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ABSTRACT

High ozone mixing ratios are a serious concern oblip health. While ozone
concentrations are high on weekdays due to antgepo emissions, they are often higher on
weekends despite lower emissions. This phenomé@snbeen named the weekend effect.
This study uses the UCI-CIT air quality model teess the weekend effect in the South Coast
Air Basin (SoCAB) of California. The weekend effast reproduced by the model using an
emissions inventory that includes representativekday and weekend emissions. There are four
main objectives in this study. First, to examine thfluence of renoxification process on the
weekend effect. Second, to quantify the impact etetogeneous/multiphase chlorine reactions
on the weekend effect. Third, to analyze the cbation of distributed generation (DG) to the
weekend effect in the year 2010. Finally, to sttlily consequences of reducing Nénissions
on ozone concentration aloft and the subsequenadmpn the weekend effect. The Caltech
Atmospheric Chemistry Mechanism (CACM), used in WEI-CIT model, is modified to
accommodate these scenarios by introducing newdggtieeous reactions involving nitrogen
oxides and chlorine. The emissions inventory fréma 2003 Air Quality Management Plan is
used to simulate a one-week episode in 2010. Bedemonstrate that both renoxification and
chlorine chemistry lead to a net decrease in therame weekend effect intensity. With the
implementation of DG, the weekend effect intengsgimated for 2010 is significantly lower
than in 1997, although it is still present evenutjio the emissions for 2010 are significantly
lower than in 1997. These results suggest thaSth@AB will still be under a VOC-limited
regime in the year 2010. Emissions from DG contalio a small percentage of the total basin-
wide emissions. In the study of the pollutantdtaline weekend effect is shown to be more
prominent at the layer immediately above the grdendl. The increasing weekend effect from
ground level to altitudes up to 670m is heavilyiltited to the decrease in N®missions and

the increase in the VOC/N@atios in altitudes between 38 — 154m from weekdayveekends.



EXECUTIVE SUMMARY

Several studies have reported decreases in coatieny of ozone precursors on
weekends with respect to weekdays; observed ozoneeantrations, on the other hand, are
higher on weekends than on weekdays. This phenambas been recognized as the ozone
weekend effect. The California Air Resource Boaas lexpressed interest in further exploring
the causes for the weekend effect. This modelindysaddresses issues relating to the weekend
effect by examining four major scenarios. Firsg #ffect of surface-mediated renoxification
reactions is studied. Second, the impact of he&regus chlorine chemistry is examined. Third,
the impacts on ozone formation of the future immatation of distributed generation (DG) in
the South Coast Air Basin (SOCAB) of California endNQ; emissions are redistributed is
explored. Finally, the carryover aloft hypothesisthe weekend is investigated. In this study, the
University of California, Irvine — California Instite of Technology (UCI-CIT) atmospheric
chemical transport model is used. The model empboysupdated version of the CalTech
Atmospheric Chemistry Mechanism (CACM), where thechranism is intended for use in three-
dimensional regional atmospheric models, with ozZimneation and secondary organics aerosol
production.

Modeling results show that the surface-mediatedxiication reactions are found to
increase ozone levels during both weekdays and emekeldays. However, increases in
weekdays are generally larger than weekend incsedsea result, a net decrease in the average
weekend effect intensity is observed with the impmatation of renoxification reaction. The
influence of renoxification on the weekend effeepends on the reaction probabiliBy, of the

reaction
NO + HNQ%,(surface) - NOZ + HONO,

the impact on the weekend effect is significantfdarger than 0.1.

Similarly, the introduction of new chlorine chemysinto the model also leads to a net
decrease in the average weekend effect intensity,tal the greater increase in ozone level on
weekdays compared to weekends. The influence aifriclel chemistry on the weekend effect
depends strongly on the sea-salt source functiam #ctivates the chlorine chemistry. An

amplification factor of 10 for the sea-salt soufoaction produces the best agreement with

Vi



observed chlorine levels in the SoCAB. With respectthe base case, the increase in the
magnitude of the chlorine source decreases thefade average weekend effect intensity by
approximately 30%.

The future scenario of 2010 still exhibits a weeakezifect. However, the estimated
weekend effect intensity is significantly lower théhe observations made in the recent years. If
only considering emissions from DG, then SoCAB wiill be under a VOC-limited regime in
the year 2010 since emissions from DG only contelausmall percentage to the total basin-wide
emissions. However, the future most likely indésathat motor vehicle emissions will be a
driving factor that could move SoCAB out of the Vd@ited regime. Although weekly ozone
concentrations vary within a 3 ppb range, DG enaissido not contribute significantly to the
weekend effect.

Results from the ozone aloft study suggest thaiibekend effect is more prominent in
the layer immediately above the ground level, frddm to 300m. The increase of ozone
concentrations from ground to upper layers coireidith a decrease of N@oncentrations from
ground to upper levels. In areas where the weekéfedt is present, the VOC/N@atios during
the weekdays are lower than on weekends. As theelingddomain approaches the uppermost
layer, no significant weekend effect is observeliclv correspond to the insignificant difference

in VOC/NQO between weekdays and weekends.
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1 INTRODUCTION

The observation that ozone concentrations are higheweekends than on weekdays,
despite lower atmospheric levels of ozone precarsarweekends, has been long recognized as
the ozone weekend effect. Several studies havéyzaah the weekly variation in the
concentration of ozone and its precursors betwieeryeéars of 1981 and 2001 (Qin et al., 2004;
Blanchard and Tanenbaum, 2003; Chinkin et al., 2608ta et al., 2003). These studies report
decreases in concentration of ozone precursors eekemds with respect to weekdays in the
order of 25-41% and 12-30% for nitrogen oxides {N@nd non-methane hydrocarbons
(NMHC), respectively. Data obtained from previatsidies suggest that the most plausible
cause of the weekend effect is the reduction of; M@issions from weekdays to weekends
(Yarwood et al. 2003). Weekly differences in timing of emissions, carry-over of ozone aloft
from weekdays to weekends and lower light scaitedime to lower aerosol concentrations on the
weekends are other causes believed to have a rabigfilnence on the weekend effect.

Fujita et al. (2003) analyzed trends in volatilganic compounds (VOC) to N@atios
from 1981 to 2000, and observed that the reduction¥ OC/NQ ratios were greater in
weekdays than on weekends. Trends in the VOGAMd@o variations lead to lower peak ozone
levels, a shift of the peak concentration in thendim from central areas of Los Angeles to inland
areas towards the eastern portion of the basinaandcrease of the magnitude and spatial extent
of the weekend effect. Qin et al. (2004) analyzked weekday/weekend variation of the
concentration of N@Q NMHC, CO, particulate matter (PM) and ozone ighéimonitoring
stations in the South Coast Air Basin of Califor(@CAB), during the summer months of the
years 1995 to 2001. Analyses on the observatioowesth a prominent weekend effect - more
than 15 ppb increase in ozone concentration frorakdays to weekend - in near downwind
areas of Los Angeles. On the contrary, far dowdwameas and coastal areas showed no
weekend effect.

Limitations in data availability require a thoroydtolistic analysis only feasible with the
help of a state-of-the-science air quality modehgisa comprehensive treatment of the latest
chemistry findings and physical processes. Yarwaioa. (2003) examined the weekend effect
in the South Coast of California using the Compnshe Air Quality Model.



Weekday/weekend differences in emissions were astinby changing the on-road motor
vehicle emissions based upon weekly traffic agtivitYyarwood concluded that ozone increases
during the weekend are mainly due to changes i &l@issions due to VOC-limited regime
predominant in the Los Angeles area.

The California Air Resources Board (CARB) has spantonsiderable amount of
resources on measurements that have charactehizedzione increase. CARB has considered
seven hypotheses that potentially could help tolaaxpthe nature of this phenomenon, and
concluded that five of the seven were plausibldrdmutors to the ozone weekend effects. In the
past, photochemical models have been a crucialtdodévelop control strategies and also to test
hypotheses regarding the formation of pollutantgabal, regional, and local scales.

This modeling study addresses several shortconuhtige preceding works by including
important processes previously ignored and negldayeother researchers. Namely, this work is
the first to include several heterogeneous chemeattions, and be the first to consider the
influence of Distributed Generation (DG) on the ayrcs of ozone formation during weekends
in the South Coast Air Basin of California (SoCAEpecifically, the present work focuses
around four major objectives. First, it examines #ffect of including a series of surface-
mediated renoxification reactions, previously netgd, that have the potential to increase the
availability of NQ, and hence modify ozone formation. Second, it ingates the impacts on the
weekend effect due to ozone increase by heterogsredorine chemistry, particularly in coastal
areas. Third, it explores impacts associated wighimplementation of DG in the SoCAB, which
affects ozone formation on weekends by redistntgutNQ, emissions. Finally, it tests the
carryover aloft hypothesis proposed to explainviieekend effect under a new framework which
includes all the new discoveries described above.

Results from this study will improve the scientifaundation upon which regulators will
base their decisions on emissions controls foraedupeak ambient ozone concentrations. For
instance, the required updates to the State Impigatien Plan, the Low-Emission Vehicle light-
duty vehicle rules, the federal Tier 2 light- anddium-duty vehicle regulations, the heavy-duty
vehicle rules, and the NCBIP must include modeling studies of weekend e@soThus, the

results of this study will be of direct benefitGARB.



2 PREVIOUS WORK ON WEEKEND EFFECT

The observation that ozone concentrations are higheweekends than on weekdays
despite the lower atmospheric levels of ozone pseca on weekends has been long recognized
as the ozone weekend effect. Local air qualityridist and CARB have spent a considerable
amount of resources on measurements that havectfidzad this ozone increase. CARB has
identified seven hypotheses that may explain tieraaf this phenomenon:

1. NOx reduction. Based on well-established; @rmation chemistry, N@reductions in
areas that are VOC-limited increasg fOrmation. On the other hand, N@eductions in
areas that are NQOimited decrease £formation. In the transition region between these
two limiting cases, either VOC or N®eductions will reduce £ The transition region,
however, tends to be a region of maximugf@mation.

2. NOy timing. The timing of NQ emissions on weekends is very different from wegkd
Traffic studies indicate that NGemissions on weekends are substantially lower timan
weekdays for several hours following sunrise. Hosvevnidday vehicle counts are
similar on weekdays and weekends. The,M@ing hypothesis states that later timing of
NO, emission on weekends causes the midday emissignotuce @ more efficiently
compared with NQemitted on weekdays.

3. Carryover near the ground. Increased VOC and NQCemissions from traffic on Friday
and Saturday nights may carry over near ground lewve lead to greater sdormation
after sunrise on the following day.

4. Carryover aloft. The reservoir of pollutants that is carried oadrove the nocturnal
boundary layer may exert a greater influence onkesmes than on weekdays for; O
surface concentrations.

5. Increased weekend emissions. Higher weekend ©levels may be caused by increased
emissions from activities that occur more ofterw@ekends than on weekdays.

6. Increased sunlight caused by decreased soot emissions. Since sambaldgV sunlight,
it reduces the incoming solar radiation needednitate the @ formation cycle. The
lower levels of soot from heavy-duty trucks on weailts may result in increased UV

sunlight near ground level and hence greatgio@nation.
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7. Ozone quenching: This assumes that NO emissions during the moraneggreater on
weekdays than on weekends and that they destrog afdhe available ozone in the layer
of air near the ground where air monitoring instemms are located. Thus, ozone is
suppressed more and ozone formation is retardede roor weekdays compared to
weekends, leading to the weekend effect.

Among the seven hypotheses, many studies basedistoridal measurements and
modeling studies suggest that the factor statedhen first hypothesis — reduction of NO
emissions from weekdays to weekends — is the maisec of the weekend effect. The factors
considered in the other hypotheses have a limitddence on weekday-weekend variations in

0zone concentration.

2.1 Historical data

Several studies have analyzed the weekly variatidhe concentration of ozone and its
precursors between the years of 1981 and 2001 €Qal., 2004; Blanchard and Tanenbaum,
2003; Chinkin et al., 2003; Fujita et al., 2003.hese previous studies report decreases in
concentration of ozone precursors on weekendsresipect to weekdays on the order of 25-40%
and 10-30% for NQand NMHC, respectively.

Fujita et al. analyzed trends in VOC/N@tios from 1981 to 2000, and observed that
reductions in VOC/NQratios were greater on weekdays than on weekdngga et al., 2003).
These reductions resulted in higher VOCiN@tios on weekends with respect to weekdays.
These trends in VOC/NQatios have led to lower peak @vels, a shift of the peak from central
areas of Los Angeles to inland areas towards theaportion of the basin, and an increase of
the magnitude and spatial extent of the weekereteff

Qin et al. analyzed the weekday/weekend variatioth@ concentration of NQ NMHC,
CO, PM and ozone in eight monitoring stations ia Bouth Coast Air Basin of California,
during the summer months of the years 1995 to 2@t et al., 2004). This variation was
examined at the early morning rush hour (5:00 -©0@&0n.) and in the afternoon peak ozone
hour. Analyses on the observations showed no wek&tect (less than 5 ppb difference) in two
monitoring stations: Hawthorne, upwind from centtals Angeles near the coast, and Palm

Springs, far downwind from Los Angeles. Moderateekend effect (less than 15 ppb
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difference) was observed at three stations: Downtbwes Angeles, Santa Clarita and Burbank,
which are all in the western half of the basin.ndfly, three stations showed an intensive
weekend effect (more than 15 ppb difference). Rogera, Azusa and Fontana, which all are
downwind stations with respect to downtown Los Aege

The current study investigates the concentrationriberia pollutants at the same
monitoring stations considered by Qin et al. (20@@ditionally, this study extends the analysis

to the entire modeling domain.
2.2 Previous work on modeling the weekend effect

A previous study was conducted to analyze the weladfect in the South Coast of
California using a modeling approach. Yarwood let(2003) used the Comprehensive Air
Quality Model with extensions and the meteorologeg@isode of August 3-7, 1997 (Sunday to
Thursday) (Yarwood et al., 2003). Emissions ed@saelaborated by the CARB for
Wednesday, August 6, were used as baseline enss$wnweekdays. Weekday/weekend
differences in emissions were estimated by chantfiagon-road motor vehicle emissions based
upon weekly traffic activity. The estimated cham@ge NOQ, emissions with respect to weekday
emissions were 5% increase on Friday, 27% dec@maSaturday and 37% decrease on Sunday.
For VOC, the estimated changes with respect to Myptichursday emissions were 8% increase
on Friday, 8% decrease on Saturday and 15% decoeaSenday. This study used the original
5-day, Sunday through Thursday meteorology for pothetical Thursday through Monday
episode. Then, the simulation results of this hiyptical episode were compared with the
original one to determine weekday/weekend diffeesncResults showed that the mass
differences in pollutant emissions explained wed tveekend effect. Timing in motor vehicle
emissions was also analyzed, but it was found @ leaminor influence on the weekend effect
compared to the change in mass. Likewise, reshitsved that the lower light scattering on
weekends due to lower PM concentrations had limitétience on ozone concentrations.
Therefore, ozone increases during the weekend adyrdue to reductions in NGmissions in

a predominantly VOC-limited ozone formation regiméhe Los Angeles area.
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3 APPROACH TO SIMULATE THE WEEKEND EFFECT

Based on results from previous studies, the mosgiortant factor that produces the
weekend effect is the difference in total emissite$ween weekdays and weekends. The
approach in this study is to use one-day meteoyadsgthe baseline meteorology for a period of
two weeks. In this way, simulation results ardated from the effect of meteorology. This
hypothetic meteorological episode is used in cartjon with a set of emissions that reflects the

variation between weekdays and weekends.

