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Abstract. A box model using measurements from the based on (1) radical initiatiom,(OH), and (2) radical termi-
Mexico City Metropolitan Area study in the spring of nation,o. We find very high values af(OH) in the early
2003 (MCMA-2003) is presented to study oxidative ca- morning are incompatible with our current understanding of
pacity (our ability to predict OH radicals) and RO ROy termination routes. We also observe missing reactivity
(ROx=OH+H®,+RO,+RO) radical cycling in a polluted in the rate of ozone productiorP(O3)). For example, the
(i.e., very high NQ=NO+NQO,) atmosphere. Model simu- integral amount of ozone produced could be under-predicted
lations were performed using the Master Chemical Mech-by a factor of two. We argue that this uncertainty is partly
anism (MCMv3.1) constrained with 10 min averaged mea-accounted for in lumped chemical codes that are optimized
surements of major radical sources (i.e., HCHO, HONg), O to predict ozone concentrations; however, these codes do not
CHOCHO, etc.), radical sink precursors (i.e., NO, NSO, reflect the true uncertainty in oxidative capacity that is rele-
CO, and 102 volatile organic compounds (VOC)), meteoro-vant to other aspects of air quality management, such as the
logical parameters (temperature, pressure, water vapor corfermation of secondary organic aerosol (SOA). Our analysis
centration, dilution), and photolysis frequencies. highlights that apart from uncertainties in emissions, and me-
Modeled HQ (=OH+HQ;) concentrations compare favor- teorology, there is an additional major uncertainty in chemi-
ably with measured concentrations for most of the day; how-cal mechanisms that affects our ability to predict ozone and
ever, the model under-predicts the concentrations of radicalSOA formation with confidence.
in the early morning. This “missing reactivity” is highest
during peak photochemical activity, and is least visible in a
direct comparison of HQradical concentrations. We con-
clude that the most likely scenario to reconcile model predic-1 Introduction
tions with observations is the existence of a currently uniden-
tified additional source for R&radicals, in combination with  |mplementing robust air pollution control strategies as part
an additional sink for H@ radicals that does not form OH.  of effective air quality management requires a detailed un-
The true uncertainty due to “missing reactivity” is apparent derstanding of the oxidative capacity of the atmosphere: the
in parameters like chain length. We present a first attempbxidation of volatile organic compounds (VOC) initiated by
to calculate chain length rigorously i.e., we define two pa-the hydroxyl radical (OH) starts radical cycling via KO
rameters that account for atmospheric complexity, and aréind NG, chemistry in the troposphere that drives a variety
of chemical processes, including ozone formation and sec-
ondary organic aerosol (SOA) formation. In an urban area,
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Fig. 1. The schematic of RQcycling in MCMA is shown. Only the
predominant species involved in radical sources, sinks, and cyclin
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species, while 80% is due to radical cycling. As such, it is
important that we understand radical cycling (and recycling),
in addition to radical sources.

Direct detection of OH and Hgis difficult because they
are both highly reactive and are present at low concentra-
tions. Although an increasing number of studies combine
OH and HGQ measurements and modeling, only a few field
campaigns included HOmeasurements in a polluted urban
or semi-urban atmosphere. Measurements of Can ur-
ban atmosphere have been made in Londdordm et al,
2000 and Birmingham, UK ieard et al.2004); Los Ange-
les, CA George et al.1999; Nashville, TN Martinez et al,
2003; Houston, TX Martinez et al.2002; New York, NY
(Ren et al,2003; near Berlin, GermanyRlatt et al, 2002*;
at Birmingham near LondorEfnmerson et al.2007; and
more recently in Mexico CityShirley et al, 2006 Dusanter
et al, 2009. The study described here is characterized by
a very polluted airmass in the MCMA with elevated levels
of NOy (with campaign median concentrations ranging from
8-134 ppb throughout the day).

The focus of this work is similar to that dEmmerson
@t al. (2007, and includes comparisons between predicted

are shown. Radical pathways are labeled as initiation (1), propa-3nd measured values of OH and KO ROy, and a detailed

gation (P), or termination (T), and assigned a number for cross
referencing in Table S1 (see Supplemental Information). The thick
ness of each arrow corresponds to the magnitude of the radical pat
way, as determined in the HQunconstrained scenario.

chemical models to formulate effective control and mitiga-
tion strategies.

The oxidation of VOC (see Fidl) generates organic per-
oxyl radicals, RQ, which can react with nitric oxide (NO),
NOgs, and other R@to form the analog alkoxy radical (RO),
and nitrogen dioxide (N&). The alkoxy radical reacts in

‘analysis of the impact of radical cycling on the oxidative ca-
'}p_acity of the urban troposphere. Our work differs in that
we are dealing with extraordinarily high N@oncentrations
and VOC loadings, and explore the effects of these unique
characteristics of the airmass on radical initiativblkamer

et al, 2010 and the amplification of these new radicals due
to cycling. The extensive amount of data collected during
the MCMA-2003 campaignMolina et al, 2007 and recent
improvements to the MCMRBloss et al. 20053b) afford an
excellent opportunity to explore a variety of questions related
to RO, chemistry. In general, predicted H@adical concen-
trations are lower than measured concentrations, and defined

the presence of oxygen to generate the hydroperoxyl radicalyere a5 “missing reactivity”. The term “missing reactivity”

HO,, which will readily react with NO to generate recycled
OH and NGQ. The conversion of NO to N@via RO cy-
cling in the troposphere followed by N(photolysis is key

is used because the lower-than-measured concentrations of
radicals leads to lower levels of reactivity in the Redi-
cal cycling. This in turn affects reactive processes such as

to understanding ozone formation. Studying the reactive prog,;qne and SOA formation. This “missing reactivity” is dis-
cesses of these radicals is essential to understanding the gefijssed in greater detail below, and leads to an analysis of the

eral oxidative capacity of the atmosphere.

mechanism with regard to R@ycling. Model scenarios are

Radical initiation — the breakdown of a closed shell speciesyaried with regard to HQto elucidate the effects of “miss-

yielding a new radical — plays an important role in tropo-
spheric chemistry, as it starts the processes that form se
ondary pollutants; however, radical cycling — the amplifica-
tion of new radicals in the RONOy cycle — dominates in

ing reactivity” on VOC oxidation and photochemical ozone
Groduction in the MCMA.

We use a near-explicit chemical mechanism to evaluate the
impacts of the “missing reactivity” via quantitative measures

polluted atmospheres e.g., Mexico City Metropolitan Area sych as chain length and ozone production. Chain length is a
(MCMA), where NQ concentrations are high enough so measure of the number of times that OH goes through the
that radical propagation reaction rates dominate over rad|ROx cycle before a termination reaction. Whereas Part 1
cal terminiation rates and can be up to an order of magniyf this study Wolkamer et al, 2010 focuses on radical
tude greater than radical source terms. In a companion pa-

per Volkamer et al (2010 quantify new radical production IThis refers to a semi-rural/urban site near Berlin, Germany. It
(P(HOy)) in the MCMA and on average, 20% of radical is important to note that the highest levels of observed NO were
production is attributable to the breakdown of closed shelllimited to a few ppk and that there were strong biogenic influences.
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initiation, this work focuses on radical propagation or recy- — OH-constrained: in addition to the parameters listed in
cling. The calculation of chain length is dependent on an the HO-unconstrained case, a campaign median diur-
implicit knowledge of branching ratidswithin the chem- nal profile of OH is used to constrain the mechanism.
ical mechanism. Ozone production is another quantitative In this case, we estimate an uncertainty4660% for
parameter used to understand “missing reactivity”. The vari- HOx.

ables used to calculate ozone production are well constrained
by measurements, which enables a useful comparison to the —
value calculated using the modeled values.

