequently exceedingof California at the Nexus of Air Quality and Climate Change
the California 8 h standard of 70.4 ppb. To improve our un-in 2010 (CalNex-SJV). We find the daytime speciated or-
derstanding of trends in the number of ozone violations in theganic reactivity with respect to OH during CalNex-SJV has
SJV, we analyze observed relationships between organic rea temperature-independent portion with molecules typically
activity, nitrogen oxides (N¢), and daily maximum temper- associated with motor vehicles being the major component.
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3374 S. E. Pusede et al.: Temperature-dependent impacts of emission controls

At high temperatures, characteristic of days with high ozone tions have made little impact. This temperature dependence
the largest portion of the total organic reactivity increasesin the observed effects of VOCR controls thus suggested two
exponentially with temperature and is dominated by small,distinct categories of organic reactivity in the Bakersfield
oxygenated organics and molecules that are unidentified. Welume: one source that had decreased over the last decade
use this simple temperature classification to consider changesnd was more important at moderate temperatures and a sec-
in organic emissions over the last and next decade. Witlond source, dominating at high temperatures, that had not
the CalNex-SJV observations as constraints, we examine thsubstantially changed over the same time period.
sensitivity of ozone production?(O3) to future NG, and or- During the California at the Nexus of Air Quality and Cli-
ganic reactivity controls. We find th@Os is NOy-limited at mate Change experiment (CalNex-SJV), 18 May—29 June
all temperatures on weekends and on weekdays when dail2010, we measured nitrogen oxides, OH reactivity, xHO
maximum temperatures are greater tharif@9As a conse-  source molecules, and a wide suite of individual volatile or-
quence, N@ reductions are the most effective control option ganic compounds (VOCs) at the San Joaquin Valley supersite
for reducing the frequency of future ozone violations in the allowing new insight into the production rate of ozone in the
southern SJV. region. Here, we use these observations to test the response
of POs to variations in temperature, VOCR, and NQVe
begin our analysis by describing the temperature dependence
of the daytime organic reactivity and categorizing one com-
1 Introduction ponent of the VOCR that is independent of temperature and
a second that increases exponentially with temperature. This
California’s San Joaquin Valley suffers extremely poor air simple temperature-response framework allows us to con-
quality and has so for decades; violations of health-basedider how organic emission controls have impacted the to-
ozone standards remain frequent despite statewide ozortal organic reactivity over the last decade and how they will
control measures (Cox et al., 2009). Understanding trends imlo so over the next 10 yr. We use the CalNex-SJV observa-
frequency of these violations requires knowledge of trendstions to constrain a model of instantanedt®s and then to
in the chemical drivers of ozone productioR@s) — nitro- guide our thinking about the frequency of ®@iolations in
gen oxides (N@Q = NO + NOy), the reactivity of volatile or-  the complete 2010 ©season. We test various emission re-
ganic compounds with OH (VOCR), and the production rateduction scenarios and show both the magnitude and sign of
of HOx (HOx = OH + HO, + ROy) radicals — along with  the effects of controls on emissions are temperature depen-
trends in the sensitivity of local and regionBD3 to these  dent.
parameters. The sequence of ozone forming reactions is gen-
erally known; however, determining the response*@s in
any location to NQ and organic emission reductions is chal
lenging, asPOs is a nonlinear function of each precursor.
Meteorological effects impart variability in the number of O
violatlions within.a given @ season but do not, in the aver- POs is initiated by the oxidation of gas-phase organic
age, impact the interannual trends. . _ ~ molecules. During the daytime, this usually involves reac-
In Pusede and Cohen (2012), we examined relationshipgon with the hydroxyl radical (OH) leading to formation of
between nitrogen OXI_deS, the frequency of €&ceedances, 4, alkyl radical (R), which immediately reacts with @
and temperature, which we used as a proxy for VOCR, ovekqrm 4 peroxy radical (RE). In the typical chain-propagating
the period 1_996—2010, inferring from th_e observed nonllnearbranch of this sequence, R@eacts with NO to form an
nitrogen oxide dependence that che.m'lcal prgduqtlon .rathe5|koxy radical (RO) and N@ In the presence of £ the RO
than meteo_rology dominated the statistics of \_/lolatlons inthejaads to formation of H@and an aldehyde or ketone. The
San Joaquin Valley (SJV). We showed that in the northernHO2 in turn reacts with NO to form a second N@olecule

SJV (Stockton plume) and central SJV (Fresno plu®s 5 regenerate OH. Hence Reactions (R1-R5) are catalytic,
has largely been sensitive to VOCR and that organic eMiSpeing HQ neutral while converting NO to N

sion reductions led to decreases in the frequencysofi@a-

I 2 Chemical production of Oz

2.1 POjreaction sequence

tions. At high temperature®,0O3 in these plumesis presently RH+ OH — R+ H20 (R1)
NOy sensitive. In the southern SJV (Bakersfield plume) AR 0,4 MR M R2

moderate temperaturd®03 has been sensitive to VOCR for +02+M = RO+ (R2)
most of the record, with organic emissions controls resultingRO2 + NO — RO+ NO; (R3)
in fewer anngal @violations; si.multaneous Nprgductions RO+ 0, — RO+ HO (R4)
shifted chemistry to peaR O3 with respect to NQin 2007—

2010. At high temperatures, southern SBD; has been at  HO2+NO — OH+NO; (RS)
peak production for most of the last 15yr, becoming,NO Net: RH+ 20, + 2NO — R'O+ H,0+ 2NO,» (R6)

sensitive in 2007-2010; at these temperatures, VOCR reduc-
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The importance of any individual VOC in the HQycle known as NQ-suppressed or N@saturated). At a given
depends on its reaction rate with OHp(). The rate at VOCR, PO3 is maximized near the transition point between
which a single organic species reacts with OH is defined agshe NG;- and VOC-limited regimes. At peaRQOs, the pro-
VOCR; = kon+voc; [VOC;] (s1); for the entire VOC mix-  duction of alkyl nitrates by Reaction (R3’) and peroxy ni-
ture, we define the total organic reactivity (VOCR). Through- trates also reach a peak. The formation of these nitrates is
out this paper we us&;VOCR; to refer to the reactivity important to the absolut® O3 but has little effect onPO3’s
summed from individually measured compounds; we usefunctional form (Farmer et al., 2011; Perring et al., 2013).
VOCR both generally and to refer to the VOCR obtained When chemistry is VOC-limited, the impact of increasing the
from direct measurements of the total OH reactivity. In the VOCR is twofold: (a) it increases the magnituder®®3 and
continental boundary layer, representative daytime VOCR(b) it shifts the position of pealP O3 to higher NGQ. Thus,
values are 7-12¢ in suburban Nashville, Tennessee (Ko- the NG, concentration at whict? O3 transitions from NQ-
vacs et al., 2003); 10-30§ in the polluted megacity Bei- limited to VOC-limited is VOCR dependent — a dependence
jing (Lou et al., 2010); and 1-13$ at a rural forest site in  that has important implications in the design of organic and
Michigan and covarying with daytime temperatures of 10—NOy emission control strategies.
27°C (Di Carlo et al., 2004). The production of new HQ molecules PHOy) results
The photolysis of N@ gives NO (NQ is conserved on primarily from the photolysis of @ (Reactions R14, R15),
timescales of the interconversion between NO ang)NdDd formaldehyde (HCO) (Reactions R17, R18), nitrous acid
a ground-state oxygen atom, which rapidly combines with(HONO) (Reaction R19), to a smaller extent hydrogen per-

O to form Oz (Reactions R6, R7). oxide (H,O2) (Reaction R20), and chemical reactions be-
tween Q and alkenes.
NO, 4+ hv — NO+ OP) (R7)
\ O3+ hv — O(*D) + O (R14)
OCP)4+02+M — O3+ M (R8)  O@D)+H,0— 20H (R15)
1 3
For a typical organic molecule, used as a basis for ReacP( D) +N2,02 — OCP) + N2, 02 (R16)
tions (R1-R6), the net reaction yields twa @om one OH  H2CO+ hv + 20, — 2HO, + CO (R17)
reaction. Variations in this mechanism include compoundsH,CO+ hv — Hy + CO (R18)
that produce one (e.g., carbon monoxide), three (e.g., aCHONO+ hv — OH+ NO (R19)
etaldehyde), or more §$molecules. 0y + hv — 20H (R20)

While POj3 radical chemistry is propagated by reactions H
involving HOx and NQ, it is terminated by reactions be- At VOC-limited and peakPOs, an increase inPHOyx en-
tween the same species (Reactions R9—-R13, R3’). HereihancesP O3 nearly one to one. At N@limited POs, PO3
arises the nonlinear dependenceP@s; on NO, and VOCR.

1
scales approximately asko,+nNo PHO )2[NO]. De-

kHO,+HO,

creasingPHOy also shifts peakP O3 to lower NG, but to
OH+HO; — H,O+ Oy (R9) a smaller extent than the equivalent shift from decreasing

VOCR. For example, at 104 VOCR and 1 pptstPHOy,
HOz + HO2 — H202+ O (R10) 4 50% reduction in VOCR shifts peakOs to ~30 % lower

NOy while the same&?HOy reduction has half the effect. The
ROz +HOz = ROOH+0, (R11) photolysis of nitrile chloride (CINQ) also initiates radical
RO, + RO; — ROOR+ Oy (R12) chemistry in the early morning (e.g., Osthoff et al., 2008;

Thornton et al., 2010; Mielke et al., 2011). CING@G not
OH+NOz + M — HNOs + M (R13)  included in our model (described below) as we focus on
RO, + NO+ M —> RONO, + M (R3) daytimg chemistry from 10:_00—14:00 LT (local time) when
CINOz is no longer present in relevant amounts.
Reaction (R3’) is the minor channel of R3 and, depending on ,
the identity of the VOC, its branchingra / (krs + kr3), is ~ 2-2 Analytical model of PO3

0—-35%. Ambient air organic mixtures are observed to haveW , . -
. , ; T e computeP O3 with an analytical model similar to that
average Reaction (R3’) branching ratios in the range of 2—

8% (Perring et al., 2013), described by Murphy et al. (2007) and Farmer et al. (2011).