3.1 Model Formulation

The California Institute of Technology (CIT) atmbspic chemical transport model is
used to analyze the air quality in the South CéasBasin of California (SoCAB). The three-
dimensional CIT model simulates the conditions @nésduring the South Coast Air Quality
Study (SCAQS) on August 27-28, 1987 (Meng et &98). The model solves numerically the
transport diffusion equation for gas and aerosalsghspecies, predicting the temporal and spatial

evolution of concentrations in atmosphere,

ac"
ot

+udC™ = O(KOC™) + R™(C,t,T) + E™(x,t) - S™(x,1) (Eq. 1)

whereC is concentrationi, is an index for chemical species ands the aerosol size. Time and
spatial coordinates are represented bpdx respectivelyu is the wind field component& is
the eddy diffusivity tensorR is the net chemical production or loss of specis] T is the
temperaturekE andSrepresent the emission and removal fluxes of sgaeispectively.

The computational domain, shown in Figure 1, cquoesls to an irregular region
composed of 994 columns of cells. Each column spords to a 5 km by 5 km region in the x,
y plane and extends 1100m in height. The columaspartitioned into 5 cells in the vertical
direction.

The CIT model includes the CalTech Atmospheric Gisayn Mechanism (CACM)
(Griffin et al.,, 2002a; Pun et al., 2002; Griffin al., 2002b). This chemical mechanism is
intended for use in three-dimensional urban/rediatrmospheric models, withs@ormation and

secondary organics aerosol (SOA) production. CAG@KIudes 191 species and 361 reactions
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attaining an accurate description of the chemicatg@sses. The model also includes some new
refinements to minimize influence of initial condits in the results. Table 1 summarizes the
boundary conditions used in this study. The vahfethe boundary concentrations tend to affect
only the computational cells near the boundaryhef domain. Carreras-Sospedra et al. (2006)
showed that boundary conditions do not impact thsibwide peak ozone concentration

significantly.
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Figure 1. Computational domain of the CIT Airshed Model thepresents the South
Coast Air Basin of California.
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Table 1. Boundary conditions used for the simulations of 8tudy (in ppb).

Vertical layer in model

Surface Level 2 Level 3 Level 4 Level 5
Species Boundary (0-38m) (38-154m) (154-308m) (308-671m) (671-1100m)
NO, N, S, W 1 1 1 1 1
NO; E ag aq 1 1 1
NO N, S, W 1 1 1 1 1
NO E aq aq 1 1 1
Os N aq 70 70 70 60
O3 E aq aq 60 70 70
O3 S, W 40 40 40 40 40
RHC® N aq 100 100 100 100
RHC E aq aq 100 100 100
RHC S, W 100 100 100 100 100
HCHO N, E aqg aq 3 3 3
HCHO S, W 3 3 3 3 3
ALD2° N, E aq aq 5 5 5
ALD2 S, W 5 5 5 5 5
MEK? N, E aq aq 4 4 4
MEK S, W 4 4 4 4 4
CO N, E aq 200 200 200 200
CO S, W 200 200 200 200 200

%aq refers to values based upon measurements abimsg Aug 27-29 1987 SCAQS episode. These values are
scaled down so that the maximum boundary valu@G@spbb of ozone.

PRHC = Reactive Hydrocarbons

‘ALD2 = Aldehydes with two or more carbons

IMEK = Methyl ethyl ketone and other ketones witgher number of carbons

®N = north, S = south, E = east, W = west

3.2 Meteorological Episodes

The Southern California Air Quality Study (SCAQSasva comprehensive campaign of
atmospheric measurements that took place in thdo@ah South Coast Air Basin (SoCAB),
during August 27-29, 1987. The study collectedderesive set of meteorological and air quality
data that has been used widely to validate airityualodels (Meng et al., 1998; Griffin et al.,
2002a; Pun et al., 2002; Griffin et al., 2002b, Ma@t al., 2002; Knipping and Dabdub, 2002).

Temporal and spatial distribution of temperaturamidity and vertical wind profiles were
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obtained during SCAQS. These measurements are abis fior a complete set of gridded
meteorological data used in air quality simulatiadasldin et al. (1990) conducted an assessment
of the representativeness of meteorological andjaality data for the 1987 SCAQS episode.
Zeldin et al. (1990) found that August 28, 1987respnts a ‘reasonable central met-class
tendency’, which makes it suitable for modelingx atldition, the August 27-28, 1987 episode is
statistically within the top 10% of severe ozonatitng meteorological conditionsurthermore,
this episode was also used by the South Coast Aality Management District of California
(SCAQMD). Hence, meteorological conditions for Aigy 28 are appropriate to use as a basis
for evaluating the weekend effect.
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Figure 2. An overlay of the terrain elevation data and windfites at 2 p.m. for (a)
August 28, 1987 and (b) September 9, 1993 in thehSGoast Air Basin of
California. Wind speed decreases near the baseeghbuntain ranges.

The typical dominant direction of winds in the SoE#s from west to east during the
day. The San Gabriel and San Bernardino Mountamms fa natural barrier that enhances
accumulation of air pollutants in downwind locasorke Riverside and San Bernardino. Figure
2 shows increases in wind velocity from Los AngeBesunty toward Inland Empire locations,
such as Riverside, leading to decreases in windcitgl at the base of the mountain ranges,
confirming the blocking effects of natural barriehs addition, the typically warm and sunny

conditions in the interior of the basin favor tleerhation of photochemical smog and ozone.
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The SCAQS episode of August 27-29, 1987 was cheniaetd by a weak onshore
pressure gradient and warming temperatures aldi. Wind flow was characterized by a sea
breeze during the day and a weak land-mountainzbraé night, as shown in Figure 2a. The
presence of a well-defined diurnal inversion lagethe top of neutral and unstable layers near
the surface, along with a slightly stable noctuts@lndary layer, facilitated the accumulation of
pollutants over the SOCAB, and the occurrence @i loizone concentration.

An alternative meteorological episode — Septemhed®®3 — is used only in two
scenarios to determine the influence of meteorotmyyhe prediction of the weekend effect: one
is the base case scenario, and the other is tlifieation scenario. The meteorology used in
each scenario is indicated along with the graphregresentation of modeling results. The
September 9, 1993 episode was used previously iiynGat al. (2002b) to validate the CACM
mechanism. The features of this episode are ctesized by slow winds and slightly higher
temperatures than in the August 27-29, 1987 episddeaddition, the direction of the wind is
predominantly towards the eastern desert, as sihoWwigure 2b. These conditions lead to some

of the highest ozone concentrations in 1993.

3.3 Emission Inventory

The emission inventory used in this study is theyust 3-7, 1997 episode used in the
2003 Air Quality Management Plan designed by thetlsdCoast Air Quality Management
District of California (SCAQMD). These emissionsr&eised to validate the performance of the
model used in the AQMP, and include emissions fi®amday through Thursday (August 3
through 7). The approach in the current studyoisun the model using emissions from a
representative weekday for five days (Monday thlodkgiday), then use emissions from a
representative weekend day for two more days (8ayuand Sunday). More specifically, this
study uses Wednesday, August 6 as baseline enmssfionveekdays, and Sunday, August 3 as
baseline emissions for weekend days. Table 2 skimavsharacteristic reduction of both Nénd

VOC emissions from the chosen weekday episodectchlibsen weekend episode.
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Table 2. Weekday-weekend basin-wide emissions of ozone mersiin the South

Coast Air Basin of California in 1997 (tons/day).

Wednesday Sunday
(August 6)  (August 3) Reduction (%)

NOx 862 636 26
VOC 1557 1472 5

Emissions of N@Q and VOC during weekdays follow a different tempopaofile
compared to weekend emissions. As shown in Figuréuring morning and afternoon rush
hours on weekdays (6:00 — 8:00 a.m. and 3:00 — p:00) emissions are significantly higher
than on weekends. This indicates that the maitofahat contributes to the difference in
emissions between weekdays and weekends is traffiwity, which agrees with previous
findings (Yarwood et al., 2003). Despite the digant differences in temporal profiles,
Yarwood et al. (2003) showed that the main fadbat tontributes to the weekend effect is the

difference in total mass of emissions.
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Figure 3. (a) Baseline NQ and (b) VOC emissions in selected grid cells. &éhe:
Palm Springs (PLSP); dotted line: Azusa (AZUS);dakline: Central Los
Angeles (CELA). First 24 hours correspond to emissi estimates for
Wednesday, August 6, 1997. From hour 24 to houedgssions estimates for
Sunday, August 3, 1997.
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4 BASELINE WEEKEND EFFECT

Following the methodology proposed by Qin et al042), the weekend effect is analyzed

by examining the difference in peak ozone mixirtgpsa
AO5(X) = AOz wd X) - AO3 yi( X) (Eg. 2)

where X is any cell in the domain,Qx is the daily 24-hour peak ozone concentration average
through the five weekdays,sQe is the daily 24-hour peak ozone concentrationagyest through
the two weekend days, andD; is the weekday to weekend change in peak ozortee weekend
effect intensity)we, is defined by the criteria suggested by Qin e(2104) based on the weekday
to weekend change in peak ozone, shown in Tablén3he case where the weekday to weekend
change in peak ozone decreases, or in other wafdsis negative, regardless of the magnitude,
it is classified as no weekend effect. The weekeffielct is defined by the increase of ozone

concentrations from weekdays to weekend only.

Table 3. Criteria used to quantify the intensity of the wexdt effect at a given location.

AQOj3 lwe Classification
AOz > 15 ppb Intense
15ppb > AO; >5ppb Moderate
5 ppb >AO3 No effect

Based on the criteria presented in Table 3, there¢hsiee monitoring stations that exhibit
no weekend effect: two locations due west fromdéetral part of the basin, Santa Clarita and
Hawthorne, and one location far downwind from LomgAles, Palm Springs. The ozone
concentrations reported in Qin et al. (2004) agmificantly lower than the ones reported here,
because Qin et al. (2004) reported average valuesgdseven consecutive summers. However,
the results presented here showing that upwindfandownwind locations do not exhibit the
ozone weekend effect are in good agreement witkettastorical values. Similarly, results in
Table 4 show that stations located downwind of im@ar Los Angeles — Pico Rivera and Azusa —
present an intense weekend effect, as reportednireal. (2004). On the other hand, stations

located in Burbank and in downtown Los Angeles gisesent an intensive weekend effect,

19



unlike historical values, which show an overall rade weekend effect at these locations. In
addition, the station located in Fontana, farthewwmwind than Azusa, exhibited a moderate
weekend effect, which disagrees with the overaknsive magnitude reported by Qin et al.
(2004). This particular disagreement found in¢herent work might be caused by the use of a
specific meteorological episode. The episode bszd probably is more stagnant than average
meteorological conditions in the basin. These ¢ lead to higher pollutant concentrations
and hence, greater ozone formation than in theageeconditions. As a result, pollutants are
accumulated near a major source region of emissiongar central Los Angeles — and the
weekend effect in this episode is more intensieseal to the central part of Los Angeles than in
average conditions. Figure 4a show the intenditthe weekend effect in the entire SOCAB
basin, based on the meteorological profile from7198he strongest weekend effect occurs in
the north central region of the basin, around Lageles, Burbank, Pico Rivera and Azusa. On
the other hand, most of the eastern part of thmlsg®ws no weekend effect. Figure 4b shows
the intensity of the weekend effect using anothetemrological episode (September 9, 1993).
This episode was characterized by higher tempeasthian in the 1987 episode.

In addition, the prevailing wind on September 993 9vas blowing towards the east or
the south-east, whereas in the 1987 episode wa®mieantly towards the north-east, as seen
previously in Figure 2. The average magnitude haf basin wind field in 1993 episode is
significantly greater than 1987 episode, which Is&e seen in Figure 2. As a result, the
weekend effect in the 1993 episode is stronger imdine 1987 episode. The weekend effect is
also spread over a large area of the eastern ptre @domain with the 1993 episode, in part due

to the direction of the wind.

CLARg7 FONT

(b)

Figure 4. Baseline weekend effect: (a) August 28, 1987 metegy, (b) September 9,
1993 meteorology.
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Table 4. Weekday-weekend differences in criteria pollutamiaentrations simulated for
one week using meteorological conditions of Auge®t 1987, for the entire
week, without renoxification.

Morning Afternoon
Station Weekday  Weekend DifferenceWeekday Weekend Difference
(%) (%)

Santa Clarita

NEWL O; (ppb) -- -- -- 166 167 1
NOx (ppb) 46 34 -26 21 12 -45
NMOC (ppbC) 121 120 -1 627 531 -15
CO (ppb) 1237 1272 3 1712 1336 -22

Hawthorne

HAWT Oz (ppb) -- -- -- 55 57 2
NOx (ppb) 331 288 -13 25 24 -2
NMOC (ppbC) 152 153 1 197 199 1
CO (ppb) 1110 1047 -6 378 400 6

Burbank

BURK O; (ppb) -- -- -- 92 122 32
NOx (ppb) 181 131 -27 48 30 -38
NMOC (ppbC) 136 140 3 518 446 -14
CO (ppb) 1743 1934 11 1435 1198 -17

L.A. Downtown

CELA O; (ppb) -- -- -- 60 82 38
NOx (ppb) 269 188 -30 81 53 -35
NMOC (ppbC) 157 161 3 451 416 -8
CO (ppb) 2231 2458 10 1110 1025 -8

Pico Rivera

PICO Q& (ppb) -- -- -- 92 120 29
NOx (ppb) 253 195 -23 42 26 -37
NMOC (ppbC) 148 148 0 461 389 -16
CO (ppb) 2101 2310 10 1271 1020 -20

Azusa

AZUS O; (ppb) -- -- -- 67 95 42
NOx (ppb) 236 171 -28 59 34 -42
NMOC (ppbC) 137 141 3 415 354 -15
CO (ppb) 2367 2526 7 1164 962 -17

Fontana

FONT O, (ppb) -- -- -- 148 156 5
NOx (ppb) 250 149 -40 29 21 -27
NMOC (ppbC) 79 78 -2 305 289 -5
CO (ppb) 1347 1342 -0 779 772 -1

Palm Sporings

PLSP Q (ppb) 106 120 14 146 146 1
NOx (ppb) 20 7 -65 13 7 -45
NMOC (ppbC) 32 31 -3 180 181 1
CO (ppb) 692 648 -6 214 220 3
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Table 4 shows the concentration of selected aiteoilutants in the early morning and in

the afternoon at selected monitoring stations. déscribed in Qin et a(2004), concentrations

of NMOC and CO in the morning correspond to conegians at 5:00 a.m. Due to the light

dependency of © NO, and PM,, morning concentrations of these species are thio8®0 a.m.,

when light scatter data is available. Reportedrafion concentrations for NMOC, CO and

PMjo were from 2:00 p.m.; £and NQ concentrations were reported at peak ozone hour.
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Figure 5. Weekend effect intensity in the South Coast AiriBas California, using
meteorological conditions of August 28, 1987, basaddifference between

the

24-hour average ozone concentration of theviwekend days and 24-

hour average ozone concentration of the weekdagraius height levels. (a)

Ground level (Om to 38m), (b) 38m to 154m, (c) 154n808m, (d) 308m to
671m, (e) 671m to 1100m.
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(e)
.
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Figure 6. Weekend effect intensity in the South Coast AiriBasf California, using
meteorological conditions of August 28, 1987, basaddifference between
the average daily-maximum ozone concentration ®two weekend days and
average daily-maximum ozone concentration of thie Weekdays at various
height levels. (a) Ground level (Om to 38m), (b)B& 154m, (c) 154m to
308m, (d) 308m to 671m, (e) 671m to 1100m.