HO,-constrained: in addition to the parameters listed in
the HQ-unconstrained case, a campaign median diur-
nal profile of HQ is used to constrain the mechanism.

In this case, we estimate an uncertainty4645% for

2 The mechanism and the model OH.

) The OH- and H@-constrained cases are a means to ex-
The work presented here was performed using the latest ver- plore linear and non-linear feedbacks related toyRO

sion of the Master Chemical Mechanism (MCMv3.BJdss radical sources, propagation, and termination, most no-
et gl, ZOQSap). This version of the MCM includes the degra- tably by predicting the unconstrained K@adical.

dation kinetics and oxidation schemes of 135 VOC, based on

mechanisms described Bgnkin et al(1997 and Saunders — HOx-constrained: in addition to the parameters listed
et al.(2003. The updated version includes an improved un- in the HQ-unconstrained case, we used a campaign
derstanding of aromatic schemes using results from recent median diurnal profile of both OH and HO from
laboratory studies (e.gQlariu et al, 200Q Olariu, 200%; Shirley et al.(2006 to constrain the mechanism in ad-
Volkamer et al,2001; Bethel et al,2001; Martin et al, 2002 dition to the parameters described above. TheyHO
Volkamer et al.2002. The MCMv3.1 is well suited over a measurements were increased by a factor of 1.3 in ac-
wide range of N@ and VOC conditions because it explic- cordance with recommended changes to previously re-
itly represents the sources and sinks of OH,JHénd RQ ported measurements (W. H. Brune, personal commu-

radicals, rather than lumping them. The near-explicit code nication, 2007).Shirley et al.(2006 report a measure-

enables the user to account for individual reactive pathways,  ment uncertainty of=32%.

which is ideally suited to study RQadical cycling. We used - ,

the FACSIMILE (Curtis and Sweetenham987 software In each case, model uncerta_mt!es were determmed base_d on

package as our numerical integrator for the box model. a) the experlmentgl 'gnc.ertalntles of the domlnant reaction
The model calculations were performed on a 24-h basis,rate _constants for initiation (e.g.,_HO_NO photonS|s)_, prop-

and were initialized every 10-min with the constrained in- 29ation (e.g., H@+*NO), and termination (e.g., peroxide or

put parameters listed below. The model is constrained fofitrate formation) routes for each H@adical and b) mea-

the following major species, including measurement uncer-Surement uncertainties for species constrained in the model.
' Note that the HQ-unconstrained model, the OH-

tainties: NO £15%), NQ (£20%), HONO &10%), G . ) ,
(+15%), SO (+20%), and CO+£15%). The model is also constrained model, and the_ lj(bons_tralned model ylgld a
constrained for 100 VOC (see Supplemental Material), tem-_b"?ll_an_Ced modeli.e., the rad_|cal termination, propz_;\gatlon, a_nd
perature, pressure, water vapor concentration, J-values, adaltlatlon pathways for a radical are net zero. For. |ns.ta.nce, in
dilution in both the horizontal and vertical fields. Photolysis & Palanced model, the pathways for OH shown in Eigill

frequencies were measured by spectroradiometry, and the dY—ieId the foIIowing_: I1+P4=T1+P1.+P5.'
lution parameter used is described in Parvdlkamer et al, Apart from varying the consraints imposed on the model,

2010. we ran the model for a) individual days, b) campaign me-
dian concentration time profiles, and c) campaign average
concentration time profiles in both unconstrained and con-
strained scenarios. The model was run for 18 days, 9-24
April 2003. We observed differences between concentration

— HOy-unconstrained: The model was constrained fortime profiles on a median and average basis, most notably
species including NO, N9 HONO, G;, SO, CO, 100  at night. The results presented here focus exclusively on in-
VOC, temperature pressure, water vapor concentrationdividual days and a median model, as night-time concentra-
J-values, and dilution in both the horizontal and vertical tions of NO — an important determinant in radical recycling
fields. In this case, we report model uncertainties forrates (HQ/RO,+NO) — are up to 6 times higher on an aver-
OH and HQ of +55% anc=70%, respectively. age basis as compared to a median basis. As such, we con-

sider the campaign average NO concentrations as statistical

2In this context, we use the term “branching ratio” to refer to the forcing rather than a realistic representation of the airmass

ratio of radical fluxes of the multiple reaction pathways of axRO  and minimize this forcing by using median profiles.
radical. This is not to be confused with the term branching ratio

used in chain reaction theory for combustion kinetics.

The following modeling scenarios, in terms of constraints,
were used to study HQOchemistry in the MCMA, including
estimated model uncertainties for each case:

www.atmos-chem-phys.net/10/6993/2010/ Atmos. Chem. Phys., 10, 58932010
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Note that all concentrations, unless otherwise mentioned, 1. constrained (total)
are reported in parts per billion by volume (ppband all | ——
times are reported as Central Standard Time (CST i.e., Coor-3 *| L L NG
dinated Universal Time minus 6 (UT®)). . ———
The model was constrained for 21 alkanes, 19 alkenes, 16 160 ‘
aromatics, and 23 oxygenated VOC, which includes alco- 140 o E * _measured
hols, aldehydes, ketones, esters, ethers, and organic acids. ;| * %

The uncertainty for each parameter is a combination of £
measurement error, day-to-day variability, and the scaling
methodology employed (as appropriate). See the discussions
in the Supplemental Material for a more detailed description & ©7 =
of the measurements, methodologies, and uncertainties for 4.5
each of the constrained species. 20
We introduced a dilution parameter to represent physical o
transport of chemical species out of the MCMA. The reac-
tive species in the model were diluted using a combination
of two approaches: 1) using traffic counts and measured Congjg. 2. The bottom panel shows the median measured (stars) and
centrations of CO (traffic-CO) to generate a proxy for the modeled (red solid line) OH loss; we also include a plot of mod-
rising planetary boundary layer (PBL), and 2) by matching eled OH loss augmented with an estimated OH loss due to pri-
predicted photochemical HCHO with observations. If only mary organic aerosol (POA) vapors (SVOC+IVOC) as parameter-
the traffic-CO approach is used, then uncharacteristic chemiized byRobinson et al(2007. Note the under-estimation of OH
cal accumulation is observed. The increased dilution as a relss by the model between 05:00-07:00. In the upper panel, the
sult of the HCHO modeling eliminates this unrepresentativeProfile of OH loss in the model is separated into constrained pa-
accumulation of secondary products (i.e., oxidized Volat"erameters (black line) and unconstrained parameters (red line). The

