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Abstract. Observations at a mountain-top site within the scale of one day. A new metric for ozone production effi-
Mexico City basin are used to characterize ozone productiortiency that relates the dilution-adjusted ozone mixing ratio
and destruction, nitrogen oxide speciation and chemistry, ando cumulative OH exposure is proposed.

the radical budget, with an emphasis on a stagnant air mass
observed on one afternoon. The observations compare well
with the results of recent photochemical models. An ozone, | .. 4iction
production rate of~50 ppbv/h was observed in a stagnant

air mass dur_ing the afternoon of 12 Mgrch 2006, which isl_1 Megacities and air pollution
among the highest observed anywhere in the world. Approx-

imately half of the ozone destruction was due to the oxida- han areas are often characterized by the presence of large
tion of NG,. During this time period ozone production was emissions of pollutants, including volatile organic com-
VOC-limited, deduced by a comparison of the radical pro- pounds (VOCs), nitrogen oxides (N&NO+NOy), sulfur
duction rates and the formation rate of NGxidation prod- dioxide (SQ), and particulate matter (PM). Many of these
ucts (NQ). For [NGJ/[NOy] values between 0.2 and 0.8, ,mnounds (e.g., benzene and diesel PM) are directly toxic
gas-phase HN®typically accounted for less than 10% of 4 1 ;mans (Khan, 2007; McCreanor et al., 2007; Yauk et
NO; and accumulation-mode particulate nitrate @¥91)) 4., 2008). These primary pollutants react in the atmosphere,
accounted for 20%-70% of NOconsistent with high ambi- ¢, ming secondary pollutants such as ozone, formaldehyde,
ent NH; concentrations. The fraction of N@ccounted for  pinjc acid, and secondary PM. The spatial distribution of

by the sum of HN@(,) and NGy, decreased with pho-  gecondary pollutants and their direct effect on public health,
tochemical processing. This decrease is apparent even Whepgetation, and the Earth's radiative balance can be quite dif-
dry deposition of HN@ is accounted for, and indicates that farent than that of their precursor primary pollutants. Ozone

HNO3 formgtlon deqreased relative to othe_r N@ink” pro- . (03), in particular, plays a central role in tropospheric chem-
cesses during the first 12h of photochemistry and/or a Sigigiry as it is both a product and initiator of photochemistry
nificant frgctlon of the nitrate was assoqated \_N|_th the coarses well as a potent greenhouse gas. Ozone is one of the US
aerosol size mode. The ozone production efficiency 0kNO gpps six criteria air pollutants subject to national ambient air
on 11 and 12 March 2006 was approximately 7 on a timegajity standards (NAAQS) created to protect public health.
Numerous air basins across the world, spanning urban, sub-
urban, and rural areas, have difficulty meeting relevant air
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crucial for reducing air pollution on both urban and regional founding influence of transport. Secondary organic aerosol
scales. Over the past several decades great effort has be&rmation at this site is analyzed and described in two related
focused on characterizing air pollution and atmospheric pho-manuscripts (Wood et al., 2009; Herndon et al., 2008). The
tochemistry in the US and Europe (Carslaw et al., 2001; Em-observations and inferences regarding tropospheric chem-
merson et al., 2007; Kleinman, 2005; Nunnermacker et al.jstry are compared to the predictions of several photochem-
1998; Ryerson et al., 2001; Tressol et al., 2008). Howeverjcal models (Lei et al., 2007; Madronich, 2006; Tie et al.,
there are few studies of tropospheric photochemistry in de2007). Such observational-based characterizations of pho-
veloping megacities — where much of the projected increasetochemistry, even if focused on a short period of time, are
in population and pollutant emissions over the next severatrucial for testing our understanding of the underlying pho-
decades are expected to occur (Molina et al., 2004). tochemical processes that control secondary air pollution.
During the 2006 MILAGRO (Megacity Initiative: Local
And Global Research Observations) campaign, Mexico Cityl.2 Urban photochemistry overview

was used as a test case for developing megacities. Mexico . ) o
City is currently the third most populous urban agglomer- Tropospheric ozone is produced by the oxidation of VOCs

ation in the world, with a population of 19 million (UN, _(volatile organic compounds) ir_1 the presence of nitrogen ox-
2008). Although the air quality in Mexico City has improved !des (NQENO+NQZ) gnd sunlight. C_entral to understand-
greatly over the past 10 years (de Foy et al., 2008), it remaindd ©Zzone production is the photostationary state formed be-
highly polluted, with ozone concentrations frequently ex- tWeen NO, NQ, and G in sunlight:

ceeding 100 ppbv. The motor vehicle fleet, consisting of overyg 4 0, — NO, + O, (R1)
4 million cars and trucks, is older than the US fleet, and ap-
proximately 30% of light-duty gasoline vehicles do not have NO2 + Av(A < 400nm — NO + ocP) (R2)

functioning 3-way catalytic converters (CAM, 2008). The _ 5
latitude (19 24° N) and altitude of the Mexico City plateau OCP) +02+M — O3+ M (R3)
(2.2km above sea level) leads to elevated actinic flux levels Net reaction: null

throughout the year. The high altitude also tends to cause NQ can also be oxidized to NGy compounds other than

fuel-rich combustion in the vehicle fleet. O3, most importantly hydroperoxy radicals (Hpand or-

Inferences about tropospheric photochemistry based opanic peroxy radicals (RQwhere “R” represents an organic
measurements from stationary sites are often complicategrqyp):

by the fact that the observed changes in pollutant concentra-

tions over time are a function of not just chemistry but also HO2 + NO — OH + NO> (R4)
meteorology and emissions patterns. Additionally, the air

masses observed usually contain a range of aged and freé%oz +NO — RO+ NO, (R5a)

pollutants, sir)ce prim_ary emission sources of>fl,\IUOCs, During the day, most of the Ngformed from R4 and R5a
and PM continue to impact most stationary sites through-ndergoes photolysis, leading to the creation of ozone (R2
out the day. Measurements on board instrumented aircrafing R3). When discussing ozone production quantitatively,
are often better suited for tracking the evolution of an airt js yseful to use the concept of@odd-oxygen”), which
mass over time (Ryerson et al., 2001), though the first 3+p, the troposphere is often defined as the sumpat NG

7 h of atmospheric oxidation following sunrise usually occur ([0, ]=[03]+[NO>]). NO- is included because it acts as a
in a shallow boundary layer near the urban surface where iteservoir of @, formed by R1 or as a source 0gQR4 and

may be unfeasible to fly. Smog chamber studies have prorsa). The sum of the rates of R4 and R5a is therefore equated
vided insight into numerous atmospheric processes, but arg, the instantaneous production rate gf O

challenged by wall interactions and the difficulty in realisti-
cally mimicking atmospheric parameters such as actinic flux,P(Ox) = Y _ ksalRiO2][NO] + ks[HO][NO] (1)
low pollutant concentrations, and total atmospheric composi- i
tion. Some atmospheric processes have not been adequatelyAlthough the right-hand side of Eq. (1) is often defined
characterized by laboratory studies, e.g. secondary organias P(Q) (i.e., the instantaneous production rate afr@ther
aerosol formation (de Gouw et al., 2005; Volkamer et al.,than Q), by defining it as P(¢) instead there is no need
2006). This emphasizes the importance in quantifying sucho account for reactions of Nsubsequent to its formation,
processes using atmospheric measurements. and the expression holds true at all light levels. We note that
In this paper, we present measurements from Pico de Treduring the day, typically over 95% of the NQvill undergo
Padres, a unique mountain-top stationary site that is situateghotolysis to form @ (the remainder reacts to form HNO
within the Mexico City basin but is minimally impacted by or other compounds), and thus the terms; ‘i@oduction”
nearby emissions. The air masses observed on 12 Marchnd “ozone production” are often nearly equivalent. How-
2006 were stagnant in the afternoon and provided an excelever, in the presence of large concentrations of NO, pho-
lent opportunity to study ozone chemistry without the con-tochemically formed @ may appear mainly in the form of
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NO», underscoring the advantage of consideringr@ther
than Q. A more inclusive definition of [§)] includes OED),
OCP), NGs, and NOs, but these compounds are reasonably -
assumed to be minor contributors tqQ Ebncentrations com- 2180 F
pared to @ and NG during daytime. i

In fresh urban plumes with active photochemistry, the pro- £
duction rate of @ is often much greater than the total rate of f;
the O losses, and thus ozone can accumulate in high concené
trations &100 ppbv). Q is fairly long-lived, with a lifetime
range of about a day to weeks.