The ozone concentration at upper layers above rivend level (0 — 38m) of the base
case model is analyzed to gain further insighttherpossible contribution to the weekend effect
by ozone aloft. Figure 5 shows the intensity @f Weekend effect at five different height levels,
based on the daily average ozone concentratioheofveekday versus the weekend. Figure 6,
on the other hand, shows the weekend effect irniertsilculated by subtracting the peak
concentrations of weekday from peak concentratauring the weekend. The results suggest

that the weekend effect is actually more prominerthe layers immediately above the ground
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level, where “intense” weekend effect is observedraater number of locations. The overall
weekend effect intensity diminishes again with itiirease in height above the mid-layers of the
model. This new discovery provides motivation ¢gj@#re a better understanding of the upper

troposphere. A further investigation of the ozdgeamics aloft is presented in Section 8.
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5 EFFECTS OF RENOXIFICATION ON THE WEEKEND EFFECT

The process of renoxificaton is the heterogeneeastion of nitric oxide (NO) and nitric

acid (HNQ) that is deposited on surfaces

NO + HNO; (surface— NO2 + HONO (R1)
The renoxification reaction increases the concénotrdevels of nitrogen dioxide, thus impacting
the ozone formation cycle as well as the dynamicaoid rain. Furthermore, R1 produces
HONO which can be a significant contributor to Cddlicals during daytime.

More than five decades of laboratory studies hakews the importance of the
renoxification process. Smith (1947) detected dase reaction dependent on water vapor
when studying gas-phase reactions of NO and EINDespite the long history of renoxification
studies, the full details of the heterogeneous a$teynoccurring at the molecular level are still
not well understood.

Recent studies by Mochida and Finlayson-Pitts (2008ed transmission Fourier
transform infrared (FTIR) spectroscopy at room temafure to quantify the production of h@&s
the major product of R1. They used NO concentnatiour orders of magnitude higher than in
polluted atmospheres. The same techniques weeatexpby Saliba et al. (2000) but using NO
concentrations 2 orders of magnitude higher tharpotiuted atmospheres. Their findings
confirm that R1 could be a significant source of NM®in the troposphere. Saliba et al. (2001)
studied the impact of surface water coverage orkitetics of R1. These studies conclude that
R1 is a potentially important reaction in the urlzamosphere (due the high availability of glass
surfaces) and in the free troposphere (due to igje dvailability of dust particles). However,
Kleffmann et al. (2004) studied reaction R1 und€ dbncentrations lower than 10 ppm using a
chemiluminescence NOmonitor, and suggested that the contribution of iRinsignificant.
From the modeling perspective, Knipping and Dab¢2002a) studied the influence of the
renoxification reaction on urban ozone concentralavels using a three-dimensional air quality
model and showed that including renoxification @sses increases the predicted ozone peaks

and improves the agreement with observed values.
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One of the main factors that contribute to the veeekeffect is the decrease in NO
emissions that occur from weekdays to weekendswet®NQ, concentrations in weekends, due
to lower NQ emissions, reduce ozone titration with NO, andckedo not suppress ozone
concentrations as much several previous studidgzathacapability of the model to simulate the
weekend effect (Marr and Harley, 2002; Yarwood kt 2003). However, none of them
considered renoxification.  Since concentrations afone and NQ are affected by
renoxification, this study quantifies the effect refaction (R1) in the prediction of the ozone
weekend effect.

Indirectly, renoxification reactions can also affether secondary pollutants. Meng et
al. (1997) discussed the direct coupling betweemoapheric ozone and PM chemistry. The
mass of airborne PM is driven by gas-to-particlecggs conversions and depends on thg NO
and VOC gas-phase chemistry that leads to the tovmaf ozone. Therefore, changes in the
ozone formation cycle produced by nitrogen regdi@racan imply important variations in the
atmospheric aerosol levels. However, these potasttenges have not been thoroughly studied.

Regenerated nitrogen may increase acid nitric curaons via reaction (R1). HNO
can deposit on surfaces or partition to the aerpBake. The gas-phase conversion of BIND

aerosol ammonium nitrate occurs by means of therséie reaction:
NH3 + HNO; <> NH4NO3 ) (R2)

where (p) denotes particulate phase (Seinfeld amdliB, 1999). NENOs, which can exist as a
solid particle or in solution, has an affinity fdry deposition an order of magnitude lower than
that of HNQ (Davidson and Wu, 1990). Therefore, ammonia pysamportant role on the
airborne lifetime of nitrate. At low Nilconcentrations, most of the nitrate remains inghs
phase as HN§where it is subject to effective dry deposition.

In contrast, at high concentrations of jHkhost of the total nitrate is converted to the
aerosol-phase, increasing the lifetime of nitrogethe troposphere. Thus, areas with highsNH
concentrations are more predisposed to have higfateni aerosol peaks. The proposed
renoxification mechanism might indirectly influenparticulate matter nitrate levels. Reactive

deposited HN@ regenerates nitrogen oxides, increases kiM®els in gas phase and, as a
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consequence, NfNIO; aerosol concentrations. This work analyzes anatifies the effect of
these renoxification reactions on nitrate conceiama in the atmosphere.

Finally, this section analyzes modeled weekly \aores in ozone concentration. In areas
with high levels of N@ emissions, such as the South Coast Air Basin dfd@aa, ozone
concentrations on weekends is statistically highan during weekdays, despite the decrease in
daily emissions. The present work analyzes thecefff including renoxification on modeling

the weekend effect.

5.1 Model Formulation

Reaction (R1) is included in the model to analygeeffect on predicted concentrations in
the 1987 episode. As proposed by Knipping and Dab@002), the rate of this reaction is
determined by evaluating the deposition rate ofgfesse nitric acid and the surface contact rate
of nitric oxide. The minimum of these two procesdesded by the height of the ground level
layer is used as an approximation for the rencaii reaction rate. The chemical species
produced by this reaction are released to the gasep Additional processes involving HONO
has not been included in the simulation.

While Rivera-Figueroa et al. (2003) proposed a ability P = 6 x 10° for renoxification
reaction (R1) on silica surfaces, Kleffmann et(2D04) suggested that the probability of the
heterogeneous reaction between deposited nitrit @uid nitrogen oxides might be lower than
such values. This disagreement in the scientdiormunity about the exact value of the reaction
probability shows the necessity of more experinlestiadies to understand this heterogeneous
reaction and determine its probability on differenirfaces. Rivera-Figueroa et al. (2003)
suggested that sand can reach a specific surfage air0.2-3 x 1bcn? per cnf of cross-
sectional area, which would increase the net pribityabf the reaction by 2,000 to 30,000 times.
Future analysis of renoxification reaction betw®&d and deposited HN xthrough laboratory
experiments could improve our understanding of phecess and provide valuable data for
chemistry models.

Due to inherent uncertainties in the kinetic dait@, present work considers a reaction
probability ranging fromP=0.001 toP=1 to analyze the effect of renoxification on ozone

concentrations, as shown in Table 6. While evesaation probability oP=0.001 may appear
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to be an over estimate, many uncertainties sughestto be a conservative implementation.
Additional surfaces on urban areas and aerosolfacguroughness, land use, accumulation of
deposited nitric acid and particulate nitrate acens of the unpredictable aspects in the
simulation that can lead to an under predictiornihef extent of renoxification. Because of the
uncertainty present in the renoxification probapilihis study analyses a range of probabilities to

examine fully the potential impact of renoxification the weekend effect.

5.2 Results

5.2.1 Effects of Renoxification on Ozone Concentration

The influence of the renoxification mechanism oedicted concentrations of;@nd PM
is analyzed in this work using the three-dimendiddd Airshed model. Simulations of base
case for the August 27-28th, 1987 episode are cadpaith results of the renoxification case.
The analysis focused on three cities: Los Angef@sremont and Riverside. Los Angeles,
situated near the coast, has a low VOCiN@tio typical of polluted urban centers. In costra
Claremont and Riverside are located inland and showWigher VOC/NQ ratio typical of
suburban areas. Differences in the emissions aethocations, their different geographical
location and the transport produced by meteorofdgionditions dictate the different pollutant
dynamics that occur in these three cities. As showFigure 2a, the overall wind circulation
transports pollutants from Central Los Angeles talsathe mountains in the northeast. The
wind speed decreases at the base of the mountatognalating pollutants in areas such as
Claremont and Riverside. As a result, ozone canagons in Claremont and Riverside are
typically higher than in Central Los Angeles duddoal formation and transport from upwind
sources.

In Figure 7, the modeled ;Gconcentrations at ground level for the base caskthe
renoxification case are compared to observed cdratems in Central Los Angeles, Claremont
and Riverside. Results show a reasonable agredmetnten ozone simulations and observed
data. Some differences exist in the exact time wbewne concentration starts growing and
decaying. In spite of these differences producedhbyuncertainties in the solar radiation field

and measurements, maximum concentrations are argemell-predicted.
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Figure 7. Observed and predicted; ©oncentrations in downtown (central) Los Angeles,
Claremont and Riverside, California, for August Z&- 1987; solid line:
basecase; dashed line: renoxification; circlesenlagions.

Maximum G concentrations in Claremont and Riverside aredwimse in Central Los
Angeles, significantly exceeding the California Aert Air Quality Standard (90 ppb). Ozone
peaks increase up to 30 ppb when the renoxificatiechanism is included in the model. This
increase improves the agreement with measuremerntss Angeles and Claremont, especially
during the second day of the simulation. The infexaion of the ozone formation cycle is
produced by the existence of two potential new treaaoutes producing NO conversion of

NO to NG at the surface defined by reaction (R1) and plgeeciation of nitrous acid to form
NO and OH.
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Table 5 shows the 1-hour average maximum predictettentration in Riverside for
different chemical species in the base case andeexification case with probabiliti=1.
These values represent the upper bounds for teetedf renoxification on the nitrogen species.
As P decreases from 1 to 0.001, the concentrabbmétrogen species tend to be closer to the
values obtained from the base case without rermatibn. For the case with P=0.001,
concentration of @and nitrogen species in Riverside are virtually #ame as in the base case
(with P=0), although simulation results show snditferences in concentrations in other areas.
Concentrations of nitrogen-containing species m rgnoxification case are higher than in the
base case. This is due to the limitation of HNf@position, which acts as a termination reaction
for the ozone and N(rycle. Renoxification increases recirculatiorN@, and hence, increases

concentration of nitrogen-containing species.

Table 5. Simulated maximum 1-hour concentration of sele@elfitants in Riverside
on August 28, 1987, for the base case and the ffesaddon case with reaction

probability P=1.

Maximum 1-hour Concentration

(ppDb)
Species Base Case Renoxification
O3 255 273
NO; 86 88
HONO 4 10
HNO3 15 21
N2Os 1 2
NO; 3.6 10° 4.7 10°
OH 2.310° 2.6 10"

The difference between concentrations in renoxificeand base simulations normalized
by the maximum concentration in the base case @wvishin Figure 8. Predicted relative
differences for N@ concentrations exhibit limited variance. Never#issl the increase of ozone
produced by the renoxification reaction accelerttesnight-time formation of the nitrate radical

(NOs). The daytime concentration of the nitrate radstalys low because of its rapid photolysis.
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However, at night, N@levels reach maximum values, becoming a majorribrtor to the

chemistry of organics in the troposphere (FinlayBdts and Pitts, 2000).
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Figure 8. Relative change (RC) between renoxification andebease in Riverside,
California, on August 27-28, 1987. The values (R@) calculated with the
following expressionRC; = (Ci renox — Ci pase)/MaX(Ci pase), WhereC; renox IS the
concentration of speciesn the renoxification cas€; pase iS the concentration
of species in the base case, and M@xfs) IS the maximum concentration of
species in the base case.
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NO; also reacts with N&xo form N.Os, a nighttime reservoir of reactive nitrogen. Dae t
these reactions, the peaks Ndifferences occur with peaks oL@ and minimums of Ng@ as
shown in Figure 8. High HONO concentrations arentbin the renoxification simulation. The
maximum concentrations are an order of magnitudghéri than the base-case peaks. The
maximum difference occurs just before sunrise tidering daylight;, HONO photolyzes,

producing OH and dropping to its daily minimum.

5.2.2 Effects of Renoxification on the Weekend Effect

Table 6 shows the results of the simulation ofgame fictitious case as in Table 4, but
including the renoxification reaction (R1) with aaction probability of P=1. These values
represent the bounds for the effect of renoxifamati As P decreases from 1 to 0.001, the
concentrations of nitrogen species tend to be cltsehe values obtained base case without
renoxification. Overall, peak ozone concentrationR1 increases at all stations on both
weekdays and weekends, with respect to the base c@sly in Hawthorne is the change in peak
ozone concentration smaller than 1 ppb. At thé ofsmonitoring stations, peak ozone
concentration increases with respect to the basewwéhout renoxification by 10-14 ppb during
weekdays and by 7-17 ppb during the weekend. Rio@tion increases ozone concentrations
due to reintroduction of NOfrom nitric acid deposited on surfaces. As shawiiable 6, the
concentration of NQin the case with renoxification is slightly higheith respect to the base
case at all stations, except central Los AngelesHawthorne. In these two locations, direct
emissions of NQare very high and dominate over the formation @iNue to the chemical
reactions. On the other hand, concentrations géroc compounds in the renoxification case
are lower than in the base case, due to highereozoncentrations and hence higher oxidative
capacity of the urban atmosphere.

Although ozone concentrations generally increas¢éhén basin due to the renoxification
reaction, these increases occur equally during daek and weekends. As a result, the
magnitude of the weekend effect — as measuredqurslyi as intense, moderate or non-existing —
does not change significantly when the renoxifaatreaction is included in the chemical
mechanism. As shown in Table 6, locations in Azi&abank, Central Los Angeles and Pico

Rivera present an extreme weekend effect where&mana, Hawthorne, Santa Clarita and
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Palm Springs the increase in ozone concentratioweskends with respect to weekdays is less
than 5 ppb. Overall, the simulation with a reniwafion probability ofP=1 produced a 2%
decrease idOs; from the base case simulation.

Table 6. Weekday-weekend differences in criteria pollutammaentration simulated for

one week using meteorological conditions of Auge8t 1987, for the entire
week, using renoxification with reaction probalyilR=1.

