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Abstract. A new ambient air monitor, the Measurement greenhouse gas (Foster et al., 2007). Ever since the cause
of Ozone Production Sensor (MOPS), measures directly thef ground-level ozone was found to involve the chemistry
rate of ozone production in the atmosphere. The sensor coref volatile organic compounds (VOCs) and nitrogen oxides
sists of two 11.3L environmental chambers made of UV-(NOy) in the presence of sunlight (Haagen-Smit et al., 1953),
transmitting Teflon film, a unit to convert NQo Oz, and a  significant effort has gone into determining the best strate-
modified ozone monitor. In the sample chamber, flowing am-gies to reduce ozone levels in the ambient air (Sillman, 1993;
bient air is exposed to the sunlight so that ozone is producedRC, 1991). In 1970, the Environmental Protection Agency
just as it is in the atmosphere. In the second chamber, calle(EPA) established a national ambient air quality standard
the reference chamber, a UV-blocking film over the Teflon (NAAQS) for ozone and mandated a monitoring network to
film prevents ozone formation but allows other processes tassess the effectiveness of efforts to meet the standard. At the
occur as they do in the sample chamber. The air flows thasame time, EPA initiated the use of models to determine how
exit the two chambers are sampled by an ozone monitor opbest to regulate VOCs and NOn order to control ozone.
erating in differential mode so that the difference betweenlnitial strategies focused on the reduction of VOC emissions,
the two ozone signals, divided by the exposure time in thebut more recent strategies include the reduction of HQis-
chambers, gives the ozone production rate. High-efficiencysions to meet the ozone NAAQS éGo, 2007).

conversion of NQ to Oz prior to detection in the ozone mon-  In the presence of sunlight, nitrogen dioxide (N@ho-

itor accounts for differences in the N@hotostationary state tolyzes, leading to the formation of ozone and nitric oxide
that can occur in the two chambers. The MOPS measure@NO). After these two molecules are formed, they recombine
the ozone production rate, but with the addition of NO to the to regenerate N&vhich will once again undergo photolysis.
sampled air flow, the MOPS can be used to study the sensiThis continuous process is known as Nf@hotostationary
tivity of ozone production to NO. Preliminary studies with state (PSS) and does not result in ozone production. New
the MOPS on the campus of the Pennsylvania State Univerezone is formed outside of the PSS when an atmospheric
sity show the potential of this new technique. pool of peroxy radicals (H®and RQ) alter the PSS by re-
acting with NO and producing new NOThe main source of
peroxy radicals is the reaction of the hydroxyl radical (OH)
with VOCs. Several studies show in detail chemical mech-
anisms for ozone production (for example, Finlayson-Pitts
Ground-level ozone (§), one of the main constituents of and Pitts Jr., 1977; Logan et al., 1981; Gery et al.,, 1989;
smog, causes serious breathing problems and aggravates ré¥XC: 1991). The chemical production of ozom¢Qs), can
piratory diseases in humans (Ho et al., 2007). Ozone als®€ calculated by means of Eq. (1) where théerms cor-
damages the foliage of croplands and forests (Madden anBespond to_ the effectlve rate coefficient for the reactions of
Hogswett, 2001). On a regional-to-global scale, ground-Peroxy radicals with NO.

level ozone contributes to climate change by acting as a

1 Introduction

p(o3)=kNO+HOg[NO][H02]+ZkNO+ROZi[NO][ROZ]i» (1)
Correspondence td. Cazorla The chemistry of ozone formation is sensitive to the am-
BY (mxc528@psu.edu) bient levels of NQ and VOCs. Since H® depends on
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NO, Eg. (1) shows that the dependence of ozone formachemical mechanisms, hydrocarbon inventories, ozone trans-
tion on these two sets of precursors is non-linear. Henceport, and mathematical algorithms, however, represent po-
ozone can be formed under a regime limited by,Ni by tential sources of error in the estimation of modeled rates of
VOCs (Kleinman, 2005). Theoretical calculations indicate ozone production (NRC, 1991).
that ozone production grows steadily up to a peak value as One concern about using constrained photochemical mod-
the mixing ratio of NO increases up to about 1 ppbv. After els for determining ozone production is the difference be-
this point, the theoretical model indicates that ozone produciween the modeled and calculated ozone producti{@s)
tion decreases with increasing NO as the regime of ozonéMartinez et al., 2003; Ren et al., 2003; Ren et al., 2004;
production becomes VOC-limited, which is also called,NO Shirley et al., 2006; Kanaya et al., 2007). For several field
saturated (Kleinman, 2002). studies, the modeled HOs less than measured H@t high

The ozone budget, Eqg. (2), shows that ozone productioNO levels, which affects directly the modeled ozone pro-
depends on the ambient air chemistry, surface depositionduction (Eg. 1). In these field studies, ozone production
and local meteorology. that is calculated from measured bl@nd NO is less than

ozone production calculated from modeled Hor NO less

8[;33] = pos—lo, _1[03] tu; 910 than about 1 ppbv, becomes about equal when NO is about
! —_H _3xi (2) 1ppbv, and becomes increasingly greater as NO increases
P(O3) SD A above about 1 ppbv. The daily cumulative ozone, which is

found by integrating the ozone production rate for each day,

P(0O3) is net chemical production consisting of chemical is as much as 1.5 times larger for ozone production calcu-
ozone productionpo,, and chemical losdo,, SD is surface  lated with measured HOcompared to that calculated with
deposition consisting of the deposition velocity, divided modeled HQ (Ren et al., 2003). However, there is presently
by the mixed layer height/, times the ozone concentration, no definitive evidence for or against this greater ozone pro-
and A is advection consisting of the velocity in three direc- duction rate calculated using measuredsHO
tions,u;, times the ozone gradient in those three directions. A second concern is that the models used to simulate