The sum of NQ and its oxidation products are known
as “reactive nitrogen” or N@ (NOy=NO+NO,+HNOs+
NOj3 ppp) torganic nitrates+Ner2N2Os+ HONO+. ...), and
the oxidation products alone are known as NOO,= 2100
NOy—NOy). All NO, compounds, with the exception of
HONO, NGQs;, and NOs, are the result of three categories
of RO,—NOy reactions: 440 460 480 500 520 540 560

UTM Easting (km)

2200

(wy) uonens|z

2140

UTM Norf

2120

RO; + NO 4+ M —s RONO; + M (R5h)
Fig. 1. Selected deployment locations for the mobile laboratory dur-
NO2 + OH+M — HNO3z + M (R6) ing MILAGRO-2006. The figure is a topographical representation
of the Mexico City Metropolitan Area. The sites “T0” and “T1" are
RO; +NO2 + M «— RONOz + M (R7)  the campaign supersites. This work focuses on measurements from

Pico de Tres Padres (PTP). Santa Ana (STA) and Pedregal (PED)
Aerosol nitrate is mainly formed as ammonium nitrate are the sites of two additional mobile laboratory deployments in the
following reaction of HN@ with NHs. In this paper, the  south of the city. The urban core of the federal district is encom-
products of R5b and R7 are collectively referred to as “or-passed by T0, PED, and STA. UTM=universal transverse mercator.
ganic nitrates”, and comprise peroxyacyl nitrates formedThe border of th®istrito Federalis depicted by the grey dots.
from R7 (most commonly peroxyacetyl nitrate, PAN) and
multi-functional alkyl nitrates formed from R5b. Partition-
ing of organic nitrates can form aerosol nitrate as well (Lim (http://www.asp.bnl.gov/IMAX-Mex.htmlthat were hosted
and Ziemann, 2005), though the extent to which this occursyy the Instituto Nacional de Petroleo and the Universidad
in the atmosphere is currently not well quantified. Tecamac, respectively. PTP-sl0km northeast of TO and
~19 km southwest of T1.

Nitric oxide (NO) and total reactive nitrogen (NDwere
measured with a ThermoElectron model 42C chemilumines-

Measurements were made aboard the Aerodyne mobile lak=ence sensor in conjunction with an external molybdenum
oratory, a panel truck outfitted with a suite of real-time in- (M0) converter that was mounted to the roof of the mobile
strumentation for gaseous and fine-particulate measurement8b. Measurements of NO were also made with an ECO
(Herndon et al., 2005; Kolb et al., 2004). The mobile lab- Physics model CLD 88Y chemiluminescence sensor. Both
oratory was deployed during the MAX/MEX portion of the instruments were periodically calibrated with a standard tank
MILAGRO-2006 campaign to various sites throughout the Of NO (Scott Specialty gases), diluted with h@ee zero
Mexico C|ty Metropo"tan Area (MCMA) Sites were cho- air USing a ThermoElectron dynamic gas calibrator. The ef-
sen based on the 2-5 day weather forecast and knowledge §¢iency of the Mo converter for Nowas quantified by cal-
how Synoptic scale weather patterns typ|ca||y produce prejbrations with NQ and n-propyl nitrate. Particulate nitrate
vailing basin flow archetypes (de Foy et al., 2005; de Foywas assumed to be converted with the same efficiency as
et al., 2008; Fast et al., 2007). The goal of these deploy-das-phase species given the high surface area mesh design
ments was to sample the urban outflow. Some of the moof the molybdenum converter (Williams et al., 1998). The
bile laboratory deployment locations are depicted in Fig. 1.1o uncertainty of the NO 1-min data is the greater of 7% or
Most of the data presented in this manuscript were recorde®-5 ppbv (NO), and the uncertainty of the N@ata is esti-

at Pico de Tres Padres (PTP), which is the highest point innated as the greater of 15% or 1.5 ppbv. AOncentrations

the Sierra de Guadalupe range in the northern section owere calculated using the NONO, and NQ measurements
the MCMA. The sampling altitude at PTP was 720 m above(i.-€., [NO;]=[NOy]-[NO]-[NO2]).

the MCMA valley elevation of 2.2km. PTP is situated be- Two dual-laser Aerodyne tunable infrared laser differ-
tween “T0” and “T1”, two of the MAX/MEX supersites ential absorption spectrometers (TILDAS) using pulsed

2 Experimental section
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quantum cascade lasers (Herndon et al., 2007; Nelson et al., Thirty-one alkenes were quantified using GC-FID from
2004) were used to measure NQat 1606cnl), CO (at  whole air samples collected in stainless steel canisters (Seila
2100 cntl), HCHO (at 1722 cm?), HNOs (at 1721 cml), et al., 2001). The alkenes were ethene, propene, 1-butene,
and NH (at 965 cnT?). The inlet for these two instruments trans-2-butene, cis-2-butene, 1-pentene, trans-2-pentene, cis-
consisted of 1 m of heated 1/4” OD PFA tubing followed by a 2-pentene, 1-hexene, 1-heptene, t-3-hexene, 1l-octene, t-4-
heated teflon-coated cyclone (URG-2000-30ED; aerosol di-octene, 1-decene, isobutene, 3-methyl-1-butene, 2-methyl-
ameter size cut-off of 0.8m at a flow rate of 8 liters per 1-butene, 2,4,4-trimethyl-1-pentene, 2-methyl-2-butene, 2,4-
minute) and a siloxyl-coated glass orifice to reduce the samdimethyl-1-pentene, 2-methyl-2-pentene, 1,3-butadiene, cy-
pling pressure. The estimated uncertainties for the NCID, clopentene, cyclooctene, cyclohexene, isoprene, limonene,
and HCHO measurements are 8%. In order to assess the imamphene, beta pinene, and alpha pinene.

let transmission for Nkt,) and HNG;, small flows of both Photolysis rate constants forsOHCHO, acetaldehyde,
gases from permeation tube sources were introduced into thgnd acetone were determined by a combination of measure-
inlet four times. The ambient aerosol loadings (measuredyent and model results. The photolysis rates calculated from
with the aerosol mass spectrometer) during these standarge Scanning Actinic Flux Spectroradiometer operated by B.
additions were in the range 10 to B@/m®. The ambient | efer and J. Flynn at the T1 site were used in conjunction
temperature ranged from 16 22°C and the relative humid-  with the NCAR tropospheric ultraviolet and visible radiation

ity ranged from 28% to 45%. For comparison, the range ofmodel (TUV). Equation (2) was used to estimate photolysis

conditions observed between 06:00 and 20:00 LT at PTP Wasstesy JpTR(TUV) o (measureg (2)where pre(TUV
10° to 27°C and 12% to 75% relative humidity. Inlet losses ;4 }gf(TrPJ\/)Tgféj e rglr)ldel resultsna(nc)j j(measPJrPéd) is)from

of NH3z and HNGy were on order 28% and 45% respectively; the T1 measurement. This approach uses TUV to account for
the measurements have been proportionally corrected. Givefyq gifference in elevation between PTP and T1 (850 m), for
the size of the inlet losses and the limited range of ambient, hich aerosol and absorbing gases affect the optical trans-
conditions under which standard additions were performedyission, The hourly vertical profiles of ozone used in the
we estimate an uncertainty of 50% for the HN@easure- 4| were generated from the measurements at T0 and PTP.
ments (the N measurements are not used quantitatively in pthough no information regarding the N@nd @ column
this analysis). Only Ngjand HNG measurements from PTP - ap6ye the convective mixing layer was included, the system-
are included in the analysis. atic errors associated with this are expected to cancel in the
Ozone (Q) was measured with a dual-beam absorbancers; factor of the right-hand side of Eq. (2). The total ozone
photometer at 254 nm (2B Tech model 205), with an ac-¢o|ymn is characterized by the T1 measurements. The ratio
curacy of 2%. Acetaldehyde, acetone, acetonitrile, ben< i, . (TUV)/jr1(TUV) depends on the specific molecular
zene, and C3-benzene compounds (sum gl isomers  pnqolysis rate, but for all of the compounds discussed in this
and GHgO isomers) were measured with a proton-transferwork, the altitude correction is less than 16%.

mass spectrometer (Rogers et al, 2006). - With the ex- The largest source of uncertainty in the photolysis rate

ception of acetonitrile, concentrations were derived from . o .
response factors determined from a calibrated gas stan(EonStantS by this approach lies in the fact that PTPIS km

dard with an accuracy of 25%. Acetonitrile concentrations away from T1 qnd the cloud cover was not spatially identi-
cal. A comparison of the measured radiometer data at T1

were determined from transmission corrected ion intensi- nd an Epplev UV photometer d aboard the mobile lab
ties and equations derived from standard reactions kinetic§ ¢ an EPPIEY photometer used aboa € moblie 1ab-

(Lindinger et al., 1998) assuming a reaction rate constant OPratory suggests qualitative agreement when cloud patches
4.74510-2 ml m.(’)IecuI(,fl s (Zhao and Zhang, 2004) moved above the region. For the periods in which the pho-

. . LT tolysis rates were analyzed, there was minimal cloud cover
Particulate nitrate (vacuum aerodynamic diameters be-. y y

tween 60 and 800 nm-50% cut points) was measured wit l.e., itwas not cloudy), S
an Aerodyne compact time-of-flight aerosol mass spectrom- A second source of uncertainty in this approach stems

eter (C_ToF_AMS) with an accuracy of 20% (Canagaratnafrom the diﬁerences in albedo and UpWe”ing/dOWnWe"ing
et al., 2007; Drewnick et al., 2005; Liu et al., 2007). A radiation associated with the elevation and topographical dif-

collection efficiency due to particle bounce of 0.5 was usedferences between T1 and PTP. The T1 measurement data is
for all species during the MILAGRO study based on com- based on the downwelling radiation, however at PTP the pho-
parisons with other aerosol instrumentation, including a co-tolysis rate in the sampled air had a contribution from re-
located Scanning Mobility Particle Sizer (SMPS; TSI model flected light. We estimate that this contributes an uncertainty
3080) and recent laboratory studies (Canagaratna et alof 4% in the calculated photolysis rates, based on the average
2007;Matthew et al., 2008). Size distribution measurementdviexico City albedo.

