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Abstract. Net ozone production rate$(Os), were mea- 1 Introduction
sured directly using the Penn State Measurement of Ozone
Production Sensor (MOPS) during the Study of HoustonOzone pollution damages human health (Ho et al., 2007) as
Atmospheric Radical Precursors (SHARP, 2009). Mea-well as crops and forests (Madden and Hogswett, 2001). A
sured P(O3) peaked in the late morning, with values be- growing body of evidence indicates that these harmful effects
tween 15 ppbv h'and 100 ppbv h', although values of 40— occur at even lower ozone levels than previously thought. In
80 ppbv tr! were typical for higher ozone days. These mea-response, governmental regulatory agencies are considering
surements were compared against ozone production ratagductions in the primary and secondary Ambient Air Quality
calculated using measurements of hydroperoxyl {4@y-  Standards for ozone. For example, a reduction in the primary
droxyl (OH), and nitric oxide (NO) radicals, called “calcu- standard from 75 ppbv to a new level between 60—70 ppbv
lated P(O3)". The same comparison was done using mod-has been recently proposed (US EPA, 2010), although con-
eled radicals obtained from a box model with the RACM2 sideration of this new ozone standard has been delayed until
mechanism, called “modelefl(Os)”". Measured and calcu-  2013. The current number of counties nationwide in non-
lated P(Og) had similar peak values but the calculat®®s)  attainment (342) would increase by 50 % with a new standard
tended to peak earlier in the morning when NO values wereset at 70 ppbv. This increase would be 90 % if the standard
higher. Measured and modelédOs3) had a similar depen-  were set at 60 ppbv (McCarthy, 2010). Hence, attaining these
dence on NO, but the model&{O3) was only half the mea-  ozone standards is a challenge for air quality managers.
suredP(Os3). The modeledP(Os) is less than the calculated Areas designated as being in non-attainment with
P(O3) because the modeled H@ less than the measured (e present ozone standard, such as Houston-Galveston-
HOz. While statistical analyses are not conclusive regard-grazoria, would face a more difficult challenge under new
ing the comparison between MOPS measurements and thg,.es.  As an example, during the month of May 20009,
two estimation methods, the calcula®{Os) with measured e Texas Commission on Environmental Quality (2011) re-
HO, produces peak values similar to the measuPé®s)  ported four cases of exceedances of the current primary
when ozone is high. Although the MOPS is new and moreqone standard in Houston. Thus, developing economically
testing is required to verify its observations, the measureyjape reduction policies will require more exigent controls
ments in the SHARP field campaign show the potential of oy mopile and point sources of the ozone precursors, ni-
this new technique for contributing to the understanding Oftrogen oxides (NQ=NO +NOy) and volatile organic com-
ozone-producing chemistry and to the monitoring of 0zone’sponds (VOCs). Determining the effectiveness of these new
response to future air quality regulatory actions. policies could benefit from new monitoring strategies that in-
clude measurements of not only ambient ozone but also the
actual ozone production rate.
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Ambient ozone is the result of local photochemical pro- P(Os3) = p(O3)—[(03) 4)
duction, surface deposition, and transport processes, as given
in the ozone budget equation (Eqg. 1): Equation (2) summarizes the production of NOhek terms
are the reaction rate coefficients and the terms in brackets
d[Os] P ud : . .
= P(03)— —[O3]—v-V[Og] (1)  are the concentration of chemical species. The two terms on
ot H the right-hand side of Eq. (2) indicate production of NO
In Eq. (1), the time-rate-of-change of measured ambient O and therefore of ozone, from peroxy radicals reacting with
is on the left-hand side of the equatiaP(O3) is the instan-  NO. The terms of Eq. (3) corresponds to the reaction of OH
taneous net chemical ozone production rateis the ozone and NG to form nitric acid, the reaction of HOwith Os,
deposition velocity,H is the mixed layer height, and is and finally the formation of organic radicals RONCEqua-
the wind velocity. The amount of ground-level ozone andtion (3) represents the reactions that reduce the ozone pro-
its time-rate-of-change can be obtained from a direct meaduction rate, either by direct ozone loss or by shifting the
surement using a commercial ozone analyzer. These ambNO; that is in steady-state balance with ozone into reservoir
ent ozone measurements, however, do not indicate whethepecies. The instantaneous net production of ozone is the
ozone is produced locally or advected from other areasdifference between chemical ozone production and chemical
Thus, the relationship between ozone and its precursors camiemoval, as shown by Eq. (4).
not be obtained from simple ambient ozone measurements. The calculation of the ozone production rate has been tra-
Typically, ozone is linked to its precursors using air qual- ditionally done by chemical modeling. In this study, we use
ity models that include N@and VOC emissions, the pho- the Regional Atmospheric Chemistry Mechanism Version 2,
tochemistry that produces ozone, and the meteorology thator RACM2, (Goliff and Stockwell, 2008, 2012). Past stud-
drives ozone transport. The emissions inventories and trandes have found that ozone production rates calculated from
port needed by the models are both uncertain (Fox, 1984measured radicals were greater than those calculated from
NRC, 1991; Gilliland et al., 2008). This factor complicates modeled radicals (Martinez et al., 2003; Ren et al., 2003;
the ability for the models to test the effectiveness of emis-Ren et al., 2004; Shirley et al., 2006; Kanaya et al., 2007).
sions reductions on ozone production. These differences have been attributed to modeled bk>
The chemistry of tropospheric ozone production has beering less than measured HORecent studies by Hofzuma-
presented by several authors (Haagen-Smit et al., 1953aus et al. (2009) suggest a mechanism for the production of
Finlayson-Pitts and Pitts, 1977; Logan et al., 1981; Gery etOH that maintains the ratio HOH and does not involve
al., 1989; Kleinman, 2005; Seinfeld and Pandis, 2006). Thethe reaction of HQ with NO and, therefore, does not re-
current understanding of the ozone-forming chemistry in thesult in the production of ozone at low NO levels. Although
troposphere indicates that the photolysis of nitrogen dioxidethe conditions for the present study are different from those
(NOy) is the only known source of ozone in the daytime. in Hofzumahaus et al. (2009), the hypothesis by Hofzuma-
In the absence of hydroperoxyl radical (BCand organic  haus et al. is an example of a mechanism that is not included
peroxy radicals (R@), nitric oxide (NO), nitrogen dioxide in the traditional models and calculations. Monitoring the
(NO») and ozone (@) achieve photosteady state (PSS) andozone production rate in real time could help identify addi-
no new ozone is formed. New ozone is formed via reac-tional mechanisms or confirm the chemistry included in the
tions of peroxy radicals (H®+ RO,) and NO to make N@ models.
Solar ultraviolet light dissociates NOnto NO and O, with The Measurement of Ozone Production Sensor (MOPS)
O rapidly reacting with @ to make ozone. Peroxy radicals (Cazorla and Brune, 2010) measur{®©s3). This term in the
come from reaction sequences that continuously cycle OHpzone budget equation (Eq. 1) is the only term that is directly
HO,, and RQ radicals; these sequences are fast enough thaffected by NQ and VOC emissions and their photochem-
the steady state of the HQGOH + HO,) species can be as- istry. All other terms are proportional to ozone or its gradi-
sumed. The estimation of the rate of net ozone productionent, so that as measur@qdO3) decreases, so should ambient
P(0O3), from measurements requires the knowledge of theozone, provided it is being produced locally and not advected
abundance of peroxy radicals and NO present in the ambierfrom other regions. Thus?(Os) measurements can be used