Meteorological conditions play an important role in the ozone have significant uncertainties and need to be tested
local ozone budget. Transport processes such as horizontabt only with observed ozone values but also with measured
advection and turbulence can modify substantially the ac4indicators for determining if the ozone production is NO
cumulation of ozone over time in the atmosphere. For in-limited or VOC-limited. A number of indicators have been
stance, a typical meteorological scenario that causes higproposed, including the ratio of peroxide 4Bb) to nitric
ozone episodes in heavily polluted urban centers is light oracid (HNG;) in the ambient air (Sillman, 1995; Kleinman
no wind combined with strong solar radiation and high tem-et al., 1997). In addition, radical propagation studies have
perature. In such conditions, the term responsible for theintroduced the fraction of OH radicals that react with hy-
accumulation of ozone in the ambient air is the net chemicaldrocarbons and the fraction of H®@adicals that react with
rate of ozone productio?(O3). Additionally, in the same  NO as potential indicators of the regime of ozone production
equation, the surface deposition and advection of ozone argfonnesen and Dennis, 2000). Finding indicators that work
proportional to the ambient ozone concentratiog][batis  well even in controlled environmental chambers, however, is
produced predominately by the local photochemistry. Henceproving to be difficult, so that no indicator methods have yet
if the net ozone productioR (O3) can be decreased by regu- been widely deployed.
latory actions, the overall ozone level over time will decrease A direct measurement of ozone production can address
proportionally. the different questions discussed above. First, direct mea-

The contribution of the transport terms for the case of sub-surements of ozone production could be added to existing
urban areas located downwind of pollution centers is muchair quality networks to provide important information for
greater than in the case described above. Likewise, areas lthe design of air quality regulations. Second, they could
cated on the path of influential meteorological features suchbe used to quantify the importance of ozone transport ver-
as low level jets or high pressure systems are directly affectedus ozone production by comparing the direct measurement
by ozone advection (Taubman et al., 2008; Kemball-Cook etof ozone production to the observed ozone rate-of-change.
al., 2009). In these particular situations, high concentrationsThird, they would contribute to the understanding of the,NO
of ambient ozone would come from transport of ozone ratherand VOC sensitivity of ozone production. Fourth, they could
than local ozone production. At present, however, it is dif- help resolve the discrepancy between the ozone production
ficult to determine in a quantitative way the importance of calculated from measured and modeledJH@inally, a di-
ozone transport versus ozone production for regions that areect measurement of ozone production would help improve
monitored by air quality networks. chemical transport models.

All the terms in Eqg. (2) need to be known to a high de- We have developed an instrument to measure directly
gree of accuracy in order for models to yield a good approx-the atmospheric ozone production rate. The Measurement
imation of the rate of ozone production. Uncertainties in theof Ozone Production Sensor, MOPS, samples ambient air
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— of ozone and N@in the two chambers to be different. The
acquisition difference, nevertheless, between the total sum-ND3 in

m— the sample chamber minus the sum in the reference cham-
ber cancels out the PSS component of ozone production and
— yields only the component associated with the production of
Nz ‘ new ozone by radical chemistry.

Giais The strategy, therefore, is to determine the differential of

: ] the sum Q+NO, between the two chambers and divide it

Vet e by the exposure times;, of the air inside them by means of
Eq. (3) to determine the ozone production rate.

Sample Chamber

OooT

Reference Chamber
(uv filter)

Fig. 1. Schematic of the MOPS. Equal air flows pass through the
two chambers exposed to sunlight. The sample chamber passes S@_(Os) =
lar ultraviolet light while the reference chamber has a film covering
that blocks it. NG converter cells enable the detection of N©O3

by the dual-channel UV-absorptiorg@onitor.

AO3/t ()

P(Og) is the net chemical ozone productiohQs is the
difference in @+ NO; between the sample and reference
chamber after the N£has been converted intosO

continuously and yields the net rate of ozone production.z'2 Technical details of MOPS

This Paper Qiscusses the MOPS, its concept, operation, ©SkKir is sampled by both chambers through a common short
ing, and initial measurements at the Pennsylvania State Un"'l’eflon inlet. The flow is split equally between the two cham-

versity. bers, which are identical in size and flow characteristics.

Two hollow cylindrical aluminum frames (17.78 cm di-
ameter and 45.752 cm long) serve as support for Teflon film
(FEP, 0.05 mm thick) that is wrapped around the frames. The
2.1 Principles of a direct ozone production volume of the chambers is 11.3 L and the flow of ambient air

measurement through each chamber is 1.5 L/min. The inlets and outlets to
the chambers are pieces of Teflon tubing 2.54 cm diameter
The measurement of ozone production sensor (MOPS) haand 6.35 cm long. The flow is induced by a pump located
three components: two environmental chambers continudownstream of the chambers. The sample chamber is clear
ously exposed to solar radiation, a nitrogen dioxide-to-ozoneTeflon so the air inside is radiated by all the wavelengths of
conversion unit, and a modified ozone analyzer. A schemati¢he solar radiation that occur in the atmosphere. The ref-
of the instrument is shown in Fig. 1. erence chamber, made the same as the sample chamber, is

The sample chamber’s Teflon walls transmit solar ultravi- covered with an Ultem film (polyetherimide, 0.25 mm thick)
olet light so that the air in the sample chamber undergoes théhat removes sunlight at wavelengths less than 400 nm.
same photochemistry that takes place in the ambient air. The Since the goal is to detect the difference in NQs be-
reference chamber has a film that blocks radiation of wavetween the sample and reference air, the flows that exit the
lengths less than 400 nm. As a result, the reference chambe&hambers enter an N@o-Os converter unit. This converter
limits the production of hydroxyl radicals (OH) generated by unit uses two photolytic conversion cells, one for the air from
the photolysis of ozone followed by the reaction with water the sample chamber and one for the air from the reference
vapor. The photolysis of nitrous acid (HONO), a source of chamber. A light-emitting diode (395nm wavelength, 5.4
OH radicals, is also constrained. Similarly, the film on the watts of power) is attached to the end of each photolytic con-
reference chamber restricts the production of hydroperoxyersion cell as the source of radiation. The photolytic con-
radicals (HQ) produced by the photolysis of formaldehyde version cells are made of quartz with a reflective aluminum
(HCHO). With radical chemistry eliminated, the only ozone mirror coating on the outside. The dimensions of the cells are
in this chamber comes from the photostationary state (PSS30.5 cm in length and 5.1 cm in diameter. Light is also re-
of the species NO, N& and G. Since it is not possible to flected by a round aluminum mirror placed at the end of each
eliminate radical production without affecting N@hotoly- quartz cell opposite the light source. This dual cell conver-
sis near 400 nm, the PSS in the reference chamber tends ®on unit is directly attached to a differential ozone monitor.
shift O3 toward NGQ. The total amount of ozone in the ref- The converter unit uses the internal pump inside the ozone
erence chamber, therefore, is conserved in the form of NO monitor to pull air so that the flow through each photolytic
plus Gs. conversion cell is the same as the flow through each detec-