Morning Afternoon
Station Weekday  Weekend Difference Weekday =~ Weekend Difference
(%) (%)
NEWL O; (ppb) - - - 180 184 3
NOx (ppb) 47 34 -27 24 16 -32
NMOC (ppbC) 121 119 -1 605 515 -15
CO (ppb) 1237 1272 3 1710 1334 -22
HAWT O3 (ppb) - - - 56 57 2
NOx (ppb) 331 288 -13 25 24 -2
NMOC (ppbC) 152 153 1 197 200 1
CO (ppb) 1110 1047 -6 378 400 6
BURK O; (ppb) - - - 105 133 27
NOx (ppb) 180 130 -28 50 33 -33
NMOC (ppbC) 136 140 3 506 439 -13
CO (ppb) 1743 1934 11 1434 1198 -17
CELA O; (ppb) - - - 70 92 32
NOx (ppb) 269 188 -30 81 53 -35
NMOC (ppbC) 157 161 3 443 410 -8
CO (ppb) 2231 2458 10 1109 1024 -8
PICO Q (ppb) - - - 102 127 25
NOx (ppb) 252 194 -23 48 27 -44
NMOC (ppbC) 148 148 0 453 384 -15
CO (ppb) 2101 2310 10 1270 1019 -20
AZUS O; (ppb) - - - 80 109 36
NOx (ppb) 234 169 -28 66 41 -38
NMOC (ppbC) 137 140 3 407 349 -14
CO (ppb) 2367 2524 7 1163 961 -17
FONT O (ppb) - - - 158 164 4
NOx (ppb) 248 146 -41 30 22 -26
NMOC (ppbC) 79 77 -2 303 288 -5
CO (ppb) 1346 1342 -0 778 771 -1
PLSP  Q (ppb) 113 131 16 156 160 3
NOx (ppb) 20 7 -66 14 8 -39
NMOC (ppbC) 32 31 -3 180 182 1
CO (ppb) 690 646 -6 214 220 3
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Figure 9d through Figure 9g show the weekend effegensity with reaction probability
of P=0.001, 0.01, 0.1 and 1. FB=0.001 and 0.01, the renoxification reaction doesaifect
the overall weekend effect throughout the basirendXification reaction witiP=0.1 causes
slight changes to the weekend effect intensity wearsa and Fontana. Finally, including the
renoxification reaction withlP=1 increases the intensity of the weekend effedb@ations near
Azusa, Claremont, Fontana and Riverside, in additio locations near the north eastern
boundary. These increases in intensity of the emekeffect are due to the increase inyNO
concentrations due to reaction (R1), which redubesVOC/NQ ratio. Reducing VOC/NQ
due to the renoxification reaction produces a Mé@C-limited regime than in the base case.
As a result, decreases in N@missions from weekdays to weekends produce langezases in
ozone concentration. However, the changes in V@g/Mue to renoxification are only
noticeable with a reaction probability larger tttah.

Figure 9b shows the weekend effect intensity in So€AB using September 9, 1993
meteorology with renoxification reactions. Thergmse in weekend effect intensity due to the
addition of renoxification using this meteorologyifference between Figure 9b and Figure 9a —
is larger than the increase obtained with 1987 ametegy — difference between Figure 9g and
Figure 9c. As stated previously, the Septemb@093 episode was an extreme episode that led
to some of the highest ozone concentrations in 1988mperatures in the eastern part of the
domain in the 1993 episode were up tC 4higher than in the 1987 episode. Higher
temperatures can lead to a more VOC-limited reginee, higher NQVOC ratio, due to the
release of NQ from thermal decomposition of PAN (Baertsch-Ritedral, 2004), whereas
higher NQ/VOC ratio results in stronger weekend effect. @w other hand, higher
temperatures would lead to higher biogenic emissemd higher evaporative emissions which
could counteract the PAN decomposition. HoweMee, impact of increased temperatures on
increased emissions was not accounted for in todys As a result, the weekend effect using
the 1993 episode leads to a stronger weekend dffaat in the case with 1987 meteorology.
Moreover, the addition of renoxification with 1993eteorology has a stronger impact on the

weekend effect intensity than in the case with 1®&feorology.
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Figure 9. Weekend effect intensity in the South Coast Air iBasnder various
renoxification scenarios. Cases with September993Imeteorology: (a) No
renoxification, (b) renoxification case renoxifiat reaction probability?=1,;
Cases with August 28, 1987 meteorology: (c) no xdiwation (base case),
(d) renoxification case with reaction probabilz0.001, (e) renoxification
case with reaction probability=0.01, (f) renoxification case with reaction
probabilityP=0.1, (g) renoxification case with reaction protiapiP=1.
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6 EFFECTS OF CHLORINE CHEMISTRY ON THE WEEKEND EFFECT

There has been important research showing thefis@gmi role chlorine plays in the
chemistry of the atmosphere. Cai and Griffin (208t6died the oxidation mechanisms of some
volatile organic compounds initiated by chlorin@rmas to form secondary organic aerosols
(SOA). Their study found that chlorine can leadSIOA formation in marine boundary layers
and coastal regions in the morning hours. FinlayBits et al. (1999) found that molecular
chlorine can act as an oxidant in coastal regions.

Knipping and Dabdub (2002) conducted an invesbgainto the effects of adding
chlorine chemistry and sources to the UCI-CIT Aedimodel. They found that the addition of
chlorine chemistry and sources caused an increaseane concentration in the morning hours
and in the maximum ozone concentration. Theirysfodused mainly on ozone concentration
levels and did not investigate weekend effects.

Finley and Saltzman (2006) reported that cura@nguality models often underestimate
the ozone production attributed to Cl oxidatiort.isIclear that chlorine plays an important role
in the chemistry of the troposphere, especiallycaastal regions like SoCAB. This work
analyzes the effect of adding chlorine reactiond sources to the UCI-CIT airshed model in
relation to the weekend effect. This will be tiratfcomprehensive analysis of chlorine's impact
on the weekend effect in SOCAB using the UCI-CITsAed model. This report will use the
most recent chlorine heterogeneous and multiphaaetions and a sea-salt particle source

function to model the effects of chlorine.

6.1 Model Formulation

There are several changes in the model to accauntHhlorine chemistry. Twelve
chemical species are added to the base case nmodetammodate the new chlorine chemistry:
Cl, Cl,, CIO, HOCI, CINO, CING, CIONG,, OCIO, CIONO, HCOCI, CII1 and Cli2. CIlI1 and
Cli2 are Criegee intermediates. Introducing these species into the model helps obtain a
better understanding of the processes occurring the chlorine model. A total of 115 chemical
reactions added: 83 of those reactions are in @&sephase and 32 are heterogeneous/multiphase
reactions. The most significant of these reacti@she chlorine formation from hydroxyl

radical and chloride ions
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HECI +OH,

(aerosol) 2 2(gas) (aerosol )

OH, . +CrI (R3)

(gas)

Reaction (R3) takes place on the gas-liquid interfaf deliquesced salt particles and is
the primary source of chlorine in the model. Kniqgpand Dabdub (2002) investigated reaction
(R3) and determined an expression for the ratetanhsvhich is used here. Other reactions

include the formation of chlorine from chlorinemiie and nitrous oxide.

CIONO, 4 + Clgrosy — Chygasy + NO

(aerosol ) 3(aerosol )

(R4)

2(gas)

NO; gy + CI, (R5)

(aerosol)

%cg(gas, +NO;

3(aerosol )

Since nitrous oxide is mostly a nighttime reactaagction (R4) offers insight into the
differences of the nighttime chemistry which mayiin@ortant in determining chlorine’s impact
on the weekend effect. A Sea-salt particle souoetfon is activated, and 12 chemical species
and 115 chemical reactions are added.

There are many sources of chlorine in the atmospfrem both anthropogenic and
natural sources. The main anthropogenic sourcdade coal burning and pool purification.
There are very few coal burning facilities in theC3B. In addition, there is almost no data
available on pool purification sources. Therefdhes study focuses on natural chlorine sources
in the troposphere. The main natural source ajraie in a maritime area is from the breaking
of suspended marine particles creating sea-saltals:

A sea-salt particle source function is derivedrfrthe work presented by Monahan et al.
(1986). This function replicates the physical msx of bursting of air entrained bubbles from
oceanic whitecaps along the coast. It is importanhotice that this flux calculation is only
dependent on the radius of the bubble and winddspe&s such, the impact of chlorine on this
model is highly dependent on meteorological cond#i Monahan et al. (1986) correlated the
sea-salt aerosol flux from this physical processital speed in the following formula:

dF . ;5
e 4.99xU**xr *%x( 1+ 0.020"%)x 10 (Eq. 3)

wherer is the radius of the bubble at formatidhis the wind speed; is the number of particles
generated per unit area per second,Brd

g2 0:095- 0.098logr )
B 0.65

(Eq. 4)
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Knipping and Dabdub (2002b) reported that only agdnarine aerosol sources clearly
underestimates chlorine concentrations. Finley@aitzman (2006) recorded molecular chlorine
concentrations in Irvine, California, ranging fréb to 20 ppt, while one day simulations predict
molecular chlorine concentrations ranging from @27.2 ppt. One way to address the under
prediction of chlorine is to increase the strermjtthe chlorine source. This is accomplished by
amplifying the chlorine source function by a consta The original chlorine sea-salt aerosol

function is modified in the following fashion

dr dr ), (Eq. 5)

drF
where A is an amplification factor an (?j is the original sea salt aerosol source function
0

described by Eq. (2). By amplifying the originadusce function the general distribution of
chlorine species retains the same structure, whieintensity of the chlorine concentration
increases.

Due to uncertainties in the chlorine emissiongmuries, this study examines the impact
of the strength of the sea-salt source functiontlen weekend effect. Four scenarios with
amplification factors ranging frorA=0.] to A=100 are analyzed. Table 7 shows the four
chlorine scenarios and their associated ampliboatactor. Scenarios C1 and C4 represent the
extreme cases of low and high chlorine concentiatioespectively. Scenario C2 uses the
original sea-salt aerosol function described by BM@n et al. (1986). Analyzing a range of
chlorine source scenarios allows for a more thdnowgderstanding of the impacts that chlorine

chemistry has on the weekend effect.

Table 7. Chlorine scenarios and their associated sea-gals@esource amplification factor.

Scenario  Amplification Factor (A)

Cl 0.1
C2 1

C3 10
C4 100
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6.2 Results
The UCI-CIT Airshed model has been updated withrnie chlorine chemistry reactions

and the sea-salt particle sources. The update@lnmdsed to simulate a two week episode in
the South Coast Air Basin of California with inltieonditions obtained from measured ozone
aloft values recorded in September 7, 1993. COmdydimulation results from the second week
are used for analysis, whereas simulation of thet Week is used to initialize the model and
minimize the effect of initial conditions. Knipgnand Dabdub (2002) found that the biggest
increases in 0zone concentration due to the additiaghe chlorine chemistry in the model occur
along the coastline. In addition, they found thdting the chlorine chemistry into the model
leads to higher ozone concentration in the morhmgrs and to higher peak ozone concentration.

Modeling results show that the introduction of e¢hie chemistry does indeed increase
ozone concentrations overall. The biggest inceaseozone found in the SOCAB modeling
domain are just east of Central L.A. to west of sga&@and additionally northwest of Burbank to
southeast of Santa Clarita. These areas of irmieagone are slightly inland of the coast.
However, there is small buffer area directly oves toast, west of Hawthorne, where there is
only a small change in ozone from the base cadeis simall buffer area immediately over the
coast is due to the sea boundary blowing cleaordw the coast which increases the advection
rate and decreases local resident time.

Table 8 shows the maximum ozone concentrationsagedrover the week and weekend
simulated by the baseline model and by the modil @hlorine chemistry. In locations near the
coast, such as Hawthorne, chlorine chemistry Hasvampact on ozone concentrations in both
weekends and weekdays. In locations that areréen the coast, such as Palm Springs, the
added chlorine chemistry produces a slight redoctio ozone concentrations. On the other
hand, in locations in the central part of the SoCA&t are near downwind from natural sources
the added chlorine chemistry increases ozone ctmnatciems with respect to the base case.
While the results of using amplification fact@xsl (scenarios C1 and C2) are very similar to the
base case, scenarios with larger amplificationofacproduce a bigger impact on the weekend

effect intensity.
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Table 8. Maximum ozone concentrations (ppb) averaged ovenwtek and weekend at
selected locations.

Base Case Model Chlorine Model (A=1)
Station Weekday Weekend Intensity Weekday Weekend Intensity
Santa Clarita 166 167 No Effect 167 170 No Effect
Hawthorne 55 57 No Effect 55 57 No Effect
Burbank 92 122 Intense 101 123 Intense
L.A. Downtown 60 82 Intense 67 85 Intense
Pico Rivera 92 120 Intense 98 122 Intense
Azusa 67 95 Intense 76 97 Intense
Fontana 148 156 Moderate 156 158 No Effect
Palm Springs 146 146 No Effect 144 145 No Effect

Table 9 presents the weekend effect intensity efldlise case and chlorine scenario C2,
with A=1, averaged over each layer for all five layershe results show that the inclusion of
chlorine sources and reactions decreases ozonerdoaion and dampens the weekend effect
overall. The weekend effect intensity is decredseshagnitude by 2% for the bottom 3 layers,

and by 10% and 6% for layers 4 and 5, respectively.

Table 9. Weekend effect intensity (ppb) averaged for eaghrldbase case and chlorine
scenario C2 with an amplification factor of 1.

Layer [altitude (m)] Base Case Chlorine Case
1 (0-38) 4.98 5.22
2 (38-154) 5.57 5.44
3 (154 -308) 5.61 5.49
4 (308 -671) 2.23 2.00
5 (671-1100) -0.92 -0.98

Figure 10 shows the weekend effect intensity atdifferent altitude layers of the model
produced from scenario C2. The chlorine model l@ihia similar weekend effect as the base
case model, with the majority of the weekend effegiact concentrated in the northern middle
domain. As the altitude increases the center efwieekend effect intensity migrates to the

northern edge of the domain and decreases in nuaignit
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Figure 10.Weekend effect intensity in the South Coast AiriBas California, using
meteorological conditions of August 28, 1987, baseddaily maximum
ozone concentration at various height levels frdrorine scenario C2 using
amplification factorA=1. (a) Ground level (Om to 38m), (b) 38m to 1540),
154m to 308m, (d) 308m to 671m, (e) 671m to 1100m.

While the weekend effect intensity of chlorine smém C2 is similar to the base case,
there are some significant differences in both ntage and spatial distribution. Figure 11
shows the difference between the weekend effecadinpf the base case and the chlorine case.
In coastal regions and just inland, the intensitthe weekend effect predicted in the base case is

lower than the weekend effect intensity predictedhie chlorine case. On the other hand, the
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weekend effect intensity in the west and north siofethe domain predicted in the base case is
higher than in the chlorine case. These trends rapeated in the five layers of the

computational domain.
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Figure 11.Weekend effect intensity difference in the SouthagoAir Basin between
base case model and chlorine scenario C2 usingifarapbn factor A=1,
using meteorological conditions of August 28, 19&j.Ground level (Om to
38m), (b) 38m to 154m, (c) 154m to 308m, (d) 30&671m, (e) 671m to
1100m.

In summary of the previous results, the additiorldbrine chemistry and sources to the

UCI-CIT Airshed model has produced a more intenseke&nd effect near the coast as compared
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to the base case. In addition, the chlorine caséugces a generally less intense weekend effect

over the entire domain compared with the base case.
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Figure 12.Cl, (ppt) time series for Irvine, California averageeer (a) the weekday and
(b) the weekend. Dotted line is measured obs@mwsitirom Saltzman and
Finley (2006), solid line is simulation results ngichlorine scenario C3 with
an amplification factor of 10.