air. to quantify local production versus transport by comparing
The instantaneous production of ozone in the tropospher¢he rate-of-change in ambient ozone agaiR$Ds3), espe-
can be represented by the kinetic rate equations: cially if a network of these instruments is located along the

path of meteorological features associated with ozone advec-
p(03) = kno,No[HO2][NO] + Zkro, +No[RO21[NO] (2)  tion. P(O3) measurements also provide a test of the ozone
production rates that are calculated from Eg. (4) using ei-
1(03) = koH+NO,+m[OHIINO2][M] + kHo,+03[HO21[O3] 3) ther modeled chemical species or species measured during
+ P(RONGy) intensive field campaigns. Further, adding N@ VOCs to
ambient air sampled by the MOPS directly tests the sensi-
tivity of ozone production to NQor VOCs. Hence, MOPS
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has the potential to contribute significantly to improving the time, although longer operation of this new technique will be
monitoring of ozone and its response to changes iR Bl needed to truly understand the uncertainties and possible in-
VOC emissions. terferences. A complete description of the instrument can be
The direct measurement of ambient ozone production ratéound in Cazorla and Brune (2010). MOPS data is available
was first proposed about forty years ago (Jeffries, 1971), bufor 20 days out of the 42-day intensive SHARP study.
we independently developed a technique using an improved OH and HQ radicals were measured by the Ground-based
understanding of the photochemistry and better materials andiropospheric Hydrogen Oxides Sensor, GTHOS. The instru-
methods that were not available then. These improvementsient and its calibration have been described in detail in
have made a quantitative direct ambient measurement feaskaloona et al. (2004); an abbreviated description is given
ble. here. The detection technique uses laser-induced fluores-
This paper presents the fir&(O3) measurements using cence (LIF) at low pressure, often called FAGE (Hard et al.,
the MOPS, a new, relatively untested, yet promising tech-1984). Ambient air is pulled into a low-pressure chamber
nique. These measurements were made during an intensivwith a vacuum pump. As the air flows through the detection
field campaign in Houston in 2009 in which environmen- chamber, OH radicals are excited by the laser and their resul-
tal parameters and many atmospheric constituents includingant fluorescence is detected at a wavelength near 308 nm.
radicals were measured. As a result, the MQR®3) data  HO2 is chemically converted to OH by the reaction with
were compared to the ozone production rates calculated ugeagent NO followed by LIF detection of OH in a second
ing Eq. (4) with both measured and modeled 8O, and  detection axis. The detection limits are about 0.02 parts per
OH radicals. trillion by volume (pptv) for OH for a 20-minute integration
time and 0.1 pptv for HQ with a 20 confidence level and
1-min integration time. Estimated absolute uncertainty at the