Some of the ozone produced in the sample chamber retion cell in the ozone monitor. This flow is 0.5 L/min. The
acts with ambient NO and is partitioned into B@ccording  residence time in each photolytic conversion cell is£03
to the NQ, PSS. At the same time, differences in the NO seconds (95% /N =4) as determined by ozone pulse experi-
photolysis in the two chambers could cause the partitioningments described later.

2 Experimental methods
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After the conversion of N@into Oshas taken place, the T
MOPS uses a modified ozone monitor (Thermo Scientific, osf \\ 1
Model 49i) to obtain a differential measurement of the ozone s R,\K
between the two chambers. The main modification applied go7 \

to the commercial dual channel ozone monitor is the re- sos
moval of the ozone scrubber. By doing so the ozone dif- Sos

ferential monitor receives a continuous supply of sample air %M* =, 1
from the sample chamber and reference air from the refer-2os ( . 1
ence chamber and detects the ozone differential in ppbv. Ad- o2 | N

ditionally, the temperature of the two UV absorption cellsin o1 -

1 ih H L 1 Il 1 1 W W
the ozone monitor was stabilized by an aluminum block that ooz 300 a0 500 a0 700 a0 0 Fo00 1100 1360 T8 400 7500

was clamped tightly around the two absorption cells. Time (seconds)
To aCF:OUI’lt for t.he poss@le dlfference§ betw_een the tWOFig. 2. Normalized mean ozone pulse for a series of four pulse
photolytic conversion cells in the conversion unit, the flows experiments. A 20-s @pulse was added at time =0s ang @as

of sample and_ referenc_e air switch phOtOMiC conversionmonitored at the output of the chamber. The pulses are normalized
cells every 5min. To switch flows, the instrument has two sg that the peak value is 0.975.

pairs of solenoid valves. The first pair is located between
the chambers and the conversion cells. The second pair of
solenoid valves works synchronously with the first pair and

IS Iocated between the conversion C?"S and the ozone mongut also helps diagnose the type of flow inside the chambers.
tor. In this way, the sample channel in the ozone instrumen . A :
A normalized mean ozone distribution for a series of four

e_llways measures th_e ozene from the sample chamber._ Th[?ulses is shown in Fig. 2. The mean time obtained through
final reading is obtained as an average of the ozone differs, . . . _
. ) : : this method is 5.80.3 min (95%,N =4).
ential measured with each of the photolytic conversion cells - i ] .
switched to the sample chamber, giving an instrument time In addition to the pulse experiment, reactions with known
constant of twice 5 min. or 10 min. amounts of ozone and excespinene and ethene were per-
The instrument uses a LabVIEW application for data ac-formed independently. The decay of ozone was monitored

quisition and solenoid control. This application acquires©Ver time until it decreased to a steady value greater than
additional information such as the temperature inside the?€r0- This steady-state ozone value represents the average
MOPS chambers and the ambient N@ixing ratios that are concentration remaining from ozone that has experienced re-
measured by a NO-NONOy analyzer (Thermo Scientific action times distributed according to the distribution function

eriment not only helps determine the mean exposure time

Model 42C) that samples air near the MOPS. depicted in Fig. 2. For example, while more ozone experi-
enced 130 seconds of reaction than ozone did for any other
2.3 MOPS characterization time, some ozone experienced reaction for 1000 seconds or

more. The mean 0zone mixing ratio is equal to the integral of

The quantitative measurement of ozone production depend$® normalized mean pulse distribution multiplied by the ex-
on the following factors: knowing the residence time in the POnential decay of ozone. The calculated mean ozone ratios
chambers; having the atmospheric ozone production occur@dree to within 10% of the observed steady-state ozone that
ring in the sample chamber but not the reference chamberi€sults from the reaction witl-pinene or ethene. The mean
measuring accurately the differences in the sum gfa@d t|me_ was then caIc.uI.ated using the mean ozone mixing ratp,
NO,; and having all photochemistry that does not producethe initial ozone mixing ratio, and the rate coefficients. This
ozone but can affect the sum og@nd NG be the same in  calculated time agrees with the time required for the reac-
the two chambers so that the differential measurement is noons to achieve steady state to within 5%. Finally, this same

biased. calculated time agrees with the time from the pulse experi-
ment to within 10%.
2.3.1 Mean exposure time The results obtained from these experiments indicate that,