from both the AMS and SMPS from this study and previous Additional sources of error in this approach are due to the
measurements in Mexico City (Salcedo et al., 2006) indicateabsence of modeled absorbers in the 850 m elevation dis-
that the particulate measurements discussed here represdanhce between T1 and PTP. Hourly profiles of ozone and
PM1 mass loadings. NO, were used in the model, though AHONO, HCHO
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and acetaldehyde were ignored. The bias introduced by ne- VS
glecting these absorbers would result in an underestimate o

the photolysis rates at PTP since such absorption leads tc_ 5,
higher photolysis frequencies at higher altitudes. This un- 8
derestimate is likely most pronounced in the early morning =, 100 - e 0,(0,+NOy) u_
when the convective mixing layer height is below the altitude m O,

of PTP. 5 o i
The combined uncertainties in the photolysis rates (ac- (T
counting for the altitude, cloud coverage, albedo, and un- 0
known absorbers) is estimated as 25%. 80 1500
All stated accuracies reflectluncertainty. All reaction = (| =
rate constants used are those from the latest JPL recommer g <1000
dations (Sander et al., 2006). One-minute averages are USeg™ 4g O
for all measurements presented, with the exception of the
VOC canister measurements which were 30 min averages 20 s X R
The NQ, data are one minute averages recorded every three I QM R P o>
minutes, thereby affecting thex@nd NQ values too. All 0 —9 ————
linear correlation fits were calculated using a least-squares
algorithm that accounts for the uncertainty in both variables.

500

08:00 10:00 12:00 14:00 16:00 18:00

Local time (CST)

Fig. 2. Time series of several species at PTP on March 12, 2006.
The time period between 12:15 and 13:15 was characterized by

3 Results and discussion stagnant air and is used to infer the production ratescadi@ NG.
The gap in the data between 08:30 and 10:00 is due to instrument
3.1 Air masses observed at PTP maintenance.

Because the mobile laboratory payload did not include anyyay accumulation of pollutants is rare in Mexico City due to

direct measurements of the vertical structure of the atmo'efﬁcient venting (de Foy et al., 2006).

sphere, the measurements of the convective mixing layer o1p\vas above the nocturnal boundary layer during most
heights at TO and T1 (Shaw et al., 2007) have been examat gach night. With the exception of a few episodes in which
ined as a proxy. Typically, during clear-sky insolation, the geqp emissions were brought to the site by strong winds

mixed layer grew to a height of1km above T0 by 11:30 . \yhen trapped residual layers advected past the site, the
local time (LT). CO mixing ratios increased sharply at PTP jotime measurements were indicative of a clean resid-

near 09:30. That pollution reached PTP before the mixing, | boundary layer. For example, the mean nighttime mix-
layer height reached the elevation of PTP (as measured at Tﬁg ratios of CO, @, NOy and CHCN (acetonitrile) be-
and T1) is most likely due to differential heating and UpSIOpetween 02:00 and,06’:OO on 12 March were 132. 44. 0.6. and

winds. 0.2 ppbv, respectively. The organic aerosol loading at night
The altitude and horizontal location within the city and the yas 1.1,g m™3 (STP, 273K and 1 atm) and was highly oxi-
lack of short “spikes” in the time series of all species indi- gjzed.
cate that PTP was not greatly affected by nearby emissions, pMuch of this work focuses on data from 12 March 2006,
and thus was a near-ideal stationary measurement locatiog which there was a one-hour pause in the rise of the mix-
for sampling mixed urban emissions during their first 2 t0 jng |ayer in the afternoon. Figure 2 shows a time series of
12h of photochemistry. This is in contrast to most groundco, o5, O, NOy, NO, NO,, and NG concentrations ob-
sites within cities, which are usually close (within 100 m) t0 served at PTP on Sunday, 12 March 2006. Concentrations of
traffic and other pollution sources. Based on the measuregy| species rose sharply starting-a69:00 CST, as upslope
wind speeds, the emissions from the closest neighborhooginds transported pollutants from below the sampling eleva-
(~4km to the south) would have had on the order of 15-tjon to PTP. Concentrations of CO (which is relatively pho-
60 min to mix into the urban plume. On 12 March 2006 (the tochemically inactive) reached an initial peak at 10:40 due to
day highlighted in this work), the transport time from other ypsjope winds, though the mixing layer depth at TO did not
parts of the city was on the order of 1-5h, whereas verticakeach the elevation of PTP (720 m above the city elevation)
mixing time scales in the afternoon are typically less than 30yntil ~11:30 as described earlier. [CO] decreased between
minutes (Stull, 1988). Therefore, as the mixing layer grew 11:00 and 12:00 as the mixing layer rose above PTP and the

above PTP, the sampled air masses were typically an acCisffect of dilution overweighed the flux of CO from below.
mulation of pollutants from many sectors of the city mixed

both vertically and horizontally over several hours. Multi-

www.atmos-chem-phys.net/9/2499/2009/ Atmos. Chem. Phys., 9, 28992009
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The meas.urements of the convective mixing depth aboverable 1. Quantification of the destruction (loss) rate of Ge-
TO show no increase between 12:00 and 13:00 on 12 Marcleen 12:15 and 13:15 on 12 March 2006. Mixing ratios used for
2006 (Shaw et al., 2007). The urban emission inventoryinese calculations: [§)=160 ppb (measured), pO]=7 ppth (mea-
(CAM, 2008), which apportions on-road emissions by hour sured), [HG]=40 ppt (estimated), [OH]=610° molec/cn? (esti-
of day, indicates that the amount of CO emitted betweenmated). A boundary layer height of 0.9km and a deposition ve-
12:00 and 13:00 is equal to 15% of the amount emitted beJocity of 0.4 cm/s were used to calculate the dry deposition rate of
tween 05:00 and 12:00. This should lead to an increasés. The oxidation rate of N@was calculated as G:&P(NGy).
of [CO] by approximately 15% above the background mix-
ing ratio if there is no mixing with the residual layer aloft Reaction Rate (ppbv/h)
caused by a rising boundary layer. The observed enhance-

1
ment in [CO] between 12:15 and 13:15 was 14% (calcu- (H)(ozli)(gszo é_'g
lated as ([COJ3.15—130 ppbv)/([CO{2.15—130 ppbv) to ac- OH+03 0.2
count for the background CO mixing ratio of 130 ppbv). The NO,—NO; 6.0
favorable comparison between the observed and predicted in- 03+VOCs 0.7
crease in [CO] complements the TO measurements showing O3 dry deposition 2.6
a pause in the rise of the mixing layer between 12:15 and NOz+hv—NO+0; 0.3
13:15. This analysis is not sensitive to inaccuracies in the Total 11.6

absolute magnitude of CO emissions; it is sensitive only to
the reportediming of CO emissions between the early morn-
ing and afternoon, since the quantity used is the relative in-
crease in [CO] rather than the absolute mixing ratios. Thismerous aspects of tropospheric chemistry. The average wind
time period was unlike most other days at PTP, when boundspeed during this time period was 1.5m/s from the south-
ary layer dynamics and advection played much greater rolegast, so the air sampled spanned less than a 6 km horizontal
in determining changes in pollutant concentrations. range — most of which is unpopulated land along the moun-
A comparison of the ratios of several primary pollutants tain slope, with no urban emission sources. For comparison,
at PTP and TO (a site greatly impacted by fresh urban emisthe distance between TO and PTP~&0km. Other days
sions) indicates that the air observed at PTP was represenvere excluded from this analysis because of at least one of
tative of mainly urban emissions and was not greatly af-the following two filtering criteria: 1) the wind speeds were
fected by biomass burning, biogenic VOCs, or other non-greater than 2m/s, and 2) [CO] did not show a gradual in-
urban pollutants. Th&[NOy]/A[CO], A[benzene]A[CO], crease of less than 100 ppbv/h in the afternoon as observed
and A[CHsCN]/A[CO] ratios were deduced from lin- on 12 March. On most other days, [CO] steadily decreased
ear fits of the correlation graphs of 1-min data. The inthe afternoon as the mixing depth grew above PTP.
A[NOy]/A[CO] ratio was 0.050 ppbv/ppbv (R =0.99) on 11 ~ We assume that concentrations of &hd NQ were both
and 12 March, 0.054 ppbv/ppbv (R=0.95) for the entire PTPvertically homogeneous within the mixing layer and horizon-
dataset, and between 0.04 and 0.07 ppbv/ppbv at TO. Theally homogeneous within the5.4 km air mass sampled dur-
A[benzenelA[CO] ratio was 1.8 pptv/ppbv (R=0.93) on 11 ing this hour. From 12:15 to 13:15 we interpret the observed
and 12 March 2006, 1.67 pptv/ppbv (R=0.87) for the entireincreases in [¢] and [NG;] to be mainly due to photochem-
PTP dataset, and 1.1 to 1.8 at TO. TARECH3CN]/A[CO] istry, with an estimated uncertainty of 25% due to the coarse
ratio on 12 March 2006 was between 0.2 to 0.5 pptv/ppbv.level of knowledge regarding the mixing layer depth and the
Other measurements in urban air have been in the range 0.lassumption of horizontal homogeneity forJand [NG;].
0.3 (Kleinman et al., 2008; Knighton et al., 2007), while the  Given these assumptions, the averagep@duction rate
ratios observed in air impacted by biomass burning are beP(Oy) during this time is estimated using the observed time
tween 1 and 7 (de Gouw et al., 2006). This suggests thatate of change of Q(A[Ox]/ At; t = time) and the calculated
biomass burning probably did not have a significant impactOy loss (destruction) rate L according to Eq. (2):
on the air on 12 March until 18:00, when a biomass burning
PM plume was observed. Isoprene (canister) and other bioA[Ox]/At=P(Ox) — L(Oy) 2)
genic VOCs (e.g., terpenes) typically accounted for less than
10% of the calculated VOC reactivity over the entire PTP where the sign of L(¢) is positive. The value oA[Ox]/ At
dataset, indicating there was only a small influence from bio-is 37 ppbv/h, calculated from the time series data. ,J)(®

