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Abstract

Observations of peroxynitric acid (HO,NO,) obtained simultaneously with those of NO
and NO, provide a sensitive measure of the ozone photochemical production rate. We
illustrate this technique for constraining the ozone production rate with observations
obtained from the NCAR C-130 aircraft platform during the Megacity Initiative: Local
and Global Research Observations (MILAGRO) intensive in Mexico during the spring
of 2006. Sensitive and selective measurements of HO,NO, were made in situ us-
ing chemical ionization mass spectrometry (CIMS). Observations were compared to
modeled HO,NO, concentrations obtained from the NASA Langley highly-constrained
photochemical time-dependent box model. The median observed-to-calculated ratio
of HO,NO, is 1.18. At NO, levels greater than 15 ppbv, the photochemical box model
underpredicts observations with an observed-to-calculated ratio of HO,NO, of 1.57.
As a result, we find that at high NO,, the ozone production rate calculated using mea-
sured HO,NO; is faster than predicted using accepted photochemistry. Inclusion of an
additional HO, source from the reaction of excited state NO, with H,O or reduction in
the rate constant of the reaction of OH with NO, improves the agreement.

1 Introduction

Peroxynitric acid, HO,NO,, is an important reservoir of both HO, (HO,=0OH+HO,) and
NO, (NO,=NO+NO,) radicals. These radicals are of primary atmospheric importance
as they influence the production and degradation of tropospheric ozone and numerous
volatile organic compounds (Murphy et al., 2004). Ozone production in urban environ-
ments is initiated by OH radicals and requires sunlight, NO,, and hydrocarbons. The
relative amounts of these species control the rate of ozone production (Seinfeld and
Pandis, 2006).

The only known pathway for the formation of HO,NO, in the atmosphere is the as-
sociation reaction of HO, and NO,, R1 (Niki et al., 1977). HO,NO, is lost via thermal

2793

decomposition, R-1 (Graham et al., 1977, 1978; Zabel et al., 1995; Gierczak et al.,
2005); UV and visible/near-IR photolysis, R2 (Macleod et al., 1988; Roehl et al., 2002;
Knight et al., 2002); and reaction with the OH radical, R3 (Trevor et al., 1982; Smith et
al., 1984; Barnes et al., 1986; Jimenez et al., 2004).

HO, + NO, + M = HO,NO, + M (R1)
HO,NO, +hv— products (R2)

The relative importance of the HO,NO, sinks depends on temperature, pressure,
OH radical concentration, and the UV/IR radiation field. The lifetime of HO,NO, with
respect to thermal decomposition varies due to the strong temperature dependence of
this process (Kim et al., 2007). As temperature decreases, loss due to photolysis and
reaction with OH radical become increasingly important. At altitudes greater than 7
km, photolysis and reaction with OH become the dominant loss mechanisms (Roehl et
al., 2002). The formation of HO,NO, followed by its loss via reaction with OH forms a
NO,-catalyzed sink of HO, radicals (Roehl et al., 2002).

The role of HO,NO, in photochemistry of the lower troposphere has been less ex-
plored, in part because of a paucity of observations of this compound. In situ measure-
ments of HO,NO, have been obtained previously in the free troposphere during the
2004 INTEX-NA campaign (Kim et al., 2007) and in Antarctica (Slusher et al., 2001).
An indirect estimate of the HO,NO, abundance was obtained from the sum of perox-
ynitrate observations during the 2000 TOPSE campaign (Murphy et al., 2004).

Here, we present in situ measurements of HO,NO, in and around Mexico City.
These measurements were made in March of 2006 from the NCAR C-130 aircraft
platform during the MILAGRO field experiment. One goal of the MILAGRO mission,
and the focus of the C-130 flights, was to investigate the processing and outflow of
pollution from Mexico City. Most flights occurred during the daytime hours at altitudes
below 7 km and temperatures between 250 and 300 K. This study is limited to six of the
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MILAGRO flights (8, 22, 23, 26, 28, and 29 March) during which all necessary species
were measured. A photochemical steady-state approximation of HO,NO, under MILA-
GRO conditions is discussed, and measured HO,NO, concentrations are compared to
those predicted by the NASA Langley Research Center LaRC highly-constrained pho-
tochemical time-dependent box model (NASA LaRC box model). A simplified method
of estimating the rate of ozone production using HO,NO, is compared to full NASA
LaRC box model calculations of the rate of ozone production.