2 Experimental methods 20 confidence level =32 % for both OH and H®(Faloona
etal., 2004).
2.1 Measured P(O3) and description of the SHARP Ambient ozone (2.2 % uncertainty), NO and N(®.7 %
campaign uncertainty), S@ and CO (5.5 % uncertainty), meteorolog-

ical data and photolysis rate coefficients (less than 12%

The sampling site for the Study of Houston Atmospheric uncertainty) were monitored by the University of Houston
Radical Precursors, SHARP 2009, was the roof of Moody(Lefer et al., 2010) on a tower about six meters away from
Tower North located at University of Houston, 70 m above the MOPS. NO and N@®were also measured by NOAA in-
the ground level and 5km south of downtown Houston. An struments that were co-located with the University of Hous-
extensive suite of atmospheric chemical species and meteen instruments (Luke et al., 2010a, b). In addition, NO was
orological parameters were measured. The measurementseasured with a Penn State Thermo 42C,M@nitor (6 %
used for this study are described below; a more detailed deuncertainty) connected to the MOPS data acquisition. The
scription of the measurements and their uncertainties are presomparison of the MOPS NO measurements with those from
sented in Chen et al. (2010). NOAA showed good agreement, with a slope of 0.98 and an

The Penn State MOPS (Cazorla and Brune, 2010) was deintercept of 0.15 ppbv. This agreement indicates that all the
ployed during the SHARP campaign between 15 April andinstruments were sampling basically the same air masses de-
31 May 2009. The MOPS measur&¢Os) by finding the  spite the slight separation in the measurement inlets for the
differential ozone between a transparent chamber (sampldjifferent species.
and a chamber covered with a UV-blocking film (reference) Volatile organic compounds<Cb—C19) were measured by
that continuously sample ambient air and are exposed to th&niversity of Houston (5.4% and 10.2% uncertainty for
sun. Since sunlight below 400 nm is blocked in the referencealkanes and alkenes, respectively) with a gas chromato-
chamber, the production of OH and H@adicals is restricted  graphic system coupled to a flame ionization detector (GC-
while the NO-NGQ-0O3 PSS shifts towards N In contrast, FID) (Leuchner and Rappengik, 2010). Other organic
the clear sample chamber contains the PSS plus radical praazompounds were measured by Washington State University
duction, and consequently non-PSS Ntbat leads to the with a PTR-MS (20 % uncertainty) (Jobson et al., 2005).
production of “new ozone”. By finding the difference inthe  Thus, all of the chemical species needed to model and cal-
total NG, + O3 between the two chambers, the PSS is can-culate P(O3) were measured during SHARP. The specific
celled out and the new ozone related to the chamber exposu@mputations for each case are explained in the following
time yields the real tim&(O3). An NO»-to-O3 converter be-  sections.
tween the chambers and the ozone monitor accounts for the
differences in PSS between the sample and reference cham-
bers by converting N&to Oz, so that the sum of Nand G
is measured as{ The estimated uncertainty of the MOPS
is 30% at the & confidence level and 10-min integration
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2.2 P(03) from modeled radicals (called modeled A recent laboratory study suggests that thesHi@asure-
P(03)) ments in some FAGE-type instruments are susceptible to
an interference from R@species that come from alkenes
The modeled concentrations of the radicalsa1R0;, and  (Fuchs et al., 2011). A laboratory study showed that GTHOS
OH were used in Egs. (2)—(4) to comput€O3). Radicals s also affected by the same interference. Compared tg HO
came from runs of a box model using RACM2, which is an the yields for RQ are 0.68 for isoprene, 0.66 for ethene, 0.40
updated version of RACM (Stockwell et al., 1997). The main for cyclohexane, and 0.54 far-pinene. The yields from
updates include new oxidation schemes for isoprene and aranore alkenes and aromatics are still needed, but a yield of
matics (benzene, toluene and xylenes). Some organic speci@s60+ 0.15 is consistent with all species that have been mea-
such as acetone, acetaldehyde, and methyl vinyl ketone arsured so far. Measured H@vas thus corrected by 0.RO;
treated explicitly. A few new reactions such as the photolysisfrom alkenes + aromatics and thé{O3) was calculated in
of benzaldehyde and glyoxal and organic acids + OH werethe same way as for the modeled radicals, replacing the mod-