genic emissions. calculated from R6-R7 and R8-R15 as summarized in Ta-
ble 1:
3.2 O production and loss rates
L(Ox) = ¥ Rates( R6, R7, R8 to R15 3
Given the well-characterized, stagnant meteorology of 12
March 2006, the measurements are used to characterize n®s3 + hv — O(lD) + O2 (R8)
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OD) 4+ H,0 — 20H (R9) (near urban emissions) and previously published literature
values (Shorter et al., 2005). Net thermal decomposition of
HO,; + O3 — OH+ 20, (R10) peroxyacy! nitrates would act as a source @fad well, but it

(R11) is not evident from our measurements whether there was net

OH+0s — HO2+ Oz formation or decomposition of peroxyacyl nitrates during the

O3 + VOCs — products (R12) afternoon at PTP. We estimate that an upper limit to the con-
tribution of peroxyacyl nitrate thermal decomposition tp O
NO2 + O3 —> NO3 + Oz (R13)  production during the stagnant period was 2 ppbv/h.

The inferred P(Q) value of 49:15 ppbv/h agrees within
50% with P(Q) calculations based on the VOC reactiv-
O3 dry deposition (R15) ity and estimated OH concentrations (Wood et al., 2009).

Ozone production rates calculated using measurements of

The NG, production rate is used to quantifyy@osses HO, and NO and Eq. (1) reached even higher values of up
from R6 and R7 because the products of these two reacto 100 ppbv/h in the afternoon at more centrally-located ur-
tions form observable NOspecies. Because these two re- ban site in Mexico City (Dusanter et al., 2009; Shirley et al.,
actions account for approximately 80% of total N@oduc-  2006). These values are among the highest observed any-
tion (based on the N@speciation observed at the T1 site where in North America. A comparison of ozone produc-
(Farmer et al., 2009), Oloss by R6 and R7 is calculated tion rates in Phoenix, Philadelphia, and Houston (Kleinman
from the observed NOproduction rate (Sect. 3.3.1) multi- et al., 2002) indicated peak ozone production rates of ap-
plied by 0.8. The rates of R10 and R11 are calculated assunproximately 5, 16, and 20 ppbv/h, respectively, with elevated
ing an HG mixing ratio of 40 pptv and an OH concentration rates of over 50 ppbv/h observed in petrochemical plumes
of 6x10° molecules cm?® (as estimated later in this section in Houston. Peak instantaneous ozone production rates of
and in section 3.3.3). Alkene measurements were not avail30-36 ppbv/h have been observed in Nashville (Daum et al.,
able on the afternoon of 12 March, and so the rate of alkene000; Thornton et al., 2002). The VOC reactivity at PTP cal-
ozonolysis (R12) is based on measurements from other afterculated asEkonvoc[VOC] was extremely high compared
noons at PTP that had similar concentrations of CQ,@d  to the other locations — measurements from the afternoon of
aromatic VOCs (which were measured continuously by the11 and 12 March ranged from 13sto 20s1. In com-
PTR-MS). Q destruction via the minor NO-yielding branch parison, the 90th percentile VOC reactivities in Nashville,
of NOs photolysis was calculated assuming that NO,2NO Phoenix, and Houston were 6's 5571, and 22 s, respec-
and NG were in a photostationary state (Geyer et al., 2003).tively (Kleinman et al., 2002). The calculated VOC reac-
Dry deposition of Q was estimated using the boundary layer tivities at PTP are in rough agreement with measurements
height of 0.9 km and a deposition velocity of 0.4cmt§We-  of the total OH loss rate in Mexico City in 2003 (Shirley et
sely and Hicks, 2000). al., 2006) of~25s1 in the afternoon — approximately 80%

As seen in Table 1, the single greatest loss mechanism abf which was due to reaction with VOCs and CO (i.e., the
Oy was the conversion of Nfinto NG, compounds, which  VOC reactivity was approximately 208). A quantitative
accounted for approximately 50% ofy@estruction. The discussion of the speciated VOC reactivity at PTP and TO is
importance of NQ oxidation as an indirect 9sink likely presented in Wood et al. (2009).
decreased after one day of photochemistry, since most NO  Given the NO mixing ratio of 1.80.5 ppbv between 12:15
is converted to N@on this time scale. The other@estruc-  and 13:15, we estimate that the sum of fi@nd [RQy]
tion mechanisms are not expected to change as greatly aftgfas 95+50 pptv using Eq. (1) and the rate constant of R4
one day. The relative importance of ozone photolysis (R8(8.1x10-12cm?® molecule 1s™1) for oxidation of NO by
and R9) as an @sink during the entire 11-day PTP data set RO,. Observations aboard the C-130 aircraft at comparable
depended greatly on the meteorology, since the rate is proNO, concentrations=10 ppbv) have shown that H@&om-
portional to the mixing ratio of water vapor. prised slightly less than 50% of the sum of W@nd RQ

With the value of 12ppbv/h for L(Q) as described (Cantrell et al., 2007). This value is useful for estimating the
above, the @ production rate is calculated using Eq. (3) as rate of the HQ self-reaction and the rate of B®0Os. The

49+15 ppbv/h, in which the uncertainty is based on the un-Jarge uncertainties do not affect the conclusions of this paper.
certainty in the fit of the slope of the time series data as well

as uncertainty in the mixing layer depth. 3.3 Nitrogen oxides

Primary emissions of N@are estimated to account for
less than 1% of observedyGat all times at PTP as esti- 3.3.1 Production rateof NG,
mated by the quantity 0.04[NQ[O], where the average
NO2/NOy emission ratio in Mexico City is assumed to be The value of P(N@) can be inferred using a method
4%. This emission ratio is an upper limit based on early-similar to that used to infer P{) in Sect. 3.2 (i.e.
morning measurements of NO, NQOand G at the TO site A[NO;J/At=P(NQ,)-L(NO;)). The value of A[NO,]/At

NO3 + hv —s NO + O (R14)
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Fig. 3. Partial speciation of Npat PTP. The N@ data are de- Fig. 4. Speciation of N@as a function of [NGJ/[NOy]. Mean val-

picted both as 3 minute averages (black squares) and as smoothedfS f ((HNG3] + [NO3 o)1)/ [NOZ] using the entire PTP.dataset .
12 minute running averages (brown circles). Particulate nitrate@nd 11-12 March 2006 between 8:00 and 20:00 are displayed in

(NO?T(PMl)) accounts for 20-40% of NOduring the day, and [NOZ]/[NOy] bin_s of width 0.1 Error bars ar¢ one standard devi-
HNO3(,) accounts for less than 10%. GaseousgNsfincluded &N of the 1-min averaged values.
for comparison, though is not a part of NOr NO;.

henceforth referred to &NOj, accounted for 43% of NO
between 12:15 and 13:15, calculated as (JN@is— N the morning and decreased to a minimum value of 25%

[NO,]13.15)/1 h), was 6.81.7 ppbv/h. Losses of NQduring shortly before 15:00.

this time period can be constrained by the observed decrease Since the N@p,,,, measurement only accounts for accu-
in A[NOy]/A[CO], calculated as ([NE]-0.6)/([CO]-130) mulation mode nitrate (vacuum aerodynamic diamgter less
(i.e., the background-adjusted [N[ICO] ratio). Since CO  than 1um), any uptake of NQonto coarse-mode PM is not

is relatively unreactive on a time scale of hours, it is useful asaccounted for in this speciation. The dominant mode peak
a dilution tracer. During the Stagnant hoMNOy]/A[CO]’ Of the NCE(PM].) size distribution was 330 nm at 10:00 and
decreased by only 6%. If the overall urban [JQCO] emis-  increased to 380 nm by 12:00. The same trend was observed
sion ratio did not change enough to affect the ratio of cumu-in the ammonium aerosol size distributions.