There is reason to believe the current chlorineehadderestimates the effect of chlorine
on pollutant concentrations. Finley and Saltzr(2006) reported measured molecular chlorine
concentrations in Irvine, California, ranging frotl5 to 20 ppt, while modeled molecular
chlorine concentrations range from 0.2 to 7.2 pptng an amplification factor of 1.
Interestingly, chlorine scenario C3 with an ampétion factor of 10 is the only case able to
produce chlorine levels of the same order of mageitas the measurements from Finley and
Saltzman (2006). It should be noted that theneery limited measurements of chlorine levels
in southern California. The chlorine time seriemf the Finley and Saltzman's data is plotted
with simulation results of chlorine scenario C3Figure 12 for both week day and weekend.
Note that, the meteorology present in 2005 is iahity different than the hypothetical modeling
period in 1985 used for UCI-CIT model simulationgdence, the comparison shown in Figure
12 should be examined qualitatively. Although ées no discernible weekday-weekend
pattern for CJ, the time series for both the weekend and weekilalevels are shown in Figure

12 for completeness.
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Figure 13.24-hr averaged NQdifferecence using meteorological conditions ofgAst
28, 1987 between base case and chlorine scenariasfdg amplification
factorA=1 (a) Wednesday, (b) Sunday.

Figure 13 shows the 24-hr averagedNiifference of the base case minus the chlorine
model. The results show higher N€bncentrations in the base case than in the delanodel,
with the biggest differences located along the taas just inland. On average, the chlorine
model predicts 2% lower NOconcentrations than the base case model. Theabsa NQ
levels are mostly to due to Cl radical-N@actions consuming NOOne possible explanation of
the weekend effect is that decreasedxN®Wer the weekend can lead to increased ozone
production in VOC-limited areas (Heuss et al., 2003The results show higher NO
concentrations in the base case than in the cleloriadel, with the biggest differences located
along the coast and just inland. The dark shadgmms in Figure 10 correspond to the light
shaded areas in Figure 11a. The results showoagstiorrelation between a decrease inkNO
and an increase in weekend effect intensity albegcbast and inland of the chlorine model.

The relation between chlorine amplification facémd peak ozone is generally positive.
As Knipping and Dabdub (2002b) suggested, simutatesults show that chlorine enhances the
formation of ozone in the presence of NOFigure 14 shows the domain averaged peak ozone
of all four chlorine scenarios and the base casddth week days and weekends. In general,
there is an increase in the maximum ozone condentrduring weekdays and weekend days for
all chlorine scenario compared to the base casarin® the week days NQevels are higher
than those during the weekend. As a result, tbe@se in peak ozone due to chlorine chemistry
with respect to the base case is higher on the week during the weekends. Overall, peak
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ozone increases as the amplification factor iseased. However, scenarios C3 and C4 produce
a minor decrease in peak ozone for Palm Springsseenarios C1, C2 and C3 produce a slight

decrease in maximum ozone for Hawthorne. Despésée exceptions, the major trend of week

and weekend peak ozone is to increase with amgtiific factor and the largest increases take

place in Pico Rivera, Azusa, L.A. Downtown and Bamk. Scenario C4 produces an increase

of 80 ppb maximum ozone during the week in L.A. Ddown and 76 ppb maximum ozone

during the weekend in Azusa.
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Figure 14.Domain wide averaged peak ozone (ppb) for all amoscenarios and the
base case for the weekday (white) and weekendkblac

Like renoxification, chlorine decreases the intgnsif the weekend effect. Figure 15
shows the weekend effect intensity based on thly daéximum ozone of the four chlorine
scenarios. Scenarios C1 and C2 are similar tdo#ise case weekend effect intensity, with a
slight increase in the moderate intensity areaamanor decrease in the intense area. As the
amplification factor increases, the weekend efiieteinsity decreases, specifically to the east and
north of Riverside. This decrease occurs in tmeesgeneral area as the;@aximum. As the
chlorine amplification is increased to 10, both thederate and intense areas of weekend effect
decrease, specifically in the southern side ofdbmain. Scenario C4 produces a much less

intense weekend effect, with a smaller area ofnseeweekend effect centered on Azusa and
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Downtown L.A. that is surrounded by an area of nmatkeweekend effect intensity. Figure 15

shows the Glconcentrations for the four chlorine scenariosaan of Friday. The four chlorine

scenarios produce a range of chlorine concentistilbat are approximately proportional to the

amplification factor. For low sea-salt source afigation (A<1), transport of chlorine to inland

locations creates a local maximum of chlorine saatt of Riverside. For larger amplifications

factors A>10), the influence of a strong sea-salt sourcetfongroduces maximum chlorine

concentrations located along coastal regions.
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Figure 15.Cl, concentration (ppb) on Friday at noon predictethe chlorine scenarios
using meteorological conditions of August 28, 196%): C1, A=0.1 (b) C2,
A=1 (c) C3, A=10, and (d) C4, A=100.

Figure 16 shows the result of averaging #@; over the entire domain for the nine

scenarios under investigation. The basin-wide @eersO; decreases rapidly with chlorine

source amplification to the point that scenarioptdduces a negativeO; domain average, i.e.,

no net weekend effect. For the case w#i0, which leads to the best agreement with observe

chlorine levels in coastal regions, the basin-wadterageAO3 decreases by up to 29% with

respect to the base case. For large amplificdtiotors (scenarios C3 and C4), concentrations
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of ozone increased from the base case during wgekuha greater extent than during the
weekends. This trend results in overall lower weekeffect intensity than in the base case, but

this decrease is produced by increasing weekdagpeozoncentrations rather than decreasing
ozone concentrations over the weekends.
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Figure 16.Domain-wide average of week-to-weekend change imak peozone
concentration, @as a function of the amplification factor, A, tiet sea-salt
source function. Dotted line is the base case sitiauml, and solid line
corresponds to chlorine scenarios.
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7 EFFECTS OF DISTRIBUTED GENERATION ON THE WEEKEND EF FECT

Even with the most stringent emissions regulati@asithern California’s air quality is
stil among the worst in the nation. Recent eneggiges have identified limitations in
California’s power generation and its grid infrasture. Energy concerns and the deterioration
of air quality are forcing challenging policy deoiss, including the energy and environmental
impacts of the distributed generation paradigm.

Distributed power generation (DG) is characteribgdthe sparse distribution of many
stationary power generators within an urban aiirhaa contrast to conventional, centralized
power plants placed in remote areas, normally datie basin. DG has the potential to meet the
power demands of the near future. Deployment of tB€nologies might provide additional
benefits such as electrical reliability, qualitjydareductions in production costs. Furthermore,
power generation near the place of use minimizsstrétity transmission losses.

California is currently facing an entire reorganiaa of its electric power industry. In
2002 more than 2000 MW could be classified as D@omtng to the DG strategic plan
developed by the California Energy Commission (Tshed#sky and Marks, 2002). Thus
California is one of the first places where DG admp may become widespread. However, the
installation of distributed generation technologiesthe South Coast Air Basin (SoCAB) of
California might lead to unforeseen air quality exfs and potentially alter the weekend effect.

Previous studies (lanucci et al., 2000) have detexththe total emissions produced by
DG deployment for criteria pollutants during difat years. Assessment of these emissions is
obtained through estimates of DG market penetragod then compared with those emissions
from a case in which only central generation isstdered. The conclusion reached by this study
shows that no cost-effective DG technology will &avthe net emissions of California’s current
central generation system. Fuel cells show promidienefits for air quality due to their
significantly lower emissions with respect to baténtral and distributed sources, but high
installation costs limits fuel cells to a margimabrket penetration. Allison and Len3002)
compared emissions impacts of different DG techgieland fuel types.

They concluded that even the lowest emitting DGnetogy is marginally competitive

with combined cycle power generation. These studiewever, are limited to the evaluation of
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only increasing the total amount of emissions. Aldeath et al. (2003) considered the potential
for increased human inhalation exposure to aiupatits when power plants are replaced by DG.
Yet, Heath et al. (2003) restricted their work wlytants emitted directly into the atmosphere
using a simplified mass transport approach. Ontgmdy Prof. Dabdub, in collaboration with

Prof. Samuelsen’s group at the National Fuel Ceidarch Center (NFCRC) in the University of
California, Irvine, conducted a very comprehensind detailed modeling study to determine the
potential impacts of DG installation in the SoCAB the year 2010. The methodology and
results of this study was part of a project funtbgdthe CEC and was recently published in a

peer-reviewed journal (Rodriguez et al., 2006).

7.1 Baseline Weekend Effect in the Year 2010
The analysis of the weekend effect in previous igestis based on 1997 emission

estimates. This section explores the weekend teffe@ future scenario in 2010 in which
distributed generation (DG) is being implementedneet part of the electricity demand in the
SoCAB. The simulation of this scenario involves tise of an emissions inventory for the year
2010. This section uses the emissions inventomeldped by the Southern California Air
Quality Management District (AQMD) for the 2003 AQuality Management Plan (AQMP) to
demonstrate attainment of the 1-hour ozone standaius emissions inventory includes current
emission controls planned for 2010 and other measiwat would reduce baseline emissions to a
level at which ozone concentration would not exdbedfederal 1-hour air quality standard (120
ppb). Table 10 presents a comparison between \agekdekend emissions for the year 1997
and for the 2010 attainment scenario. Emissiorte@r2010 scenario are up to 65% lower than
in the 1997 emissions inventory. In addition, theekday-weekend relative change in 2010
emissions is different than the trend in 1997. 1997 emissions, weekday-weekend reductions
in NOy, and VOC emissions are 27% and 6%, respectivelythén2010 scenario, weekday-
weekend reductions in NGnd VOC emissions are 23% and 13%. These ditfesem total
emissions and weekday-weekend trends between 1892@10 affect concentrations of ozone

precursors, which affect ozone dynamics.
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Table 10. Total emissions of NOand VOC (in metric tons/day) estimated for weelsday
and weekend, for the year 1997 and for the attamiseenario in 2010.

1997 2010
Weekday Weekend Weekday Weekend
NOy 771 566 325 251
VOC 1373 1291 513 445
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Figure 17.(a) Baseline N@Q and (b) VOC emissions at selected locations. Siatiet
Palm Springs (PLSP); dotted line: Azusa (AZUS);dakline: Central Los
Angeles (CELA). First 24 hours correspond to emissi estimates for a
Wednesday in the 2010 attainment inventory. Fromrh®4 to hour 48,
emissions estimates for a Sunday in the 2010 atthinventory.
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Figure 17 shows the hourly emissions of Nfdd VOC at three different locations in a
representative week day and weekend day in the 20di@ario. As in the 1997 case (Figure 3),
weekday emissions are significantly higher tharweekends within time period between the
morning and evening rush hours (6 am to 6 pm).other words, hourly trends in emissions in
2010 are similar to the trends observed in 19974ns€quently, minor changes in hourly trends
from 1997 to 2010 are not considered to be a faotdhe weekend effect dynamics. On the
other hand, total daily emissions vary significarftom 1997 to 2010, and they are the main
factor affecting ozone formation and the weekerfielcef

Table 11 presents the concentration of selecteadrieripollutants in the early morning
and in the afternoon at selected monitoring statiorAs presented in Table 4 (Section 4),
concentrations of NMOC and CO in the morning cqgroesl to concentrations at 5:00 am,
whereas concentrations og,NO, and PMg are those at 6:00 am. Reported concentrations in
the afternoon correspond to those at 2:00 pm folOOYICO and PIy, and at the ozone peak
hour for @ and NQ. The monitoring stations are listed in west-teteader.

Compared to values simulated using 1997 emissior@ne concentrations using 2010
emissions decrease in all the locations in bothkd@gs and weekends. In particular, ozone
concentrations do not exceed the ozone Califorfiaur air quality standard (90 ppb) in all the
monitoring stations except for Santa Clarita. Goiations of NQQ NMOC and CO simulated
using 2010 emissions are 3 to 5 times lower thahercase with 1997, as a result of the decrease
in baseline emissions from 1997 to 2010.

Based on the criteria presented in Section 4, theeethree monitoring stations that
present no weekend effect: two locations due wesh fthe central part of the basin, Santa
Clarita and Hawthorne, and one location far dowmniom Los Angeles, Palm Springs. The
rest of locations present a moderate weekend effledtnone of the stations presents intense
weekend effect. The reduction of the weekend effgensity in the 2010 with respect to the

1997 case is due to the significant reduction ion@zprecursors.
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Table 11. Weekday-weekend differences in criteria pollutzomcentration simulated for
one week using meteorological conditions of Aug&t 1987, for the entire
week, and emissions for the 2010 attainment invgnt®imulations do not
include renoxification or chlorine chemistry reacts.

Morning Afternoon
Station Weekday  Weekend DifferenceWeekday Weekend Difference
(%) (%)

Santa Clarita

NEWL Os; (ppb) -- -- -- 108 99 -9
NOx (ppb) 15 14 -9 5 4 -32
NMOC (ppbC) 36 33 -9 194 171 -11
CO (ppb) 409 398 -2 645 595 -8

Hawthorne

HAWT O; (ppb) -- -- -- 45 45 -1
NOx (ppb) 151 136 -10 11 10 -8
NMOC (ppbC) 33 33 -1 61 62 1
CO (ppb) 383 302 -21 162 188 16

Burbank

BURK O; (ppb) -- -- -- 70 79 13
NOx (ppb) 85 44 -48 14 10 -32
NMOC (ppbC) 24 24 -4 129 112 -13
CO (ppb) 636 602 -5 524 520 -1

L.A. Downtown

CELA 0O; (ppb) -- -- -- 36 42 14
NOx (ppb) 80 48 -40 24 17 -29
NMOC (ppbC) 27 26 -4 104 95 -9
CO (ppb) 649 633 -3 458 470 3

Pico Rivera

PICO Q  (ppb) -- -- -- 65 72 10
NOx (ppb) 97 60 -38 16 11 -34
NMOC (ppbC) 45 42 -8 144 117 -19
CO (ppb) 783 760 -3 507 470 -7

Azusa

AZUS O; (ppb) -- -- -- 42 52 22
NOx (ppb) 97 53 -46 24 16 -36
NMOC (ppbC) 49 47 -4 133 110 -18
CO (ppb) 830 820 -1 465 439 -6

Fontana

FONT O (ppb) -- -- -- 79 85 7
NOx (ppb) 77 45 -42 15 11 -28
NMOC (ppbC) 21 21 0 122 105 -14
CO (ppb) 755 725 -4 381 393 3

Palm Springs

PLSP Q (ppb) 66 71 9 80 79 -1
NOx (ppb) 8 3 -64 5 2 -49
NMOC (ppbC) 22 22 -1 60 60 -1
CO  (ppb) 414 374 -10 130 131 1
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Figure 18.Weekend effect intensity in the South Coast AiriBas California, using
emissions from the 2010 attainment inventory andieorelogical conditions
of August 28, 1987, based on daily maximum ozoneentration at various
height levels. (a) Ground level (Om to 38m), (b)B& 154m, (c) 154m to
308m, (d) 308m to 671m, (e) 671m to 1100m.