At low NOy, increasing NO drives Reaction (R3) and Re- X\(/)en Zl;r:ur?naensza ggiﬁgfggg fgtr;?éﬂéuonl)h ere. This calcula-
action (R5), and therefore the oxidation of VOCs a@M@s. y q- %)
Chemistry in this regime is N@limited and increases in  PHOx=LHOx = 2kpo,+Ho,[HO2]2 1)
VOCR have little effect onPO3. At higher NQ, levels, NQ 2
begins to outcompete organics for OH (Reaction R13) and+2kH02+ROZ[HOZ][ROZ] + 2kro,+RO,[RO]
the PO3 rate slows. Chemistry here is VOC-limited (also 1 *N0oz+OHINO2][OH] + @kno+Ro, [NOI[RC,]

www.atmos-chem-phys.net/14/3373/2014/ Atmos. Chem. Phys., 14, 33885 2014
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During daytime Eq. (1) is an accurate approximation, asproxies for their respective production rates and assumes
radical propagation (R1-R5) dominates termination (Reacthat, on average, two £are produced per unit VOCR. Dur-
tions R9—R13, R3’). R@ production approximately equals ing CalNex-SJV the daily averageis 2-3% (&) and we

that of HG; and, also by the steady-state relation,,R@ss.  use 2.5% as a constant in our calculation. ThexN@lue
This simplifying framework gives Eq. (2) for both R@nd  at peakPOj3 is sensitive tax, where a lower value gives
HO, with « as the alkyl nitrate branching ratio. Peroxy ni- d PO3/dNOx equal to zero at higher NO Variability in «
trates are treated to be in thermal equilibrium with/Nsdd ~ of 0.5 % is not large enough to affect our results.

acyl peroxy radicals and therefore do not contribute to net

radical formation. )
VOCRIOH] 3 Observations
[RO,] ~ [HOz] = (2)
(1— &) kno+ro,[NO] 3.1 CalNex-SJV measurements

Equations (1) and (2) are combined to solve for OH angd HO

with POg = (kNo+Ho, + kNo+R0,) INOIIHOz1 Whener < 1. o0k place in the spring of 2010 across California (Ryer-
Details are given in Appendix A. _ son et al., 2013). The San Joaquin Valley supersite (CalNex-
The observational inputs to the calculation are NO andg vy \as located at the University of California Extension
NGO, the total VOCR,PHO, «, and temperature. In OUr _ ko County (35.346N, 118.965 W). Daytime (10:00—
analysis, VOCRPHOy, and the NO to NQratio are fitas  14:00 LT) winds to the site were consistently from the north-
exponential functions of temperature and we use these fit§,ast and at on average 2-3mig~10). The CalNex-SJV
to constrain the model; VOCREHO, anda are discussed  gjte was 6 km southeast of downtown Bakersfield and typi-
below. _ _ .. callyless than an hour downwind.
Total VOCR is equal to the measured OH reactivity minus  ~gntinuous in situ observations of over 100 VOCsCD
the OH reactivities of NO, N@ HONO, HNGs, ammonia  heroxy acyl nitrate (PAN), peroxypropiony! nitrate (PPN),
(NHs), and sulfur dioxide (Sg). . C1—Csz organic acids, glyoxal, carbon monoxide (CO),
PHOy is the summed HQproductlon rgtes on H,CO, methane (Chj, total OH reactivity, NO, N@, HNOs, NHs3,
HONO, ar_1d F;_&Oz photolysis and @reactions with alkenes. SOy, £ANS, O3, Hy0,, and meteorological parameters (e.g.,
The contributions of @ and HCO were 34 and 26 %, re-  amperature, relative humidity, and photosynthetically active
spectively. Noontime HONO concentrations during CalNex- radiation) were collected from 18 May to 29 June 2010 atop

SJV were between 30 and 250 ppt (Ren et al., 2011; Vanyy 19m walk-up tower. HONO was measured at a lower

denBoer et al., 2013) Omaking HONO an ignportant day- tower level 15.3m above ground. Table B1 lists the mea-
time radical source (32 %).2®, photolysis (1%) and & g ;rement uncertainty, instrumental technique, and associated
alkene reactions (7 %) are less important to the daytime t03gference(s) for each species used in this analysis. All ob-
tal. Photolysis frequencies are computed with the TUV (t0-geryations are at 1 min time resolution with the following
tal ultraviolet) calculator Http://cprm.acd.ucar.edu/Models/ exceptions: VOCs (Lh), Niand SQ (Lh), OH reactiv-
TUV/Interactive_ TUV) (Madronich, 1987) at 1 h resolution ity (10 min), and HONO (2min). Acetaldehyde, the first-

for a clear sky day (7 June 2010) and used to scale thgyeneration isoprene oxidation product methyl vinyl ketone
1 min measured photosynthetically active radiation to cap-(MvK), ethane, and benzene were not measured. Their con-

ture changes with cloud cover. The Optical depth used i centrations were calculated via relationships with observed
300DU, measured by OMI (ozone monitoring instrument) species (see Appendix B for details).

on 7 June 201h¢tp://www.temis.nl/protocols/O3total.htinl Throughout this analysis we use daily average concentra-

(Veefkind et al., 2006). The measurement altitude of theyjong (10:00-14:00 LT), as our focus is the day-to-day rather
CaINex-SJV site is Q.14 km a.s.l. The surface albedo, 0.08,,, time-of-day variability. Daily averages of hourly VOC

was determined using the MODIS 16 day 500m produClyas are 10:00-14:30 LT in order to include five data points.
in band 3 (459-479nm) for 18 June 2010. The productyye se the daily maximum 1h temperature at the CalNex-
was reprojected at a fine resolution (0.002-10m) for the g3y sjte (the maximum temperature over the entire day not
CalNex-SJV site-specific surface reflectivity. The photoly-just the 10:00-14:00 LT window) unless otherwise noted.

sis rates were reduced by 10% so that calcula®tDx  Thg gajly maximum temperature is well correlated with the
~LHO. We attribute the adjustment in photolysis frequen- daily average temperature: slope 0.91¢ 0.03), y inter-
cies to error associated with selection of TUV model input cept= 4.72(:0.70)°C, and R2=0.99. Skies were mostly

parametersPHOy is averaged over the 10:00-14:00 LT win-

CalNex was a multi-site, multi-platform field intensive that

cloudless during CalNex-SJV with the measured daily av-
dow. erage photosynthetically active radiation (PAR) independent

An effectivea value is inferred from observations okO ¢ temperature at daily maximum temperatures greater than
(Ox = O3 + NOp) and total alkyl nitrates{ANs) as two di- 590

vided by the slope of their correlation (Perring et al., 2013).
Deriving « this way treats @ and XANs concentrations as

Atmos. Chem. Phys., 14, 3373395 2014 www.atmos-chem-phys.net/14/3373/2014/
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3.2 Oz season routine monitoring observations 2 ¢, aldehydes
We include monitoring network measurements of the daily
1h maximum temperature, hourlyzOand the 8h max-
imum average @ product. These data are collected and
maintained by the California Air Resources Board and
the San Joaquin Valley Air Pollution Control District
(http://www.arb.ca.gov/adam/index.html). The temperature
data are from the Bakersfield Meadows Airport (35381
119.002 W). The 3 data are the average of the Bakersfield,
5558 California Avenue, (35.38'N, 119.063 W) and Edi-
son (35.346N, 118.852 W) sites. We discuss thezQlata
as the daily average (10:00-14:00LT) and in terms of the —
frequency of exceeding the California 8 h maximum average ‘
standard of 70.4 ppb. O 20 25 30 35 40
Throughout this manuscript we define low, moderate, and
high temperature regimes as followsw — daily maximum
temperatures of 17-2T (days between 1 May-31 Octo- Fig. 1. Empirical fits of the daily average (10:00-14:00LT)
ber), moderate- daily maximum temperatures of 28-33, %;VOCR; (s71) versus daily maximum temperatureQ). Data
and high — daily maximum temperatures of 34-%45. In points for each curve are shown in Fig. B1. Colors are as follows:
2010 there were 38 low temperature days, 54 moderate tenf<1-Cz aldehydes (red), £-Cs alcohols (pink), known biogenic
perature days, and 80 high temperature days. These tempefOCS (green), Cl (purple), temperature-dependent alkanes (or-
ature cutoffs were selected in order to be consistent withf"98): G~Ca organic acids (cyan), CO (gray), and temperature-
Pusede and Cohen (2012). We also refer to the 2010 averai]%?cehpfnrgggsl?;gg%&tgz_For a listing of the mean VQER
low, moderate, and high temperatures, 24£730.8°C, and
36.4°C, which are averages of the 2010 1 h daily maximum

temperature record and not of the 1 h daily maximum tempery,; chemical functionality when possible and we prioritize

atures observed during the cooler, springtime CalNeX'SJVsimplicity (the fewest number of groupings) over groupings

study period. We use the average temperatures to streamling, goyrce categoty Figure 1 also includes reactivity contri-
the discussion of our re;ults. A'II flgurgs in the manuscript p, tions from four unmeasured species using computed con-
are plotted along the axis of daily maximum temperature - contrations. Each VOC included in Fig. 1 is listed in Table B2

spanning 15-40C. There were three days in 2010 when the see Appendix B for details). The data points summarized in
daily maximum temperature exceeded®@) Fig. 1 are shown in Fig. B1.