. ds. OVOQ). E detailed di . _constrained parameters are further distinguished as parameters con-
organic compounas, ). For a more detaile ISCUSSION 4ined by measurements (green line) and those that were estimated

of _the methodology employed to constrain the model for di- (blue line) based on emissions information in the literature. Con-
lution, see Part 1\olkamer et al.2010. strained parameters account for some 75-98% of total modeled OH
The photolysis frequencies for 30(Jo,, +25%), loss throughout the day.
NO2 (/no,, £15%), HCHO (HcHo, £15%), CHCHO
(JcHscHO,£15%), and HONO {Hono.£15%) are con-
strained by measuremeniéo{kamer et al. 2005. The val- between 45-50% at night. These values are consistent with
ues forJpono have been multiplied by 1.43 to match recent those measured bghirley et al.(2009; however, there is a
absolute measurements madeWsll et al. (2006 consis-  significant difference between measured and modeled values
tent with results presented Molkamer et al.(2010. The  from 05:00-07:00, when NQvalues are highest. The un-
measured downwelling portion of each J-value was multi-certainty in the total OH loss measurement is highest under
plied by 1.08 to account for surface albedo corrections. Theéhigh NO, conditions Ghirley et al, 2006. The degree of
code calculates photolysis rates solely as a function of soconstraint imposed on the mechanism by inputs in terms of
lar zenith angle, which does not account for cloud coverageOH reactivity is shown in the upper panel of Fig. Most
scattering in the atmosphere, and the albedo of the earth’sotably, the fraction of OH reactivity due to reaction with
surface. As such, the photolysis rates are corrected usingnconstrained parameters linearly increases in the morning
a factor that is based on the average difference between tharound 08:00 until 12:00. This increase is roughly 1h after
calculated and measured values f@jo,. Calculations were  the onset of photochemical processing and due to the oxida-
initially performed using clear sky conditions at a latitude of tion of primary VOC, resulting in the formation of secondary

100

ctivit

80

a

19°21'32’ N and a longitude of 99¥25" W. products. The formation of secondary products and their sub-
sequent oxidation results in an increase of unconstrained OH
2.1 OH reactivity: first order loss of OH loss of roughly 5% per hour, reaching a maximum of 25%.

The decrease in the fraction of OH loss from unconstrained
For each of the modeling scenarios described previouslyparameters around 12:00 reflects the venting of the MCMA,
with the exception of the HEconstrained scenario, OH loss is consistent with an observed decrease in new OH radical
is equal to OH production withiron <0.1s, i.e., OH isin  production Yolkamer et al. 2010, and reflects the dilution
steady state. The modeled and median measured OH reafmplemented in the code (s&elkamer et al (2010 for de-
tivity — the pseudo first order rate loss of OH — are showntails).
in the bottom panel of Fig2; the total OH reactivity pre-
dicted by the model is about 110%sduring morning rush
hour and a value of roughly 20-25%during the day and

Atmos. Chem. Phys., 10, 6998308 2010 www.atmos-chem-phys.net/10/6993/2010/
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3 Results and discussion their role as SOA precursors, also make a sufficiently large
contribution to OH reactivity to be potentially relevant tg O
3.1 Missing OH reactivity formation.

Recent findings indicate that primary organic aerosol (POA)3.2 HOx: measured vs. modeled
upon dilution from the tailpipe of a car to atmospheric
conditions may act as a source of semivolatile hydrocar - e
bons in urban air, so-called semi-volatile organic com-Urnal profile of both OH and HE as shown in Fig3a,
pounds (SVOC) and intermediate volatility organic com- - When compared to a lower limit of measured OH val-
pounds (IVOC) Donahue et al.2006 Robinson et a. ues, the model predicts O_H.concentratlons Wlthln mea-
2007). SVOC and IVOC make a significant contribution to sured and modeled uncertainties for the day with the excep-

SOA formation Dzepina et al.2009. The chemical identity 10N Of about 05_:30 to 96:39 (Figga). In the early morn-

of these hydrocarbons is unclear, and, as such, SVOC an{9 between 06:00-07:00 (i.e., rush hour), the model under-
IVOC are not represented in MCM. These species could pdredicts OH radicals by about a factor of 3—4. Similarly, a
relevant to SOA formationRobinson et a).2007) and pos- consistent under-prediction is observed in the evening after
sibly ozone production. We estimate here for the first time18:00, though slightly less than in the moming. Between
the possible contribution of SVOC and IVOC to OH reac- 07:30-16:00, the model and the measurements are in excel-
tivity to assess whether the gap between modeled and med€"t agreement, with the ratio of measured-to-modeled con-
sured reactivity can be attributed to these species. We calc fentrations varying between 0.93 and 1.35 i.e., within error
lated the OH reactivity of SVOC and IVOC by estimating the Pars of the measurements and the model.

amount of each in the gas phase using POA measurements | "€ model under-predicts the concentration obH@ the
(Salcedo et al. 200§: SVOC+IVOC=4POA+7.5POA. entire day, and most notably between midnight and 10:00.
Here, we parameterized the data from Fig. laRiobin- The measured-to-modeled ratios are consistently between

son et al.(2007) to account for the effects of variable par- 3-10 before 07:00. The predicted concentrations do not

titioning depending on POA partitioning mass. We used afgll within the measurement and modeled uncertaipty un-
molecular weight of 250 g mof- (corresponding to a 3 til around 10:00. The model predicts H@oncentrations
alkane), suggested biRobinson et al(2007), to convert within modeled and measured uncertainties between 10:00

ug 3 to units of moleccm3. Using this concentration and 18:30. Thereafter, the ratio of measured-to-modeled con-

and a generic rate constant for reaction with OH radic’auscentrations starts increasing and varies between 5-12 for the

of 4x10- " cmPmolecs~! reported byRobinson et al. fémainder ofthe day. _

(2007, we calculate the corresponding OH loss rate. The | N€ median concentrations of predicted OH andbftom
individual day modeling show good agreement with the pre-

results are plotted as an overlay in F2gUsing this method- X _
ology, we observe a modest increase of 4-14af OH re- dicted OH and H@ from the HQ,-unconstrained model of

activity (about 10% of the measured value). The existence of @MPaign median concentration inputs of Hédurces and
SVOC and IVOC is consistent with the observation of a gapSiNks (not shown). A linear regression of individual day OH
in OH reactivity, though insufficient to obtain closure. The 21d HQ modeled predictions versus measured values yields
OH reactivity in our model is about 10-20% too low. The the following relationships: )

largest differences tend to be observed between 04:00-06:082HImodel = 0-73[OHImeas-0.02 ppt,k“=0.98, and

and also in the afternoon (12:00-16:00). Notailgwis  [HO2lmodel= 0-74[HO2lmeas-2.79 ppt,R*=0.96.

et al.(2000 identified an additional mechanism for OH loss ~ Despite what appears to be an excellent correlation
in terms of volatile carbon in the range of @ Ci4 as oxy- (R?>0.95) between measured and modeled values, a more
genated aromatic and aliphatic molecules. These molecule§iorough analysis shows these results belie the lack of radi-
are difficult to quantify with the measurement techniquesc@ls at high concentrations of NOFor both OH and HQ,

used during MCMA-2003, and they appear to be only par_the measured-to-modeled regression relationship is predom-
tially captured by our model-predicted OVOCs, and esti- iInantly determined by the higher concentrations in the after-
mates of SVOC/IVOC. Notably, the portion of unaccounted N0oN. As such, the linear regression is skewed in favor of
OH reactivity in our model is relatively small and we do not times when the model more accurately predictsgncen-
observe an over-prediction of OH radicals in the afternoontrations (which, is also at low Nfconditions).

as has been noted in previous studieewis et al, 200Q

Carslaw et al.1999. Future.stu.dles will need to demon- 3The lower limit is based on a 0.01 ppstatistical offset. We
strate whether the parameterlzqtlon of SVOC a}nd IVOC fromfound that there was improved agreement between measured and
laboratory generated POA provide for a meaningful extrapo-modeled OH concentrations based on overlap of error bars, in ad-
lation to the atmosphere, and whether additional unmeasuregition to better agreement in the comparison of measured and mod-
compounds could cause additional OH loss. It appears, howeled HONO concentrations using the lower limit of OH. Sleéka-

ever, from this analysis that SVOC and IVOC, in addition to mer et al (2010 for a more detailed discussion

_The HQ-unconstrained model accurately predicts the di-

www.atmos-chem-phys.net/10/6993/2010/ Atmos. Chem. Phys., 10, 58932010
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Fig. 3. Measured (black) and modeled (red) diurnal concentrations of &© shown for each of the three balanced model c4sg¢©OH,
HOx-unconstrained(b) OH, HO,-constrained(c) HO,, HOx-unconstrained, anfd) HO,, OH-constrained. In the upper panel of each

graph, the measured-to-modeled ratios are also shown. Note that for the top panels of OH, A and B, “measured” refers to values reported
by Shirley et al.(2006 multiplied by 1.3 and include a 0.01 ppt offset subtracted from the measured values as discussed in the text and in
Volkamer et al(2010.