lative (integrated) N@and CO emitted, and if the decrease ~ The partitioning of HNQ(,) and NG ) at other ground

in [NOy]/[CO] was solely due to N@losses rather than NO sites in Mexico City has been described recently (Fountoukis
losses, then this 6% decrease in [JJQCO] would corre- et al., 2007; Hennigan et al., 2008; San Martini et al., 2006;
spond to a 9% decrease in MNGsince [NGJ/[NO,] was Zheng et al., 2008). The high NHnixing ratios act to drive

on average 0.65. The assumption regarding the changes iphotochemically formed HN@into particulate ammonium
the overall urban NQYCO emission ratio is supported by the nitrate (NHNO3). As the temperature increases in the af-
2006 emission inventory (CAM, 2008) and discussed furtherternoon, NHNO3 vaporizes, releasing HNvapor and in-

in Sect. 3.3.2. Thus we calculate that PQY@& 9% higher  creasing the ratio of HNg, to NO; ;) (Fountoukis et al.,

than A[NO]/ At and equal to 741.9 ppbvi/h. 2007; Hennigan et al., 2008; Zheng et al., 2008).
The relative partitioning of N9among HNQ@, NO;', and
3.3.2 Speciation of NQ other compounds not measured at PTP (e.g., peroxyacyl ni-

trates, alkyl nitrates, and coarse-mode nitrate PM) is deter-
Between 12:15 and 13:15, [N@INOy] decreased from mined by the net production and loss rates of the main NO
0.5 to 0.2 due to the oxidation of NOinto NO, com- species (R6 — R7). Figure 4 shows thaNO; ]/[NO_] de-
pounds (Fig. 3). The speciation of N@an only partially = creases with photochemical processing (i.e., with increasing
be described since our directly measured individual,NO [NO.]/[NOy]). Figure 4 shows the means and standard de-
species were restricted to accumulation-mode particulate niviations of the 1-minute averaged data from 12 March 2006
trate (NG p))) and gas-phase HNO Particulate nitrate  and the entire 11-day PTP dataset between 08:00 and 16:00,
comprised 40% of N@from 10:00 to 11:00 (Fig. 3) and which spans a range of meteorological conditions. This over-
decreased to approximately 22% by 13:00. Nitric acid ac-all trend agrees with measurements aboard the C-130 air-
counted for less than 4% of NQuntil 15:00, when it in-  craft in which the sum of HNg, and Nq(PMl) (as mea-
creased to 12%. The sum of [HNE] and [NO;(PMD], sured by an AMS) accounted for 30%—-40% of Ni©® aged
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air masses ([NgJ/[NOy]>0.7) (Flocke, personal communi- trate) preclude a quantitative assessment of whether peroxy-
cation, 2008). Speciated NOneasurements at the T1 site acyl nitrates were undergoing net formation or net decompo-
exhibited similar trends (Farmer et al., 2009). sition during the stagnant hour. We note that the results of

We discuss three possible factors contributing to the®n€ modeling study (Lei et al., 2007) showed that there was
observed decrease ircNO;J/[NO,]: 1) Deposition of net formation of PAN compounds during the day in Mexico
HNO3(), 2) A decrease in the role of HNGormation rel- City, though not necessarily under the same conditions ob-
ative to total NQ formation, and 3) a shift of the nitrate S€rved at PTP. Similarly, a box-model study of the Mexico
aerosol size distribution from the accumulation mode to theCity outflow indicated that the ratio of the production rate of

coarse mode (particles greater thaon in diameter), which HNOs to the net production rate of total PAN compounds de-
is not detected by the AMS. creases in the early afternoon of the first day of photochem-

istry (Madronich, 2006), though the temperature was held at

The first possible explanation of the decrease "N1°C in the model. The thermal decomposition lifetime (1/e)

[XNO5J/[NO] with photochemical age is enhanced depo- .
sition of HNG; relative to the other NQcompounds. Gas- of PAN ""?‘”es from~1 hat 24?C. to 2 days at &.

phase HNQ@ has a high dry deposition velocity (Wesely and . The th_|rd p055|b!e t-.:‘xplana'tlon for the obgerved decrease
Hicks, 2000), but the fact that the high Nidoncentrations in [=NO; J/INO,] with increasing [NQJ/INOy] is that there

. . - - was a shift in the size distribution of aerosol nitrate from the
present in Mexico City convert most HNGnto particulate . .

. . . .accumulation mode (where it can be detected by the AMS)
ammonium nitrate (Hennigan et al., 2008) suggests that thi

effect may not be as important as it is in low lienviron- %o the coarse mode (Laskin et al., 2005). The AMS is most

) - sensitive to particles with vacuum aerodynamic diameters
ments. The extent to which HNfleposition caused the de-
crease in ENOZJ/[NO,] can be constrained by the small between~60nm and~800nm (Canagaratna et al., 2007),

decreases observed IW[NOy]/A[CO] over the course of whereas the N (and NQ) measurements do not have a
each day. Over the entire PTP dataset between 08:00 arPaarthle size cut-off. This is a plausible explanation, espe-

. Clally since coarse-mode nitrate has been observed in Mex-
18:00, A[NOy]/A[CQ] decreased from a median value of . . . ]
0.050 at [NQJ/[NO, ] values less than 0.2 (during the morn- ico City during MILAGRO (Moffet et al., 2008; Querol et al.,

ing) down to 0.045 at [NGJ/[NO,] values greater than 0.6 2008), however it cannot be quantified using the PTP dataset

. . as there was no measure of the coarse mode particulate ni-
(which occurred on some but not all afternoons). If this de- . . .
. . trate mass. The decrease in the accumulation mode nitrate
crease in [NQJ/[CO] is assumed to be due solely to depo-

- mass during the morning is consistent with increasing am-
sition of HNGs and NG, pyy, then the observed values of bient temperature and the associated shift in the ammonium

[ENO;}/[NO;] can be “corrected” upwards to account for pjyate equilibrium (Zheng et al., 2008). On 11 and 12 March,
this deposition as described in Sect. 3.3.1. Such a corregpe AMS (and SMPS) mass distribution data indicated an in-

tion is complicated by the fact that the N@O emission  ¢rease in the particulate nitrate mass mode from 330 nm to
ratio is not constant throughout the day. The key quantityzgy nm petween 10:00 and 12:00. This shift in the aerosol
that must be considered is the raticcoimulativeNOx emis- iz distribution increased the fraction of total mass in parti-

sions tocumulativeCO emissions. The emissions inventory jag greater than 800 nm to which the AMS is less sensitive,
(CAM, 2008) indicates that this ratio varies by less than 10%,ynhich may also have contributed to the observations.

after 09:00. Overall, the value oENO;]/[NO_] can be in-
creased by at most a factor of 1.2 to account for HNi®-
position. This does not explain the overall decreasing tren

in [ENO; J/INO,] observed with increasing photochemical gome combination of a decrease in the production rate of

age. HNO; relative to other N@ compounds, a shift of the ni-
The second possible explanation for the decrease inrate aerosol mass distribution from the accumulation mode

[ENO3/[NO,] over time is that there was a decrease into the coarse mode, and a shift of the accumulation mode

the HNG; production rate relative to that of the other un- mass distribution toward particles greater than 800 nm (vac-

measured N@compounds, presumably peroxyacy! nitrates uum aerodynamic diameter). Similar conclusions regarding

(R7) and multifunctional alkyl nitrates (R5b). The equilib- the importance of deposition and coarse-mode nitrate were

rium constant for R7 for many organic peroxy radicals (suchreached in Zheng et al. (2008).

as the peroxyacetyl radical, GB(O)O,) is very sensitive to

temperature, and the corresponding peroxyacyl nitrates ca.3.3 Estimate of OH

either be in a state of net formation or net thermal decom-

position depending on temperature and the concentrations ofhe increase in¥NOg] during the stagnant period can be

the relevant species. The lack of knowledge of the peroxy-used to infer the average OH concentration siii¢¢O; is

acyl nitrate mixing ratios themselves combined with the un-the result of R6 and [Ng) was measured. Between 12:15

certainties in the mixing ratios of OH, NO, NQand the pre-  and 13:15, ENO; /At was 1.9:0.5 ppbv/h, which is ap-

cursor compounds (e.g., acetaldehyde for peroxyacetyl niproximately 309%48% of the total increase in NO Given

In summary, the decreasing trend BNO3 J/[NO_] with
hotochemical age displayed in Fig. 4 cannot be fully ex-
lained by deposition of HN§),), and was likely caused by
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the average N@mixing ratio of 10 ppbv and the rate con- by reaction with NQ form observable N@species (R5b—
stant for R6, the average OH concentration during the stagR7), P(RQ) is equal to P(N@ when ozone production is
nant period is estimated ax@&0° molecules cm®, whichis  strongly VOC-limited (Eq. 3):

in line with previous afternoon measurements of OH in Mex-

ico City (Shirley et al., 2006). This value is an underestimateP(ROy) = L(ROy) ~ P(NO;) 4)

of [OH] if there was an increase in coarse-mode nitrate (and

low by a factor of (HNQ ;) +NOj;.)/(HNO3(4) +NOgpy49))- whereas P(N@ is much less than P(RQ when ozone
Conversely, this is an overestimate of [OH] if HY@as not  production is NQ-limited. Thus a comparison of P(RD
the sole source of particulate nitrate (i.e., if there was signifi-and P(NQ) serves as a useful indicator of whether ozone
cant partitioning of organic nitrates to the condensed phase)production is NQ-limited or VOC-limited. Note that
Besides the comparison to previous measurements of OH iRP(NO,)/P(RQ,) is similar to the “Ly/Q” quantity used by
Mexico City, this estimate of [OH] is only used to quantify Kleinman et al. (2005).

the rates of R11 and R19. The uncertainty in this estimate The validity of Eq. (3) assumes that all observable,NO
does not affect the conclusions presented. For example, thisompounds are formed by RENOy reactions. The only ob-
estimate would have to be more than a factor of 6 too low inservable N@ species that are not formed by ROy reac-
order for R11 to account for an appreciable fractisri(%)  tions according to the current understanding of,NfBem-

of the total Q loss. istry are N@, N2Os, and heterogeneously-formed HONO,
and it is unlikely that any of these compounds accounts for
3.4 Radical budget and ozone production an appreciable fraction of NQluring the day.