added. The RACM2 mechanism includes 356 reactions an@led HQ and OH with measured HCand OH.
117 total species, including 17 stable inorganic species, 4 in- The absolute uncertainty of the GTHOS measurement of
organic intermediates, 54 stable organic species (4 of thesgO, was determined to h&32 % at the 2 confidence limit
are primarily of biogenic origin) and 42 organic intermedi- (Faloona et al., 2004). However, this new revelation about
ates (Goliff and Stockwell, 2008, 2012). the alkene-based ROnterference increases that uncertainty.
In the present study, measurements of atmospheric corifypical midday radical mixing ratios are 18 pptv for mea-
stituents and environmental parameters were used to corsured HQ and 4 pptv for modeled alkene-based RQs-
strain the model. These measurements include NOz,NO ing propagation of error, the overallb2uncertainty of real
SO, CO, G, VOCs G-Cy, 0xygenated hydrocarbons, pho- HOs is £35 % for midday conditions. The® uncertainty
tolysis rate coefficients, and meteorological data. While NOfor P(Os) calculated from measured H@nd OH is slightly
is constrained by the measured NO, HiS calculated and higher at an estimate af40 %, or+20 % at 1o uncertainty.
can be compared to the measuredH®™odeled P(Os) is
calculated using modeled values for the radicals in Eq. (4).
The contribution of R@ radicals to ozone production 3 Results
was computed from individual peroxy radicals calculated
in the RACM2 mechanism, i.e P(O3)ro2= ZkrOZ+NO - 3.1 Time series ofP(O3) measurements and
[RO2;] - [NO], where the approximately twenty ROspecies calculations
are calculated by the model. The contributionP(D3) from
these RQ radicals is typically 1 to 8 ppbvtt, peaking at  Atime series shows the general behavior of the 10-min calcu-
noon and is generally about half of the total modefé@®s).  lated, measured, and modelBdO3) and ambient ozone lev-
The production of nitric acid (first term on the right-hand €ls during SHARP (Fig. 1). The measuré¢Os) obtained
side of Eq. 3) via reaction of OH and N@ypically removes  using the MOPS shows the expected diurnal variations for
10 % of the chemical ozone productign(Oz). The reaction ~ P(O3), although the peak values vary day to day. The MOPS
of HO, with Oz (second term of Eq. 3) has a smaller impact, started measuring on 29 April 2009 and measu?r¢@s) on
less than 1 %. The modelet{O3) reported here comes from 20 days. Much of the MOPS data loss was due to cloudiness
the net balance as in Eq. (4). and rain showers, especially in the first half of May. Data
Chen et al. (2010) determined the uncertainty for modeleddaps in the GTHOS measurements and observations needed
P(03) at the 1s confidence level with 2006 data in Hous- for the model reduced to 12 the total number of days with
ton. These uncertainties were calculated for different hour$lata overlap among the three techniques. The pollution con-
of the day and for different pollution scenarios, following the ditions on these 12 days varied enough that statistical analy-
Monte Carlo method (Carslaw et al., 1999) and include un-Ses can be applied to the comparison of the different methods.
certainties in rate coefficients, product yields, and measure-
ments. In this study we use the model uncertainties deter- In early May, high northward winds, considerable cloudi-
mined by Chen et al. (2010), which correspond to 58 % athess, and morning or afternoon showers suppressed ozone
08:00, 24 % at 12:00, 22 % at 14:00 and 81 % at 23:00 CST.production as well as ozone. With the exception of 4 May,
P(0s) did not exceed 25 ppbvt and ozone did not exceed
2.3 P(O3) from measured radicals (called calculated 50 ppbv.
P(03)) More intense pollution episodes occurred later in the
study. The meteorological conditions on 4, 19, 20 and
The instantaneous ozone production was also calculate@1 May were such that high data quality was obtained with
from the measured radicals HOOH, NO, and NG us- the MOPS. The afternoon temperatures peaked at ne& 30
ing Egs. (2)-(4). R@was not measured, so R@&om the  and the sky was clear. The wind speed was low in the morn-
RACM2 model run was used. ing, between 1 mst and 4ms?! blowing from the north
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1o T in EQ. (2). The sample chamber has the radical chemistry to

Ozone (ppbv)

—o—Caleulated P(O,) | produce nitric acid from OH+N&while the reference cham-
T Messured POY ber does not. The model, however, never showsA{Ex)