When the model is constrained for HQFig. 3b), it is un- much better agreement. Conversely, the model still drasti-
able to predict the diurnal profile of OH. As a result of the cally under-predicts the concentrations of H&hortly after
HO; forcing, the model over-predicts the concentration of sunrise until 09:30. This suggests that the gas-phase mecha-
OH for the majority of the day, most notably in the morning nism is lacking a H@ (or RQ,) production term.
04:00-10:00, and at night, 19:00-24:00. The overprediction The exercise of forcing OH and B@oncentrations in the
of OH from the HQ-constrained model is partly compen- mechanism is valuable, as it can help elucidate shortcomings
sated by the fact that our pseudo-first-order OH loss rate isn the mechanism. The H&forcing suggests that the gas-
most underestimated during this part of the day (see®ig. phase mechanism — particularly under high, \N€@nditions
The HO, constrained prediction of OH would be in better —lacks either a significant H{ource that does not form OH
agreement with the observations if this missing OH loss wasor an HQ source and OH sink. However, a large missing gas
accounted for. Despite this limitation, we do observe overlapphase OH sink appears unlikely, because the modeled pre-
in the observed and predicted concentrations during muchdictions of OH show good agreement with measurements in
of the day, 10:00-18:00. The distorted diurnal profile of the HQ-unconstrained case, and because of high uncertainty
OH and the over-prediction of the concentration reflects thein the OH loss measurements. This is inconsistent with the
strong coupling between HGand OH via NO. relatively small differences between measured and modeled
The OH forcing (Fig3d) affects modeled Hoconcentra-  OH 10ss (Fig.2). Similarly, the modeled OH in the HO
tions less directly, particularly because it involves the entireUnconstrained case is generally under-predicted, which does
ROy cycle; however, the effects of the OH forcing are sig- not lend support to the argument that the mechanism has a

nificant. Most notably, from midnight to 06:00 and again MiSSing sink for OH.
from 18:00-24:00, the measured and modeled, e in

Atmos. Chem. Phys., 10, 6998308 2010 www.atmos-chem-phys.net/10/6993/2010/
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3.3 HO2/OHvs. NO

Apart from absolute HQconcentrations, the ratio of HQo

OH as a function of NO is a useful relationship to test our un-
derstanding of HQ cycling (Fig.4). We compare measured
and modeled HQratios vs. NO on both a campaign median
basis and an individual day basis. For the sake of compari-
son, we binned OH, HE and NO values based on 10 dif-
ferent ranges of NO concentrations. The error bars show the
uncertainty of the HQratio, calculated based on the uncer- e

tainty of modeled OH and HEconcentrations. | et |

We observe a similar relationship between theHIH High(::jf;"mwmpr18)N0days
ratio and NO for both the measured and modeled values; ! o rimea
however, there are significant differences at high NO. The o
modeled HQ/OH ratio is lower than the measured ratios NO (ppb)
by roughly a factor of 4 at NO concentrations of 100 ppb.

Igr?tggg;ingf 1r(])zir]r.(0)\g?)[t)% aa?gg gerg Eimii?ra’\:gn?n Fig. 4. The HO,/OH rat_io asa fl_Jnction of NO. For graphical pur-

! = poses, all of the HQratios are binned based on ranges of NO con-
between 1-10 ppb. The larger differences between modelegenirations. we used the following bins: 0-1 ppb, 1~2 ppb, 23 ppb,
and measured HEOH ratios at high NO occurs in the morn-  3_5pph, 5-10 ppb, 10-20 ppb, 20-40 ppb, 40-100 ppb, and 100~
ing and at night, when the model most drastically underesti-200 ppb. Each circle or square represents the median of each NO
mates the concentrations of HO concentration bin. The predicted values from the model on a cam-

The “missing reactivity” noted previously is also evident paign median basis are shown as the orange line with open circles,
in the comparison of the NO dependence of measured anwhereas the median measured values from the entire campaign are
predicted HQ/OH ratios. The measured HQatio has a shown as a black line with open squares. The closed repl circles and
shallower slope with respect to NO than the modeled ra-0S€d blue squares are the modeled and measurgd#ts, re-
tio does. The slope of the graphs in Figgyield the NO spectlvely, for the hlgh and low NO days, 11 and 18 April. Note

that the lines ar@ot a fit through the symbols, but rather connect
power dependence. We expect a dependence of betweent e symbols to help guide the eye.
to 2 (Shirley et al, 2009; however, the measured values of
the HG,/OH vary as NO to the power of 0.36, and the mod-
gllceg i\fglrj:ass\éér)frﬁz ,I\lo(\?v;?-;[EZn?g\;vSécc;feg.?\lAf(,) npeoe\llcgradf:;é?]r_measurements of RQare difficult, and unavailable fr.om
dence is tentatively attributed to more efficient H€ycling MCMA'ZOO.S' As such, we use MCMv3.1 anc’j the d_lffg—
in VOC chemistry and is consistent with laboratory observa-ent c_onstral_ned cases to understand the model’s prediction of
tions Bloss et al. 20053gb). ROz In relat_|on o HQ. ) )

The HQ/OH ratio vs. NO relationship is also useful in ~_The predicted concentrations for R the different mod-
determining the effects of using median diurnal profiles from €ing scenarios are shown in Fi§. The HQ-constrained
campaign data for modeling. Legitimate concerns exist re{n0t shown) and OH-constrained cases predict the same con-
garding conclusions drawn from the use of average or mecSentration of RQ because the effects .Of the OH congtramt
dian diurnal profiles of radical sources and sinks, particularlySuPersede any effects of the bi€onstraint. The more direct
because the characteristics of fast,H00, chemistry may  Ccoupling between OH and ROadicals is also evident when
not be captured. To test our use of campaign median data arffPMParing the HErunconstrained and constrained cases:
day-to-day variability thereof, we predicted KH@oncentra-  the higher concentrations of RGrom 10:00-16:00 in the
tions for a “high NQ” day (11 April, NOmax=220 ppb) and uncqngtramed case are COI.nCIdent with the _model’s over-
a “low NOy” day (18 April, NOnax=24 ppb). The modeled prediction of OH, noted previously and shown in F3g.