In order to compare P(RQ and P(NQ), we calculate
The photochemistry of ozone production and at- p(RQ,) from the following RQ sources for the PTP data set:
mospheric  oxidation in general is driven by RO reaction of O¥D) with water vapor (R8 and R9); photolysis
(RO=0H+HO;+R(,) radicals. ~The design of effec- of the oxygenated VOCs formaldehyde, acetaldehyde, and
tive air pollution abatement strategies requires knowledgeacetone (R20—R22); and ozonolysis of alkenes (R23):
of whether ozone production is “N@imited” or “VOC-

limited” (NOx-saturated), which is intimately related t0 HCHO+ hv + 20, —s CO+ 2HO, (R20)
reactions between RGand NQ,. At low NOy mixing ratios,

self-reactions of RQ (R16-R19) dominate the removal CHzCHO+ hv + 20, —> CH30, + HO» + CO  (R21)
processes of RQ the G, production rate increases with
increasing NQ concentration, and Oproduction is NQ- CH3COCH; + hv + 20, — CH3C(0)O, + CH302(R22)
limited. At higher NQ concentrations, reactions with NO

dominate the RQ removal processes, thex(Qroduction  Oz+alkenes—s products+ RO, 4+ OH (R23)
rate decreases with increasing N€oncentrations, and,O
production is VOC-limited. ROy yields for alkene-ozonolysis reactions are based on

In order to investigate the radical budget and to determinethe tabulated OH yields of Calvert et al. (2000) and are dou-
whether ozone production was N@mited or VOC-limited bled to account for co-generated peroxy radicals.
during the afternoon of 12 March, we compare the,No@o- The time series of these photolytic R@ources for 12
duction rate described in Sect. 3.3.1 to the production rate oMarch 2006 is depicted in Fig. 5. The average value of
RO radicals. The reactions of RQvith NOy are the same  P(RQ) from the reaction of GD) with water vapor and the
reactions that form N@ i.e. formation of HN@, RONQG,;,  photolysis of oxygenated VOCs between 12:15 and 13:15
and RQNO; compounds (R5b, R6, R7). Thus the observedwas 1.3:0.4 pptv/s. VOC canister measurements were not
NO; production rate serves as an indicator of the sum of themade during this time period, and so the contribution of
rates of R5b, R6, and R7. RGinks not accounted for by alkene ozonolysis to P(RQis not accurately known. This

P(NGQ;,) are from RQ self-reactions: quantity is estimated as G0.2 pptv/s, based on the ozonol-
ysis rates calculated from other afternoon samples at PTP

HO; + HOy, — H205 + O (R16) with comparable values of concentrations of, @O, aro-
matic VOCs, and photochemical age values calculated using

RO, + HO2 — ROOH+ O2 (R17) a C3-benzene photochemical clock (Herndon et al., 2008).
The total calculated P(R@Qis therefore 1.20.5 pptv/s, with

RO, + RO, — products (R18) the range reflecting the uncertainty in the contribution from
alkene ozonolysis and the uncertainty in the photolysis val-

OH+ HOz — H0+ Oy (R19)  ues.

The observed value of P(NQ 2.1+0.4 pptv/s, is a lower
In steady state, the production rate of RQ(RQ,)) limit to the true value of L(RQ) since non-NQ related
equals the loss rate of RQL(ROy)). Since all losses of RO ROy losses (R14-R17) do not form NOWe estimate that
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the water-assisted self reaction of pl@ccounts for ap- reactions. We note that this analysis of the calculateg RO
proximately 0.1 pptv/s, based on an estimated;H®@ix- production rate and the inferred R@ss rate does not pro-
ing ratio of 40 pptv and the measured water vapor concenvide information on thénterconversiondetween OH, HQ,
tration. The estimated rate of the reaction betweery RO and RQ; actual measurements of those species would be re-
and HQ using 40 pptv for both species and a rate constantquired for that analysis.

of 10~ molecules cm®s! (Atkinson, 1994) is 0.3 pptv/s, In general, P(Q) increases with increasing R@roduc-
though there are strong indications that this rate constant ision rates (Kleinman, 2005). The inferred value of RO
high by up to an order of magnitude (Lelieveld et al., 2008; of 49 ppbv/h (13 pptv/s) for the observed P(RQate of
Thornton et al., 2002). Heterogeneous loss of,HOpos-  1.74-0.5 pptv/s also agrees well with that predicted by Lei
sibly the most uncertain Rdoss process (Emmerson et al., et al. (2007). This agreement is perhaps fortuitous given the
2007; Thornton et al., 2008). uncertainties of both methods.

The comparison of the calculated P(RO value P(RQ) exhibits an interesting asymmetry over the course
(1.7+0.5pptv/s) and L(RQ) inferred from P(NQ@)  of the day. Due to the elevated concentrations of oxygenated
(2.1£0.4 pptv/s) indicates both that the budget of RO VOCs in the morning, P(RQ (excluding alkene ozonoly-
sources and sinks is “closed” within the methodological sis) peaks at a value of 1.6 pptv/s at 11:00, whereas peak
uncertainties (i.e., P(RQ has been shown to equal L(R  actinic flux and photolysis frequencies peak more than an
and that ozone production is indeed VOC-limited since hour later. This overall temporal profile was observed dur-
P(NGQ,) is roughly equal to L(R). That ozone production ing several but not all days at PTP. The peak and mean day-
is VOC-limited is in agreement with predictions from time values of P(R¢) on 12 March were higher than on any
previous photochemical models (Lei et al., 2007; Tie et al.,other day at PTP between 8 March and 18 March. The mean
2007) and recent measurements (Nunnermacker et al., 2008alue of P(RQ) between 9:00 and 16:00 during this span
Stephens et al., 2008). Although the large uncertainty bargf 11 days, under various meteorological conditions, was
preclude a more quantitative insight into R®ources, we 0.6 pptv/s, whereas on 12 March it was 1.2 pptv/s.
note that it is not possible for P(NPto actually exceed Another interesting feature of ROproduction on 12
P(RQ), assuming net formation of }0s, NOs, and HONO  March is that despite extremely highszQmixing ratios
was a negligible portion of P(N£. Either P(NQ) has been  (~150ppbv), @ photolysis accounted for at most 43% of
overestimated or P(RQhas been underestimated. The latter p(RQ,) excluding alkene ozonolysis, similar to observations
possibility is likely, since the calculation of P(RPdoes  in the city center in 2003 (Volkamer et al., 2007). The rel-
not include the net source of RArom the photolysis of  ative humidity was low on 12 March (less than 17% after
HONO, HO;, or oxygenated VOCs beyond formaldehyde, noon), limiting the rate of reaction between water vapor and
acetaldehyde, and acetone. The HONO mixing ratio wouldo(*D) produced from the photolysis of ozone. The relative
have to exceed the calculated photostationary state HONGmportance of @ photolysis as a RQsource increased later
mixing ratio of ~10 pptv by a factor of 10 to account for a in the month when the relative humidity increased greatly.
net RQ source of 0.3 pptv/s. We estimate that photolysis The oxygenated VOCs (primarily HCHO) that account for
of glyoxal (CHOCHO) contributes at most an additional the largest fraction of P(RQ are both emitted directly in
0.1pptv/s, based on the maximum glyoxal concentrationgviexico City at rates higher than in the US and are produced
(~1ppbv) observed previously in Mexico City (Volkamer by VOC oxidation (Garcia et al., 2006; Kolb et al., 2004;
et al., 2005). Studies of ROproduction that have utilized zavala et al., 2006).
the Master Chemical Mechanism (Saunders et al., 2003)
have invoked a large source of R®om oxygenated VOCs 3.5 Efficiency of ozone production
besides the three considered in our calculation of RfRO
(Emmerson et al., 2007; Volkamer et al., 2007). It is not The efficiency of ozone production can be quantified with re-
unreasonable that some combination of these sources coulghrd either to the NQcatalytic cycle or to the oxidation of
account for an additional 0.2-0.3 pptv/s. It is unlikely that VOCs. The number of ozone molecules that are produced
the reaction of electronically excited N@vith water vapor  per molecule of NQ before the N is removed from ac-
acts as a significant RGsource during the afternoon due to tive photochemistry is known as the ozone production effi-
the small solar zenith angles (Li et al., 2008). ciency (OPE) of NQ. Similarly, the amount of ozone that