——Modeled P(O)) ||

L 1l T , to be negative because if there is sufficient photolysis to pro-

duce OH, then there is also sufficient photolysis to forgn O

AT from NGO, that comes from the reaction of radicals and NO
R diey N\ LY emissions, thus keeping nB{O3) positive.
%JR f’ ] It is more likely that NQ is preferentially lost in the sam-
W RN RO, Wl O S T 0 1l W o il i W ple chamber by wall reactions that speed up at higher rela-
M7 T T T ] tive humidities (Wainman et al., 2001). The temperature in
' ' ' ) the sample chamber was generally found to be less than the
temperature in the reference chamber. Hence, the relative hu-
midity would have been greater in the sample chamber than
the reference chamber since both had the same absolute wa-
ter vapor. Experimental evidence suggests that the negative
P(0O3) comes from this wall effect, as explained in Cazorla
and Brune (2010).
AR TS S Despite these few anomalies, the variation in #©3)
Date from Apr 29to May 30, 2009 measured by the MOPS is qualitatively consistent with the
variation in daily peak ozone and with ti{Os) calculated
Fig. 1. Time series from 29 April to 30 May 2009 for ambient \yith the modeled radicals and the measured radicals. On
ozone (green dots), caIcngté’ajOg,) from measured radicals (black days when the peak measurBOs) is high, the Q peak is
circles), measured (O3) with the.MOPS (blue dots) and modeled high later in the day. When the peak measuPg@s) is low,
P(O3) from the RACM2 mechanism (red dots). . . .
the G; peak is also low. This rough consistency suggests that
chemical production of @dominates over transport ofz0

o . - for this Moody Tower site.
or northeast directions, and the relative humidity ranged be- The relationship between measureg @hd P(Os) is in-

tween 30-50% at noon. These conditions were optimal forfluenced by both advection and the deposition rate (Eq
ozone formation and accumulation in the air. Additionally, Therefore, in Fig. 1, an instantaneous chemical raté of
there was low relative humidity during the early mornings 20 ppbv I‘r’l is poss.ibk'e even when ambient ozone is low. if
and nights. Low humidity minimizes the artifact that affects O3 is produced locally and then advected away. It is imp;or-
the MOPS (Cazorla and Brune, 2010) and thus the effect?ai]t to recall that the MOPS measures oﬁ|§03)., the net

of the known interference due to NQ@oss were negligible. S : . Lo
The Texas Commission on Environmental Quality (2011) ambient instantaneous chemical production rate. Likewise,
y the calculated and modele®(O3) consider only chemical

reported officially that 4, 20 and 29 May were pollution . A
: rocesses. With the ozone budget in mind, when meteoro-
events. Ambient ozone on these days surpassed 80 ppbv aﬁd : s . i
. ) logical conditions lead to high ozone days, the production of
the peakP(O3) measured with the MOPS was higher than is the domi in the bud . d th
40 ppbv frt ozone is the qmlnant term in the budget equation an the
’ . ) __ambient ozone is expected to come from the accumulation of

There are three anomalies to note in the data set. Firstpe chemically produced ozone.
on 29 May the MOPS registered a spike of 110 ppb¥h
for about an hour at 11:00a.m. that came down belows > comparison between measured, calculated and
60 pbbv T in the afternoon. This spike was unique in the modeled P(Os3)

MOPS data, for which typical peaR(O3) values were in
the 40-80 ppbv ' range when ozone was high. This spike Measured, calculated and model@dOs) were compared
cannot be explained by any of the other measurements.  for overlapping points and only during daylight hours from

Second, on 30 May both the measured and calculate@5:00 to 20:00 (Fig. 2). Day-to-day variations as well as in-
P(0Os) register a spike of ozone production at 07:00 a.m.strument precision contribute to the scatter in the individual
The MOPS measured 45 ppbhwhile the calculation yields  10-minute data points. The median diurnal variation (mdv)
about 80 ppbv h. This spike is not apparent in the modeled lines with the estimatedd error bars provides visual clues
results. On this day, the campaign of measurements for théor the similarities and differences among the three methods
MOPS ended and afternoon data are not available. for obtaining P (Os).

Third, the MOPS measured negative rates of ozone pro- Between 12:00 and 20:00 the mdv curves for the three sets
duction between 0 and 10 ppbvhin some early mornings  of data generally have overlapping error bars, indicating that
and some evenings. One possible explanation is that the rehe three methods agree @{O3). From the mdv curves,
moval terms in Eq. (3) are larger than the production termsthe modeledP(Os3) is either lower or greater than measured

©
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Fig. 2. Overlapping 10-min points and median diurnal variation ° Measured (ppbv ') Measured (ppbv i)

(mdv) for calculated (yellow circles and black line), measured with

the MOPS (light blue diamonds and blue line) and modétéas) Fig. 3. Scatter plots showing the correlation betwgahmodeled
(orange triangles and red line). Comparison is done for overlappingand measured(O3) and (b) calculated versus measuréOs).

data only during daylight hours in Central Standard Time (CST). Er-On both plots the black line is the 1:1 line while the red line comes
ror bars are & based on measurement uncertainty for the GTHOSfrom the linear regression between y-axis (calculated or modeled)
and MOPS instruments and on calculated model uncertainty at difand x-axis (measured with the MOP®B)Os) values. Errors in

ferent times of the day. slope and intercept are 1.38 % and 32.5 %(fgr and 3.05% and
71.6 % for(b).