for the current version of the MOPS chambers, the mean ex-
The ozone production measurement depends linearly on thposure time is less than the time calculated for perfect plug
exposure time. For a flow of 1.5 L/min through each 11.3L flow by 1.7 min. This feature is caused by a fast jet of air
chamber, the mean exposure time would be 7.5 min for a perthat enters the chamber through a wide inlet (2.54 cm) lo-
fect plug flow. Ideally, the aim is to have plug flow so that the cated at the center of the circular 17.78-cm diameter face of
time spent in the chamber is the same for every air moleculethe chamber and exits through a similar outlet located on the
The mean exposure time in the MOPS chambers was desther end. Further evidence for this jet is the peak ozone con-
termined by adding a short pulse of ozone to the chambergentration in Fig. 2 that appears at about 2 min. The pulse in
and then monitoring the ozone at the exit. The pulse ex+Fig. 2, also indicates that there is turbulence and probably
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uneven mixing that yield the tail of ozone distribution. The photochemistry in the sample chamber is similar to that in
bulk of the ozone molecules, however, leave the chamber athe artificial atmosphere while the ozone producing photo-
a mean time of 580.3 min. chemistry in the reference chamber is reduced to less than
10% of ambient.
2.3.2 Radical abundances inside the chambers
2.3.3 Measurement of photolysis frequencies
One of the potential biases associated with the measurement
of the rate of ozone production involves the abundances ofn addition to these radical measurements, radiometric mea-
the radicals OH, H@, and RQ inside the chambers. The surements were made in both chambers. The photolysis fre-
radical abundances in the sample chamber should be theuencies of the species N(Ds3, and HONO were measured
same as in the atmosphere, while the OH andbH®uUNn-  using a Scanning Actinic Flux Spectroradiometer (SAFS) by
dances in the reference chamber should be zero. Becaus Lefer at the University of Houston (Shetter and Muller,
ozone is produced by the reaction of Hi@nd RQ radicals ~ 1999; Shetter et al., 2002). The measurements were per-
with NO, as shown in Eq. (1), an effective way to determine formed on a sunny day, 14 May 2009, at noon on the roof
to what extent the proposed technique yields a quantitativenf the Moody Towers at the University of Houston.
measurement of ozone production is to compare the radical The blockage of UV light by the Ultem film in the ref-
abundances inside the MOPS chambers with respect to therence chamber was assessed by comparing the ambient ra-
abundances in a controlled environment. diometric measurements against the measurements obtained
The strategy to determine radical loss was to create an alinside the reference chamber. A similar measurement and
tificial atmosphere in an environmental chamber and meacomparison were performed for the clear sample chamber.
sure OH and H@in it. The sample chamber was placed The results for the sample and reference chambers are shown
in this artificial atmosphere and the radical concentrationsin Table 1. When the radiometer was introduced in the ref-
were measured. The same procedure was followed with therence chamber coated with Ultem film, the photolysis fre-
reference chamber. A final measurement of OH and HO quencies for @, NO,, and HONO dropped to less than 2%
radicals in the empty artificial atmosphere was obtained toof the ambient values. In contrast, the photolysis frequencies
confirm the initial measurement of radicals. This experi- measured inside the sample chamber remained within 3% of
ment was completed by flowing air with 60 ppbv of ozone ambient values. These results confirm the radical measure-
and 40% of relative humidity into an environmental chamberments performed in the MOPS chambers and support the va-
consisting of a 100L Teflon FEP film bag with metal end- lidity of the technique in terms of restricting radical forma-
plates and exposing it to external ozone-free mercury lampsion in the reference chamber while conserving radical pho-
to produce OH and Hg@and black lights to set the NGoho- tochemistry in the sample chamber.
tostationary state. The OH and H@adicals were measured
with the Ground-based Tropospheric Hydrogen Oxides Sen2.3.4 NG conversion efficiency
sor (GTHOS) (Faloona et al., 2004), which was attached to
one of the ends of the large environmental chamber. Theélhe conversion efficiency of the photolytic converter unit
GTHOS sampling flow was 1 L/min, similar to the flow in was tested for different levels of NCand is shown in Ta-
MOPS. GTHOS sampled air directly from the artificial atmo- ble 2. These results indicate that for most atmospheric abun-
sphere and then from each MOPS chamber when they werdances of N@the efficiency of the conversion unit is 88% or
placed inside the environmental chamber. higher. The conversion of N Odecreases as NOncreases
The HG radical abundance found in the MOPS sam- because the rate of NO +6>NO» + O, increases to stay in
ple chamber agreed with the abundance in the artificial atphotostationary state with the greater N@hotolysis rate,
mosphere to within 5%. In the reference chamber (Ultemthus shifting the NQ photostationary state away fromzO
coated), the abundance of H@dicals decreased to less than and toward NQ. At 88% conversion efficiency, the calcu-
10% of its initial value. R@ was not measured, but because lated photolysis rate from the exponential decay of,N©®
RO, has reactions similar to those for H@x is likely thatthe  0.09to 0.1 s1. In contrast, a typical atmospheric value for
behavior of RQ is similar to the observed behavior of HO  the NQ;, photolysis frequency is 0.008% at midday on a
The abundance of OH in the clear chamber was half of thesunny day.
abundance in the artificial atmosphere. The decrease in OH To ensure that the N&conversion cells are sufficient to al-
and no change in HPindicate that the HQ production is  low accurate ozone production measurements, a simple com-
the same as in the artificial atmosphere but the sample champuter model that includes the N@hotostationary state and
ber may contain some additional OH loss. This differencethe new production of ozone from the reaction Hf@lus
in OH radicals, however, does not impact the rate of 0zoneNO was run for typical atmospheric conditions. Inputs for
production, as it can be observed in Eg. (1). In the referencéhe model were concentrations o ONO, NO; and HG
chamber, the OH abundance decreased to virtually zero, athat were measured in Houston during the Texas Radical
expected. These results indicate that the ozone-producingnd Aerosol Measurement Project (TRAMP) in 2006. The
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Table 1. Measurement of photolysis frequencigs(s~1), in the Likewise, for the cases of ozone production due to the
: u P YS! quenci | resence of H@radicals, model calculations show that with-

ambient air and the MOPS chambers. The shaded areas indicaﬁ)a tth . it th diff tial bet h
photolysis frequencies measured inside the reference chamber (UF2u € conversion unitthe ozone dilierential between cham-

tem coated). Clear areas in the second and third columns corresporRE'S IS overestimated when compared against the theoretical

to measurements inside the sample chamber (clear). The last cofi@lculation. By adding the Nfxonverter, the measurements
umn shows the transmission of chamber measurements with respebecome within 10% of theoretical values. The correction of

to the ambient. the false signal is substantial such as the morning case in Ta-
ble 3. Without the conversion unit, the ozone monitor would
Ambient  Chamber Transmission measure 92 ppbvit. The theoretical rate, however, corre-
JNO, _ 7.70E.03 750E03 0974 sponds to 26.9 ppbvtt. The MOPS result with the con-
7. 00E-03 M150E04 701021 verter is within 10% of the calculated new ozone. A highly
JHONO 1.66E-03 1.62E-03 0.976 efficient conversion unit, therefore, helps avoid the loss of
1.50E-03 '1.00E-05 0.0067 ozone in the form of N@and corrects a potential bias in the
JO3 2.88E-05 2.85E-05 0.991 measurements.