In Fig. 1 we find that the daily average; VOCR; of cer-
tain anthropogenic VOCs (AVOCs) and CO is independent
4 Results and discussion of temperature; the reactivities 0f&C, aldehydes, ¢-C3
alcohols, known biogenic VOCs, GHa subset of alkanes

,CH4
T-dep. alkanes

-
(4]

T-indep. AVOCs

—_

(o)

reactivity (s'1)

o
[

daily maximum temperature (°C)

4.1 Organic reactivity and temperature

o . d N L ise f itiol 1For example, ethanol and methanol both have hydroxy! func-
rganic an (2 emissions arise from multiple sources. tional groups; however, their emission sources are distinct. Ethanol

Some sources are largely independent of temperature, for €Xg,rces include evaporative emissions from decaying organic mat-
ample emissions from motor vehicle exhaust and baseloagy on farms (e.g., Alanis et al., 2010; Howard et al., 2010a, b;
power plants; others are known to increase exponentiallyvalkina et al., 2011) and vehicle combustion (e.g., de Gouw et
with temperature such as biogenic emissions and the evagal., 2012); methanol sources include emissions from dairy wastes
oration of gasoline. We examine observed daytime (10:00-and also from living plants in forests and fields (e.g., Karl et al.,
14:00LT) relationships between reactivity and temperature2001; Schade and Goldstein, 2001; Galbally and Kirstine, 2002;
of more than 120 individual organic compounds and find thatFares etal., 2012). We observe that thg alcohols’ temperature depen-
reactivities can be broadly categorized as either temperaturdence are also different, the exponential temperature dependence of
independent or temperature dependent. We emphasize trﬁ;_}ethanol being more pronounced than that of ethanol (solid and

observed temperature dependence is driven primarilv b tem_ashed lines, respectively, in Fig. B1b). A second example is in the
P P P y oy known biogenic grouping of isoprene, various monoterpenes, oxi-

p_erature s effect on VOC concgntratlons (presumaply eMiSYation products of these emissions, et alia (Table B2). Isoprene and
sions) rather than by acceleration of the OH reaction ratesyonoterpenes are emitted from different plant species, are trans-

In Fig. 1 we show the empirically determined fits of all ob- ported to the CalNex-SJV site from different distances, and exhibit
served organic molecules (10:00-14:00LT) as a function ofunique light, humidity, and (very high) temperature dependence
the daily maximum temperature. TR VOCR; are grouped (Guenther et al., 1993).

www.atmos-chem-phys.net/14/3373/2014/ Atmos. Chem. Phys., 14, 33885 2014
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and G—Cg organic acids increase exponentially with increas- 12
ing temperature. We find that at low and moderate tempera-

tures, temperature-independent AVOCs and CO represent the 10}
largest portion of2; VOCR; . At high temperatures, the small
oxygenates, bICO, acetaldehyde, and©Cs alcohols, dom-
inate. The known biogenic source is only a minor contributor
to VOCR in the southern SJV even at the highest tempera-
tures (10 % ofz; VOCR; and 5% of VOCR at 36.4C).

In Fig. 2 3;VOCR;, and VOCR are organized accord-
ing to temperature dependence: temperature-independent * oo s
3;VOCR; (blue), known temperature-dependeijVOCR, N ol 8 o ‘v 9"..‘y“.$ 'y
(yellow), and unknown temperature-dependent reactivity ®
(green). The temperature-independEpOCR; has a mean
value of 2.1s1; it is equal to the sum of temperature- ] °
independent AVOCs, CO, 0.2% H,CO, and 0.153! » s ‘ ‘ ‘
temperature-dependent alkakgVOCR;. Light-duty vehi- 15 20 25 30 35 40
cles are known to emit these molecules, the largest por- daily maximum temperature (°C)
tion of this vehicular source (70-90 %) being temperature- ) . o
independent tailpipe emissions (Pierson et al., 1999; RuF"}'1 2. Daily average (10:00-14:00LT) organic reactivity
bin et al., 2006; Gentner et al., 2009). An aside: the(s ) versus the daily maximum temperatureCj with fits:

_ ‘ temperature-independeB} VOCR; (blue), temperature-dependent
temperature-dependent alkaBeVOCR; category has been 3;VOCR; (yellow), and temperature-dependent VOCR (green).

_further divided into temperature-dependent anq t_emperatureThe temperature-dependent VOCR is equal to the measured OH
independent components, henceforth associating~the  reactivity minus the temperature-independBp¢YOCR; and minus
intercept value of 0.15% (Fig. 1 orange line) with vehicle the OH reactivities of N@, NO, HONO, HNG;, NHg, and SG.
emissions (i.e., temperature-independefWOCR;) and the  The mean temperature-independ&hVOCR; is 2.1+ 0.3; (1o)
remaining reactivity, having a distinctly temperature-driven (light blue line). The unknown reactivity is thus temperature-
source, with evaporative emissions from gasoline vehicleglependent and is the difference between the yellow and green
and fugitive emissions from petroleum operations (Gentnercurves. The error bars are the sum of the squaressiduals
etal., 2013a). (divided by the number of points less 2) and &r€.3; (yellow)

The temperature-dependeBt VOCR; and temperature- and+1.5 (green).
dependent VOCR, the latter defined here as the measured
OH reactivity minus the temperature-independep ¥ OCR;
and OH reactivities of NO, N@ HONO, HNG;, NH3, and
SOy, are also shown. A comparison of these data indicates #e.g., Guenther et al., 1993) and cultivated fields, as well as
portion of the reactivity is unaccounted for by VOC obser- the oxidation products of these emissions (e.g., Huisman et
vations. This unknown reactivity is temperature dependental., 2011; Mao et al., 2012). In the southern SJV, known or-
increasing from~zero at low temperatures to5s 1 at high  ganic sources likely to be temperature dependent are diverse
temperatures. Our estimate for VOg&RaidehyadS Uncertain  and are arranged in an overlapping patchwork surrounding
(Appendix B). We include VOCRetaldehyddn Figs. 1 and  the CalNex-SJV site. These sources include emissions from
2, as we are interested in the magnitude of the unknown aslairy wastes (e.g., Shaw et al., 2007; Gentner et al., 2013a)
opposed to the unmeasured VOCR. Measurement uncertairand animal feeds (Alanis et al., 2010; Howard et al., 2010a,
ties in HONO, HNQ, NHs, and SQ cannot fill the observed b; Malkina et al., 2011), biogenic emissions from crops (e.g.,
gap in reactivity at high temperatures. The total mean high-Ormefio et al., 2010; Fares et al., 2011, 2012; Gentner et
temperature reactivity of these species is 015521 %, or  al., 2013b; Park et al., 2013a) and forests in the adjacent
at most 0.183!, as >85% of this reactivity is from N&gI  Sierra Nevada foothills (e.g., Schade and Goldstein, 2001;
(Table B1). LaFranchi et al., 2011; Park et al., 2013b), and the evapo-

Identifying what molecules/sources are responsible for therative emissions of oil and gas extraction activities, as sug-
unknown organic reactivity is not the aim of this work but gested by our observation of temperature-dependent light
we are able to establish the temperature response of the uadkane mixing ratios.
known source(s). We note that it has been previously spec- In Pusede and Cohen (2012) — using temperature as a
ulated that a missing source of VOCR is important whenproxy for VOCR —we showed that the frequency of 84n®
O3 is high in the SJV (Steiner et al., 2008; Hu et al., 2012; olations in Bakersfield and the southern SJV region at moder-
Pusede and Cohen, 2012). Organic sources with this tempeate temperatures fell substantially from 1999-2010 because
ature dependence include molecules with emission rates corsf VOCR reductions; the same was not true at high tem-
trolled by their vapor pressures, biogenic VOCs from forestsperatures and we concluded that there were two reasons for
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°
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60

— : : Routine summertime VOC canister sampling in the south-
% higher ‘5003’ ern SJV (Appendix B) suggests a decrease~6f% yr-!
(2000 - 2010) /2000 ] in temperature-independent emissions. In what follows, we

IS
o

§ use this—6%yr ! rate in the temperature-independent

o ¥;VOCR; and assume no change in temperature-dependent
g 207 emissions to illustrate the effects of VOC controls from 2000
‘\2 to 2010 on the total VOCR (Fig. 3). We show that over
& 0 the last decade the impact of reductions on the total VOCR
O (black) have been greatest at low temperatures (50-35 %) and
9 —20t smallest at high temperatures (20-15 %). We show the pre-
S dicted percent change in total VOCR in the next decade, as-
L _a0! suming the temperature-independ&aVVOCR; continues to

% lower VOCR:

decrease at the same rate (periwinkle). Again, the impacts are

(2020 - 2010) / 2010 largest at low temperatures (55-25 %) and smallest at high
‘6(%5 20 o5 30 35 40 temperatures (15-10 %). An interesting feature in Fig. 3 is
daily maximum temperature (°C) that the temperature dependence becomes more prominent

in the future as the temperature-independent component de-
Fig. 3. The effects of organic emission reductions on the total clines.
VOCR versus daily maximum temperatufsC). We assume here

that the temperature-independeBtVOCR; of 2.1s1 has de- 4.2 Combined NG and temperature dependence
creased and will continue to decrease at a rate of 6% gnd that

the temperature-dependent reactivity has been and will continue t o :
be unchanged. The percent difference (higher) in the total VOCR?\IOX decreases by.60 % from weekdays (5.3 ppb) to week

in 2000, (VOCR000— VOCRy010)/ VOCRo000 is in black. The en_ds (2.3 ppb_) andis observe_d to be tgmperature independent
percent change (lower) in the total VOCR in 2020, (VOGR — (Fig. 4a). In Fig. 4b, we combine relationships between tem-

VOCRy010)/ VOCRy010 is in periwinkle. The turquoise line is the ~ Perature, total VOCR, and N({as NQR = NOx reactivity
year 2010 at 0 %. with OH). On weekends, VOCR/N@ is more than double

that on weekdays. On weekdays and weekends the observed
VOCR/NGR increases across the temperature range of 15—
40°C by a factor of 5 and 10, respectively.