2 Method
2.1 Instrumentation

NO and NO, mixing ratios were measured by photofragmentation/chemiluminescence.
The overall uncertainty for these measurements is 10—20% (Campos et al., 1998;
Weinheimer et al.,, 1998). HO, mixing ratios were determined by chemical-
conversion/chemical ionization mass spectroscopy with an uncertainty of 35% (Cantrell
et al., 2003). H,O mixing ratios were measured using a dew/frost point water hygrom-
eter.

HO,NO, measurements were made using the Caltech chemical ionization mass
spectrometry (CIMS) instrument. The instrument has been described in detail pre-
viously by Crounse et al. (2006). Briefly, the Caltech CIMS consists of a flow tube con-
trolled at 35 mbar total pressure where a reagent ion, CF;07, interacts with ambient
air diluted 1:4 with dry nitrogen. lons are sampled from the flow tube into a quadrupole
mass filter and detected with a channel electron multipler. Each mass-to-charge ratio
is observed for ~0.5s. HO,NO, masses were monitored every ~15s.

Negative ion chemistry of CF;O™ has been shown to provide sensitive and selective
detection of many inorganic and organic acids (Huey et al., 1996; Amelynck et al.,
2000a,b; Crounse et al., 2006) and was exploited in this work to detect HO,NO,. The
reaction of CF;0™ with acids follows several pathways. Reaction with strong acids
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proceeds via fluoride ion transfer (Huey et al., 1996) while reaction with weaker acids
yields clusters of reagent ion and analyte (Amelynck et al., 2000a). HO,NO, reacts
with CF30" via fluoride ion transfer (R4), clustering (R5) (Crounse et al., 2006), and a
HF elimination Reaction (R6), providing three distinct ion signals. Reactions (4—6) are
complicated by competing reactions with CF;O™~ water cluster (CF;0™ - H,0).

CF30™ + HO,NO, — HF - OONO; (m/z 98) + CF,0 (R4)
CFso_ + H02N02 i CF30_ . HOQNOz(m/Z 164) (RS)
CF30™ + HO,NO, — CF,0- OONO} (m/z 144) + HF (R6)

2.1.1 Sensitivity and calibration

Due to differences in reactivity of CF30™ and its water cluster, the sensitivity of the
CIMS instrument to the ion products of the three channels (R4, R5, R6) is dependent
on the mixing ratio of water vapor in the flow tube (Crounse et al., 2006). This depen-
dence is quantified via laboratory measurements. A small quantity of HO,NO, was
introduced into the flow tube. The flow tube humidity was controlled using mass flow
controllers to adjust the ratio of air saturated with water vapor to dry zero air. Humidity
was quantified by Fourier Transform Infrared (FTIR) spectroscopy using HITRAN line
lists (Rothman et al., 2005) and the commercial spectral manipulation software pack-
age GRAMS (Galactic Industries Inc.). The sensitivity of the instrument to the fluoride
ion transfer and cluster channels of HO,NO, as a function of H,O mixing ratio in the
flow tube was determined and is presented in Fig. 1. Sensitivity is expressed in ion
counts, normalized by the ion counts of the +1 isotopes of the reagent ions, 13CF30‘
and "8CF,0™ - H,0, per pptv of HO,NO,. The yield of R6 is typically one-third that of
R5. Due to the low reaction yield, R6 is not used to quantify the ambient observations
of HO,NO,.

During calibration, the concentration of HO,NO, in the flow tube was determined by
thermally decomposing the HO,NO, into NO, (R-1) and quantifying the resultant NO,
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using CIMS with SF; as the reagent ion (R7) (Huey et al., 1995):
SFs + NO, — SFg + NO, (m/z 46) (R7)

NO, is not detected with high sensitivity using CF;0™.