2.60E-05| 1.50E-07 0.0058

2.3.5 Artefact due to high relative humidity and NO,
loss

Table 2. Percentage of N@converted to ozone in the converter Ideally, the only difference between the sample and refer-

unit cells for different levels of No. ence chambers is the photolysis in the sample chamber that
enables ozone production. All other characteristics should

NO, (ppb) % Conversion be the same, including flows, relaxation towardsyNfho-
17 a8 tostationary state, and wall effects, so that any changes they
o5 83 induce in either ozone or NCcancel out in the differential
45 77 ozone measurement. Thus, studies were devised to examine
75 66 possible differences between the two chambers.
125 58 The wall loss of @ found in the MOPS chambers is less

than 3%. For NO, the losses are less than 1%. The wall
losses of these two species were not found to be a potential
interference with the measurement.
concentrations chosen are representative of a polluted day in The wall loss of NQ in the MOPS chambers was found
the morning, at noon, at the peak of temperature, and in théo be significant for high relative humidity cases and for dif-
evening. The rate coefficients for the model were taken fromferences in relative humidity in the two chambers. This loss
the data published by the Jet Propulsion Laboratory (JPLWwas studied by preparing NOGnixtures with air and varying
(Sander et. al, 2006). the relative humidity. During these experiments, as relative
Table 3 presents the cases analyzed and results for the préumidity increased, the concentration of measured N&
duction of ozone with converter, without converter and thecreased in a nonlinear fashion. For relative humidity higher
theoretical calculation of new ozone inppbvlh The final  than 50%, more N@was removed as the relative humidity
columns are the difference between the MOPS measuremeisiecame higher. Previous research demonstrates that the up-
with the converter unit minus the theoretical calculation of take of water on a Teflon surface is about three times as much
new ozone and the ratio of the MOPS measurement with thet 70% relative humidity as it is at 50% (Svensson et al.,
converter unit to the theoretical calculation of new ozone. 1981). This condition of the Teflon surface has been proven
The first case analyzed is the absence of production of newo have an impact on the rate at which N® removed at
ozone, the concentration of H@ zero and the photostation- different relative humidities, resulting in nitric acid (HND
ary state of ozone remains unperturbed. Consequently, thtormation and HONO off-gassing (Wainman et al., 2001).
model theoretical calculation cancels out exactly the photo-The experiments performed with the MOPS chambers con-
stationary state and the ozone production is zero, as expectetitm these findings.
The ozone that exits the reference chamber has partitioned The removal of NQ@ in the chambers at high relative hu-
mostly towards N@. Without the ozone converter unit, the midity directly affects the meaurement of ozone production.
modified ozone analyzer would be unable to see the ozone iSince MOPS is a differential measurement instrument, un-
the form of NG from the reference chamber and the result even relative humidity values in the MOPS chambers could
is an unrealistic ozone differential of 43.4 ppbvitof ozone  potentially trigger false ozone production signals. According
production. Adding the N@conversion in the converter unit to our laboratory studies, if the relative humidity in one of the
minimizes the difference between the two chambers so thehambers stays at about 30%, the removal obNOabout
production of ozone is 0.0002 ppbvh 1ppbv. In contrast, if the relative humidity in the second
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Table 3. Model results for ozone production (ppbvH without converter unit (W/o C.U.), with converter unit (With C.U.), and theoretically
calculated. The last columns are the difference between calculated production rates and modeled results with the converter unit and the ratic
of the model results with the converter unit to the calculated ozone production rate. The residence time in the chambers is 5.8 min while the
residence time in the converter cells is 103 seconds. The photolysis frequency inside converteris.0Td@ photolysis frequency in the
atmosphere is 0.008¢ at noon. For the morning and evening caskf, was assumed to be half of the noon value.

Ozone Production Rate (ppbv f)

Case QG(ppb) NO (ppb) NG (ppb) HOG (ppt) W/oC.U. WithC.U. Calculated Difference Ratio
Zero 45 5 10 0 43.4 0.0002 0 —0.0002 -
Morning 15 5 20 6 92.1 23.8 26.9 3.1 0.88
Noon 98 2 10 60 71.4 54.8 54.8 0 1

T peak 120 1 10 110 81.7 69.3 70.3 1 0.99
Evening 45 0.5 20 45 84.8 57.9 63.1 51 0.92