Figure 4b suggests that the combined,\NfDd VOCR re-
ionships with temperature impart a dependence on temper-

this?. (1) At moderate temperatures Ghemistry was VOC-
limited for most of the record and, as such, the exceedanc?at

frequency was sensitive to changes in VOCR. At high tem- S . e
eratures, @ chemistry was near peakOs, and recently f'iture Qf the sgnsmwty oPOstoits precursor emissions. To
P y ’ investigate this, we calculateO3 as described in Sect. 2.2

(2007-2010) NG-limited on weekends, and thus less sen- using the temperature relationships of VOGRHOy, and
siti\(e to VOCR_decrea_sgs._(Z) There were two distinct Cate'NO/NOx observed during CalNex-SJV (Figs. E:a—g)ﬂox
gories of organic reactivity in the southern SJV — one SOUrCq creases with increasing temperature. This temperature de-
that had decreased over the last decade and was more IMPOr,  1ence is driven by the H@ource molecules OHONO
tant at moderate temperatures and a second source thatdonl‘ﬂ—d CO hi ythe ith i ing t t ’
nated at high temperatures and had not substantially changeﬁ? FCO, each increasing with increasing temperature so

In light of the CalNex-SJVE,VOCR; and VOCR obser- at the relative contrlbutlons.ar(_a S|mllar across the 15€40 _

. range. NO/NQ decreases with increasing temperature, this
vations and well-documented efforts to control motor ve- ratio being set by the concentration (Fig. 5d). For context
hicle emissions (e.g., Kirchstetter et al., 1999a, b; Parrish 9 y g.o0). '

et al., 2002; Harley et al., 2006; Parrish, 2006; Bishop andc also show the daily average (10:00 1.4'00 LE)ddring

- CalNex-SJV (magenta) and over the entire 20E0s@ason

Stedman, 2008) we speculate that it is the temperature; -
: L 1 May-31 October) (gray). Fitting the 201Q Qgray) ver-
independent reactivity that has decreased over the las . ; . .

. . sus daily maximum temperature to a line (not shown) yields

decade. At the same time, we know of no deliberate at-

i 0,
tempt to control the molecules dominating the reactivity at\?veweiiﬁiy slope that is 28% steeper on weekdays than on

high temperatures — small aldehydes, alcohols, and the un- . . :
. : Large changes in N like those occurring weekday to
known VOCR. It is therefore likely that the temperature- . ST .
independents; VOCR; of 2.1s°1 is the endpoint of long- weekend, impact OH concentrathns, this change in OH has
! . T . a feedback on VOCR and NOHigher OH reduces total
term efforts at organic emission reductions. . :
VOCR, as oxidized organic molecules are usually less re-
active than their parent VOC. OH has the same functional
2pusede and Cohen (2012) did not include an analysis at lowform asP Oz and, analogously, is least responsive to changes
temperatures because exceedances at these temperatures wereilhNOx near peakPOs. Higher average weekdays@gray)
frequent or did not occur. at high temperatures indicates chemistry isyNitited (a
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Fig. 4. (a) Daily average (10:00-14:00 LT) N® (s~1) versus the daily maximum temperatuf€j separated by weekdays (closed circles)

and weekends (open diamonds). Weekdays are Tuesdays—Fridays. Weekends are Saturdays, Sundays, and Memorial Day (31 May 201
Mondays and Saturdays are considered transition days, as they are influenced by carryover from the previous day. We omit Mondays for this
reason but retain Saturdays to improve weekend statistics. The solid line is the weekday average valué @intlBree dashed line is the
weekend average value of 06 (b) Total VOCR per unit NQR for weekdays (closed circles) and weekends (open diamond) versus the
daily maximum temperaturéC). The curves are exponential fits to the weekday (solid gray line) and weekend (dashed gray line) data.

Table 1. PO3 (ppb 1) computed with an analytical model parameterized with CalNex-SJV observations (the organic reactivity is equal
to VOCR, not%; VOCR;). Row 1: PO3 calculated at the 2010 average low (24C), moderate (30.8C), and high (36.4C) temperatures.

Row 2: number of violations of the 8 h CaliforniagGtandard in Bakersfield in 2010 (da¥) by temperature and by weekday/weekend.
Uncertainties are computed as counting errors asi\O.J‘E{@/N, whereN is the total numbers of days in that temperature and day-of-week
regime. Rows 3-5P03 (ppb 1) calculated with 50 % lower NQ with 50 % lower temperature-independ&VOCR;, and with both

50 % lower NG and 50 % lower temperature-independEpYOCR;. Also shown are the percent differences (%) between the 2010 CalNex
constrained?O3 and that computed with the emissions reductiBfs is rounded to the nearest parts per billion per hour (ppb)hThe
relevant uncertainty is not iR O3 itself but in the derivative o O3 with respect to NQ.

Low (at 24.7C) Moderate (at 308C) High (at 36.4C)
Weekdays Weekends Weekdays Weekends Weekdays Weekends
CalNex-SJV
PO; (ppb il 10 12 18 15 26 15
Bakersfield 2010
Violations day’l 0(+£0.10) 00.17) 0.2240.09) 0.254£0.11) 0.76{0.07) 0.43£0.10)
—50% NGO
PO; (ppb 1) 12 8 16 9 17 8
Impact (%) 26 -31 12 —42 -33 —48
—50% temperature-independentVOCR;
POz (ppb i1 7 11 16 14 25 15
Impact (%) —26 -12 -10 -3 —4 -1
—50% NQ and—50 % temperature-independentVOCR;
POz (ppbh 1) 11 8 15 8 17 8
Impact (%) 7 -35 -15 —43 -33 —46
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daily maximum temperature (°C) Fig. 6. POz at 4, 8, 12, 16, 20, and 24 ppbrhas a function of NQ

mixing ratio versus the daily maximum temperatut€). Temper-
Fig. 5. (a) Total VOCR (s'1) (measured OH reactivity minus the ature here is a surrogate for VOCRQ3 is calculated with an an-
OH reactivity contributions of N@ NO, HONO, HNG;, NH3, and alytical model constrained with the CalNex-SJV observations (see
SOy; this is equivalent to the sum of the green and blue data intext for details). NQ (ppb) is shown for weekdays (solid brown
Fig. 2). (b) PHOx (ppts1). (c) NO/NOx. (d) O3 (ppb) during line) and weekends (dashed brown line). The equivalentRi@re
CalNex-SJV (magenta) and in Bakersfield during the entire 20101.5 and 0.65, respectively. The symbols are N@ixing ratios at
O3 season (gray). All data are daily averages (10:00-14:00 LT)2010-average low (purple), moderate (blue), and high (red) temper-
versus daily maximum temperatur®eQ), are shown for weekdays atures on weekdays (closed circles) and weekends (open diamonds)
(closed circles) and weekends (open diamonds), and include theifor reference. The arrow along the right-hand side represents the
exponential fits. The 2010 Bakersfield @ata are fit separately for  prevailing daytime (10:00—-14:00 LT) wind direction with respect to
weekdays (solid black line) and weekends (solid gray line). NOxy to the CalNex-SJV site, i.e., the wind travels from the higher
NOx Bakersfield city center to the lower NGneasurement site.

point examined in detail in Sect. 4.3). Equal weekday-to-

weekend percent decreases in OH occur alongside decreasesd (dashed line) NOmixing ratios are shown. In Table 1

in POs. An equivalent reduction in the OH-reaction re- we report POs at average low (purple), moderate (blue),
moval rate of organic emissions is implied; however, en-and high (red) temperatures. Note the exponential form of
hanced weekend VOCR at high temperatures is not observeghe temperature dependence of the transition point between
(Fig. 5a). A compensating increase in organic emissions orNOy-limited and VOC-limited regimes. At low temperatures
weekends is unlikely, as high-temperature reactivity is dom-(the 2010 averageP, Oz is VOC-limited and increases week-
inated by molecules with emission rates controlled by tem-day to weekend. At moderate temperatures, weeli@yis
perature and not by human activity (Sect. 4.1). TemperatureyOC-limited (1 ppb NQ right of peak PO3) but decreases
independents; VOCR; is also invariant with day of week by 17 % on weekends. At high temperatur@€)s is at the

(not shown). We are not able to definitively explain the ab-peak with respect to NPQon weekdays and decreases by
sence of a day-of-week dependence of VOCR but suggest 42 % on weekends, whaPO3 is NOy-limited.

is a combined effect of (a) the specific VOCR mixture in the We compare the results of our CalNex-SJV parameterized
southern SJV, (b) the limited statistics, and (c) the variability pO5 calculation to the complete Bakersfield 2019 @cord

with temperature. (Table 1). At low temperatures, there were no exceedances
of the 8h @ standard on either weekdays or weekends. At
moderate temperatures there were 2209 exceedances
per day on weekdays and 0.29.11 exceedances per day
on weekends. This is a 14 % increase in the frequency of
Ozone production rates calculated using Egs. (1-2) are usé93 exceedances weekday to weekend. At high temperatures
ful for interpreting the observed frequency of @olations  there were 0.76-0.07 exceedances per day on weekdays and
and the sensitivity ofPO3 chemistry to emission changes. 0.43+ 0.10 exceedances per day on weekends, a 43 % reduc-
In Fig. 6 we mapPO3 (ppb 1) as a function of NQand tion in the frequency of violations in response the changes
temperature, with the latter as a surrogate for VOCR (the fitin emissions, particularly the 60 % N®@eduction on week-
from Fig. 5a). The average weekday (solid line) and week-ends. Uncertainties in exceedance frequency are treated as