Figure 18 shows the weekend effect intensity in 8®CAB at different altitudes,
obtained using the 2010 emissions and based odaihe maximum concentrations of ozone.
This figure uses the methodology presented in &ecfi, and is analogous to Figure 6. In

general, the weekend effect intensity in the 20d€kas significantly lower than in the 1997 case.
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In particular, in the 2010 case there is no regiffacted by an intense weekend effect, contrarily
to what happens in the 1997 case. However, tleedfithe area affected by the weekend effect
is similar in both cases. In addition, changethenweekend effect with altitude follow a similar
trend in the 1997 and 2010 cases. Namely, theadfeeted by the weekend effect is similar in
the first three layers — from ground level to 308rand decreases significantly in the fourth and
fifth level — from 308m to 1100m.
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Figure 19.Weekend effect intensity in the South Coast AiriBasf California, using
emissions from the 2010 attainment inventory angeorelogical conditions
of August 28, 1987, based on daily average ozomeerdration at various
height levels. (a) Ground level (Om to 38m), (b)B& 154m, (c) 154m to
308m, (d) 308m to 671m, (e) 671m to 1100m.
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Figure 19 shows the weekend effect intensity dediht altitudes, obtained using the
2010 emissions and based on the daily average owatien of ozone. This figure is analogous
to Figure 5. In general, the weekend effect intgns the 2010 case based on the daily average
is significantly lower than in the 1997 case. Aghe 1997 case, the weekend effect intensity in
the 2010 case increases from ground level to thid tavel (from 154m to 308m), and then
decreases to no-effect at the fifth layer. Howgtler weekend effect in the 2010 case based on
the daily average affects a considerably smalles &nan in the 1997 case. As mentioned above,
the main cause of the differences in the weekefetteintensity in the 1997 and 2010 cases is
the difference in emissions. Ozone precursorsssions in 2010 are up to 3 times lower than
in the 1997 case. As a result, Néncentrations in the 2010 case are lower thek98v, and
hence the region is not so much VOC-limited ashim 1997. Consequently, the reduction of
NOy emissions in weekends with respect to weekdatfser2010 case leads to a milder weekend

effect in comparison with the weekday-weekend tsandhe 1997 case.

7.2 Development of Distributed Generation Scenarios

A distributed generation (DG) scenario is defingdabset of parameters that determine
which technologies and in what manner DG is depldpean area of interest. A fully detailed
description of how a scenario is developed is et in the report ‘Air Quality Impacts of
Distributed Generation’ prepared for the Califorfiaergy Commission by Samuelsen et al.
(2005). The group of researchers limited the dafim of scenario to a space of seven major
parameters, each of which could be defined by @&etubf secondary parameters. The list of

parameters that define a DG scenatrio is the foligwi

1. Total fraction of energy demands that are met by DGAn the scenario: The fraction
of energy met by DG has a strong influence in thealfair quality impacts of a DG
scenario. A high penetration scenario implies @t units meet a considerable portion
of the total energy needs of the urban basin. Sévesearch studies have investigated the
potential market adoption of DG. For example, aifornia Energy Commission
Strategic Plan for DG (Tomashefsky and Marks, 20@2¢casted adoption of DG in
California for the year 2020 that could be as hagh20% of the electricity load growth.

Other studies have reached similar conclusions reiglard to DG market penetration (see
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for example Little, 2000), but, the rate of DG atlop and amount adopted in any air
basin is a matter of significant debate. As altethe fraction of energy met by DG is
uncertain, and a wide variety of DG penetratiorelsvare recommended to span the

spectrum of possible air quality impacts.

. Mix of DG resources to meet those demands:n general, DG systems are comprised
of a wide variety of technologies. The DG techgads that are likely to be
implemented in the SoCAB include natural gas fimanbustion turbines (GT) and
natural gas fired reciprocating internal combusgogines (NG ICE), solar photovoltaics
(PV), low temperature fuel cells (LTFC), high temgttere fuel cells (HTFC), natural gas
fired micro-turbine generators (MTG) and fuel agdls turbine hybrid systems (hybrid).
Diesel and petroleum distillate fueled units ar¢ included in the current mix of DG
technologies since they are usually not permittetbirun on a continual basis. These
types of units are typically permitted to run askap generators. Each market segment
predominantly uses specific types of DG technoletpecause the DG capacity levels and
features happen to be best suited to meet the yedergands of that market segment.
For example, residential applications in the raaofj@-5 kW will likely favor fuel cells
and photovoltaics; commercial and small induss&dtors, with capacities ranges of 25-
500 kW are more suited for PV, MTGs, small ICEs &k; large commercial and
institutional sectors, in the range of 500 kW-2 Might favor natural gas reciprocating
engines and gas turbines; and finally the larggtut®nal and industrial sectors with 2-

50 MW capacity will be mainly served by gas turlsine

. Emissions associated with each DG unit type:The technology mix considered for DG
comprises from zero or near-zero emissions teclgredp such as photovoltaics and fuel
cells, to technologies that emit at a higher rasntcentral power plants. Samuelsen et
al. (2005) used numerous sources that report emsdactors for the different DG
technologies considered in the study. Because @asios in that study are developed
for the year 2010, emissions factors for DG areitéich by the applicable emission
standards (BACT, 2003 ARB and 2007 ARB standards).
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4. Spatial distribution of the DG within the basin: The distribution of DG units will
determine the spatial distribution of emission sesrin the basin. To accurately
determine a plausible spatial distribution one $th@onduct a detailed market study on
potential DG penetration by sector. Alternativéty markets studies, socio-economic
factors such as population density or land-use databe used to determine the spatial
distribution of DG.

5. Operational duty cycle of each DG: The duty cycle with which DG units will be
operated determines the temporal variation of @onissfrom DG. The duty cycle for a
specific DG unit depends on electricity demand,nteiance schedules and other factors.
Some technologies, such as high-temperature fuk$ eéll probably be operated
continuously due to economic factors — reduce &sopable payback — and operational
factors — high temperature requires long startiopes. Other technologies will be

operated during peak demand.

6. Emissions displaced by DG installation: One of the benefits of most DG units is that
the excess heat from the electricity generatorbmansed for space and water heating. In
other words, DG can be used for combined heat angtp(CHP) applications. The use
of CHP reduces the energy needs that otherwisedwoelsupplied by boilers. As a
result, emissions from boilers can be eliminateBisplacement of emissions from
boilers depends on a number of factors, such asage&édeat recovery factors, thermal

and electricity load mismatch, and boiler efficigfifamuelsen et al., 2005).

7. Other estimates: As DG technologies are emerging and evolvingdigpthere certain
factors for which there is not information avaikabl For example, emission speciation
for some DG technologies is not available. In addijtthere is little information on DG
performance degradation with time, which can affettissions from DG. Moreover,
most DG technologies will improve due to technotadi advancement, increasing
performance efficiency and reducing emissions. ddenreasonable estimates or

assumptions must be applied when necessary.
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7.3 Sample Distributed Generation Scenarios

The air quality impacts of DG in the SOCAB wereastigated in a previous study that
considered a number of future scenarios estimaiedhkt year 2010 (Samuelsen et al., 2005;
Rodriguez et al., 2006). The study consisted 0 twain parts: (1) development of DG
scenarios and (2) assessing air quality impactiseoDG scenarios developed in the first part. A
systematic approach was designed to develop thesé@@arios for the first part of the study.
This systematic approach was used to define thensparameters stated above and it consisted
in a 10-step methodology that used the most upate-data on power needs for different activity
sectors in the SOCAB and estimates in DG markeefpation for future years. In addition, the
methodology used detailed information of geograghdistribution of activity sectors in the
SoCAB that allowed estimation of preferred allocatof specific DG technologies in specific
activity sectors. The scenarios obtained using thethodology were labeled as ‘realistic’
scenarios, as they were developed using the mtategkinformation available at the time of the
study. On the other hand, the study explored antiaddl set of scenarios that included
parametric changes in some of the factors thahddfa DG scenario. These changes intended
to foresee unexpected outcomes of future DG imphtatien and complement realistic scenarios
with alternative scenarios that allowed sensitigityalyses of the air quality impacts with respect
to changes in the parameters that define DG s@@narhese alternative scenarios were labeled
as ‘spanning’ scenarios.

In general, realistic scenarios for the year 20i€sgnted small air quality impacts in
ozone and particulate matter (PM) concentratiolmfiese scenarios considered a moderate DG
penetration (less than 4% of the total power segpby DG, which implies a 20% of the increase
in power demand from 2002 to 2010), and hence,sams from DG represented less than 0.5%
of the total baseline emissions in the SoCAB. @Nerir quality impacts of realistic DG
scenarios were small.

Most spanning scenarios considered that DG woubglgut% of the total power demand
in 2010. An additional spanning scenario considleaeDG penetration of 20% of the total
power to determine the sensitivity of air qualitypacts of DG with respect to DG penetration.
Different spatial distributions of DG implementativere analyzed, and results showed that air

quality impacts from DG use are affected by theggaphical location of DG units. In
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particular, results suggested that if DG is to bdely used in the basin, then it should not be
concentrated in a small area. Different tempoiatridutions of DG emissions were also
explored. Results showed that an amount of DG ®ams concentrated during a 6-hour period
(peak duty cycle) produced a larger impact in aaliy than the same amount emitted during 24
hours (base load duty cycle).

Since realistic DG scenarios presented only mimgpacts on air quality, this study
focuses on spanning DG scenarios to evaluate fieetedf DG on the weekend effect. In
particular, two DG scenarios are considered fas thudy. The parameters that define each DG

scenario are as follow:

(a) Population-Weighted (PW2010):
1) DG penetration: 20% of the increased electriciggndnd from 2002 to
2010 — increased electricity demand in the SOCAB.B8GW — is met by
DG
2) DG technology mix: 30% GT, 30% ICE, 25% MTG, 7%,B% PV
3) Emissions factors: compiled by Samuelsen et al5200
4) Spatial distribution: DG is distributed proportadly to population density
in 2010
5) Duty cycle: all units operate base-loaded
6) Emission displacement: no CHP is considered
7) Other estimates: No performance degradation isidered, and 98% of
the units are installed after 2007
(b) Extra-High DG Penetration (EHP):
1) DG penetration: 20% of the total electricity demhan 2010 — electricity
demand in 2010 in the SoCAB is 29 GW - is met by DG
2) DG technology mix: 30% GT, 30% ICE, 25% MTG, 7%,B% PV
3) Emissions factors: compiled by Samuelsen et al5200
4) Spatial distribution: DG is distributed proportaly to population density
in 2010

5) Duty cycle: all units operate base-loaded
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6) Emission displacement: no CHP is considered
7) Other estimates: No performance degradation isidered, and 98% of
the units are installed after 2007

In Samuelsen et al. (2005) no consideration wasenwd how DG operation would
change from weekdays to weekends. There is Witk produced on this regard. Sidiqqi et al.
(2003) developed a model to evaluate a microgrid@f units in terms of performance and
economic factors. They suggested that customentdwarefer to fully use DG units and use the
grid to complement the need for electricity demartdence, this study assumes that DG units
are operated constantly during the entire week.

Daily emissions of the two scenarios are preseimtdéble 12. Emissions from scenario
PW2010 correspond to less than 1% of total weeklisgions in the 2010 baseline emissions.
Samuelsen et a(2005) reported that scenario PW2010 would in@eaone concentration by
up to 4 ppb in some areas of the SOCAB, althougkedhncreases occur typically when ozone
concentrations are not at the peak. Scenario EHiRh assumes approximately 5.5 times the
DG penetration in scenario PW2010, produces areaser of 4.3% in NQOemissions and 0.8%
in VOC emissions, with respect to baseline weel@ajssions, and of 5.5% in N@missions
and 1.0% in VOC emissions, with respect to baseleekend emissions. Samuelsen et al
(2005) reported that scenario EHP leads to an &serén the peak ozone concentration of 1 ppb.
In addition, ozone concentration increases by up fipb in some areas of the SoCAB in the
afternoon, when ozone concentrations are typidadji.

Table 12. Daily criteria pollutant emissions from DG in twarsple DG scenarios in the
South Coast Air Basin of California

DG Scenario
Name Cco NO, VOC NH; SO
In tons/day
PW2010 8.2 25 0.8 0.3 0.1
EHP 44.4 13.8 4.3 1.4 0.5

In % relative to baseline 2010 weekday emissions
PW2010 0.3 0.8 0.2 0.2 0.3
EHP 1.8 4.3 0.8 0.8 1.3

In % relative to baseline 2010 weekend emissions
PW2010 0.3 1.0 0.2 0.2 0.3
EHP 1.5 5.5 1.0 0.8 1.3
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7.4 Impact of distributed generation on the weekend eéct

Understanding how introducing new emissions from Bffects the weekend effect
requires that one first understands how DG affdesair quality in a representative weekday and
in a representative weekend day. Figure 20 shbevgifferences in ozone concentration at hour
16:00 between the scenarios PW2010 and EHP, ar2Dtt@ base case. Differences are shown
for Wednesday and for Sunday, which are considegptesentative days for a weekday and a
weekend day. Results show that the addition ofssioms from DG leads to a reduction of
ozone concentration at the time of the ozone pkakr(16:00) in the central part of the basin,
with respect to the base case. In scenario EH®hioh DG emissions are up to 5.5 times the
emissions in PW2010, ozone concentrations incremgewnwind locations in the eastern part
of the domain, leading to a 1 ppb increase in theimwide ozone peak concentration. This
suggests that the emissions in 2010, even thoughdte significantly lower than in 1997, still
produce a VOC-limited regime in the central parttd domain. Consequently, small increases
in NOy emissions due to implementation of DG lead to el#ees in ozone concentrations.

As shown in Figure 20a and Figure 20b, impacts zone concentrations in scenario PW2010
are small and similar along the entire week. Asesult, DG implementation in scenario

PW2010 does not produce any significant changeghendistribution and intensity of the

weekend effect (See Figure 21).

Figure 21 shows the weekend effect intensity in ¢hére SOCAB for the base case,
scenario PW2010 and scenario EHP. The weekergtteihtensity based on the daily
maximum for scenario PW2010 (Figure 21a) is exatiysame as the base case (Figure 21c).
In addition, differences in weekend effect intep&ised on the daily average between scenario
PW2010 (Figure 21b) and the base case (Figure &Bdymall. Overall, the emissions levels
introduced by scenario PW2010 do not affect sigaiitly the weekend effect.

As shown in Figure 20c and Figure 20d, impacts pone concentrations in scenario
EHP are larger than impacts produced by scenari@@®¥/ In addition, changes in ozone
concentration over the weekend are larger thanctienges during weekdays. This occurs
because the relative contribution of DG emission®tal emissions is larger in the weekend than
during the week. Ozone concentrations on Wednesgddlie central part of the domain in

scenario EHP are up to 3 ppb lower than ozone ctrat®ns in the base case. On Sunday,
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ozone concentrations in scenario EHP are up tolSlgwer than ozone concentrations in the
base case. As a result, implementation of sceraH® reduces the differences in ozone
concentration between weekdays and weekends icettiteal part of the domain, dampening the
weekend effect. However, differences in weekerf@cefintensity as defined in Section 4
between scenario EHP and the base case are sewdiidless of whether the intensity is

determined by the ozone daily peak concentratidnydhe ozone daily average concentration.

m___—:-

(a) PW2010 — Base, Wednesday (b) PW2010 — Base, Sunday

(c) EHP — Base, Wednesday (d) EHP — Base, Sunday

Figure 20.Differences in ozone concentration between two BReénarios and the 2010
base case, at hour 16:00, of a representative @Waglkand a representative
weekend day.
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Figure 21.Weekend effect intensity in the South Coast AiriBasd California, using
meteorological conditions of August 28, 1987, undigierent scenarios: (a)
2010 baseline weekend effect intensity based on irmar ozone
concentration, (b) 2010 baseline weekend effe@nsity based on 24-hour
average, (c) PW2010 scenario weekend effect irtiebsised on maximum
ozone concentration, (d) PW2010 scenario weekefedtahtensity based on
24-hour average, (e) EHP2010 scenario weekendtefieensity based on
maximum ozone concentration, (f) EHP2010 scenarieekend effect
intensity based on 24-hour average.
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8 EFFECTS OF OZONE ALOFT ON THE WEEKEND EFFECT

One of the hypotheses to explain the weekend ef$etitat pollutants are carried over
above the nocturnal boundary layer, and may exegteater influence on weekends than on
weekdays for surface g&oncentrations. To study the existence of pollutaservoirs that are
carried over from weekdays to weekends, this stulyzed the vertical profiles of pollutant
concentration at altitudes up to 1100m.