P(0O3), whereas the calculateRi(O3) is always greater than

the modeledP(Og3). In this time period, however, the differ- modeled HQ. From a comparison of the median diurnal

ences are not statistically significant. variation, P(O3) from the MOPS measurements agrees with
The main differences among the three methods occuthe calculatedP(O3) to within the estimated uncertainties

in the morning between 05:00 and noon. At 06:30 thebut is twice the modele®(O3) in the morning.

calculated P(O3) shows a peak of ozone production of

16 ppbvir! while the levels of measured and modeled 3.3 Bias and errors

P(O3) remain below 3 ppbvht. This difference comes from

the high morning points for calculate®(O3) that occurred  The ozone production rates can be subjected to the same

mainly on 20, 21 and 30 May. kinds of statistical analyses that are used to discuss the per-
Between 07:00 and noon, the measured and calculatetbrmance of air quality models. The linear regressions be-

P(O3) are generally in agreement and both are about a factween modeled and calculatg®(Os) versus MOPS mea-

tor of two greater than the modelg®(O3). These differ-  surements are shown in Fig. 3a and b, respectively.

ences are marginally statistically significant. In addition, the The root mean square error (RMSE), mean bias er-

calculatedP(O3) tends to be the largest of the three in the ror (MBE) and the index of acceptance (IA) (Willmott, 1981;

early morning between 05:00 and 09:00, while the measured\ppel et al., 2007) have been determined in order to com-

P(O3) tends to be largest from 09:00 to 12:00. Thus, the cal-pare each pair of data sets. The RMSE is the average error

culatedP(O3) peaks earliest at 08:00 to 09:00, the measurecbetween model estimations and observations. The MBE con-

P(0O3) peaks next at 10:00 to 11:00, and the mod&té@s) tains only the difference between the mean of the model es-

peaks last at 12:00. timations and the mean of the observations. Both RMSE and
A comparison of the median diurnal variation between MBE have the units of the observed or estimated variables.

measured and model H®@adicals for the SHARP campaign In contrast, the index of agreement is a measurement of the

shows that the ratio of measured to modeled,H®@tween  degree of error in model estimations and its values range be-

05:00 and 06:00 was about 2; between 06:00 and 07:00 thisveen 0 and 1, with 1 corresponding to a perfect match.

ratio was 8-10, just when NO reached its peak at a median Egs. (5) to (7) contain the expressions used to compute

value of 4.5 ppbv; and then the ratio decreased from abouthese statistical indices.

4 to 2 between 07:00 and noon, while NO decreased from

4 to 0.5ppbv. Details will be presented in a thorough rad-

ical study prepared by Ren et al. (2012). These results are

similar to those of Chen et al. (2010) and Mao et al. (2010)RMSE=

for the same site in September 2006. Higher measured-than-

modeled HQ when NO is high can explain why the calcu-

lated P(O3) is high and peaks in the early morning before N

07:00. Therefore, differences in the calculated and mod- 2 (e —0i)

eled P(O3) are linked to differences between measured andIBE = ZT (6)

®)
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N 2 15
Z (ei - Oi) (@ —&— calculated-measured
] —¥—modeled-measured
IA=1— d 7 10 :
- W

>_(lei =0;|+o; —0])?
1

©

®) —£—calculated-measured
—#—modeled -measured

)

=

In these equations the term stands for “estimation”,
which corresponds either to the modeled or the calculatecg s
P(0O3); the o term represents “observation”, which corre-
sponds to the MOPS measurements; and finallyis the ;
number Of data p_airs Cpmpared' In the present CHSE _1555(;3 7 8E!E 9 ‘:‘10111;12“13181111‘519461719181;420 65 ﬁé 7 EE!5 9 :0111111;1318111519461719;!13420
4230 for overlapping points among the three sets of data an.. Hour (CST) Hour (CST)
for daylight hours only between 05:00 and 20:00. _ _

The correlation coefficient®? for the linear regression Fi9- 4. () Mean Bias Error (MBE) andb) Root Mean Square
shown in Fig. 3a and b, are 0.4 for the modeled versus meaI_E'rror (RMSE) for calculated vs. measured data (blue !lne and open
sured P(O3) and 0.34 for the calculated versus measuredtr.'angles) and for modeled vs. measured da_ta (red I|_ne and sta_rs)
P(Os). The slope of the regression, however, is better forblnned by hour of the day. The number of binned pairs of data is

) indicated on top of the x-axis values.
the calculated versus measurB¢O3) with a value of 0.56

as opposed to the modeled versus meas@ds), whose  p(Qg) in the early morning before 09:00, whereas between
slope is only 0.29. The error in the slope and intercept in10-00 and 16:00, when the data are more abundant, the mean
the linear fits are 1.4 % and 33 % for Fig. 3a, and 3.0 % andyjss fluctuates around O.
72 % for Fig. 3b. The index of acceptance is slightly better | similar manner, the RMSE is strongly different between
for the calculated versus measur(Ds) at 0.75 than forthe  the two methods in the morning until noon. For the modeled
modeled versus measuréqOs) at 0.65. . values, the RMSE starts low (7 ppbv}h at 06:00 and then