4.3 Ozone production rates and the impacts of
emissions controls
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Fig. 7. (a—c)PO3 (ppb h™1) on weekdays (solid line) and weekends (dashed line) versus daily maximum temper@jural¢ulated with
CalNex-SJV observations (black) and &) with a 50 % NG reduction (brown), irfb) with a 50 % reduction in the temperature-independent
3;VOCR; (green), and ir(c) with both reductions applied (purplgd—f) the percent change betwe®D3 on weekdays (solid line) and
weekends (dashed line) during CalNex-SJV and that computed after emission reduction versus daily maximum termigrature (

counting errors as 0.5()/2/N, with N being the total num-  and e), and-50 % NQ, and—50 % temperature-independent
bers of days in that day-of-week and temperature bin. We se&; VOCR; (panels ¢ and f). If temperature-independent re-
that at high temperatures, the weekday-to-weekend change iactivity continues to decrease at a rate of 6 %ythen the
exceedance probability (43 %) is comparable to the 42 % de50 % emission decreases are expected-B921. Likewise,
crease in calculateftOs. NOy decreases in Bakersfield have been observed (from
To make sense of the comparison at moderate temperaspace) at approximately the same rate (Russell et al., 2012).
tures and between temperature regimes requires consider&lOy controls on heavy-duty diesel trucks that are in the im-
tion of an additional variable — that thes@oncentration is  plementation phase (McDonald et al., 2012) will reducgNO
an integrated function 0P O3 across the span of an urban emissions without concomitant VOC decreases and bring
plume. In Fig. 6, placing NQon they axis illustrates this:  about the—50% NGO, scenario relatively quickly. Figure 7
directly upwind of the CalNex site was the Bakersfield city shows the absolut®Os (ppbh1) and percentage changes
center, where NQ emissions are higher and, according to calculated during CalNex (black) on weekdays (solid line)
Fig. 6, POg3 is higher as well. The CalNex-SJV site was lo- and weekends (dashed line) for the three scenarios. We list
cated at the plume edge (OMI satellite imagery) where gra-these results at the 2010 average daily maximum tempera-
dients are steep and the upwind impact is large. At high temtures in Table 1 and find our results in each case to be strongly
peratures, because weekday chemistry is near p€akand  temperature dependent.
because peaRO3 spans the widest range in N@t the high- On weekdays, a 50 % reduction in N@creases? O3 at
est VOCR, upwind and local NQOcontrol over production temperatures lower than 2€ (POs is VOCR-limited) and
are similar, as such? O3 and the exceedance frequency are decreases® O3 at temperatures above 28 (POgz is NOy-
in close agreement. At moderate temperatures, we computiémited). On weekends, a 50 % reduction in N@ecreases
that a 60 % decrease in N@ enough to transition the calcu- POgz at all temperatures (>1&) with the largest impacts at
lation of instantaneou® O3 to NOy-limited chemistry atthe  high temperatures.
CalNex-SJV site but the exceedance data suggest thisisnot A 50% decrease in the temperature-independent
true upwind or for the integrate#Og3. Likewise, violations  X;VOCR; has the largest impact at low temperatures
are approximately 40 % more frequent at the equivakiDs (Fig. 7b, e). This is both because VOCR/MNOis lowest
at high temperatures than at moderate temperatures. here (Fig. 4b) and because the temperature-independent
We use our constraine@Osz calculation to test the ef- VOCR dominates at low temperatures (Fig. 3). Only at
fects of possible controls on emissions (Fig. 7). We con-low temperatures are controls on temperature-independent
sider the following three strategies:50% NG (panels a  X;VOCR; more effective than equivalent NQlecreases at
and d),—50 % temperature-independextVOCR; (panelsb  reducingPOs.
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In the third scenario of simultaneous 50 % Nénd 50%  contributing to the temperature-dependent VOCR are domi-
temperature-independe; VOCR; reductions (Fig. 7c, f), nated by small aldehydes and alcohols; however, unidentified
we find that on weekday® O3 increases 0-9% at 20— molecules are the largest source of reactivity at high temper-
27°C and otherwise decreases at all temperatures. On weelatures. The OH reactivity of NOs temperature independent
ends, PO3 decreases by at least 28 % at all temperaturesand decreases by60 % from weekdays to weekends.

The difference between simultaneous,Ng&hd temperature- We computeP O3 using an analytical model constrained
independent; VOCR; decreases and N@eductions alone by the CalNex-SJV measurements. In response to the ob-
are minimal at moderate and high temperatures: <2 % moraserved NQ decreases (atconstant VOCR) occurring on
effective. weekends, we calculate th&O3 increases at low temper-

In summary, NQ controls will be immediately effective atures, decreases by 17 % at moderate temperatures, and de-
at decreasing’ O3 under the conditions when violations of creases by 42 % at high temperatures (Fig. 6). We show con-
the Qs standard occur — at moderate and high temperaturessistency between weekday-to-weekend percent changes in
Organic emission reductions will be of limited benefit to re- the frequency of exceedances of the California 8hs@n-
ducing POs except at low temperatures, when there weredard (70.4 ppb) and the constrained model predictions sug-
zero G violations in 2010; this benefit will be further atten- gesting the results of this short-term field experiment, viewed
uated alongside co-occurring N@ecreases. A 50 % reduc- in the framework of temperature, give insight into the entire
tion in the temperature-dependentVOCR; on top of the Oz season in the southern SJV.
50 % reduction in temperature-independ@hVOCR; (not Using this same® O3 model we estimate the effects of pos-
shown) reduces high-temperature (3833 PO3z by an addi-  sible emission control scenarios and show the impacts are
tional 6 % on weekdays and 1 % on weekends. A 50 % reducvariable with temperature in both sign and magnitude. We
tion in the total VOCR, including reactivity from unknown conclude that NQreductions will be immediately and incre-
molecules, decreaseBOs at high temperatures by 25% mentally productive at reducingOs on weekends at moder-
and 6 % on weekdays and weekends, respectively. Howevegte temperatures and on both weekdays and weekends at high
VOCR reductions of equal effect to equivalent Nédntrols  temperatures, which is when exceedances are most frequent.
require development of new approaches, as existing conReductions of the temperature-independent organic reactiv-
trols do not target the molecules dominating the reactivityity will be most effective at low temperatures; however, there
at high temperatures and existing measurement networks deere no violations of the California 8 ha&tandard in 2010
not observe them. Planning and executing reductions in thigt these temperatures. The impact of reductions of organic
VOCR will likely require years of effort — a time period dur- emissions on @ violations at moderate and high tempera-
ing which NQ, controls on diesel trucks will be fully im- tures will be further diminished with co-occurring N@e-
plemented and other strategies for Nf@duction could be creases.
developed with knowledge of how to monitor their success.

One consequence of the local photochemistry moving to a

NOx-limited regime is that in the future the temperature de- ocknowledgementsThis work was funded by the California Air
pendence ofP O3 will diminish; at low enough NQ levels  Resources Board (contract CARB 08-316) and by the National
P O3 will be temperature independent, as temperature-driverieronautics and Space Administration (grant NNX10AR36G). We
increases in VOCR will not increasBOs. This is visual-  are grateful to John Karlik, Rick Ramirez, and the entire University
ized in Fig. 7 in the comparison of the black solid (higher of California Kern County Extension for logistical support during
NOy emissions) and brown dashed lines (lower,N@nis-  the CalNex-SJV project. We thank David Parrish for useful
sions). In the future, we therefore expect less variability in comments on our manuscript. We acknowledge the California Air

POs and, by extension, less variability in the frequency of Resource_s Board and the San Joaquin Valley Unlfle_d Alr Pollution
. Control District for the temperature ands@ata. The findings and
O3 exceedances with temperature.

discussions described in this paper are those of the authors and do
not necessarily represent the views of our sponsors.

5 Summary Edited by: A. Carlton

Using CalNex-SJV observations of organic molecules, OH
reactivity, G, and nitrogen oxides we describe relationships
between temperaturg,; VOCR;, VOCR, NQ, andPOs. We
find theX;VOCR,; in t.he southern San Joaquin Vglley (SJV)_ Alanis, P.. Ashkan. S.. Krauter,
has a temperature-independent component with a reactiv- son, A. S.. Emissions of volatile fatty acids from feed
ity of 2.1 and a temperature-dependent component that dairy facilities, Atmos. Environ., 44, 5084-5092,
increases exponentially with temperature. The temperature- doi:10.1016/j.atmosenv.2010.09.02D10.

independenE; VOCR; is composed of organic molecules as- Atkinson, R.: Gas-phase tropospheric chemistry of organic com-
sociated with motor vehicle emissions. The known molecules pounds, J. Phys. Chem. Ref. Data, 1-216, 1994.
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Appendix A
Analytical POz model

Equations (Al) and (A2) give OH via Eq. (A3) and by solv-
ing the quadratic equation with coefficieatsh, andc shown
in Egs. (A4—AB).

PHOy = LHOx= 2kno,+ Ho,[HO2]? (A1)

+2k10,+R0, [HOR1[RO2] + 2kro,+R0,[RO, 12

+ kNO,+0HINO2][OH] + akno+R0, [NO][RO;]
VOCR[OH]

R ~[HOy] = A2

RO )~ IHO2) = knor oy INOT (A2

VOCR
{kN02+OH[N02] + akNO+RO, <—(1 DNOLRO, ) } [OH]
- +

+ 2 (kHO.4-HO, +kHO,+R0, +ARO+RO, )

2
( VOCR )[OHF
(1—a)kno R0, [NO]

2 (kHOp+HO, +kHO, + RO, +kRO, +RO, ) (Ad)

( VOCR )2
(1 — a)kno+R0o,[NO]

kNO,+0OHINO2] + aknO+RO, <

VOCR ) (A5)

(1 —a)knO+RO,
— PHO (A6)
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We then solve for PO3 = (kNO+H02 +kNO+R02)
[NOJ[HO,]. The rate expressions with units émolecule™
s are kno,+Ho, =2.2 x 10713exp(266/T) (Atkinson
et al, 1997), kno,iro, =2.9 x 107 3exp(1300/T),
kro,+rR0, = 2.4 x 10712 (MCM  v3.2), knOyrOH =
9.21 x 10712 (this listed value is at 298K; we
use the formulation in Mollner et al. (2010)),
kno+ro, = 2.8 x 10712exp(285/T)  (Atkinson et al.,
2001), andikno+Ho, = 3.6 x 10 2exp270/T) (Atkinson
et al., 2004).