HO,/OH resullts are also shown in Fig;. the individual day The RQ/HO; ratios (shown in Fig5b vs. NO) are an-
results — for both the measurements and the modeling — showther metric used to understand the prediction obR® it
good agreement with the campaign median results, confirmrelates to HQ. In each of the modeled scenarios in steady

measured measured
(hi/low NO)

modeled
(hiflow NO)

Y

/ OH

104

o~

HO

ing the utility of modeling on a campaign median basis. state, the R@HO; ratio is between 0.7-1, whereas in the
fully constrained case, the ratios are significantly lower and
3.4 Predicting RO, drop below 0.2 when N&7 ppb. As mentioned previously,

the coupling between OH and R@ more direct than that
Organic peroxyl radicals play a major role in atmospheric between H@ and RQ. As such, the lower-than-expected ra-
processes, most notably in its reaction with NO yielding tios are a direct result of the fixed OH concentration eliminat-
NO,, adding to @ production. Unfortunately, ambient ing any effects that a fixed HOconcentration may have. In
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Fig. 5. Predicted RQ concentrationga) and the ratio of RYHO, vs. NO(b) for different modeling scenarios: H@Qunconstrained (black

line and squares), OH-constrained (red line and circles), angt¢t@strained (blue line and triangles-up), and¢nstrained (orange
triangles-down). The R@concentration demonstrates an expected near-linear dependence on OH concentration. The steady-state models
similarly predict RG/HO; ratios~1 at concentrations of NO ranging from 1-100+ ppb; however, theg-Etidistrained case predicts a much

lower ratio, particularly at high NOX7 ppb).

other words, with just a fixed Hfconcentration, the profile We definen(OH), as:

of OH and the predicted concentrations are distorted @ip. $OHnew- propagated O
because of the fast H3-NO reaction (P4 in Figl). How-  n(OH)= VOH[ SOH j
ever, in the HQ-constrained model, the OH constraint off- : orinew . _
sets this forcing by H® (which also yields an unbalanced Theyon term is the fraction of OH entering the radical cycle:
model). We consider the predicted RC@oncentration in the (OH— ROp)+(OH— HOy)

HOy-constrained case as a lower limit. YOH= total OH loss . )

@)

Total OH loss includes all pathways in which OH is perma-
nently lost or has the potential to be recycled i.e., it is equal

Chain length is broadly defined as the number of times that© the sum of all propagation (P1 and P5, Higand termina-

a hydroxyl radical will be regenerated via the R@ycle tion routes (T1, F|gl).There are numerous parameters used
(Fig. 1). The radical chain length is a parameter that captured© calculate chain length found in the literature (&\ggner

the characteristics of the fuel (i.e., VOC) in its oxidative envi- €t @l- (2003; Seinfeld and Pandig1999; Emmerson et al.
ronment. Itis an effective means to assess the relative import2007; Stroud et al(2004; Martinez et al(2003). Most
tance of new radical production relative to radical propaga-Parameters for chain length assume that a single OH radi-
tion in the MCMA. Strictly speaking, chain length is only a cal will cycle through at least once (i.e.(OH)=1). If radi-

well defined quantity if the radical chain has a single point of cal termination rates exceed propagation rates t_hroughout the
initiation and a single point of radical termination (i.e., a lin- ROx cycle, then we conclude that a single radical may not
ear radical chain reaction). Atmospheric R&cling isin- ~ complete the cycle before being removed from the system.
herently more complex: multiple reactions initiate the radical We have therefore added they term. While this scenario
chain by providing sources for different radical intermediate (I-€-,7(OH)<1) is unlikely in a polluted environment such as
species of the radical chain. Similarly, multiple reactions canMexico City, it is nonetheless an important adjustment to re-
terminate the radical chain at different Readical interme- ~ Main consistent in our calculation o{OH) as a quantitative
diate species. To our knowledge there is currently no definimeasure of chain length i.e., as the amplification of radical
tion of chain length available in the literature that accountsSOUrces. o

for this atmospheric complexity. We define two parameters "€ XOHnew term is defined in Eqg. (1) ofolkamer et al.

that both characterize chain length(OH) andw. n(OH) (2010 and is the sum of all new ROradical production,
is defined from a perspective of radical initiation, whereasWeighted using conversion factors for the respective species

 is defined from a perspective of radical termination, i.e., N0 OH:

3.5 Chain length

treats radical propagation as a first order exponential decay,  ~ _ HO2 — OH 3)

process. Both parameters are quantitatively comparable, and > total HO, loss’

each parameter is discussed in greater detail below. _ RO HO, and @
YRO™ total RO los$
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M_ (5) et al. (2010 for more discussion). Furthermore, a correla-
total RQ; loss tion of production and loss terms creates a convolution that
should be avoided to study radical cycling chemistry. Ulti-
mately, our determination ef(OH) as a parameter for chain
2 OHnew=[OHInew+ yHo, - [HO2Inew length does not include “delayed propagation” or a net flux
+¥HO0, - YRO* YRO, - [RO2lnew (6) approach for.HONO accour)ting. In our case, the processes
are treated rigorously as either termination or new radical
The calculation ofi(OH) is most sensitive to the definition production.
of initiation and propagation terms, and to a lesser degree Haying defined the various radical reaction pathways, we
termination. This requires careful accounting of the reactiveyse the grouped terms to calculai@H). Rather than cal-
pathways. The definitions employEd here are similar to thOSQ;L“ate a Sing|e OH chain |ength based So|e|y on the “|Ong”
used bywagner et al(2003: chain [L: OH—R0O,—RO—HO], we also consider the di-
rect cycle between between OH and H{e., the “short”
chain (S). That is:

YRO, =

The XOHnewterm is then defined as:

— new radical production (i.e., initiation) is the breakdown
of a closed shell molecule into two radicals or as the

conversion of @ or NGz into a RQG, species; n(OH) = yon [@om-Ho,n (OH) g+ Bor—ro,n (OH) ], (7)

— propagation is the transformation of one R€pecies  \yhere
into another;

— termination (i.e., radical sinks) is the formation of a

. : OH)g=
closed shell molecule from the reaction of two radicals; n(OHs
and, ([OHInew+ yHo, * [HO2lnew) + (OH— HO) ®)
. _ . . . [OHInew+ yHo, * [HO2lnew ’
— the mechanism contains certain species that are in fast

equilibrium with radicals, such as PAN. For these com- 2(OH)| = 2OHnew+ (OH— ROy) ©)
pounds, a net term is calculated. The net parameter is L= ¥ OHnew

then appropriately classified as either production or ter- OH > HO

mination. HOH—HO, = - 2 and (10)

OH— HO,+OH— RO,’
In contrast towagner et al(2003, we treat absolute fluxes
for fast radical-radical reactions and HONO formatitvag- ~ BoH—R0, = 1 —a0OH-HO,- (11)
ner et al. (2003 defined “delayed propagation” as fast .
radical-radical reactions form a radical reservoir that sub- 1h€ median values for(OH) andy for both the HQ-
sequently photolyzes to yield two radicals. Similarly, they constrained and Hgunconstrained cases are shown in
define a net flux production of OH by subtracting the pro- F19: 6. In the HG- and HQ-constrained cases, cycling is
duction of HONO (from the reaction between OH and NO) high in the morning, with a peak of 25 around 06:30 and
from the production of OH via HONO photolysis. This term then decreases to 15 over the next hour. From 10:30 to 14:30,

is then lumped int&OHnew. We have assessed the effect 7(OH) is between 3 and 5. Conversely, there is no morning
of including a “delayed propagation” term in the calculation peak evident in the HQunconstrained case. This difference

of n(OH). When including the net flux from radical-radical in n(OH) is coincident with previously noted missing reactiv-

recombination reactions and the subsequent photolytic delty Shortly after sunrise and during rush-hour. TH®H) for

composition reactions for all the appropriate species (i.e., hyth® HO-unconstrained model reaches a high value of about 4

droperxide, organic peroxides, and oxygenated compound@round 05:00 and is in the range of 2.5-4 throughout the day.
e.g., aldehydes), we observe a modest increasti) (not The peak difference in chain length values occurs at 05:30,
sh0\'/vn)' however. this is a function of accounting, and not@t Which time the median value for the constrained case is a

a chemical manifestation of radical cycling. The differences@ctor of 9 higher than the unconstrained modeling.