Synthesis of HO,NO, was performed offline using the procedure described in Roehl
et al. (2002); gas-phase HO,NO, was produced by flowing dry N, over the solution
of HO,NO,. A small portion of this flow was directed through a critical orifice into a
PTFE three-way valve which directed the flow through either a heated or unheated
glass inlet tube (6 mm OD). The heated inlet tube was kept at 190°C, a temperature
at which 99.8% of the HO,NO, decomposed, as determined by monitoring the signal
with CF;O™ at m/z 98. The unheated inlet was maintained at room temperature. The
sensitivity of the CIMS to NO, was determined using a dilute mixture of NO, in N; the
concentration of NO, in this mixture was quantified with FTIR using HITRAN line lists
(Rothman et al., 2005) and the commercial spectral manipulation software package
GRAMS (Galactic Industries Inc.).

The CIMS sensitivity to HO,NO, was determined by back-to-back measurements
of the products of R4, R5, and R7. HO,NO, was added through the room tempera-
ture inlet and measured using CF;0™ as the reagent ion. Next, HO,NO, was added
through the heated inlet and NO, was measured using SF, as the reagent ion (R7).
Background NO, from NO, impurity in the HO,NO, solution was measured using SF,
by passing the HO,NO, through the room temperature inlet; this background signal
was subtracted from the NO, signal when the heated inlet was used. The signals from
R4 and R5 obtained using the room temperature inlet were also corrected for the small
amount of HO,NO, that did not dissociate in the heated inlet and other backgrounds
(see below) by monitoring those masses using CF;O™ as the reagent ion with the
heated inlet in use. This procedure was repeated at a number of humidities to obtain
water-dependent calibration functions for each ion product. Post-mission laboratory
calibrations for HO,NO, were conducted. During flight, isotopically labeled HNO; was
periodically added to the flow tube to monitor the stability of the instrument sensitiv-
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ity. Sensitivity of the instrument to HNO; was consistent and comparable during flight
and laboratory calibrations indicating the sensitivity of the instrument to HO,NO, was
consistent.

In the absence of HO,NO,, ion signals at m/z 98 and m/z 164 are non-zero, and
these background signals must be accounted for in the data analysis. These back-
ground signals were measured during flight by periodically passing ambient air through
a filter consisting of alumina pellets coated with palladium and nylon wool coated with
sodium bicarbonate, quantitatively removing HO,NO,. This technique is described in
Crounse et al. (2006).

2.1.2 Ambient HO,NO, concentration

HO,NO, concentrations are calculated from the signals observed at m/z 98 and m/z
164 after normalization by the amount of reagent ion signal, subtraction of background
signals, and application of the appropriate sensitivity factor for HO,NO,.

Acetate in the form HF - CH3C(O)O™ - H,O is a known interference in the m/z 98 sig-
nal. HF - CH3C(O)O™ - H,0 is seen at m/z 97, with approximately 2.5% of the m/z 97
signal appearing at m/z 98 due to heavy isotopes of the ion. Because the m/z 97 sig-
nal was not monitored during these flights, the interference at m/z 98 was estimated
from the monitored signal of the acetate-fluoride transfer ion (HF - CH;C(O)O™) at m/z
79 and ambient water levels, using a function derived through post-mission laboratory
measurements. There are no interferences of which we are aware at m/z 164. Back-
ground signals were measured (as described above) about every 15 min and are used
to model background levels during the flight.

A scatter plot of the independent determinations of HO,NO, calculated from the m/z
98 and the m/z 164 signals is shown in Fig. 2. During the flight, there is an ~8s de-
lay between a m/z 98 measurement and the corresponding m/z 164 measurement.
Only observations obtained when the measured NO, differs by less than 10% between
m/z 98 and m/z 164 sampling times are included in Fig. 2. The slope of the robust fit
line (DuMouchel and O’Brien, 1989; Street et al., 1988) is 0.90; intercept is 0.76 pptv;
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R?=0.94. These independent measurements are in good agreement, providing confi-
dence in the use of this ion chemistry to quantify HO,NO.,.

The concentration of HO,NO, used in the subsequent analysis is determined by
combining the independent measurements from m/z 98 and m/z 164 as follows. When
the water mixing ratio in the flow tube is less than or equal to 200 ppmv, the m/z 98
measurement is used because the sensitivity at m/z 164 is low (Fig. 1; recall that the
ambient air pulled into the flow tube is diluted 1:4 with dry N,). When the water mixing
ratio in the flow tube is between 200 to 500 ppmv, the mean of the m/z 98 and the m/z
164 measurements is used. At water vapor mixing ratios greater than 500 ppmv, the
m/z 164 measurement is used exclusively. Although the sensitivity is somewhat lower
at m/z 164 than at m/z 98 for water mixing ratios between 500 to 1000 ppmv, higher
backgrounds and interference from acetate at m/z 98 make the cluster ion (m/z 164)
a more robust measure of HO,NO, than the fluoride transfer product ion (m/z 98) at
these higher water mixing ratios.