Throughout this analysis we consider instantane®@s
rather than netPOs (production minus @ chemical loss).
Pathways of @loss are @ photolysis to yield two OH (Re-
actions R14-R15) and reactions betweeyna@dd OH, HGQ,
and alkenes. Using observations of each species we find the
total mean @ loss rate to be 0.7, 1.1, and 1.4 ppBat low,
moderate, and high temperatures, respectively. The largest
contributor to Q loss is @ photolysis (66 %). Losses due
to reactions with OH, HQ, and alkenes are approximately
equal in importance. Ozone’s mean reactivity with OH is
0.08s! at low, 0.1s?! at moderate, and 0.13% at high
temperatures and is not included.

www.atmos-chem-phys.net/14/3373/2014/
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Appendix B The mixing ratio of acetaldehyde is estimated as-
suming (a) acyl peroxy nitrate products and aldehyde
CalNex-SJV measurements an&; VOCR; sources are co-located, i.e., that PPN : propanal is equal to

PAN : acetaldehyde, and (b) that acetaldehyde is the only

Table B1 lists each observation/class of observed compAN source molecule. Methacrolein, biacetyl, MVK, and
pounds, the measurement uncertainty, analytical techniquenethyl glyoxal are also known PAN sources. Biacetyl, MVK,
and associated reference included in our analysis. and methyl glyoxal were not measured during CalNex-SJV,

In Fig. B1 we show the daily averaged (10:00-14:00LT) so to test this second assumption, we approximated their con-
X;VOCR; versus daily maximum temperature fori-&  centrations via ratios to methacrolein, as observed during the
small aldehydes (panel a)4&C; alcohols (panel b), known  Biosphere Effects on AeRosol and Photochemistry Experi-
biogenic VOCs (panel c), CH(panel d), temperature- ment (BEARPEX) (LaFranchi etal., 2009), which took place
dependent alkanes (generally those withg)@anele), G- 15 June-31 July 2007 at a site locate8 h downwind from
Cs organic acids (panel f), the sum of all alkanes, alkenesan isoprene source region. Using the calculated acetalde-
aromatics, and carbonyls observed to be independent of temhyde (Fig. Bla), approximated biacetyl, MVK, and methyl
perature (panel g), and CO (panel h). In panels a—f grayylyoxal, and the measured methacrolein we find acetalde-
lines are the empirical exponential fits of reactivity as a func-hyde to be~80 % of the PAN source (compared to <40 %
tion of the daily maximum temperature. In panels g—h theat 30°C at the BEARPEX site). The dominance of acetalde-
gray lines are the average reactivity. Linear fits to these datéyde to PAN formation is not unexpected in the southern SVJ
give slopes that are not meaningfully different than zero.given the low VOCRoprene@nd VOCRhethacrolein Alterna-
The G—C; aldehydes are $CO and acetaldehyde (acetalde- tively, acetaldehyde can be calculated assuming steady state
hyde’s concentration was estimated, not measured; see b@elationships with PAN, HG ROy, NO, and NG. We find
low). The G—C3 alcohols are methanol, ethanol, and iso- this approach yields an estimated VOGRidehyadhat is~3
propanol. Key molecules in the known biogenic grouping aretimes greater than the one we use in this analysis but with the
isoprene, methacrolein, MVK, glyoxal, limonene, andind  same temperature dependence as we report. The larger ac-
B-pinene. G—Cg organic acids are formic acid, acetic acid, etaldehyde value would reduce the inferred missing VOCR
and propionic acid. All alkanes (panels e and h), alkenespy ~20% but would not affect any other conclusion in this
aromatics, and carbonyls, along with all other species in-analysis.
cluded in Figs. 1 and B1 are listed in Table B2. Table B2 MvK is estimated as 3 times the methacrolein concentra-
includes each compound’s mean reactivity at low, moder-jon. This is the same ratio of MVK to methacrolein observed
ate, and high daily maximum temperatures. If a tempera-during BEARPEX-2007 (LaFranchi et al., 2009). We do not
ture dependent OH rate expression is available we use thpiclude an estimate for second-generation isoprene oxidation
time varying temperature over the same time interval, notproducts. Due to the low levels of isoprene and methacrolein
the daily maximum temperature. If no rate constant is avail-we expect second-generation oxidation product concentra-
able one is assigned by analogy to a compound with similakions to also be small.
molecular structure, indicated with a double asterisk and an Ethane and benzene were estimated via observed rela-
explanatory note. In order to sum the reactivities of manytionships with propane and toluene, respectively, using the
species, null daily average concentrations were filled usingPAMS data record (Appendix C).
the temperature-dependent fit or average value as dictated by
the observed temperature relationship. Methyl ethyl ketone
is included in the temperature-dependent alkZn¢OCR;,
as it exhibits clear temperature dependence; this was done
so as to avoid introducing another temperature-dependent
grouping. In a handful of instances, individual daily aver-
age VOCR outliers were removed prior to computing the
temperature-dependent fit or mean.

www.atmos-chem-phys.net/14/3373/2014/ Atmos. Chem. Phys., 14, 33885 2014
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Table B1. Species, measurement accuracy, analytical technique, and reference for each CalNex-SJV observation included in our analysis.
Many species are measured with higher precision than accuracy. See original references for details. All CalNex data are accessible to the
public athttp://www.esrl.noaa.gov/csd/groups/csd7/measurements/2010calnex/

Species Accuracy# %) Analytical technique Reference

VOCs 5 gas chromatography—mass spectrometry Gentner et al. (2012)
H,CO 30 laser induced fluorescence (LIF) Hottle et al. (2009); DiGangi et al. (2011)
PAN and PPN 21 chemical ionization mass spectrometry (CIMS)  Wolfe et al. (2009)
C1—C3 acids 50 CIMS Crounse et al. (2006)
glyoxal 20 laser induced phosphorescence Huisman et al. (2008)
CO 0.5 infrared (IR) absorption

CHgy 1 IR absorption

OH reactivity =~ 32 OH decay by LIF Kovacs et al. (2003)
NO>2 5 LIF Thornton et al. (2000)

NO 7 chemiluminescence Min et al. (2013)

NH3, SO, 20,15 ambient ion monitor—ion chromatography Markovic et al. (2012)
HONO 15 long path absorption photometry Ren et al. (2011)
HNO3 50 CIMS Crounse et al. (2006)

2 ANs 15 thermal dissociation—LIF Day et al. (2002)

O3 1ppb UV absorbance Dasibi 1008PG @onitor
Hy0o 50 CIMS Crounse et al. (2006)

Atmos. Chem. Phys., 14, 3373395 2014 www.atmos-chem-phys.net/14/3373/2014/


http://www.esrl.noaa.gov/csd/groups/csd7/measurements/2010calnex/

S. E. Pusede et al.: Temperature-dependent impacts of emission controls 3391

0.5 /

0.06
'TA 0.4
10.04

o
w

10.02

reactivity (s
o
N

©
—

o
o

C%S 20 25 30 35 40

w
N

1.5

[ . N 1 ... [ ] ® |
[ ]

1 i o ® 1 o oo, 800
ol o

0 0
15 20 25 30 35 40 15 20 25 30 35 40
daily maximum temperature (°C)

Fig. B1. Daily averagex;VOCR; (s~1) versus the daily maximum temperatufeCj for (a) H>CO (closed circles with black outline)
and calculated acetaldehyde (open circl@s) methanol (closed circles with black outline) and ethanol (open cirag&nown biogenic
VOCs, (d) CHyg, (e) temperature-dependent alkan@sformic acid (closed circles with black outline) and acetic acid (open cirqlgsall
temperature-independent AVOCs, ghgl CO. Gray solid and dashed lines are empirically derived exponential figaf6x The solid lines

in (a, b, f) are fits to the @molecules; the dashed lines are fits to therlecules. In(g) and(h), gray lines are means. Acetaldehyde,
MVK, ethane, and benzene are estimated (see Appendix B for details), otherwise; \&Cderived from measured concentrationgahn
the red dashed line shows the fit to the acetaldehyde computed from steady-state relationships, as discussed in Appendix B.
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Table B2. Mean VOCR of all species included ifE; VOCR; + 1o, indicating the observed variability, over low (17-2Z), moderate
(28—-33°C), and high (34—-48C) daily maximum temperatures. Species are arranged by Fig. 1 grouping and listed greatest to smallest high-
temperature per second. The VOICOH rate constants or temperature-dependent rate expressions are also listed with associated references.
The concentrations of the starred species, acetaldehyde, MVK, ethane, and benzene, were estimated (Appendix B). Doulglg starred
values were estimated by analogy to compounds with similar molecular structure and these include explanatory notes.

Species Meant 1) VOCR (s~ 1) by temperature k ork(T) Reference
(cm®molecule1s™1)