Originally, the UCI-CIT Airshed model was designedoutput pollutant concentrations
from the ground level layer only. Consequently,stady how the concentration of ozone is
affected aloft, the model is modified to output twcentrations of pollutants above the ground
level of 38m, up to the height of 1100m. The madédizes the mixing height prescribed by data
estimated by CALMET, which influences the vertioaking of the pollutants.

8.1 Effects of NOQ, emissions on the weekend effect

A set of simulations were conducted to analyzeetifect of reducing NQemissions on
ozone concentrations aloft. The weekday emisswaie kept the same as in the base case,
whereas weekend emissions were scaled by factos8pf0.6, 0.4, 0.2 and 0. Results are
evaluated for the ground level layer and upperlgeveigure 22 shows the effect of changing
NOyx emissions on peak ozone concentration at diffevertical levels at a specific location in
the basin (Azusa).

It is important to note the effect of reducing N@®missions by 20% because it is
equivalent to weekday-weekend changes in emissionsthe weekends, emissions of VOC
decrease by approximately 6% and emissions of 8#&3rease by approximately 27% compared
to mid-week. Hence, the VOC/N@atio on weekends is about (1-0.06)/(1-0.27) 9lihes the
mid-week VOC/NQratio. If one only changes N@missions — as in Figure 22 — to analyze the
weekday-weekend trends, the weekend, @issions should be 0.78 times the midweek NO
emissions to maintain the same relation in the W& /ratio between weekdays and weekends.
Namely, if NQ, emissions in weekends are 22% lower than in weekdad VOC emissions
remain constant, the VOC/N@atio on weekends is about 1.00/0.78 = 1.29 tithesnid-week
VOC/NO ratio, which is equivalent to the relation betwesaekday and weekend actual

emissions. Figure 22 shows that when,@issions are reduced by 20%, Saturday peak ozone

64



is smaller than Sunday peak ozone in all four ky#rthe atmosphere shown. In the SoCAB,
Sunday peak ozone is typically higher than Satunoiegk ozone. Hence, simulation results

agree qualitatively well with the relative Saturdad Sunday peaks observed from ambient data.
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Figure 22.Effect of changing NQemissions on peak ozone concentration at different
heights. Peak ozone on Saturday){ Peak ozone on Sundaw)(

8.2 Effects of ozone concentration aloft on the weekersffect

The concentration profiles of N@nd ozone at various heights are compared atfgpeci
times and locations. In order to verify the vadijdof the model results, predicted values are
compared with measurements from Southern Califo@mane Study 1997 (SCOS-97). Figure
23 shows that the measured and predicted ozonealgptofiles at 8:00 a.m. and 2:00 p.m. in
Central Los Angeles, Pomona, and Riverside displayilar trends. Simulation results show
good agreement with measurements in the first thagers of the modeling domain (Om to
308m). The most drastic weekend effect intensityucg; as modeling results show, in the first

three layers of the domain (Om to 308). More speadif/, the greatest weekend effect intensity is
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shown to be in layers two and three (38m to 308vhjch is the focus of this study. The fourth
(308m to 671m) and fifth (671m to 1100m) layer loé domain have the some discrepancies in
ozone concentrations with the SCOS-97 data. In thetmodel tends to over-predict the ozone
concentration. Comparing the morning and afternmxone vertical profile at the three locations
mentioned, the afternoon shows a better agreenentebn the predicted and measured value.
This may be attributed by the presence of the Bigar layer which is dependent on the
meteorology. One must note that the model simulatiare performed using SCAQS-87
meteorology episode, which was a comparativelynsgeset of meteorological conditions; on the
other hand, SCOS-97 is notorious for having mildeamlogical conditions. Hence, there is no
reason to compare the two quantitatively, but opiglitatively.

There is little information on observations of N@ertical profiles that can be used to
evaluate model performance. Roberts et al. (1p83ented vertical profiles of ozone and,NO
concentrations obtained by aircraft spiral measergsn in EI Monte, CA, which is
approximately 20 km from Central Los Angeles. Yoait profiles were obtained from ground
level through 1500m in the morning, midday and ratten of June 25, 1987. Aircraft
measurements show qualitatively good agreement tihiéh model predictions obtained for
Central Los Angeles. Measured N€bncentration at ground level is high in the mognand
decreases dramatically at 2000m, which matches Imedelts. The observed vertical gradient
of NOy concentrations at around noon is less steep thahei morning, and in the afternoon
hours NQ concentrations observed at ground level increatie nespect to the ones at midday.
All these features are observed qualitatively imar@mont, which is located 30 km eastwards
from El Monte. Nevertheless, more measurementseotical distribution of ozone precursors
would be necessary to better assess model perfoarhat could be used to study the hypothesis

of ozone aloft as a cause of the weekend effect.
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Figure 23.Southern California Ozone Study 1997 (SCOS-97) nreasents (dashed
line) and model predictions (solid line) of ozor@ncentrations versus height
for August 6, 1997: (a) Central Los Angeles at 820M., (b) Central Los
Angeles at 2:00 p.m., (c) Pomona at 8:00 a.m.Pjona at 2:00 p.m., (e)
Riverside at 8:00 a.m., (f) Riverside at 2:00 p.m.
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Figure 24 and Figure 25 show ozone andNéxtical profiles at hours 7:00 a.m., 1:00
p.m. and 5:00 p.m., in Claremont and Central Logeles, respectively. These two figures
show an inverse relationship between the increaseozone and the decrease in ,NO
concentration from weekdays to weekends. Using vileekday results as a baseline, ozone
concentration at the surface in Central Los Angeleseased about 33% on the weekends. This
is consistent with weekend effect analysis of ambimeasurements at the L.A.-North Main
monitoring site. Also, the amount of ozone secgrest in the air at 7:00 a.m. can be expressed
as 48,750 ppb-meters (area of the triangle aldfis is the same for both weekdays and
weekends, which is appropriate for assessing tfeztedf lower NQ and VOC on weekends
compared to weekdays. The amount of total ozonkerair at 1:00 p.m. is about 93,000 ppb-m
on weekdays and 104,500 ppb-m on weekends. Thisaited an increase of 11,500 ppb-m in
total ozone or a 12% increase. Therefore, the saaoee carryover from the day before yields
12% more ozone in general, but 33% more ozonededaat ground level.

Figure 25 indicates that total N@n the weekend dropped by 40% compared to the
weekday amount. The total difference in N@as approximately 19,200 ppb-m. So, a decrease
of 19,200 ppb-m NQyielded an increase of 11,500 ppb-m ozone, perldapgsentirely to a
decrease in surface-level destruction g@fd® fresh NO. This is what is meant by the ozora th
carries over aloft is allowed a disproportionatie@f on weekends compared to weekdays. A
40% decrease in NOyielded a 12% increase in total ozone and a 33éfease in ozone
measured at the surface. The 12% increase in datale is the only aspect of these quantities
that is difficult to corroborate with measured datae to the scarcity of measurements aloft.

The above discussion links the carryover aloft higpsis with the surfaces@uenching
hypothesis. That is, the presence of large amoahtdesh NO emitted at the surface on
weekends prevents the expression of both carryozene and newly created ozone at the
surface. On weekends, the large decrease in fr€sleitted at the surface allows more of the
total ozone, half of which is carryover, to be eegsed at the surface.

Figure 24 representing Claremont differs in a feaysvfrom Central Los Angeles. At
7:00 a.m., the initial ozone reservoir aloft isajex for the weekend than it is for the weekdays.
The way the modeling was set up, the reservoir lshoel the same before sunrise, when vertical

mixing and photochemistry begin. So, one must asstivat convective mixing from the surface
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is already starting to erode the nighttime surflaased inversion, which is consistent with some
field observations. Also, one must entertain thesgmlity that the mixture of ingredients aloft
generates additional ozone before vertical mixeggches it. Such phenomenon was observed in
the surface-based Light Detection and Ranging (LRpAor remote observation of ozone aloft
during the SCOS-97 field study. The ozone LIDAR vga$ up at the EI Monte Airport, and
ozone concentrations were monitored up to two k#tarsup to two kilometers with the differential
absorption LIDAR (DIAL). The field-study report shows that new ozone isteagedrom 500m to
1500m aloft, between the hours of 7 and 8 a.mJ, befbre convective mixing would reach that
high. Our model results show similar patterns as LIDAR measurement of higher ozone
concentration aloft compared with the ground lelging the morning hours.

Rough calculations using Figure 24 indicate a 10éftease in total ozone at 1:00 p.m. on
the weekend compared to the weekdays with a 26%¢ase in ozone. A 10% increase in total
ozone delivered a 26% increase in the surface-basellend effect. Figure 24c shows an even
higher peak on the weekend for a 35% weekend e#¢ct:00 p.m., a drop of 13,500 ppb-m in
total NQO represents a 45% reduction in N@hat resulted in a 26% increase in ozone
concentration from weekdays to weekend.

A basic question is this: why did the 12% increimstotal ozone at Central Los Angeles
and the 10% increase in total ozone at Claremarur@8cOf course, it is possible that non-linear
ozone chemistry, such as VOC/N@tio hypothesis, plays a significant role in proeg the
apparent results. However, an alternative explanas available here as well.

The reduced amount of fresh NO on weekends isechmioft by convective mixing
where it encounters £and organic radicals fumigating downward from thservoir that was
sequestered aloft over night, where NO flashes@p ifhmediately. This N@is in the presence
of aged VOC's and, presumably, organic radicalsdlsm carried over aloft. Therefore, the new
NO, immediately enters a system prepared to geneeateorone efficiently. As demonstrated
in Figure 28, the VOC/NQratios in the carryover system aloft are quitehhignd the set a
necessary numerical limit of 50; actual ratios barsignificantly higher. Each new NO molecule
would destroy one ©but then help generate multiple @olecules. In that case, the VOC/NO
ratio of fresh emissions is not the main culpristead, the interaction of fresh NO with ozone

that carries over from the previous day makes opooduction more efficient.
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Figure 27.Weekday (solid line) and weekend (dashed line) NOQ)/Matio and ozone
concentration versus height levels at Central Logeles, (a) 7:00 a.m., (b)
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Rarely have smog chamber studies been performed imittal conditions that already
have a large mass of gases with 50 to 100 ppb dotloeved by gradual introduction of smaller
amounts of gas containing fresh NO. Data from arah £xperiment found that a fresh infusion
of NO did not cause ozone to drop perceptibly.dadf ozone was produced rapidly, and the
system quickly reached a new, substantially higizene peak (Hess et al., 1992).

Figure 26 and Figure 27 show the vertical profd€sNO/NG, ratio at hours 7:00 a.m.,
1:00 p.m. and 5:00 p.m., in Claremont and Centd BAngeles, respectively. A decrease in
NO/NQO; ratio from weekdays to weekends also has an ieveiationship with the increase in
ozone weekdays to weekends. A trend of higher @mmcentrations at upper levels coincide
with the decrease in NO/NQatio, which is explained by the decrease in oziraion due to
the virtual elimination of NO with altitude, andetlincrease in ozone production by the increase
in NO..

To quantify the effects of NQaloft in the modeling domain, the ratios of VOCNG®y
concentrations at each of the five modeling layaes examined individually. The analysis
consists in comparing the weekday/weekend 24-heerrage VOC/NQ ratio at each of the five
height domains. In order to avoid invalid valuesulted from zero NQconcentrations, the
maximum VOC/NQ ratio is set at 50. Figure 28 shows the dailyraye VOC/NQ ratio for
weekdays and weekends at the five vertical levélshe modeling domain. Note that the
VOC/NOx ratios are generally smaller in the weekdays (tkzhby a darker color). Figure 29
shows the difference in the VOC/N@tio between weekends and weekdays. The moddtses
show that ground level VOC/NQon the weekend is higher than on weekdays, becdugse
decrease in NQemissions is greater than the decrease in VOCsamns from weekdays to
weekends. At upper levels of the model domain, elgrbetween 38m and 154m above the
ground level, higher differences in VOC/N®om weekdays to weekend are actually observed
in the central part of the domain. The increas&©IC/NC at this layer could explain why
there is a more intense weekend effect at this g at the ground. The weekday-weekend
VOC/NO ratio differences at heights between 154m and 6#dlow a similar trend, where
greater differences are observed at locations sastiof Pico Rivera and northwest of Central
Los Angeles. Finally, maximum differences in th©®/NQ; ratios between weekdays and

weekends at the uppermost layer — from 671m to ml80occur in the central part of the
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domain, which differs from what happens at loweels. This indicates the significance of the
ozone aloft dynamics in contributing to the weekeffect, as previously observed in Figure 5.
At locations where no weekend effect was obsengeah as Hawthorne, the changes in

VOC/NOG ratio throughout the week are minimal.
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Figure 28.Daily average VOC/N@ratios (ppbC/ppb) for weekdays and weekends of the
1997 base case using meteorology from August 287 B (a) Om to 38m,
(b) 38m to 154m, (c) 154m to 308m, (d) 308m to 6/@en671m to 1100m.
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Figure 29.Weekend to weekday VOC/NO(ppbC/ppb) ratio differences in the South
Coast Air Basin in California using meteorologyrfraAugust 28, 1987 at: (a)
Om to 38m, (b) 38m to 154m, (c) 154m to 308m, @38 to 671m, (e) 671m
to 1100m.