The uncertainty in the PNA measurements is approximately (30% + 30pptv). The
uncertainty reflects the sum of the precision of the data determined by the counting
statistics of the ions, the variability of the background signal, and the uncertainty of the
sensitivities shown in Fig. 1.

2.2 Photochemical time-dependent box model

Calculated concentrations of HO,, NO,, and HO,NO, and rates of ozone production
were obtained from a highly-constrained photochemical time-dependent box model
(NASA LaRC box model) (Olson et al., 2006). The modeling approach used is
based on the assumption of a diurnal equilibrium (Olson et al., 2006, 2004; Frost
et al.,, 2002; Jaegle, 2000). Model inputs include observations of atmospheric pa-
rameters such as temperature, pressure, water vapor, and critical long-lived chemi-
cal precursor species (O3, CO, NO, CH,, non-methane hydrocarbons (NMHC), ace-
tone). With the exception of NO and the radiation field, the atmospheric state is held
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constant throughout the model run. NO varies diurnally; however reactive nitrogen,
NO,;=NO+NO,+NO3+2N,05+HONO+HO,NO,, is held constant with partitioning as
determined by the model. The amount of total reactive nitrogen is determined so that
NO matches the observed value at the time of the measurement. Additional constraints
are implemented if data are available. These additional constraints include methanol,
ethanol, H,0,, CH3O0H, HNO3, PAN, acetic acid, and formic acid. Concentrations of
these species are computed by the model when data are unavailable.

The model chemistry includes HO,-NO,-CH, gas phase reactions based on the
recommendations of Atkinson et al. (2004) and Sander et al. (2003). In addition,
the model uses the rate for O(1D) quenching by N, suggested by Ravishankara et
al. (2002), temperature dependent quantum yields for acetone photolysis from Arnold
et al. (2005), and the parameterization for near-IR photolysis of HO,NO, described by
Roehl et al. (2002). Nonmethane hydrocarbon chemistry is based on the condensed
mechanism of Lurmann et al. (1986) with modifications included to address remote
low-NO, conditions. Explicit chemistry is included for C,Hg, C3Hg, C,H,, isoprene, and
benzene. C, and higher alkanes are lumped together, as are C5 and higher alkenes,
and aromatics other than benzene. Photolysis rate coefficients are based on spec-
troradiometer measurements (Shetter and Muller, 1999). The diurnal profiles of the
photolysis rates are computed by a DISORT four-stream implementation of the Tropo-
spheric Ultraviolet Visible (TUV) radiative transfer code (Madronich and Flocke, 1998).
These calculated profiles are then normalized to match the instantaneous observations
at the time of measurement.

Model calculations use the 1-min merged data set available on the INTEX-B public
data archive (http://www-air.larc.nasa.gov). In this study, we limit the analysis to those
points that include direct measurement of NMHCs.
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2.3 Photochemical steady-state

At photochemical steady state, production and loss of HO,NO, are equal and R1-R3
yield (Kim et al., 2007):
ki[HO,]INO,]

HO,NO,] o = —M———=_ 1
[ 2 2]ss J2 +k_1 +k3[OH] ( )

For the conditions experienced during the MILAGRO flights, the lifetime of HO,NO,
with respect to thermal decomposition was less than one hour while the lifetimes with
respect to UV/IR photolysis and reaction with OH were on the order of 1 day and 6
days, respectively. Under these conditions, the steady-state concentration of HO,NO,
simplifies to:

ki[HO,][NO,]

[HO,NO, s =~ -
-1

)

To evaluate whether the simplified assumption for steady state (Eq. 2) is robust for
MILAGRO conditions, NASA LaRC box model predictions of HO, and NO, were used
in the right-hand side of Eq. (2) to calculate HO,NO, using the steady state assumption
(HO,NO,]ss). [HO,NO,]ss was then compared to the full diurnal equilibrium model
predictions of HO,NO, (shown in Fig. 3). The slope of the robust fit line (DuMouchel
and O’Brien, 1989; Street et al., 1988) is 1.02 and the intercept is 0.10 pptv. R2=0.99.