Low Moderate High
C,1-C, aldehydes
H,CO 44¢1.0)x101 65&05)x101 7.908)x 101  1.20x 10~ 14Texp(287/T) (a)
acetaldehyde* 2.3%06)x 1071 41@*1.0)x10°1 6.2@F0.9)x 1071  4.4x 10~ 12exp(365/T) ()
C,—Cg3 alcohols
methanol 1.640.6)x 1071 36@*0.6)x101 55&1.8)x101 3.82x 10719T24exp(300/T) (b)
ethanol 344£14)x101 46@E1.4)x101 46&E2.0)x101  6.72x 107 18T2exp(510/T) (b)
isopropanol 8.9£3.4)x 103 9.7&3.3)x1073 1.2(*0.6)x 1072 4.03x 10~ 18T2exp(792/T) ()
Known biogenic VOCs
isoprene 9.04£3.2)x 102 1.6&E04)x101 24&05)x 1071 2.7x 10~ exp(390/T) ()
methacrolein 6.2405)x 1072 80 1.8)x1072 1.2@*2.6)x10"1 8.0x 10 1%exp(380/T) (a)
d-limonene 2940.2)x 1072 38@*0.9)x102 57 *13)x102 4.28x 10~ lexp(401/T) ()
MVK* 34(£1.7)x1072 37@*1.7)x102 3.8&2.0)x1072 2.6x 10 12exp(610/T) ()
glyoxal 1.6 04)x1072 26*0.4)x1072 29*0.7)x1072 1.10x10°11 (a)
a-pinene 20412)x102 21 E1.1)x1072 24 & 1.1)x 1072  12.1x 10~ 12exp(436/T) ()
d3-carene 1.6£1.0)x102 21&05)x102 22*05)x102 88x10 1 €))
sabinene 5.3£3.8)x 103 73&*2.0)x103 1.0@02)x102 1.17x10°10 (a)
acetone 154£05)x 1073 3.4 @F1.1)x103 58&E3.7)x 1073  4.0x 10~ 24T4%exp(453/T) (©
camphene 2.840.7)x 1073 34@*1.0)x103 39@*1.1)x103 53x10°11 (@)
B-pinene 224£13)x103 2.80.6)x103 3.4 0.6)x 103 15.5x 10 12exp(467/T) (a)
nopinone 6.9€23)x 1074 63@*4.0)x10% 6.0&24)x10% 15x10°11 (a)
CHy
CHy 28E02)x101 89®0.2)x10°! 36&0.2)x 101 1.85x 107207285xp(—987/T) (a)
Temperature-dependent alkanes
isopentane 3.740.9)x 1072 63*1.8)x1072 7.2*22)x102 3.6x10712 (@)
propane 5.04£2.3)x102 50&1.8)x102 59*21)x102 1.65x 10 17T2exp(-87/T) (a)
n-butane 334£1.8)x1072 29*1.6)x1072 3.6*1.5)x102 1.81x 10~ 17"T2exp(114/T) ()
n-pentane 20404)x 1072 3.0*0.9)x1072 33*1.0)x102 2.52x 10~ 17T2exp(158/T) ()
2-methylpentane and 2,3-dimethylbutane  #3(3)x 1072 2.3 (#0.6)x 102 25&0.8)x1072 52x 10712 (ar
methylcyclopentane 1.2{0.4)x 1072 1.6 (E0.6)x 1072 1.7 (*0.5)x 1072 7.66x 10712 (d)
n-hexane 77422)x103 1.003)x102 1.1&0.3)x1072  2.54x 10 14Texp(-112/T) ()
3-methylpentane 6.24{1.7)x 1073 9.8(*3.2)x103 1.1(&0.3)x102 52x1012 (a)
n-heptane 5542.4)x 1073 85&3.0)x 103 7.9(*3.0)x 103 1.95x 10~ 17T2exp(406/T) (@
cyclopentane 4.941.4)x 1073 6.9 *2.4)x 1073 7.8*2.7)x 103 2.73x 10~ 17T2exp(214/T) ()
2,3,4-trimethylpentane 6.12.3)x 1073 7.2*2.0)x103 6.4*2.3)x103 6.6x 10712 ()
ethane* 504£23)x103 50&E1.8)x103 59@*2.1)x103 1.49x 10~ 17T2exp(-499/T) (a)
isooctane 42421)x 1073 49 &E1.3)x103 47 @E1.4)x103  2.34x 107 17T2exp(140/T) (a)
2,3-dimethylpentane 46{26)x 103 4.6(*1.4)x103 44E15)x103 4.77x 10712 (ay
2,4- and 2,2-dimethylpentane 150.3)x 103 23@*0.7)x103 24&0.7)x103 4.77x10°12 (ap
2,2-dimethylbutane 1.440.3)x 1073 2.2 *0.6)x1073 2.4 0.7)x 1073  3.37x 10~ 11exp(-809/T) (a)
3-methylheptane 1540.3)x 1073 1.8(*0.9)x 103 1.9(*0.9)x103 6.0x 1012 (3
2,4-dimethylhexane 1.3{05)x 1073 1.5&0.4)x103 1.4&05)x103 6.0x1012 (**3
2,2,5-trimethylhexane 1.10.6)x 103 1.2&04)x103 1.104)x103 6.0x10712 (%3
3,3-dimethylpentane 6.3{3.0)x 1074 9.2 (*3.5)x107% 9.0*2.9)x 104 6.0x10°12 (3
2,2,3-trimethylpentane 43(3.0)x 1074 6.9 E35)x107% 7.4*3.4)x10% 6.0x10712 (**3
2,2-dimethylhexane 1.440.2)x 1074 1.6 *0.7)x107%4 1.8@*0.4)x10* 6.0x10712 (%3
2,2,5-trimethylheptane 1.2{0.3)x 1004 1.2*0.3)x10% 1.2&0.4)x10% 6.0x 10712 (3
C,1—Cg acids
acetic acid 1.2£0.7)x102 1.9&1.0)x102 27@*1.1)x102 8.0x10°13 (e)
formic acid 41424)x103 1506)x102 26*1.4)x102 45x10713 ®
propionic acid 434£1.7)x 1073 63 *2.6)x103 73@*2.1)x103 1.2x10°12 ®

Atmos. Chem. Phys., 14, 3373395 2014
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Table B2. Continued.
Species Mean 1o) VOCR (s 1) by temperature k ork(T) Reference
(cm® molecule1s1)
Low Moderate High
Temperature-independent AVOCs
Temperature-independent alkanes
cyclohexane 8.3¥4.3)x 1073 85(6.1)x103 8.6 :5.1)x 1073 3.26x 107 17T2exp(262/T) (a)
methylcyclohexane 8.745)x 1073 7.3(E27)x10°% 6.8(*2.3)x10°% 9.64x 10712 (a)
3-methylhexane 6.643.4)x 1073 61&19)x 103 59&18x103 63x10712 (d)
methyl ethyl ketone 2.941.8)x 1073 37*E1.7)x103 4.9*3.3)x 103 1.32x 10~ 12exp(-25/T) ®
2-methylhexane 55¢3.2)x 103 57 &1.9)x103 4.6 E1.9)x103 6.69x 1012 (d)
trans-1,3-dimethylcyclopentane 453@B.1)x103 50&3.6)x103 44E25)x103 7.66x 1012 (4
cis-1,3-dimethylcyclopentane 46@25)x103 43@E16)x103 40&1.5)x103 7.66x 10712 (**) 4
2,3,3-trimethylpentane and 2,3-dimethylhexane £@6)x 1073 2.8 *0.9)x 103 23*1.0)x10°3 6.0x 10712 (**) 3
n-undecane 2741.1)x 1073 24 &1.0)x1073 22&E1.2)x103 12.3x10°12 (@)
n-decane 3.242.1)x 1073 23@*0.7)x10°3 2.0(&0.8)x103 11.0x 1012 (@
2-methylheptane 231.2)x 1073 21*0.6)x103 2.00.6)x103 6.0x10712 (3
ethylcyclopentane 25(1.1)x 1073 20&0.7)x10°3 1.90.7)x 103 7.66x 10712 (4
n-dodecane 1.640.7)x 1073 1.6 (*0.6)x10°3 1.5@0.7)x103 13.2x 10712 ()
cistranscis-1,2,4-trimethylcyclopentane 1.8015)x 103 1.7@*05)x103 15@0.7)x103 8.0x10°12 (5
cis-1,3- and 1,1-dimethylcyclohexane 2413)x103 1.6@*0.6)x103 15&05)x103 1.0x10°11 (**) 6
n-nonane 25411)x103 1.806)x103 150.6)x 1073 2.53x 10-17T2exp(436/T) (a)
ethylcyclohexane 2.061.2)x 103 1.7(06)x103 14@*05)x103 1.0x1011 (6
trans-1,2-dimethylcyclohexane 2.2(15)x 1073 1.7(*0.6)x10°3 1.4@0.6)x103 1.0x10°11 (*+) 6
n-tetradecane 1.6(0.6)x10°% 15&05)x10°% 1304)x10°° 1.79x 101! (a)
n-tridecane 1.84£05)x 1073 1.7@&05)x103 1205)x103 151x 10712 (a)
2,5-dimethylhexane 1.4{0.8)x 103 1.3(04)x103 12@*0.4)x103 6.0x 10712 (**)3
trans-1,3-dimethylcyclohexane 1.20.7)x 1073 95@*29)x104 84 &*29)x104 10x10°11 (6
2,6-dimethylheptane 1.2H0.6)x 1073 1.0(*04)x103 83 44)x10% 6.0x10712 ()3
1,1,3-trimethylcyclohexane 1.20.9)x103 93&39x10% 7.8&2.8)x10% 1.0x1011 (**6
4-methylheptane 1.6{1.3)x 1073 9.4 (*6.6)x 1074 7.4(*2.6)x10% 6.0x10712 (3
cis-1,2-dimethylcyclohexane 7.8(3.3)x10% 56 15)x10% 57@*19x10% 10x1011 (**) 6
3-methyloctane and 4-ethylheptane 6930)x 1074 6.2(*2.0)x104 55*21)x10* 6.0x10°12 (3
2- and 4-methyloctane 6.6(3.2)x 104 53*16)x10% 52(*1.9)x104 6.0x1012 (3
n-propylcyclopentane 5.342.4)x 1074 52&E1.7)x10% 47&1.0)x10% 8.0x 10712 (5
1,1,4-trimethylcyclohexane 5.#5.5)x 1074 44*15)x104 44&29)x104 1.0x10°11 (6
cis,transcis-1,2,4-trimethylcyclohexane 5.4(@4.2)x 104 41*1.0)x10% 37@1.9)x104 1.0x10 11 (6
3,5-dimetylheptane 48{22)x 1074 41&E13)x10% 36 1.1)x10% 6.0x 10712 (3
cistranstrans-1,2,4- and 204£1.3)x10% 1.8&1.1)x10% 31&3.1)x104 1.0x10711 (6
cis,cistrans-1,3,5-trimethylhexane
cis,cis,cis-1,3,5-trimethylcyclohexane 3.4Q2.7)x 1074 33@*11)x10% 29@*1.7)x104 10x1011 (6
isopropylcyclopentane 22(1.3)x 1074 24@*0.6)x104 24@F13)x104 8.0x10°12 ()5
2,3-dimethylheptane 1.2{0.6)x 104 1.6 *05)x10% 15*04)x104 6.0x1012 (3
2,2,4-trimethylheptane 1.530.6)x 104 1.6 *0.4)x10%4 15&0.3)x10% 6.0x10°12 (3
Alkenes
propene 9.044.7)x102 65&2.4)x102 551.5)x102 4.85x 10 12exp(504/T) (a)
cis-2-pentene 2541.1)x102 3.0&09)x102 381.9x102 6.50x 1011 (@
1-butene and isobutene 4FR0)x 1072 3.6H1.4)x102 3.11.1)x102  6.55x 10~ 12exp(467/T) =y
cis-2-butene 1.540.1)x 1072 1.3*0.6)x102 1.6@*0.3)x10°2 1.1x 10 exp(487/T) ()
1-hexene 1.8£0.7)x 1072 1.2@*0.4)x 1072 1.4@*0.3)x10°2 3.70x 10711 (a)
1-pentene 2441.4)x 1072 1.1&03)x 1072 1.4 *0.2)x 1072 3.14x 10711 (a)
cyclopentene 1.340.7)x 102 12#04)x102 12#05)x102 6.70x 1011 (a)
trans-2-butene 1.2404)x 1072 11(0.3)x1072 1.0(E0.3)x 1072  1.01x 10~ lexp(550/T) (@
2-methyl-2- andtis-3-methyl-2-pentene 3.6{1.5)x 103 250.6)x103 32@0.8)x103 8.90x 10711 (8
1-methylcyclohexene 2.6{0.1)x 103 1.705)x103 15@04)x103 8.90x 10711 (8
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Species Meant 1o) VOCR (s°1) by temperature k ork(T) Reference
(cm®molecule1s1)