A similar analysis is performed with VOC/N@atios for the year 2010. As presented
before, emissions of NGand VOC in 2010 are significantly lower than tmeissions for 1997.
Since the decrease in N@missions from 1997 to 2010 is smaller than theresese in VOC
emissions for the same period, the VOC/N@tio in 2010 is generally lower than in 1997.
Having low VOC/NQ ratio is thought to provide VOC-limited conditiorteat favor the
weekend effect. However, simulation results shbat bzone concentrations and the weekend

effect intensity in 2010 are lower than in 1997hisTdoes not correspond to what has been
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observed from 1980 to 2000 in the South Coast AsiB of California. Emissions of N@nd
VOC and the daily maximum concentrations of ozoné-hr or 8-hr — decreased on both
weekdays and weekends throughout the SoCAB. Hawewene concentrations in weekdays
improved more rapidly than it did in weekends. &gesult, a gap between weekends and
weekdays emerged and widened as the years progreg§dee ozone weekend effect increased in
absolute magnitude ¢Jppb difference between weekends and weekdaysjinareased even as
emissions decreased and ozone concentrations dedreaThe shift in the weekend effect
intensity trends from the periods 1980-2000 and02B010 could be explained partly by the
significant decrease in VOC and N@missions assumed by the 2010 emissions invemntibiny
respect to the 1997 emissions inventory. In amditveekend effect intensity in 2010 could be
lower than in 1997 because VOC emission reductiom fiweekdays to weekend in 2010 is 13%,
more than twice the weekday-to-weekend reductiod@C emissions in 1997 (see Table 13).
In a VOC-limited region as the SoCAB, a decreas¢@cC tends to reduce ozone concentration.
As the relative weekday-weekend reduction in VOGssians in 2010 is larger than in 1997, the
weekend effect intensity in 2010 is dampened watgpect to 1997, even though the VOC/NO
ratios present in 2010 — shown in Figure 30 — araller than in the year 1997. In addition, the
differences in VOC/NQratios from weekday to weekend in 2010 (see Fi@ireare smaller
than the ones occurred in 1997, and supports ttigHat lower differences in VOC/NGrom
weekday to weekends leads to lower weekend effgensity. This is the first study that
considers a future weekend effect episode, antduresearch is needed to confirm if there is an
inflection point in the weekend effect intensitythe emissions are reduced in the future.

Table 13. Weekday and weekend emissions of,N@d VOC (tons per day) in the South

Coast Air Basin of California and the percentagkiotion in emissions from
weekdays to weekends for the years 1997 and 2010

August 3-7, 1997

August 3-7, 2010

Weekday- Weekday-
Weekday Weekend Weekend Weekday Weekend Weekend
decrease decrease

(tons/day) (tons/day) (%)

(tons/day) (tons/day) (%)

NOx
VOC

771 566 27
1373 1291 6

325 251 23
513 445 13
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Figure 30.Daily average VOC/NQratios (ppbC/ppb) for weekdays and weekends of the
2010 base case using meteorology from August 287 B (a) Om to 38m,
(b) 38m to 154m, (c) 154m to 308m, (d) 308m to 6/@en671m to 1100m.
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Figure 31.Weekend to weekday VOC/NO(ppbC/ppb) ratio difference in the South
Coast Air Basin in California at various heightéés/for the year 2010. (a) Om
to 38m, (b) 38m to 154m, (c) 154m to 308m, (d) 3G8nG71m, (e) 671m to
1100m.
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9 SAPRC-07 CONSIDERATION

Carter (2007) describes recent developments in sgtheyic chemical mechanisms and
updates to the SAPRC mechanism. The new versioRR&A07, prompted a reevaluation of the
chemical mechanism used in the UCI-CIT model, CACNMhe scientific revisions implemented
in SAPRC-07 from SAPRC-99 include: 1) updated afct®ns and their rate constants based on
recent scientific findings and evaluations; 2) refalated method to represent peroxy reactions
that is more appropriate for modeling secondaryaoig aerosol formation; 3) improved
representations for several VOCs; and 4) new spexnid reactions of chlorine chemistry. The
new features of the SAPRC-07 mechanisms and thlevance to CACM were examined.

SAPRC-07 has updated the base mechanism, the mpoofiothe mechanism that
represents the reactions of the inorganic spedhles, common organic products, and the
intermediate radicals leading to these productsstMé the rate constant changes, however, as
commented by Carter (2007), are relatively smalllhis was confirmed by a thorough
examination of every rate constant and reactioGATM. A few errors that were identified in
SAPRC-99 are corrected in SAPRC-07, but none otkwhre present in CACM.

SAPRC-07 has also included the addition of lumpeghdr organic species that are
closely associated with the formation of secondarganic aerosols (SOA), and their
corresponding reactions, all of which are presdntady in CACM with finer lumping
mechanisms. A detailed development of SOA mecha)is©iowever, was beyond the scope of
SAPRC-07 project, so it is simplified in many resise The UCI-CIT model utilizes a module
based on inorganic gas-aerosol equilibrium nametuiting the Composition of Atmospheric
Particles at Equilibrium 2 (SCAPE2) and the ModelPredict the Multiphase Partitioning of
Organics (MPMPO) Mechanisms (Griffin et al., 2005).

Finally, SAPRC-07 has added chlorine chemistry itite box model as an optional
capability. The effect of the addition of chlorinkemistry to the UCI-CIT model was studied in
this project. The chlorine model presented in gtigly includes more species than SAPRC-07.
It also considers heterogeneous and multiphaseictlohemistry, which allows it to depict the
effects of chlorine emissions using a very fundaaespproach.

Overall, the current version of CACM implemented time UCI-CIT model is not

significantly affected by the development of SAPBTmechanism. The changes in reactions

81



and rate constants in SAPRC-07 are relatively snealdl most of the additional lumping
mechanisms are already present in CACM. The impnave in SOA precursors in SAPRC-07
are already accounted for in the UCI-CIT model ff@riet al., 2005). Finally, the addition of the
chlorine chemistry mechanisms into SAPRC-07 is shdw be comparable to the chlorine
chemistry mechanisms described by Knipping and DbBb(2002). Therefore, the updates
presented by Carter (2007) do not have any sigmfionpact on the results of this study.
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10 SUMMARY AND CONCLUSIONS

This study is the first to include new heterogerseceactions involving renoxification
and chlorine chemistry in a modeling analysis & theekend effect. In addition, this effort
explores the weekend effect in future emissionaates that include emissions from distributed
generation in the SoCAB. Finally, this study anaek/zhe dynamics of ozone formation and
weekly differences at upper levels of the urbansaed. All the input parameters used in the

various case studies of this report are summaiizédble 14.

Table 14. Summary of the different inputs used in the mattieas presented in this study.

Chemistry Emission Episode
. Renoxification  Cl Chemical
Sections CACM Reaction (R1) Reactions 1997 2010
Base Case Yes No No Yes No
Heterogeneous Reaction
Renoxification Yes . a No Yes No
Probability P)
Process
Sea-salt Activated Amplification
Chlorine Yes No Fapctor A)b Yes No
Chemistry
Distributed DG
Generation (DG) ves No No No Emissions
Weekend
NOy Reduction Yes No No emission No
reduction

3 =0.001, 0.01, 0.1, and 1.0
®A=0.1, 1, 10, and 100

While in remote atmospheres there is a clear cglakiip among N@ VOCs and ozone,
this relationship tends to breakdown in the urbBmoaphere. In polluted air, the processes by
which NQ, and VOCs create ozone begin to compete with etiedr and the relationship among

ozone, NQ and VOC concentrations becomes complex and nalind result of increasing
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NOy can lead to a decrease or increase of ozone degeoad the local VOC concentrations.
Table 15 summarizes the impacts that chlorine, xiéination, and distributed generation have
on NQ, ozone and the weekend effect. Notice that matip among NQozone and the

weekend effect is not always very clear.

Table 15. Summary of the change in NGnd ozone concentrations, as well as the
weekend effect intensity, from the base case with introduction of
renoxification process, chlorine chemistry, andriisted generation.

Weekend Effect

NOy Impact O3 Impact Impact
Heterogeneous Increasles. NQ . |an(jeaS§S §]3 Little difference in
Renoxification recircu a}tlon while pro uctloq rom \_/veeke_nd effect
P conserving N@ newly available intensity (minor
rocess mass NO, decrease)
. Decreases N
Sea-salt Activated through NQ P Increases © Moderate decrease in
Chlorine reser\g/oir species production in the weekend effect
' ) intensit

Chemistry abstraction presence of NO y

Increases ©
Distributed Increases NQdue producpon No effect, Iess_than

. ) e downwind. 5 ppb change inOs

Generation (DG) to direct emissions

Decreases $near over base case

emission sources

This study shows that the UCI-CIT Airshed modetapable of reproducing the weekend
effect. The model uses different representativesgions for weekdays and weekends to create
weekly fluctuations. Results of the base case lsitiom have shown good agreement with
observations from Qin et al. (2004) who measurezhezxoncentrations during a period of seven
summers. Modeling results show a weekend effetnsgity that is generally higher than
averaged historical values, as model results apyasent one particular episode. Results show
there is a significant weekend effect produced fr@mations in NQ emissions. Nevertheless,
the 1987 meteorological episode used in the sinomstdiscussed is representative of the

synoptic conditions in the SoCAB.
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The renoxification reaction increases ambient cotradons of NQ by releasing back
NO, and HONO from the heterogeneous reaction of NG WINO; in aerosols present on
surfaces. The recirculation of N(back to the gas phase leads to an increase ineozon
concentration with respect to the base case. dsese in ozone concentration due to
renoxification occur on weekdays and weekends. Wewencreases in ozone concentration near
strong NQ sources during weekdays are larger than the isesethat occur during weekends,
resulting in a net decrease in the weekend eff@ensity in areas around central LA. The
influence of renoxification on the weekend effedpdnds on the renoxification reaction
probability ). Simulation results show that a renoxificatiomlgability less than 0.1 has a
minimal impact on the weekend effect. Conversalyenoxification probability of 1 leads to a
basin-wide overall decrease O3 of 2%. Earlier studies based on chamber expetsnen
suggested tha could be on the order of £pand with the effect of high specific surface afea
could increase up to TO Another important factor that is yet unaccounfed in the
renoxification probability is the specific area. aWy urban environments have specific surface
areas that are significantly larger than 1. A éagpecific surface area increases the available
surface area renoxification can occur on and tbezefan increase the renoxification probability.
The effect of specific area on renoxification neddsbe studied in more detail through
measurements and experimentation. As a resultjntipact of renoxification might still be
under estimated due to the role of specific suréaea. .

Results show that the addition of chlorine chemiatid a sea-salt aerosol source causes
an increase in the maximum ozone concentrationhé dresence of NQ as suggested by
Knipping and Dabdub (2002b). Chlorine leads tdbigozone production during the week days
than during the weekend. Hence, the chlorine caseduce a less intense weekend effect
compared to the base case. This trend continuesees chlorine is introduced into the system.
An amplification factor ofA=10 leads to the best agreement with observed inkldevels in
coastal areas and produces an overall basin-wickease in the weekend effect intensity of 29%
compared to the base case.

There have been several studies focusing on th&otoosf ambient ozone levels in
California (Winner et al., 1995; Nguyen and Dabd2®)2; Kelly and Gunst, 1990). Winner et

al. (1995) examined the effects of changing thendawy conditions on ozone isopleths of Los

85



Angeles. Nguyen and Dabdub (2002) focused on ffeete that control strategies have on
particulate matter. Kelly and Gunst (1990) examia@ outdoor smog chamber while varying
initial contaminant concentrations. Results frdhohthese studies indicate that control of NO
in the absence of VOC control is not enough to cedazone levels. The current study supports
such a conclusion by providing modeling evidenca wfeekend effect produced through weekly
variations in emissions such as NOIn fact, lower NQ@ emissions are capable of increasing
ozone formation (e.g. Table 4).

The present study analyzed for the first time pidémweekend effect in a future scenario
in 2010. In addition, this study considers futamissions from distributed generation of power
in the SOoCAB and their impact on the weekend effelct general, the weekend effect intensity
in the year 2010 is milder than the baseline weekeffect simulated for the year 1997. The
reduction of the weekend effect from 1997 to 2GLtainly due to lower emissions of Nénd
VOC. The contribution of emissions from distribditgeneration to the total baseline emissions
is less than 5% even for a high DG penetrationatenand as a result, emissions from DG have
a limited influence on the weekend effect.

Weekend effect levels are impacted by renoxificais well as chlorine chemistry. This
work provides modeling evidence that indicates abserved weekend effect intensity in the
SoCAB would be even greater in the absence of i@oaton. In summary, renoxification
leads to 2% average basin-wide decrease in the emdekffect magnitude in the SoCAB.
Tables 4 and 6 show that at locations with largéedinces between weekday and weekend
levels of ozone (those larger than 2%), the diffees are even greater when renoxification is not
considered. Namely, the values of ozone differepcesented in the right-most column of Table
4 tend to be greater than the corresponding valueBable 6. More dramatically, realistic
scenario of chlorine chemistrp£10) leads to a 29% average basin-wide decreaserefbre, it
is highly recommended that future weekend effaalists incorporate at least chlorine dynamics.

This study reports for the first time results onekend effect at upper layers of an urban
air shed. In highly polluted areas, where ;Némissions are high and the weekend effect
intensity at ground level is strong, ozone con@ins at ground level are generally low due to
titration of ozone by fresh NO. However, concetitres of ozone aloft are significantly higher

than concentrations at ground level. The incredisezone concentrations from ground level to
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upper layers generally coincides with a decreas® fiigh NQ concentrations at ground level to
low NOy concentrations at upper levels. This supportdipethesis that the weekend effect is
mainly caused by the decrease in Ngnissions from weekdays to weekends, which redineges
Ogs-titration capacity of highly polluted areas, arehbe high @ concentrations in the weekends.
Parametric reductions of NGemissions lead to an increase in peak ozone ctratiens in
locations in the center part of the SOCAB at altieal levels. Only very drastic reductions in
NO, emissions (close to 100%) lead to a reduction oébne in all five layers of the
computational domain after two days of simulatiodOC/NG; ratios in the weekdays are lower
than in weekends for the first four layers, in aredoere the weekend effect is present. Only in
the uppermost layer there is no significant weekeffect (in which there is no difference in
VOC/NO, between weekdays and weekends). In conclusian wbekend effect occurs at
ground level as well as at altitudes up to 670ng enmainly due to the decrease in NO

emissions and the increase in the VOC/M&ios from weekdays to weekends.
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RECOMMENDATIONS

This modeling study assesses the dynamic respdribe weekend effect to the addition

of the renoxification process and the incorporatbrehlorine chemistry into air quality models.

The results also show the influence of distribugedheration on the weekend effect in future

scenarios. Furthermore, this study focuses onnipact of pollutants aloft. Based on the results

from the work presented, the following list of remmendations should be considered:

More accurate accounting of anthropogenic chlosimgrces is needed to better determine
the distribution and concentration levels of chierin the SoCAB. This information
combined with the sea-salt aerosol source shouddtige a better picture of the true

weekend effect.

The renoxification probability is inherently depemd upon ground roughness, specific
area and land use. An empirical relationship amdmgse parameters and the
renoxification probability would allow for betterodeling of the renoxification process

and its subsequent impact on the weekend effect.

Weekend episodes should be included in the anabysisér pollution control strategies.
Simulation results of future scenarios in the y2@t0 suggest that even with low NO
and VOC emissions that could lead to attainmernhefozone air quality standards, there
is a weekend effect. These findings imply that $&€AB will be under VOC-limited
conditions, which cause an increase in ozone cdrat@ns due to decreases in NO
emissions, as it generally happens from weekdaysveéekends. Hence, weekend
episodes are likely to pose more problems withahidity of the SOCAB to attain the

ozone standards than weekday episodes.

Although the influence of DG emissions to the weekeffect proved to be minor, DG
emissions should be included in the emissions itorgrio account for all sources in the
SoCAB. Emissions from distributed generation catgatribute to approximately 1% to
the total basin-wide emissions in 2010. In futyears the contribution of DG could be

up to 5% if high penetration is achieved.
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Modeling studies indicate that the weekend effetdnsity at heights from 40m to 300m
is greater than at ground level. However; most mw@gsent campaigns concentrate on

ground level. It is recommended to also collectdfidata aloft to corroborate this

modeling insight.
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