The HO, mixing ratio measurements measured from the C-130 were not sufficiently
precise to provide for a direct comparison between the measurements of HO,NO, and
the steady state calculation of [HO,NO;].s using observed HO, and NO,. However,
the mean observed concentration of HO, was within 15% of the mean concentration of
the NASA LaRC box model estimate for each of the flights used in this analysis.
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3 Comparisons with NASA LaRC photochemical box model

An example time trace for HO,NO, is illustrated in Fig. 4. During this flight (29 March
2006), the C-130 flew in and out of air masses heavily impacted by pollution from
Mexico City. Variations in the measured and modeled HO,NO, mixing ratio closely
follow variations in NO,.

Observed HO,NO, mixing ratios, colored by NO, mixing ratios, are compared to the
NASA LaRC box model calculation of HO,NO, mixing ratios in Fig. 5. The slope of the
robust fit line is 0.81 and the intercept is 6.74 pptv. Although overall agreement is good
(R2=0.82), there is a tendency for the model to underpredict HO,NO, concentrations
at NO, levels greater than 15 ppbv (shown by the red and orange colors in Fig. 5). Un-
derprediction of HO,NO,, at elevated NO, levels is in agreement with previous findings
of Murphy et al. (2004) and Kim et al. (2007).

4 Ozone production

Photochemical ozone production is the result of oxidation of CO and hydrocarbons
in reactions involving NO, and HO,. This process is regulated by the partitioning of
species within these chemical families (Seinfeld and Pandis, 2006). The rate of ozone
production can be calculated using Eq. (3) (Jacob, 1999).

Po, = Kro,+No[RO2]INO] + kiy0,no[HO2][NO] 3)
The rate constants for the reactions of peroxyradicals (including HO,) with NO are

similar, so P can be approximated as:

Po, ~ ko, +No[NOI(IRO,] + [HO,]) )

In polluted atmospheres, HO, is produced primarily from the reaction of RO, with NO

and therefore, the sum of all non-HO, peroxy radicals will be closely and linearly related

to the concentration of HO, (e.g., Jacob, 1999).

Po, = ZKio,+no[HOR]INO] (5)
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where Z is a number generally close to 2 in polluted air. With K,,=k;/k_4, solving
Eq. (2) for [HO,] and substituting into Eq. (5) yields:

_ Zkto,+no[HO2NO,]INO]
0" KegINO,]

In Fig. 6, we plot Poz; from the NASA LaRC box model versus
k10, +No[HO2NO,JINO] /K4 [NO,] to estimate Z. Using the NASA LaRC box model,
we examined the predictions of Eq. (6). We limit this analysis to times when the solar
zenith angle is < 80°. The slope of the polyfit fit line, Z, in Fig. 6 is 1.77. The correlation
is high (R2=0.99) suggesting that the production of ozone under MILAGRO conditions
can be estimated directly from Eq. (6) using measured HO,NO,, NO, and NO, with
Z=1.77. Figure 7 (top panel) shows the rate of ozone production along the flight track
as calculated using observed values of HO,NO,, NO, and NO, in Eq. (6) compared to
the rate of ozone production predicted by the NASA LaRC box model (bottom panel).

(6)

5 Discussion and conclusions

Because of the high correlation of RO, and HO, in urban air, HO,NO, concentrations
provide a proxy for the concentration of peroxy radicals and thus for the ozone pro-
duction rate. In a polluted atmosphere, efficient HO, chain propagation occurs during
oxidation of hydrocarbons in which a hydrogen atom is attached to the alkoxy carbon.
Hydrocarbons are oxidized by OH to form peroxy radicals. The peroxy radicals readily
react with NO to produce alkoxy radicals and NO, and thus ozone. Alkoxy radicals
combine with O, to form carbonyl compounds and HO, radicals, which subsequently
react with NO to form OH and NO,. When all HO, originates from RO,, Z in Eq. (6) is
2. Because other sources of HO, exist, e.g., photolysis or reaction with OH of tertiary
aldehydes and CH,O (Jacob, 1999), the value is somewhat smaller, 1.77.