Low Moderate High
Aromatics
m- and p-xylene 354£2.0)x102 3.0&1.0)x102 25&1.1)x102 1.87x10 1 (P
toluene 29413)x102 26H0.8)x102 22&0.7)x1072 1.18x 10 12exp(338/T)  (a)
phenol 424¢57)x102 17&07)x1072 13&0.2)x1072 2.70x 10711 (@)
1,2,4-trimethylbenzene 1.6(1.0)x 1072 1.4*05)x102 12@*05)x102 3.25x10°11 (a)
1,3,5-trimethylbenzene 9.4(6.3)x103 84 *35)x103 7.3&5.1)x10°3 567x 101 (a)
o-xylene 9.2451)x103 85*3.1)x103 7.1&3.0)x10°3 1.36x 1011 (a)
m- and p-ethyltoluene 75445)x 1073 58@*22)x103 50@*25)x103 1.87x10°11 (a0
ethylbenzene 4.642.9)x1073 41@*14)x10°3 34&1.2)x103 7.0x10712 (a)
1,2,3-trimethylbenzene 4823)x103 38&F1.2)x103 33&1.4)x103 327x10711 (a)
benzene* 29£1.3)x 103 2.6 0.8)x 1073 22&0.7)x10°3 2.33x 10 12exp(-193/T) (a)
o-ethyltoluene 1.740.8)x 1073 14 (05)x103 1.2*05)x103 1.19x10711 (a)
p-diethylbenzene 7.02.4)x 1004 6.9(*2.3)x 1074 6.3E3.0)x 1074 8.11x 10712 (h)
n-propylbenzene 753.1)x 1074 7.2@F23)x10% 6.2@*2.0)x104 58x10712 (a)
1-methyl-3n-propyl benzene  8.4(2.8)x 1074 8.4 (*3.8)x10°4 6.2*2.7)x10% 1.0x10° 1! (=11
m-diethylbenzene 5.6{2.5)x 1074 6.4 *2.2)x 1074 6.2&22)x10% 1.0x10711 (11
p-Cymene 55428)x10% 56*15)x10% 57@*1.8x10% 1.0x10 1 (11
1,3-dimethyl-4-ethylbenzene  3.4(.6)x 104 25*0.7)x104 1.9(*0.8)x10% 1.0x10° 11 (11
1,4-dimethyl-2-ethyl benzene  3.4(.8)x 1074 2.2 *0.7)x107% 1.9(*0.8)x104 1.0x10°11 ()11
isobutylbenzene 1.640.7)x 104 1.4@*04)x104 1.7@*0.7)x10% 1.0x10 1! (11
1,2-dimethyl-4-ethylbenzene  2.3(.3)x 104 1.9@*05)x10% 1.6(*0.6)x10% 1.0x10° 1! (11
1,2,3,5-tetramethylbenzene 1#05)x 1074 15&0.4)x 104 1.6 *05)x104 1.0x1011 (11
m-cymene 3242.0)x10% 14*03)x10% 15*0.6)x10% 1.0x10 1 (11
n-butylbenzene 2.6426)x104 1.7@03)x104 15@*05)x10% 1.0x10 1! (=11
1-methyl-2n-propyl benzene  2.240.9)x 1004 1.8(*0.4)x104 15@*0.4)x10% 1.0x10 1! (11
1,2-dimethyl-3-ethylbenzene  2.60.9)x 1074 15@®0.3)x10% 1.4@*0.3)x10% 1.0x10° 1 (11
1,2,4,5-tetramethylbenzene 180.6)x 1074 1.4&0.3)x104 14@*02)x10% 1.0x1011 (** 11
1,2,3,4-tetramethylbenzene 150.2)x 1074 1.3@*0.3)x10% 1.4@*0.3)x104 1.0x10711 ()11
Aldehydes and ketones
nonanal 26415)x101 1.7@¢1.2)x101 15@04)x101 3.0x101 () 12
heptanal 1.7406)x 1071 1.1@05)x1071 7.9&3.0)x1072 3.0x 10711 (a)
hexanal 1.14£33)x101 72@*26)x102 6.6 F1.5)x102 3.0x10°11 (a)
pentanal 43£1.6)x102 39@*1.7)x102 3.7*1.0)x1072 9.9x 10 exp(310/T) (a)
butanal 264£1.2)x102 27@0.6)x102 3.2(*0.9)x 1072 6.0x 10 12exp(410/T) (a)
propanal 2641.2)x102 34&22)x1072 23H0.9)x1072 5.1x 10~ 12exp(405/T) (a)
methyl isobutyl ketone 2.260.7)x 1073 24 @*15)x103 25@0.7)x103 1.3x10°11 (a)
acetophenone 1.2(0.9)x 103 1.4&06)x103 1.3&0.4)x103 1.0x1011 ()11
methyln-butyl ketone 114£05)x 103 1.3@*04)x103 1.2@*0.2)x103 9.1x10°12 (a)
co
co 89¢1.0)x1071 89&1.2)x10°1 85@*1.4)x101 24x10713 ()13

a Atkinson and Arey (2003)'? Dillon et al. (2005)¢ Yamada et al. (20035‘, Sprengnether et al. (2009),

€ Atkinson et al. (1992)f, Atkinson et al. (2001)9 Calvert et al. (2002)? Atkinson et al. (1994)i, Sander et al. (2003).
1 Rate expression is for 2-methylpentapé®H.

2 Rate expression is for 2,4-dimethylpentan©H.

3 value is generic for-C7 + OH at 298 K.

4 Rate constant is for ethylcyclopentaneOH at 298.

5 Value is generic for- Cg + OH at 298K.

6 value is generic for branched C7 cycloalkanet OH at 298 K.

7 Rate expression is for 1-butereOH.

8 Rate constant is for cyclohexereOH at 298 K.

9 Rate constant is an averagermof and p-xylene+ OH at 298 K.

10 Rate constant is an averagenmof and p-ethyltoluenet+ OH at 298 K.

11 value is generic for an aromatie OH at 298 K.

12 Rate constant is for heptanalOH at 298 K.

13| isted value is at 298 K. In our analysis we use the €QH formulation given in Sander et al. (2003).
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Appendix C

EPA PAMS data set

The US Environmental Protection Agency (EPA) Photo-
chemical Assessment Monitoring Stations (PAMS) net-
work  (http://www.epa.gov/tthamtil/pamsmain.hjmhoni-

tors a variety of organic molecules heavily weighted toward

3395
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, (Ppb ™)
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o
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daily maximum temperature (°C)

q5 20 25 30 35 40

anthropogenic, unfunctionalized hydrocarbons emitted fromFig. D1. POz (ppbh 1) at weekday NQ versus daily maxi-

light-duty vehicles. VOC samples are collectedl times
per day during the summer at three stations in the south
ern SJV: Shafter (35.504, 119.272 W), Golden Street Av-
enue (35.386N, 119.013 W), and Arvin Bear Mountain
Boulevard (35.208N, 118.784 W). We use the median of
all data in a given year collected within the time interval of

10:00-17:00LT, as a result we may include 0, 1, or 2 datay

points from 1, 2, or 3 sites per day. We chose toluene to rep
resent the trend in the temperature-independgMOCR;,
as (a) its daily average reactivity during CalNex-SJV was

mum temperature°C). The solid black curves are the same as
in Fig. 7a—c. The gray curves arBO3 at the high tempera-
ture average (36.4C) VOCR, PHOx, and NO/NQ values with
rate constants that are allowed to be temperature deper(dgnt.
PO3 with temperature-dependent VOCR (NO/N@nd PHOy

are constant)b) POz with temperature-dependeRHOx (VOCR
and NO/NQ are constant)ic) POz with temperature-dependent
O/NOy (VOCR andPHOy are constant).

Appendix D

temperature-independent and (b) it was well sampled by the
PAMS network 2001-2009. We compute the rate of decreasémpacts on P O3 from future changes in PHOy and

of VOCRyolueneto be~6 % yr-1 over this time period.
We use the PAMS 2010 benzene/toluene and
ethane/propane

NO/NOy

ratios (10:00-17:00LT) to scale theln Fig. 7 we tested three primary (direct) emissions control

CalNex-SJV observations of toluene and propane forscenarios. Future changesMHOy and NO/NGQG will also

VOCRpenzeneédanNd VOCR¢hane
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impact P O3, which we did not include in our three scenarios.
Feedback effects result in changes to these parameters but
have little effect on our conclusions. In Fig. DRQO3 is com-
puted both with all parameters varying with temperature (at
weekday NQ) (black) and with constant high-temperature
(36.4°C) average values (the rate coefficients do vary with
temperature) (gray). We test the temperature-dependent vari-
ables separately: VOCR (panel ayHOy (panel b), and
NO/NOx (panel c). First, decreases irg @ecreasePHOy

and increase NO /N For example, allowing &to be 50 %

the HQ, source, a 20 % reduction ing&ffects an approxi-
mately 10 % decrease PHOy. This same decrease iM-
creases NO/N@by 25 % (at 80 ppb @ 5ppb NG, 300K,
andjno, =0.009 s1). The two effects are near equal in mag-
nitude and opposite in sign. Second, VOC emissions reduc-
tions work to decreasBHOy, as HCO is, at some point, an
oxidation product of nearly every organic moleculexd®

is ~25 % of PHOy during CalNex-SJV. If HCO decreases
over the next decade according to Fig. 3, then a 15% de-
crease (the upper bound) ir,80 at high temperatures de-
crease?HOy by less than 5 %, also at high temperatures, an
effect too small to alter our conclusions.
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