chamber is high, close to 80%, the N@moval is about artefact error becomes insignificant. Later in the evening or
7 ppbv. This uneven N@removal causes a differential of at night, however, the artefact can sometimes affect the mea-
about 6 ppb of N@, which represent a false ozone produc- surements.
tion signal as high as 60 ppbvh This false background  Wwhen the ambient temperature decreases in the evening,
correlates with anomalous signals that were observed duringhe relative humidity of the air increases. If the relative hu-
evenings in Houston Texas in which the relative humidity of midity is high but the same in both chambers, then any NO
the air jumped suddenly to high values. removal on the Teflon film surfaces and HONO off-gassing
An additional test was performed to ensure that the anomawill mostly cancel out in the differential £+ NO, measure-
lies are actually associated with relative humidity. Air con- ment. However, it is possible that relative humidity differ-
taining 60 ppbv of ozone, 60 ppbv of N@nd 94% relative  ences in the two chambers can cause the Knoval and
humidity was prepared and sampled by the MOPS. The referHONO off-gassing to be different in the two chambers. Thus,
ence chamber was heated with an infrared lamp to decreadaigh relative humidity can introduce an artefact in the MOPS
its relative humidity without altering the absolute humidity data.
of the air flow. As the relative humidity in the sample cham-  With the current version of MOPS, therefore, we consider
ber became higher, there was a negative value for the 0zongs valid only the data collected when the relative humidity is
differential due to N@ removal. below 50%. This condition is for the inside of the chambers
The relative humidity can be different in the MOPS cham- and not for the ambient air. In daytime, the temperature in-
bers due to differences in temperature in the two chambersside the chambers is higher than ambient by 5:€,3which
This difference is caused by the UV blocking film (Ultem) makes the relative humidity inside the chambers drop about
that covers the reference chamber. At the temperture peak5% with respect to ambient. Hence, the MOPS can measure
during a hot summer day, the temperature in the clear samplezone production without introducing an artefact in the mea-
chamber was as much as® above the ambient tempera- surements at ambient relative humidities as much as 75% as
ture. The reference chamber was warmer than the sampl®ng as the relative humidity inside the chambers stays below
chamber by another6°C, thus up to 12C above the am- 50%. Fortunately, the relative humidity inside the chambers
bient temperature for the warmest cases. These temperatuiglower than 50% for much of the daytime conditions under
differences cause little difference for the ozone productionwhich ozone production is greatest, so that the current ver-
rates, since the rate coefficients of the reactions of @  sion of MOPS can measure ozone production without arte-
RO, with NO have at little temperature dependence. How-facts during these polluted conditions.
ever, these temperature differences do translate into differ-
ences in relative humidity between the two chambers. 2.3.6 Sensitivity, time constant and absolute
During daytime, the higher-than-ambient temperatures in- uncertainty
side the MOPS chambers caused the relative humidity to be
much less than 50%. Experimental data indicate that for theThe exposure time of the air inside the chambers is directly
most extreme daytime cases, which occur in the early mornfelated to the sensitivity and detection limit of the instru-
ing, the interference due to NQemoval can introduce a ment. Analysis of the MOPS signals indicates that the de-
loss of about 1 ppbv out of 7 ppbv observed, or a 14% errortection limit of the instrument corresponds to 0.06 ppbv for
for the ozone differential. After early morning, the relative a 10-min integration. This detection limit corresponds to
humidity decreases as the solar radiation intensifies and th@.67 ppbv ! for the 10-min average data. A fast check of
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/ The first version of the MOPS instrument was tested on the
% 5 0 5 20 2 30 University Park campus of the Pennsylvania State University

Ozone Monitor (ppbv)

in the late summer of 2008. The preliminary tests were per-
formed on the roof of Walker Building, 30 m above one of
the main streets in State College, PA. The air in this location
corresponds to a rural background atmosphere disturbed by
spikes of pollution from the traffic on the road below during
rush hour.
the level of sensitivity needed to measure urban ozone pro- Figure 4 shows the data collected during 1 to 4 Septem-
duction can be done using the chemical production terms oo 2008. From the shape and magnitude of some of the NO
Eq. (1) with atmospheric values for the species NOlOd  gpikes it is evident that the MOPS was sampling fresh emis-
RO,. For example, for conservatively low levels of pollutants gjq, plumes coming from vehicles on the main road. The
such as 10 pptv for the sum [H@ RG], 0.5 ppbv for [N(ﬂ' ozone production rate follows NO, peaking at the same time,
and an effectwel ratle coefficient of approximateby 5 in particular for 1 and 4 September. These two days are char-
(cm3_mo|ecu|es s7), the rate of ozone production is ap- 4cterized by similar NO emission peaks. 2 September was
proximately 2.1 ppbv h*. For highly polluted conditions,  characterized by a plume of emissions with very high NO
the ozone production rate can be in the range of 50 PPBYh  concentrations. In this case the ozone production was rather
So, although the current MOP_S is not sensitive enough tqq,,, \when the NO was the highest, above 30 ppbv. These
detect ozone production rates in the remote atmosphere, th§sts showed early evidence of the existence of a correla-
MOPS detection limit of 0.67 ppbvt for the 10-min aver-  tion betweenP(Os) and NO for these particular conditions,
age is sufficient to measure even low ozone production rategihough not enough ancillary meaurements, particularly of
in urban and suburban air. The signal-to-noise ratio duringagicals, were made to draw conclusions (Ren et al., 2003).
the ozone production maximum is typically 20-30. These results, however, do indicate that this instrument could
The main sources of uncertainty in the measurement ofotentially clarify the discrepancies in the calculated ozone
ozone production are the accuracy of the ozone differenproduction rates from measured and modeled HO
tial measurement and the uncertainty in the determination of These first tests demonstrate the feasibility of the MOPS
mean exposure time. The accuracy of the MOPS ozone diftechnique. The instrument responded physically to the pres-
ferential measurement was determined experimentally. Twaence of solar radiation and ozone precursors and yielded rates
ozone mixtures were prepared and their concentrations weref ozone production in ranges that are within expected values
measured using an ozone monitor (Thermo Scientific 49i).for a polluted rural environment. In addition to being able
The difference in mixing ratios between the two mixtures to collect ambient measurements, these preliminary studies
was determined with the same ozone monitor without theshow that the MOPS can be used to investigate further the
ozone scrubber. As a next step, the same two ozone mixeorrelation betweerP (O3) and NO by adding precursors to
tures were connected to the MOPS instrument in its operatinghe ambient air through both chambers and observing the ef-
mode. Figure 3 shows the ozone difference seen by MOP$ect on the production of ozone.
as a function of the difference seen by the ozone monitor.
The slope of the line is 0.90 and the mean of the ratio of
the MOPS differential relative to the ozone monitor differ- 4 Conclusions
ential is 1.22-0.31 (95%,N =7). Thus, the uncertainty in
the differential ozone measurement is approximatielb% The direct measurement of ozone production rates in the
(95%, N =7). The uncertainty in the mean exposure time atmosphere is feasible. The MOPS separates the ozone-
was obtained from the estimate of error in the pulse experproducing photochemistry from the non-producing photosta-
iments and reaction experiments andti§%. The uncer- tionary state (PSS) of NO, NCand &, to detect the for-
tainty introduced by differences in relative humidityti4 4% mation rate of “new ozone”. Laboratory tests demonstrate
for the early morning data. Other factors, such as the temthat the abundance of peroxy radicals in the MOPS sample
perature difference between the sample and reference chanshamber is similar to the atmosphere while these radicals are