are only observed during the day-time because OVOCs are 1h€ conversion factorsyro, shown in the upper panel
formed from the processing of primary emissions at sun-Of Fig. 6, provide a means to understand cycling and chain
rise that make the greatest impact on the delayed propagéength via an alterna_mve approac_h. Th_e_conversm_n factors
tion accounting. Wagner et al(2003 uses a similar net ar€ameasure of radlc_al propa_gatlon ef_f|C|ency relative to t_er-
flux approach in the treatment of HONO. A potential prob- mination. We trgat rgdlcal cycling as aﬁrs_t(_)rde_r exponential
lem associated with using the net flux approach for HONoOdecay process in which the conversion eff|C|e_nC|es are related
is a negative term in the summation BOHpew. That is, to the propagation of the OH radical. We define a parameter,

whenever HONO formation is larger than HONO photolysis, ¢+ SO that:
the contribution of new OH t&OHpew May be a negative
number, which does not make physical sense Yaedeamer
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b4

1
VI%)OX = Evand (12) ;g%o,&a\’x\,_/\/—ﬁ——\AW
© =04 nYi,afE?gz B via HO, S
»=—[In yro,]”*, where 3 = =S ———
YROx = YOH X YRO, X VRO X YHO, (14) g%

The medianw value for the HQ-constrained case is
shown in Fig.6. The chain length parameters have differ- A
ent perspectives with regard to radical cycling: #H{@©H) P R (OH), HOx-con
focuses on propagation and initiation radical fluxes, while g’ ' S
o focuses on branching ratios for individual R€pecies to E
propagate versus terminate the radical chain. The agreement’
betweem (OH) andw is a measure of our understanding of 7
radical cycling. In principle, the values for each should be the c o, HOx chnstrained
same; however, the plots fa{OH) andw in both the HQ- v % ® P P ‘ ‘
and HQ-constrained cases show significant differences, par- time (CST)
ticularly between 04:00-10:00, and again after 14:00.

In a straight radical chain, the condition of radical con- Fig. 6. Panel(a) at the top breaks down the branching ratios of
centrations in steady state imposes the constraint that radic&0,— RO radical reaction pathways via NO, ROand HG to
initiation and termination fluxes are equal. In atmosphericdemonstrate that the afternoon chemistry is still very much driven
RO radical cycling it follows from Egs. (1) and (13) that in by NOx and much less by organic peroxyl radicals formed as prod-
order to bringn(OH) andw into agreement, the HOcon- ucts of §econdary oxidation. Pan@l) in Fhe middle shows the
strained model requires: 1) additional radical sources (i.e.conversion factorsy, for the HQ,-constrained case. Par(e) at
lowersn(OH)); 2) an HQ sink and/or lower radical conver- the bottom shows the chain length parametef®H) for the HOx-

- ey - . . constrained (black line, solid), Heunconstrained (red line), and
S'Of‘ efficiencies (i.e., Iower_s(OH) ar!da)) or, 3) a combi- HO»-constrained (black line, dashed) scenarioswaridr the HO,-
nation of 1 and 2. Alternatively, a higher value ofcould

. ’ ; . constrained (black line), HE@unconstrained (blue, dashed), and
reduce the mismatch between both metrics of radical cyclingyo,_constrained (orange, dashed) scenarios.

in the HG, constrained model. However, this would require
higher gamma values (fewer radical sinks) and seems some-

n(OH), HO,-con

Lo HO)QL!I’\_COn

what unlikely for the following reasons: during the period — The formation of OH and HONO from the reaction be-
of most significant disagreement betweeandn(OH), the tween NQ* and water vapor as reported Bhuping
product of they-values varies between 0.6-0.7 (see upper et al. (2009. We introduced a series of reactions into
panel of Fig.6). In order forw to reach a chain length of the MCM to account for this reaction and no appreciable
20, for instance, the product of thevalues must approach difference was observed in the chain length parameters.
0.95, which is inconsistent with our current understanding of . _ _
organic peroxyl and hydroperoxyl radical kinetics. It should — The formation of HNQ@ via reaction between HO
be noted that any increase in the radical conversion efficien- ~ @nd NO in the presence of water vapor as reported
cies of RQ— RO, RO-HO,, and HQ—OH will have a by Butkovskaya et al(_ZOOQ and B_utkovskr_;lya et al.
non-linear effect on chain length calculation, as it will in- (2007. The mechanism is consistent with the sec-
crease the contribution of new H@nd/or new R@ to the ond explanation listed above; however, only introduc-
¥ OHnewterm, and this lowers(OH). ing a HO, sink would increase missing reactivity in the
Assuming the HQ measurements are correct, we con- model.

clude that there are two possible explanations to resolve the
inconsistency betweem(OH) andw: 1) an additional RQ
radical source is needed, and 2) an additiona} ldiQk is re-
quired that does not form OH. Note, however, that both (1)
and (2) are necessary in order for the chain length results to

— The formation of OH from the reaction betwen organic
peroxy radicals and H@as reported byHasson et al.
(2009). We note that this mechanism is most significant
at low levels of NQ.

be consistent. — Finally, the formation of OH from organic peroxy radi-
We have identified the following laboratory findings that cals as reported bistatakeyama et a{1986 andPeeters
may affect chain length: et al.(2009.

— The photolysis of nitrylchloride (CINg) as a source for
RO, at high VOC concentration®pberts et a).2008
Thornton et al.2010. As discussed ivolkamer et al.
(2010, this RG; source is likely operative and relevant
in Mexico City.

The first three (3) points would decrease chain length and the
last two (2) points would increase chain length.
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lower-than-expected RZHO, ratio, as shown in Fighb. Ifa

§ R RO,/HO;, ratio of unity is assumed, the magnitudeRfOs)
P s increases to well above 100 ppbrfr
— ‘ ‘ ‘ : ‘ The differences observed in thiyO3) profiles, most no-

tably between 06:00 and 10:00, are coincident with the afore-
mentioned missing reactivity. The under-estimation ofyHO
radicals in the unconstrained code manifests itself in both
the magnitude and timing of peak ozone production. De-
HO, measured spite the fact that the various profiles come into good agree-
ment by 10:00, the measurements indicated that the bulk of
NO— NO; conversions take place before that time. The up-
per panel of Fig.7 quantifies the effects of the missing re-
activity on the oxidative capacity of the Mexico City atmo-
| | } ‘ sphere. The HQconstrained case predicts a minimum of
* o o time1(ZCST) " 2 # 75% greater cumulative ozone production than the uncon-
strained case throughout the day, with a factor of 5 difference
Fig. 7. The median diurnal profile for ozone production for in- N the early morning at the onset of photochemical process-
dividual day modeling is shown for the H&onstrained (orange INg.
line) and HGQ-unconstrained (green line), as well as for the median-
model runs for HQ-constrained (blue line) and HAunconstrained
(red line). Finally, P(O3) as calculated using only measured 4 Comparison to other studies
HO, is shown as the black line. The top panel results from di- )
viding the integral of the media®(O3)Ho,-con by the median 4.1 Radical budgets