The RMSE was calculated using the 10-min averages ofncreases. For the calculated versus measi@@s), the
P(O3) from measurements and from calculations with mea-R\MSE starts with values higher than 18 ppbhthen the

sured or modeled radical values. This calculation was dongy\MSE for the calculated versus measu(®s) generally
in this way to determine the average error of the two esti-remains between 10 ppbvhand 14 ppbv ht.

matedP(O3) data sets with respect to the measurements. In

both cases the RMSE is comparable, 14.1ppthvior the  gjon of the measurements as well as by true differences in the
model and 14.5 ppbvttfor the calculation ofP(Os). This  methods for determining?(Oz). Large variations in mea-
similarity between the RMSE for the calculated and mOd'sured, calculated, and model@{Os) are clear in Figs. 1
eled P(O3) is misleading because the peak modefd®3)  and 2. Thus, part of the MBE and RMSE can be attributed to
did not surpass 35 ppbvh during high ozone production  ynknown factors that could be affecting the MOPS measure-
episodes, while the calculated and measuPe§®3) S.hOW ments, calculated(Oz), or modeledP(Oz). The biases of
values above 80 ppb\fﬂ for the same time period (Fig. 1).  {he calculated and modelg@lOs) relative to the measured

In terms of mean bias error the modelB@3) has aneg-  p (o) are, however, clearly different and reflect differences
ative overall bias of-6 ppbv I * with respect to the MOPS  petyween these two estimation methods. In total, these statisti-
measurements. This result indicates strong underestimatiogy analyses provide no clear answer to whether the measured
of the predicted modeled values for the majority of the data P(O3) agrees better with the calculatéOs) or the mod-

with respect to the measurgments. In contrast., the calculateggq P(Os3). Additional field campaign studies are necessary
P(O3) has a much lower bias of 0.42 ppbvhwith respect 4 determine whether the calculatédOz) or the modeled
to the measurements. This low MBE comes from the cIose-P(o3) is correct.

ness in the calculateft(Os) to the measure@(Os) in par-

ticular when the ozone production was high. For such cases3.4 Real-time P(O3) in NO space

the model had considerably lower valuesR{fO3) with peak

values consistently shifted to later in the day. The evolution of the measuref(O3) dependence on NO
The MBE and RMSE of the calculated and modeled during the period from 19 May to 21 May is shown in Fig. 5.

P(0O3) versus the measure®(Os) vary during the day Since NO and N@are in photosteady state, the shapes of the

(Fig. 4a and b). The number of binned pairs of data is indi-curves in Fig. 5 look the same everfifOs) is plotted against

cated on top of the x-axis. For the modeled values, the mealNOy with the x-axis shifted toward larger values of the sum

bias is negative for the entire set of data. The largest differNO+NQO,. PeakP(O3) measured with the MOPS reached

ence for the modele# (O3) versus measuref(Oz3) occurs 60 ppbvihr! on 19 May, a higher value of 75ppbvh on

between 08:00 and 12:00 when the production of ozone ac20 May, and then peaked at a lower value of 40 ppbvdn

cording with MOPS measurements is the largest. The calcu21 May. These relativ®®(O3) values are consistent with the

lated P(O3), conversely, is large compared to the measuredrelative G values for the same days (Fig. 1).

N

=)

Root Mean Square Error (ppbv k')

-10

«©

These MBE’s and RMSE'’s are driven in part by the preci-
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g 0 o 0 Fig. 6. P(O3) in NO space(@) measured by the MOP$h) cal-
NO (ppbv) Hour

culated andc) modeled for overlapping points only and daylight
hours. The color scale corresponds to hour of the day.
Fig. 5. MeasuredP(O3) in NO space for the high ozone episode
that started on 19 May, developed on 20 May and subsided on
21 May 2009 in Houston. The color scale corresponds to hour of4  Conclusions
the day. The number on top of every curve is the date in May.
o o The Measurement of Ozone Production Sensor (MOPS) suc-

The plotted data in Fig. 5.are. the individual MQPS data cessfully measured the net ozone production Pt@s) dur-
that are recorded every 10 min without any smoothing or COing its first field campaign, SHARP, in Houston during April
rection. Reading the plots from right to left and using the gng May 2009. Measure#(Os) generally peaked in the
hour of the day given by the color scale, it is clear that the pig-to-late morning at values ranging from 20 ppbvHo
curves start with high NO and low(Ogz) before 08:00, grow  1,6re than 50 ppbvtt, with the higherP(Os3) generally oc-
rapidly as NO falls past the rush hour, reach broad peaks ?('iurring on days with higher ambien;OWhen these ozone
around 10:00 when NO ranges between 2-10 ppbv, and finrqquction rates were integrated over a day, the cumulative
nally decrease in the afternoon and evening as NO and othey;one was generally greater than the observed ozone, indi-

radiqals decrease. Note p_articularly that the peak ozone P'%ating that ozone was being produced locally and then ad-
duction occurs at mid to high levels of NO, about 10:00, andy,ected elsewhere. Examining this issue in more detail will

that the higher the daily peak(O3) was, the higher NO for require another study that compares the MORS3) mea-
the peakP(Og). surement to an air quality model.
A comparison for the measured, calculated, and modeled \;ops measurements #(Os) provide a good check on