Fig. 3. Ozone differences seen by MOPS as a function of differ-
ences seen by a Thermo Scientific 49i ozone monitor.
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Fig. 4. Rates of ozone production measured on the campus of the Pennsylvania State University during 1 to 4 September 2008. The left
column contains time series f@t(O3) (blue circles) and NO (red stars) for every day starting on Sep 1 and ending on 4 September 2008.
The right column is the correlation between measuréd3) and ambient NO.

virtually not present in the reference chamber. These condibetween modeled and measured H@\ first step towards
tions ensure that the differential of ozone between chamberslucidating these discrepancies would be the deployment of
yields the measurement of the ozone produced by reactionthe MOPS instrument along with the Ground-based Tropo-
between peroxy radicals and NO only. The tests performedpheric Hydrogen Oxides Sensor (GTHOS) to collect data
on the current version of MOPS, therefore, indicate that theover a period of time and compare the ozone production rates
instrument works correctly for the detection of ozone pro- calculated from modeled and measured,HThe instrument
duction rates. can also be used to quantify the importance of locally pro-

The detection limit of the current MOPS is 0.67 ppbvh  duced ozone versus transported ozone. Finally, sensitivity
for the 10-min average data. This limit can be lowered byanalysis can be performed with the MOPS by adding NO to
improving the sensitivity of the detection cells. A better sen-the ambient air to provide an indicator of NGensitivity to
sitivity of detection would enable the use of smaller sampleozone production.
and reference chambers and shorter exposure times.

At the 95% confidence level, the absolute uncertainty ofAcknowledgementsThe authors thank the College of Earth
the instrument is 30% for measurements not affected by re|@nd Mineral Sciences at the Pennsylvania State University for

. -~ . . . the Miller Faculty Fellowship, which provided graduate student
ative humidity. For early morning data, the uncertainty in .support for M. C. and funds for the fabrication of MOPS. NSF

creases to 35% at the same confidence Igvel. The un,ce_'rta'%'rant ATM-0209972 supported the initial development of MOPS.
_t'es in the measurement can be reduced, in part', by rT?m'm'ZWe also thank B. Lefer and J. Flynn for measuring the photolysis
ing wall effects that cause NQosses. One possibility is t0  frequencies in May 2009 in Houston, D. van Duin and X. Ren for
improve the flow pattern in the chambers so that the motiomelp with the radical chamber studies, and K. Biddle and the EMS
resembles more closely plug flow. Methods of improving the machine shop for MOPS fabrication help.
flows are now being studied.

The MOPS is an inexpensive instrument that, when addedEdited by: D. Heard
to air quality networks, would greatly enhance the under-
standing of ozone pollution issues in urban and suburban
environments. The MOPS retrieved the first experimental
plots P(O3) vs. NO in early September 2008. The direct
measurement of ozone production rates can contribute to the
improvement of air quality regulations. Furthermore, the
MOPS technique can be used to address the discrepancy

www.atmos-meas-tech.net/3/545/2010/ Atmos. Meas. Tech., 355852010



554 M. Cazorla and W. H. Brune: Measurement of Ozone Production Sensor

References Logan, J. A, Prather, M. J., Wofsy, S. C., and McElroy, M. B.:
Tropospheric Chemistry: A global perspective, J. Geophys. Res.,

Faloona, I. C., Tan, D., Lesher, R. L., Hazen, N. L., Frame, C. L., 86, 7210-7254, 1981.

Simpas, J. B., Harder, H., Martinez, M., Di Carlo, P., Ren, X., Madden, M. C. and Hogsett, W. E.: A Historical Overview of
and Brune, W. H.: A laser induced fluorescence instrument for the Ozone Exposure Problem, Human Ecol. Risk Assess., 7(5),
detecting tropospheric OH and HO2: Characteristics and calibra- 1121-1131, 2001.

tion, J. Atmos. Chem., 47, 139-167, 2004. Martinez, M., Harder, H., Kovacs, T. A., Simpas, J. B., Bassis,

Finlayson-Pitts, B. J. and Pitts Jr., J. N.: The chemical basis of air J., Lesher, R., Brune, W. H., Frost, G. J., Williams, E. J.,
quality: Kinetics and mechanism of photochemical air pollution  Stroud, C. A., Jobson, B. T., Roberts, J. M., Hall S., R.,
and application to control strategies, Advances in Environmental Sheter, E., Wert, B., Fried, A., Alicke, B., Stutz, J., Young,
Science and Technology, edited by: Pitts Jr., J. N. and Metcalf, V. L., White A. B., and Zamora, R. J.: OH and H@oncen-

R. L., New York, USA, Wiley-Interscience Publication, 75-162, trations, sources, and loss rates during the Southern Oxidants
1977. Study in Nashville, Tennessee, summer 1999, J. Geophys. Res.,

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa- 108(D19), doi:10.1029/2003JD003551, 2003.
hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G., National Research Council (NRC): Rethinking the ozone problem
Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland, in urban and regional air pollution, Natl. Acad. Press, 109-186,
R.: Changes in Atmospheric Constituents and in Radiative Forc- 1991.
ing. In: Climate Change 2007: The Physical Science Basis. ConRen, X., Harder, H., Martinez, M., Lesher, R., Oliger, A., Simpas,
tribution of Working Group | to the Fourth Assessment Report  J., Brune, W., Schwab, J., Demerjian, K., He, Y., Zhou, X., and
of the Intergovernmental Panel on Climate Change, edited by: Gao, H.: OH and H@ Chemistry in the urban atmosphere of
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av- New York City, Atmos. Environ., 37, 3639-3651, 2003.
eryt, K. B., Tignor, M., and Miller, H. L., Cambridge University Ren, X. R., Harder, H., Martinez, M., Faloona, I. C., Tan, D.,
Press, Cambridge, United Kingdom and New York, NY, USA,  Lesher, R. L., Di Carlo, P., Simpas, J. B., and Brune, W. H.: In-
150-152, 2007. terference testing for atmospheric kl@easurements by laser-