P(O3)HO, - (red line) and mediaP (O3)HO,-con DY the me- o .
dianP(O;):rgj_r;ncon(black line). zeon The MCMv3.1 has only recently been used in similar detail

to quantify radical fluxes for initiation, propagation, and ter-
mination. In Part 1\Volkamer et al(2010 compare new rad-
3.6 Ozone production ical production rates in the MCMA to other airmasses, noting
both the homogeneity of radical sources in the MCMA and
Ozone formation is essentially a competition process bethe higher production rates. The radical fluxes for cycling
tween VOC and N@ for OH (Seinfeld and Pandis1998. routes that we report for both the H@nconstrained and
Net instantaneous ozone productidi(Os3), is a measure of HOy-constrained cases are considerably higher than those re-
ozone formation as a result of NO oxidation via reaction with ported elsewhereEmmerson et al2007, 2005 Platt et al,
HO, or ROy, yielding NG, and OH or RO, respectively. The 20032. Apart from the RG>HO; route, the radical flux from
production rate also accounts for radical loss channels formene RQ radical to another is roughly 1.5-3 times larger in
ing HNOz and RNQ@. The net instantaneouss@roduction  the MCMA compared to the cleaner sub-urban airmass ob-
is calculated as: served during the TORCH campaign, and the semi-polluted
atmosphere in Birmingham during the PUMA campaign.
P(0O3) = kHo,+No[HO2][NO] + Z ki [RO2]; [NO] The radical flux of propagation pathways is higher for the
—P(HNO3)—P(RNO3) (15) MCMA due to higher NQ concentrations and VOC concen-
trations, and higher rates of radical initiation. The-R®GIO;
flux in the MCMA is comparable to the value reported for
Birmingham for 2 reasons: 1) at the high concentrations of
NO observed during MCMA-2003, the conversion efficiency
for the RQ@— RO route is lower because of the formation
of organic nitrates (RNg). This yields fewer RO radicals,
meaning a lower flux into HQ 2) We observe a much higher
rate of thermal decomposition of RO radicals back intgRO
radicals. A direct comparison with the BERLIOZ campaign
is difficult because the radical production rates are distin-
guished only by production and destruction.

Aintegrated P(O,)

100 4
HOx-con —=

80

60 |

) (ppb hr)

Q 40
40 HOx-uncol

20 - HOx-uncon (ind

The medianP(O3) diurnal profiles for the individual days
and the median model in the H&@onstrained and HE
unconstrained scenarios are shown in Fig.The median
profile of P(O3) as calculated using only measured Hi®
also shown.

The median-model HQconstrained, median of individual
day HQ-constrained modeling, and H@neasured cases
exhibit similar profiles forP(O3), with a peak at 08:00 of
115, 107, and 65 ppb ht, respectively. The median-model
HOy-unconstrained and individual day H@nconstrained
modeling show similar profiles, but are very different from
the other 3 cases shown. The timing of the peak ozone prog.2 Missing HO, radicals
duction is shifted by about 2 h, and shows a much less pro-
nounced peak of 45 ppbht. We consider the profiles for The under-prediction of OH and HOin our HO-
both the HQ-constrained cases as lower limits because of aunconstrained model has also been observed in other
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7004 P. M. Sheehy et al.: Part 2: A R€adical cycling perspective

environments, including atmospheric chamber studésss 4.3 Defining a chain length parameter

et al, 2005ab), the upper tropospheré&dglkins et al, 1997,

Tan et al, 2001, Faloona et a).2000, and other urban areas The chain length paramete(OH) is widely used as a quan-
(Martinez et al, 2003 Ren et al.2003. Shirley et al (200§ titative measure of radical cycling, but the equations used to
employ the RACM mechanism to study the MCMA (2003 calculate the parameter vary significantly. We evaluate sev-
campaign) and do not observe the same missing radicals &al of these equations her@einfeld and Pandig 998 cal-
high NO, concentrations, and report that the measured-to-culate it as:

modeled ratios during rush hour for H@s 1.5. Dusanter new OH+old OH

et al.(2009 use the same RACM mechanism, with different /(OH)seintelaipandis= newOH (16)
;(r)]nj:(?:;f[s),régii:;:)iy;?zgi?\tﬂrﬁ; %%?g;g?gg Iggz;‘; gor;?tewhere “old” OH is defined as recycled or propagated OH,

peaking at a factor of about 5 at 10:00. They offer three po—aasn':jn'I.irtﬁg#%ggéocgﬁ oar_le errgptljogte :I ge(:)r(()e. ;Tctr;:tgther
tential explanations, including (i) close emission sources ofh ,| paigiitrou (2009 u

NOy and VOC leading to inhomogeneous air masses, (ii) acham length as:

missing radical source, and (i) an over-estimated,H® P(OH)eycling
OH radical propagation route in the code due to an unknowr*(OH)topse= W (17)
chemical process that converts OH into peroxy radicals. Sim-
ilarly, Ren et al.(2003 note an increasing measured-to- Where P(OH)cycjing is OH radical production from propa-
modeled ratio with increasing NO. At NO concentrations gation routes (i.e., H®->OH) only andL(RO) is the sum
greater than 10 ppb, RACM under-predicts #i@y a factor ~ of all radical losses. In a slightly different approa&mmer-
of 2-20, similar to what we observe in the MCMA. To ex- son et al(2007) calculate chain length as:
plain the difference, they suggest unknown,Hources that P(OH)4o, o1
increase with NO, or shortcoming in HONOy chemistry.  n(OH)torcH= new—02H’
Based on our analysis using the detailed MCMv3.1 and the
chain length cycling parameters{OH) andw, we conclude where the OH production term is solely defined by the;HO
that there is a significant missing source for +#d smaller ~ Propagation route and new OH is the same as 11 in Fig.
one for OH. Because the predicted OH concentrations are AS part of the Southern Oxidants Study (SOBprtinez
generally very good, the introduction of a missing source foret al.(2003 use the following equation:
HO, must be accompanied by a pathway that does not form [OH]- OHreactivity—L(HOX)
OH via reaction with NO (i.e., a sink for HOadicals) orbe  n(OH)ggos= ,
accompanied by an efficient OH loss mechanism consistent L(HOy)
with the discussion in Sec3.1 The range of equations for OH radical chain length make
The very high NQ concentrations observed during comparisons between airmasses of different VOC ang NO
MCMA-2003 makes our study unique amongst those em-loadings extremely difficult. For instance, at peak,N&on-
ploying the MCM and extends the NQange over which  centrations around 07:00 we calculate a chain length using
MCM has been employed in field studies. The median peakhe equations defined above and get a range of 14-45. By
NOyx concentration employed here is about 130 ppb, with12:00, they come into better agreement, but the range of val-
some days as high as 250 ppb. Our results demonstrate thees is still 2—6. There is a need for a formalized equation to
incomplete understanding of H@&hemical cycling at high  match the definition of chain length for sufficiently conclu-
NOy beyond experimental doubt. In other studies employingsive comparisons between airmasses.
the MCM, the peak NQ concentrations are roughly 30ppb  In the case of the equation provided $ginfeld and Pan-
for PUMA-summer, 30 ppb for BERLIOZ and 25 ppb for the dis (1998, they do not account for the sink of OH radicals,
TORCH campaign. High concentrations of N@ere ob-  as defined by us agon) in Sect. 3.5. Similarly, in applying
served during the winter months of the PUMA campaign their equation, we must assume that “new OH” is equivalent
(140 ppb), however, HOY measurements were largely un- to XOHnpew. In the TOPSE and SOS calculation of chain
available to compare with predicted values. As such, theength, the role of new radical formation is folded entirely
noted missing radicals, while difficult to compare directly into radical propagation and termination. Ultimately, both
with other field campaign analyses employing the MCM, of these assumptions over-simplify the conversion efficiency
presents confirmation at previously unstudied high,d@n- between R@and HG to OH. The TORCH calculation over-
ditions. The key message from our work is that comparingsimplifies radical initiation. As mentioned previously, when
radical concentrations is misleading when comparing modelsccounting for “new OH”, the sum of new radicals from other
because itis not reflective of the radical fluxes and reactivitessources should be counted. This is particularly important be-
This is overcome by using the two chain length parametersause the sum of new R®@adical production is considerably
employed herewithin. larger than new OH radical production (Séakamer et al.
2010.