P(Os) as a function of NO is shown in Fig. 6, but only for he gifferences between calculatéqOs), which is based
times when all three methods are available and only fortimes), measured H@and OH, and modele®(Os), which is

between 05:00 and 20:00. Not all measurgDs) shownin pa5e4 on modeled radicals. The peak measured and calcu-

Fig. 5 appear in Fig. 6 because there were no calculated e p(Os) values generally agree and are about twice the
modeledP (Os) data for some of the measurét{Os) data g geled values. Further, the measur{®s) peaks in mid-

in Fig. 5. morning, later than the calculatg?{O3) but earlier than the

A first observation from Fig. 6 is that modelé{O3) val- modeled P(Os). On the other hand, for NO greater than
ues are low compared to the measured and calcul{ed) about 10 ppbv, the measur&{Os) is only half of the cal-

for the same hour of the day and the same NO levels. MorebulatedP(Og) but is roughly four times the modelg@(Os).
over, there is rough agreement between the measured ane statistical analyses provide mixed evidence that is con-

calculatedP (O3) for the magnitude of the peak(Os), al-  gjstent with these more qualitative comparisons. Some anal-
though the calculate@(O3) has more high values at higher | qeq indicate a better agreement between measured and mod-
NO levels. In addition, both the calculated and modeledgeq p(05) while other indicate a better agreement between
P(O3) are close to zero with low scatter for evening hours, heasured and calculate®(Og). Hence, it is premature to
whereas the MOPS data are more scattered and include neg,\y general conclusions from these comparisons, however,
atives, possibly due to the formation of HN@r other ar-  ¢,e evidence from measur&{Oz) and HG during the

tifacts as discussed previously. Thus, while the NO depengpyarp campaign suggest that the modeleds 100 low.
dence of the MOPS measurement has qualitative S'm'la”t'e%roviding more conclusive evidence will require greater pre-

with the NO dependence of both the calculated and the modzsion and reduced uncertainties in the MOPS measurements

eled P(Oy), its magnitude is closer to that of the calculated g more observations with the MOPS during intensive field
P(Og). campaigns. Increasing the precision will come from de-
creasing the statistical noise in the differential ozone sensor.
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Reducing the uncertainties will require more testing of both mental Science and Technology, edited by: Pitts Jr., J. N. and
ozone and radical losses and of ozone production by de- Metcalf, R. L., New York, Wiley-Interscience Publication, 75—
gassing of NQ and VOC products from the chamber walls. 162, 1977.
Improving the statistics will require more observing with the Fox, D. G.: Uncertainty in Air Quality Modeling, Bull. Amer. Me-
MOPS. These are all under way. Futcehosr. ioc.égﬁhzg_szjfiﬁ?ﬁahaus A., Holland, F., Lu, K. D
The _deployment of the MQPS during the SHARP fle.ld Nehr, S., Rohrer, F., and Wahner, A.: Detection of H&y laser-
campa|gn has enabled.the first measurements of the direct induced fluorescence: calibration and interferences from RO
ambient ozone production rate that have been compared to radicals, Atmos. Meas. Tech., 4, 1209—1286i:10.5194/amt-
both modeled and calculaté?t{O3z). As more measurements  4.1209-20112011.
are made in different environments by more groups, and agery, M. W., Whitten, G. Z., Killus, J. P., and Dodge, M. C.: A
more laboratory studies of the MOPS are undertaken, it is photochemical kinetics mechanism for urban and regional scale
likely that more will be learned about the strengths and weak- computer modeling, J. Geophys. Res., 94, 12925-12956, 1989.
nesses of the technique. Issues of calibration and artifacts ar@illiland, A. B., Hogrefe, C., Pinder, R. W., Godowitch, J. M.,
likely to emerge, as they have for all previous new measure- Foley, K. L., and Rao, S. T.: Dynamic Evaluation of Regional
ments. The SHARP data demonstrate the potential of the Alr Quality Models: Assessing Changes iy Gtemming from

MOPS. Our ability to verify the calibration and reduce any ~Changes in Emissions and Meteorology, Atmos. Environ., 42,
possible artifacts will determine the value that the MOPS
will provide for understanding ozone photochemistry, clar-

ifying the discrepancies between measurements and model

HO,, and improving air quality regulations.

5110-5123, 2008.

Goliff, W. S. and Stockwell, W. R.: The Regional Atmospheric

Chemistry Mechanism, version 2, an update, International con-
ference on Atmospheric Chemical Mechanisms, University of
California, Davis, 2008.
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