Gégo, E., Porter, P. S., Gilliland, A., and Rao, S. T.: Observation- induced fluorescence, J. Atmos. Chem., 47, 169-190, 2004.
Based assessment of the impact of Nitrogen Oxides emissionSander, S. P., Friedl, R. R., Golden, D. M., Kurylo, M. J., Moortgat,
reductions on ozone air quality over the Eastern United States, J. G. K., Wine, P. H., Ravishankara, A. R., Kolb, C. E., Molina, M.
Appl. Meteor. Clim., 46, 994-1008, 2007. J., Finlayson-Pitts, B. J., Huie, R. E., and Orkin, V. L.: Chemical

Gery, M. W., Whitten, G. Z., Killus, J. P., and Dodge, M. C.: A kinetics and photochemical data for use in atmospheric studies,
photochemical kinetics mechanism for urban and regional scale Evaluation Number 15, JPL Publication 06—2, NASA Jet Propul-
computer modeling, J. Geophys. Res., 94, 12925-12956, 1989. sjon Laboratory, Pasadena, CA, USA, 2006.

Haagen-Smit, A. J., Bradley, C. E., and Fox, M. M.: Ozone forma- Shetter, R. E. and Hller, M.: Photolysis frequency measurements
tion in photochemical oxidation of organic substances, Ind. Eng. using actinic flux spectroradiometry during the PEM-Tropics
Chem., 45, 2086-2089, 1953. mission: Instrumentation description and some results, J. Geo-

Ho, W. C., Hartley, W. R., Myers, L., Lin, M. H., Lin, Y. S, Lien, C. phys. Res., 104, 5647-5661, 1999.

H., andLin, R. S.: Air pollution, weather, and associated risk fac- Shetter, R. E., Cinquini, L., Lefer, B. L., Hall, S. R., and Madronich,
tors related to asthma prevalence and attack rate, Environ. Res., S.: Comparison of airborne measured and calculated spec-
104, 402-409, 2007. tral actinic flux and derived photolysis frequencies during the

Kanaya, Y., Cao, R., Akimoto, H., Fukuda, M., Komazaki, Y., PEM Tropics B mission, J. Geophys. Res., 108(D2), 8234,
Yokouchi, Y., Koike, M., Tanimoto, H., Takegawa, N., and doi:10.1029/2001JD001320, 2003.

Kondo, Y.: Urban photochemistry in central Tokyo: 1. Ob- Shirley, T. R., Brune, W. H., Ren, X., Mao, J., Lesher, R., Carde-

served and modeled OH and H@adical concentrations during nas, B., Volkamer, R., Molina, L. T., Molina, M. J., Lamb, B.,
the winter and summer of 2004, J. Geophys. Res., 112, D21312, \elasco, E., Jobson, T., and Alexander, M.: Atmospheric oxi-
doi:10.1029/2007JD008670, 2007. dation in the Mexico City Metropolitan Area (MCMA) during

Kemball-Cook, S., D. Parrish, T. Ryerson, U. Nopmongcol, J. John-  April 2003, Atmos. Chem. Phys., 6, 2753-2765, 2006,
son, E. Tai, and Yarwood, G.: Contributions of regional transport  http://www.atmos-chem-phys.net/6/2753/2006/
and local sources to ozone exceedances in Houston and Dallasiliman, S.: Tropospheric ozone: the debate over control strategies,
Comparison of results from a photochemical grid model to air-  Ann. Rev. Ener. Environ., 18, 31-53, 1993.
craft and surface measurements, J. Geophys. Res., 114, DOOFO08jllman, S.: The use of NOy, #0,, and HNQ as indicators for
doi:10.1029/2008JD010248, 2009. ozone-NQ-hydrocarbon sensitivity in urban locations, J. Geo-

Kleinman, L. |., Daum, P. H., Lee, Y. -N., Nunnermacker, L., phys. Res., 100, 14175-14188, 1995.

Springston, S. R., Newman L., Weinstein-Lloyd, J., and Sillman, Svensson, R., Ljungstrom, E., and Lindgvist, O.: Kinetics of the
S.. Dependence of ozone production on NO and hydrocarbons in reactions between nitrogen dioxide and water vapor, Atmos. En-
the troposphere, J. Geophys. Res., 24, 2299-2302, 1997. viron., 21, 1529-1539, 1987.

Kleinman, L. I, Daum, P. H., Lee, Y.-N., Nunnermacker, L., and Taubman, B. F., Thompson, A. M., Fuentes, J. D., Joseph, E.,
Springston, S. R.: Ozone production efficiency in an urban area, Michaels, S. M., Robjhon, M., and Piety, C. A.: The Mid-
J. Geophys. Res., 107(D23), 4733, doi:10.1029/2002JD002529, Atlantic low level jet and its implications for air quality, J. Geo-
2002. phys. Res., doi:2008JD009798, submitted, 2009.

Kleinman, L. I.: The dependence of tropospheric 0zone productionTonnesen, G. S. and Dennis, R. L.: Analysis of radical propagation
rate on ozone precursors, Atmos. Environ., 39, 575-586, 2005.

Atmos. Meas. Tech., 3, 54555 2010 www.atmos-meas-tech.net/3/545/2010/


http://www.atmos-chem-phys.net/6/2753/2006/

M. Cazorla and W. H. Brune: Measurement of Ozone Production Sensor 555

efficiency to asses ozone sensitivity to hydrocarbons ang MO~ Wainman, T., Wescheler C. J., Lioy, P. J., and Zhang, J.: Effects of

Local Indicators of Odd Oxygen Production sensitivity, J. Geo-  surface type and relative humidity on the production and concen-

phys. Res., 105, 9213-9225, 2000. tration of nitrous acid in a model indoor environment, Environ.
Tonnesen, G. S. and Dennis, R. L.: Analysis of radical propagation Sci. Technol., 35, 2200-2206, 2001.

efficiency to asses ozone sensitivity to hydrocarbons ang:NO

2. Long lived species as indicators of ozone concentration sensi-

tivity, J. Geophys. Res., 105, 9227-9241, 2000.

www.atmos-meas-tech.net/3/545/2010/ Atmos. Meas. Tech., 355852010