(18)

(19)
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Each of the equations for chain length provides a quantitaditions of high VOC and N loadings characteristic of the
tive determination of radical propagation relative to initiation MCMA, and other polluted urban environments.

and/or termination, yet they lack consistency. With MCM we
can account for each of the radical initiation, propagation,
and termination pathways (Fidf) and we make no assump-
tions about the VOC or NPenvironment. Our explicit cal-
culation of OH chain length is a normalized calcuatlion that
is linked to production rates and is a quantitative determina-
tion of the amplification of radical sources. We consider it
a valuable tool in assessing the oxidative capacity of a given
airmass and provides the quantitative rigor necessary to com-
pare it to other airmasses.

4.4 Ozone production

Our comparison of ozone production to other studies focuses
on magnitude and timing of ozone production. In terms of
magnitude, we report similar values as those reported by
Shirley et al.(2006 using RACM and byLei et al. (2007
in a 3-D chemical transport study. Compared to other cities,
we report much higher values of ozone producti&iein-
man et al.2005. The study byRen et al(2003, with under-
predicted HQ concentrations in the model, observe a similar
difference betweerP(O3) from measurements compared to
the model as shown here in Fig.

In terms of the timing, the measurements of OH, 10O
NO, and NQ in the MCMA indicate a much different profile
for ozone production than the model suggests. As shown in
Fig. 7, the model clearly lacks the sharp peak around 08:00.
Instead we observe a broad peak between 10:00-11:00, some
2 h after measurements suggest peak ozone production. Sim-
ilarly, in the results presented [8hirley et al.(2006, peak
ozone production is around 09:30, nearly 1.5 h later than ex-
pected. In the case presentedlbsi et al. (2007 using a
chemical transport model, they observe peak ozone produc-
tion around 12:30 (W. Lei, personal communication, 2007)
more than 4 h later than expected by observations. In the
PMTACS-NY study, measurements indicate peak ozone pro-
duction around 09:00. In addition to a consistent under-
prediction of ozone production by the model compared to
measurements, models do not predict a distinct peak in ozone
production in the early morning.

5 Conclusions

High radical recycling fluxes are largely responsible for the
high photochemical activity in the MCMA compared to other
urban environments. In this study we have provided a unique
perspective on radical recycling as the quantitative amplifi-
cation of radical initiation fluxesvplkamer et al.2010. We

use MCMv3.1, in combination with measurements of OH,
HO, and OH loss rateShirley et al, 2006 to identify short-
comings in our understanding of radical cycling under con-

www.atmos-chem-phys.net/10/6993/2010/

— We find excellent agreement between a lower-limit mea-
sured concentration and the modeled concentrations of
OH using MCMv3.1, with a notable under-prediction
around 06:00-07:00. We observe a significant under-
prediction of HQ. These missing radicals are most no-
table when N@ concentrations are high (25-130 ppb).
Despite a good correlation using a linear regression
analysis for measured and modeled @ve caution
against this metric as it is weighted towards times when
HOy values are high and NQOconcentrations are low.
The metric may simulate apparently good agreement
between the model and measurements and does not re-
flect photochemical activity (i.e., radical fluxes). Our
analysis extends the range over which MCMv3.1 has
been tested under real-world conditions towards higher
NOx.

— A significant imbalance is identified in the measure-
ments of OH, HQ and OH loss ratesShirley et al.
(2009; see Supplemental Information). Notably, HO
measurements are characterized by a high signal-to-
noise ratio and are typically regarded as the most reli-
able of the HQ related measurements (W. H. Brune,
personal communication, 2003). Due to the measure-
ment imbalance we can not simultaneously constrain
the model for OH and H® measurements, and bal-
ance OH production and loss. This limits our ability to
test predictions of OH and HO However, it does not
limit our assessment of chain length from any balanced
model (either not constrained by H®@bservations, or
constrained by OH or H®. We define chain length
as the number of times that a hydroxyl radical will be
regenerated via the RQ@ycle.

— Atmospheric R cycling is inherently complex and
calculations of chain length suffer from multiple points
of radical initiation and termination. We find that the de-
termination of chain length using equations found in the
literature vary by a factor of 3 if applied to the MCMA-
2003 data set. Any exact determination of chain length
requires a single point of initiation and/or termination.
We calculate two chain length parameters: The first pa-
rameter,n(OH), calculates chain length from the per-
spective of radical initiation (see Eq. 1). The production
of ROy radicals is expressed in terms of OH-equivalents
i.e., the multiple points of initiation are compressed into
a single parameteEOHnew. The w parameter calcu-
lates chain length based on consideration of radical ter-
mination (see Eq. 11). The parameter accounts for
the multiple points of termination and does not depend
on radical initiation. To our knowledge these parame-
ters represent the first systematic attempt to capture the
complexity of the atmospheric RCradical cycle and
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may help normalize future attempts to compare chain
lengths between air masses.

Both chain length parameters give comparable num-
bers for the HQ unconstrained model case<#(OH)
~w<4). However, we find:(OH)>20 during morning
hours if the model is constrained for H@bservations.
As expectedw remains unaffected by the HGon-
straint. The high values of(OH) are not compatible
with our understanding of radical termination. If the
HO, observations are correct, there is no single process
that can resolve the mismatch betwe®H) andw in

the HO-constrained scenario. An additional Réxdi-

cal source in combination with an additional H6ink
that does not form OH directly may resolve this conun-
drum. Note that any combination of processes would
bypass the OH radical as an intermediate.

The model under predicts the observations of OH and
HO, during morning hours. Our analysis demonstrates
that at very high NQ (100 ppb) our understanding of

P. M. Sheehy et al.: Part 2: A R€adical cycling perspective

additional modeling challenge with predicting the rapid
formation of large amounts of SOA observed in urban
air (de Gouw et a].2005 Volkamer et al. 2006 Klein-
man et al.2008.

— There is a need for further laboratory research and field

work to improve our understanding of R@adical initi-
ation and cycling. In particular, RCradical concentra-
tions are poorly constrained by observations. Our un-
derstanding would benefit from data sets that co-locate
multiple instruments capable of measuring H®O,,

and first order OH loss at high NO, NO with high sen-
sitivity and time resolution (i.e., 100 ppt detection limit
with a second time resolution), an extensive library of
time-resolved VOC concentrations, and heterogeneous
radical processes. To our knowledge, no field cam-
paign has captured all of these measurements, and some
of these measurements will require instrument develop-
ment.

the sources and fate of R@adicals is incomplete. We  sypplementary material related to this
conclude that in order to reconcile models with obser- rticle is available online at:

vations, a significant portion of the RQadical fluxes

http://www.atmos-chem-phys.net/10/6993/2010/
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