This use of N@Q measurements as a tool for gleaning in- can be produced by the oxidation of individual VOCs has
formation on RQ loss rates may be useful in smog cham- been studied in laboratory studies, yielding quantities such
ber experiments as well as stagnant air masses. The alternas the ozone creation potential (Derwent et al., 1996) and the
tive, more common method of quantifying R@sses relies maximum incremental reactivity (Carter et al., 1995). We ex-
on the explicit calculation of the rate of each R@ss reac- amine ozone production in Mexico City using both the,NO
tion, which requires accurate knowledge of the reactants OHbased OPE metric and a new VOC-based metric that uses the
HO,, and speciated ROmixing ratios as well as the rele- correlation of theA[Ox]/ A[CO] ratio with an aromatic-VOC
vant rate constants, which are highly uncertain for many RO based photochemical clock.

www.atmos-chem-phys.net/9/2499/2009/ Atmos. Chem. Phys., 9, 28992009
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T T T T chemical and depositional losses of Nlunnermacker et
251 m P(NO) - B al., 1998) and @ The OPE can also be difficult to interpret
B P(ROtotal ~(OCD), oVocs) if the observed air masses are inhomo —i.e., if th
— o(D)+H,0 ! )mogeneous — i.e., if the
ok — HCHO + hv 1 observed ozone is the result of multiple air masses of differ-
' — CH,CHO + hv ent histories that have mixed prior to the observations (Liang
= — CH,COCH, + hv and Jacobson, 2000).
3 15k - The role that thermally labile peroxyacyl nitrates (such as
g N\f PAN) have as a reservoir of both R@nd NG complicates
ﬁ ﬂ‘\v the interpretation of the OPE. Net formation of peroxyacyl
10 . nitrates acts as a temporary sink of N@nd Q). Subse-
! \\4\\ guent thermal decomposition of peroxyacyl nitrates releases
o5k | the NQ, allowing it to catalyze the production of morggO
\ - quite possibly in chemical environments where QRE
M“WMM is different than where the NQOwas initially emitted. Thus
] e e S the number of ozone molecules produced from each 8

0. |
G:00AM  9:00AM  12:00PM  3:00PM  6:00PM  9:00 PM pends on what temporal and spatial scale is considered. Shon

Fig. 5. Comparison of the N production rate with the RQ et al. (2008) and Nunnermacker et al. (2008) report OPE val-

production rate during the afternoon of 12 March. JR@roduc- ues (inferred from[OX]/A[NQz]) that ra"?ge from 5 within
tion rates from the photolysis of ) HCHO, CHCHO, and ace- (€ boundary layer up to 8.5 in the marine free troposphere
tone are depicted as lines, with the sum depicted by the browrPutside of Mexico City. The timing of NOemissions can
line (OVOC = oxygenated volatile organic compound). The total also affect OPE values, since at night Néissions can lead
P(RQ) value (black square) is calculated as the sum of the pho+0 net destruction of Qthrough reactions involving Ngand
tolytic ROy sources and an estimated 0.4 pptv/s from alkene ozonolN2Os (Brown et al., 2006). The OPE values determined be-
ysis. The red square demarks the average N@duction rate ob-  low in Sect. 3.5.2 and 3.5.3 are focused on daytime chemistry
served between 12:15 and 13:15. on atime scale of less than 10 h.
Between 12:15 and 13:15 on 12 March 2006, the value
of P(&)/P(NQ,) using the values for P(( and P(NQ) de-
PTP is an excellent site for examining both of these ap-jyed in Sect. 3.1 and 3.2 was 6.4. This value for the OPE
proaches given the known meteorology, the lack of proxi-reflects thegrossOy produced per NQ This value is greater
mate emission sources, and (for one hour during the afterqnan the correlation between the @d NQ concentrations
noon of 12 March 2006) the quantified production and |°35during this hour (5.4), which is more a measure of ties

rates of both @and NQ. Oy produced per NQ and is also affected by deposition
. o of NO,. The correlation is higher when all data between
3.5.1 Ozone production efficiency of NQ 09:00 and 16:00 on both 12 March and 11 March are in-

cluded. These two days experienced similar air masses and

The OPE of NQ has been extensively discussed over the lasta comparable range of photochemical ages (as determined
20 years (Lin et al., 1988; Nunnermacker et al., 2000; Wangoy [NO,J/[NOy]). The slope of the graph of Oversus NQ
et al., 1998). The instantaneous OPE is usually defined agrig. 5) for these two days is 6D.2. To infer the gross
P(O))/P(NQO,), whereas the integrated OPE for an observedO, produced per NQ the slope can be “corrected” to ac-
air mass is usually inferred by the correlation betwegn O count for losses of Q Additionally, the NQ measurements
and NQ (i.e., A[Ox]/A[NO]). The instantaneous OPE of can be corrected to account for cumulative N@sses (de-
an air mass is expected to vary with time, and is affected byposition). As discussed in Sect. 3.3.1, we can infer that be-
the temporal evolution of the partitioning of R@mong OH,  tween 12:15 and 13:15 on 12 March approximately 9% of
HO2, and RQ and the partitioning of N@between NO and  the NQ, was removed from the system by a comparison of
NO;. the A[NOy]/ A[CO] ratio with that expected based on the cu-

Inferred and/or modeled OPE values range from 2—8 in ur-mulative emissions of NQand CO. If the emission ratio of
ban (high-NQ) settings and power plant plumes (Kleinman, NO,/CO were actually a constant value of 0.05 throughout
2000;Nunnermacker et al., 2000) up to 46 for the mean OPEhe day, the “corrected” value of [NQ(i.e., the value of
of the southern hemisphere (Wang et al., 1998). The larggNO] that would have been measured had there been no NO
range of values reflects the non-linear dependence of ozonéeposition) can be expressed by Eq. (4):
production on its chemical precursors. In general, the OP _
increases with the VOC reactivity to NQatio and is high- E[NOZ(CORRECTED] =005x (ICOI - 130 —[NO1 - (5)
est in chemical environments in which ozone production iswhere the NQ measurements are ignored and instead are
NOy-limited. The interpretation of inferred OPE values us- Simulated by the CO measurements and scaled by the
ing observations oA[Oy]/ A[NO,] is complicated by photo- NOx/CO emission ratio.

Atmos. Chem. Phys., 9, 2499517, 2009 www.atmos-chem-phys.net/9/2499/2009/
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Fig. 7. Correlation ofA[Ox]/ A[CQO] on 12 March 2006 with cumu-
lative OH exposureAt[OH]) as inferred by a C9-aromatic photo-

. . . chemical clock.
Fig. 6. Inference of the short-term ozone production efficiency

(OPE) at PTP on 11 and 12 March 2006 between 08:30 and 18:00.
The red points use the rawx@nd NQ data. Correcting for losses ~oxidation. The contribution of this Qoss process likely de-

NO, (ppb)

of both species produces the blue points (see text). creased in importance after the NGO, decreased to lower
values (~0.1).
The total Q lost is determined by the integrated @e- The similarity between the corrected slope and the uncor-

struction mechanisms described in Sect. 3.2. We use théected slope indicate that the OPE can be reasonably approx-
quantity “O,” to represent the total integratedy @roduc- ~ imated during one day of photochemistry in Mexico City by
tion. In Sect. 3.2 the quantity 0:8°(NO,) was used to esti- the correlation of [Q] with [NO;]. Slightly higher Q/NO,

mate total Q loss rate via N@ oxidation, which accounted correlations were observed elsewhere in the city — for exam-
for approximately 50% of the total ,Oloss between 12:15 ple, our measurements at Santa Ana during an ozone-south
and 13:15. If this value (50%) does not vary greatly over Meteorological episode (deFoy et al., 2006) on 24 March
the course of the day, then total integrated|@ses can be 2006 yielded an (uncorrected) OPE value of#033. The

approximated by Eq. (5): values derived here (6-8) are within the range of 4 to 12 cal-
culated by Lei et al. (Lei et al., 2007) for N@nixing ratios
[Oy] = [Ox] + 1.6[NO;] (6) greater than 10 ppbv.

The true percentage undoubtedly varies over the course 8.5.2 A[Ox]J/A[CO] and a VOC-based photochemical
the day, contributing to the uncertainty of this approximation. clock
[Oy] is between 5% and 25% higher thanJO

Figure 6 depicts the correlations on 11 and 12 March 2006Since CO is a relatively unreactive tracer of dilution, the
between @ and NQ, which has a slope of 6.2, and that be- quantity A[O4]/A[CO] can be interpreted as the dilution-
tween Q and NQcorrecTep, Which has a higher slope adjusted measure of integrated ozone production, similar to
of 7.6. In most other cases where inferred OPE values havéhe use of the ratio of organic aerosol to CO in studies of sec-
been corrected for losses (Nunnermacker et al., 1998), thendary organic aerosol formation (Kleinman et al., 2008). In
corrected OPE have been lower than the uncorrected OPEhe MCMA, on-road vehicles are the largest source of CO by
in contrast to the case here. This is because the correctiofar, accounting for over 99% of total CO emissions (CAM,
for Oy losses is greater than the correction for N@hisis ~ 2008). VOCs are emitted by on-road vehicles (34% by mass)
partially just a difference in approach: by usingi@stead of  as well as area sources (46%) and industrial sources (17%),
Oy, the approach used here reflects the integrated ozone préhough the most reactive VOCs are emitted by on-road ve-
duction rather than theetozone production per molecule of hicles (CAM, 2008; Velasco et al., 2007). Thus CO and the
NOy oxidized. In the air masses examined, \Zas mostly ~ most important ozone-producing VOCs are co-emitted, and
conserved; the maximum correction to N®as 20%. For emissions of total VOCs and CO overlap spatially. The CO
more highly aged air masses, the relative magnitude of themixing ratio is in most cases proportional to the total emis-
Oy and NQ corrections might be different. The oxidation sions of VOCs, though the proportionality constant (e.g., the
of NO, was the dominant loss ofOn the young air masses VOC/CO emission ratio) depends greatly on the nature of the
observed, which had undergone less than 10 h of atmospheriemission sources .

www.atmos-chem-phys.net/9/2499/2009/ Atmos. Chem. Phys., 9, 28992009



2512 E. C. Wood et al.: Ozone, NCand radicals in Mexico City

The increase iM\[Ox]/A[CO] can be related to the cu- have not undergone photochemical conversion, when,JNO
mulative OH exposur@t[OH] (photochemical age) of the and [NQ] are equal. As the air mass is photochemically
observed air mass using a C9-aromatic photochemical clockrocessed, Qis produced, N@ is converted into N@ and
(Herndon et al., 2008; Roberts et al., 1984). The photochemthere are fresh emissions of NQAgnoring the effects of ©
ical age we use is based on PTR-MS measurements of berand NG, loss/deposition, the value af[Ox]/ A[NOy] should
zene and the sum of C9-aromatic compounds, which includepproach the integrated OPE value/dfO,])/ A[NO,], since
CoH12 and GHgO isomers. The calculation is described in NOy consists primarily £90%) of NG, in highly aged air.
Herndon et al. (2008). Since the air masses observed cor@n 12 March 2006, the value ak[Oy]/A[NOy] steadily
sisted of a combination of fresh emissions and aged emisincreased during the day and reached 7 by 17:00, which is
sions and are best described by a distribution of photochemeomparable to the OPE inferred in Fig. 6. This is expected
ical ages, the single values derived using this photochemicatince [NQ] and [NQ,] are close in magnitude then, and thus
clock are meant only as an estimate of the average OH expoA[Ox]/ A[NOy]~A[Ox]/ A[NO.].
sure of the air. Comparison of the correlation oA[O4]/A[CO] with

Figure 7 depicts the correlation betwe&rjOx]/ A[CO] At[OH] observed in Mexico City to other locations should
and At[OH] between 09:00 and 17:00 on 12 March 2006, be done with the caveat that the values are greatly affected by
with A[Ox]/A[CO] calculated as ([(J-45)/([CO]-130). the VOC/CO emission ratios. This metric may be most use-
Background values of 45ppbv forxOand 130 ppbv for ful for comparing ozone production during different times of
CO are based on observations at night, when PTP waslay or under different meteorological conditions at locations
well above the nocturnal boundary layer. As expected,when the VOC/CO ratio does not vary greatly.

A[Ox]/A[COQO] increases withAt[OH], and there is little

scatter in the plot §2>0.9). The slope of a linear fit 4 Conclusions

(not shown) is 3.8 10 2 ppbv Q,ppbv! CO (molecules

OHcm 2 s)~1, though it appears that it may be higher for Measurements of several ambient gas-phase and particulate
the afternoon than for the morning data. This is supported byspecies from a unique mountain-top site in Mexico City have
the fact thatA[Ox]/ A[CO] should equal zero wheat[OH] been used to characterize the chemistry of ozone production,
is zero. Observations on other days were similar, with mostitrogen oxides, and the R(budget, with an emphasis on
slopes within the range of 3x610712 to 5.6x102ppbv  one hour of data during which the rise of the mixing depth
Oy ppbv1 CO (molecules OHcmes)~1. The correlation  was slow. Overall, the observations agree well with the pre-
was poor when the air masses observed were affected by @ictions of photochemical models (Lei et al., 2007; Tie et al.,
range of emission sources within the same day (e.g., biomasz007).

burning vs. urban emissions). The observed time rate of change in the mixing ratios

Variation in the slopes by time of day could be related to of Oy and NQ combined with calculations of the,Qoss
differences in ozone photochemistry between the morningates during the case study period (12 March 2006) were
and afternoon. Within the boundary layer, overall concen-used to infer an Q production rate of 49 ppbv/h and an
trations of NG and VOCs are highest in the morning be- NO, production rate of 7.6 ppbv/h. The dominant loss
cause of the shallow mixing depth (typically less than 500 mprocess for @ was the oxidation of N@ to NO, com-
between 06:00 and 11:00). Additionally, the VOC mixture pounds (e.g., HNg); photolysis of @ was a minor con-
differs: it consists primarily of unoxidized, primary VOCs in tributor to Q; loss due to the low relative humidity. A
the morning and a mix of primary and secondary VOCs (e.g.,decrease in ([HNQg)]+[NO§(PM1)])/[NOZ] with increasing
oxygenated VOCs) in the afternoon. Thus it is conceivable[NO,]/[NOy] was observed. Deposition of HNQvas a mi-
that for a given amount of OH exposure, the different pho-nor contributor to this trend, whereas a shift of the aerosol
tochemical conditions could lead to differences in the slopenitrate size distribution from the accumulation mode to the
of A[Ox]/A[CO] vs. At[OH] (e.g., if secondary VOCs are coarse mode and possibly a decrease in the gip©duc-
more efficient at producing ozone). Changes in the slope ofion rate relative to total N@production are plausible ex-
Fig. 7 could also simply be caused by perturbations to theplanations. A comparison of RQproduction rates and the
A[Ox]/A[CO] ratio and the inferred OH exposurat{OH]) observed increase in NQduring a period of stagnant air
due to changes in the emission ratios of the aromatic VOCsndicates that @ production was VOC-limited and that the
and CO. ROy budget was closed (i.e., P(RZL(ROy)) to within the

A plot of A[O4]/A[NOy] vs. At[OH] (not shown) looks  methodological uncertainties.
similar to Fig. 7 since NQwas mostly conserved in the air ~ The ozone production efficiency of N@n a time scale of
masses observed. The quantiyfOx]/A[NOy] is related  one day was approximately 7 as inferred by the correlation
to the OPE of NQ in that it expresses the average number of [O4] to [NO;]. Corrections to this correlation that account
of ozone molecules that have been produced per moleculéor losses of @ and NG increase the inferred value of the
of NOy emitted (rather than ozone produced per\N&3i- ozone production efficiency by less than 30%. A new met-
dized). This quantity is initially zero in fresh emissions that ric for assessing the efficiency of ozone production has been
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proposed and is based on the correlation of thg]:[OO]

2513

of ambient aerosols with the Aerodyne Aerosol Mass Spectrome-

ratio with the average OH exposure as inferred by ratios of ter, Mass Spectrom. Rev., 26, 185-222, doi:10.1002/mas.20115,

aromatic VOCs.

2007.

Although this analysis focused on only a short time pe- Cantrell, C., Anderson, R., Mauldin, L., Kociuch, E., McCoy, J.,

riod, the chemistry characterized is in agreement with pre-
vious modeling work and lends confidence to the state of
knowledge regarding ozone chemistry, nitrogen oxides, and
the underlying fast radical chemistry. A few aspects of the
chemistry, however, have not been commonly observed in
other locations. For example, gas-phase HNMOmMprised a
small fraction of NQ (less than 15% usually), whereas par-

Eisele, F., Apel, E., Reimer, D., Hills, A., Karl, T., Knapp, D.,

Montzka, D., Fried, A., Weibring, P., Walega, W., Richter, D.,

Flocke, F., Zheng, W., Emmons, L., Crawford, J., Dunlea, E.,
DecCarlo, P., Clarke, T., Howell, S., Cohen, R., Shetter, R., Hall,
S., Russell, L., Kok, G., Weber, R., Madronich, S., Wennberg,
P., Crounse, J., McCabe, D., and Holloway, J.: HBehavor

as Observed Aboard the C-130 during MILAGRO, MILAGRO

Science Meeting, Mexico City, 2007.

ticulate nitrate comprised a much larger fraction - mainly Carslaw, N., Creasey, D. J., Harrison, D., Heard, D. E., Hunter, M.

due to the high concentrations of NH The photolysis
of ozone and subsequent reaction of D) with water va-
por was a minor destruction channel fog @uring the first
~24 h of atmospheric chemistry, and even during high O
events ([Q]>150 ppbv) ozone photolysis accounted for less
than half of total RQ sources in dry air masses. Although

C., Jacobs, P. J., Jenkin, M. E., Lee, J. D., Lewis, A. C., Pilling,

M. J., Saunders, S. M., and Seakins, P. W.: OH and HO2 radical
chemistry in a forested region of north-western Greece, Atmos.
Environ., 35, 4725-4737, 2001.

Carter, W. P. L., Pierce, J. A., Luo, D., and Malkina, I. L.: En-

vironmental chamber study of maximum incremental reactivities
of volatile organic compounds, Atmos. Environ., 29, 2499-2511,

rare in the literature, these characteristics are not necessarily 1995
unique considering that the atmosphere above most develofyaym, p. H., Kleinman, L. I., Imre, D., Nunnermacker, L. J., Lee, Y.

ing megacities remains largely uncharacterized.
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