The rate of ozone production is sensitive to the rate of HO, production and the
amount of NO, present. At a fixed HO, production rate, the rate of ozone produc-
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tion increases with NO, until NO, reaches a level where the rate of nitric acid formation
via R8 reduces HO, levels and photochemistry slows.

OH+NO, +M — HNOgz +M (R8)

This behavior can be seen in the model chemistry (Fig. 8, right panel). Ozone pro-
duction rates for these MILAGRO flights calculated by the NASA LaRC box model are
plotted versus NO levels and colored by the mixing ratio of CH,O. CH,O is used here
as a proxy for the HO, production rate (Seinfeld and Pandis, 2006). At low NO, the
ozone production rate increases with NO at a fixed level of CH,O, i.e., NO,-limited
behavior. At high NO, the ozone production rate becomes independent of or even
decreases with NO at a fixed level of CH,0, i.e., NO,-saturated behavior.

In contrast to NASA LaRC box model calculations, the rate of ozone production
estimated from observed HO,NO,, NO, and NO, does not show a saturation behavior
(Fig. 8, left panel). At high NO, observed HO,NO, levels continue to increase with
NO, in contrast to model predictions. This suggests that the NASA LaRC box model
underestimates the HO, levels and therefore either the HO, production/loss rate is
under/over estimated at elevated NO levels. This is consistent with observed HO,NO,
mixing ratios greater than NASA LaRC model predictions at NO, levels greater than
15 ppbv shown in Fig. 5.

Observed values of HO,NO,, and hence HO,, greater than those predicted by the
NASA LaRC box model are consistent with a number of urban measurements of HO,.
Several recent studies have pointed to possible missing HO, sources in urban air. At
high NO, concentrations, HO, levels calculated using highly constrained box mod-
els were significantly less than measured HO, levels during summertime in Nashville,
Birmingham, and New York City (Martinez et al., 2003; Heard et al., 2004; Emmerson
et al., 2005; Ren et al., 2003) and in New York City and Tokyo in the winter (Ren et al.,
2006; Kanaya et al., 2007). Martinez et al. (2003) reported daytime HO, levels 1.56
times modeled values in Nashville in 1999. The difference between measured and
modeled HO, was positively correlated with high NO, mixing ratios. In Birmingham,
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England in the summer of 1999 and winter of 2000, Heard et al. (2004) observed HO,
levels 1.78 and 2.04 times modeled values, respectively. They found that the observed
HO, concentrations were particularly insensitive to changes in NO, levels. Summer-
time levels of HO, in New York City in 2001 were underestimated, with observed levels
1.24 times modeled values. The difference between measured and calculated HO, de-
pended on the time of day. At midday, the observed and modeled values were found to
agree very well while the model tended to underestimate the observations when NO,
was high, usually during the morning hours (Ren et al., 2003). Similar results where
found in Tokyo during the winter of 2004. Daytime HO, concentrations were underesti-
mated, with observed HO, levels 2.08 times modeled values. These comparisons were
sensitive to the assumed hydrocarbon levels. When the concentrations of alkenes and
reactive alkanes used in the model were increased by factors of 3 and 5, respectively,
the observed-to-modeled HO, ratio decreased to 1.13. Continued underestimation of
HO, concentrations occurred at high NO, mixing ratios (Kanaya et al., 2007). The
higher than expected levels of HO, suggest higher rates of ozone production than can
be accounted for using known chemistry.

Not all studies have found excess HO,. Indeed, several studies have found overpre-
dictions of HO, levels by photochemical box models even at high NO, concentrations.
HO, concentrations were overestimated in the Los Angeles basin, Mexico City, and
summertime Tokyo (George et al., 1999; Shirley et al., 2006; Kanaya et al., 2007).
George et al. (1999) reported daytime HO, levels 0.67 times calculated values down-
wind of Los Angeles in 1993. The agreement for observed and calculated HO, was
quite good in the early morning hours, but calculated HO, concentrations were found to
be significantly higher than observations during midday. In Mexico City in 2003, Shirley
et al. (2006) determined that observations of HO, were 0.79 times calculated values of
HO, during the midday. However, they also calculated an observed-to-modeled ratio
of 1.17 during morning rush hour, coinciding with the morning rush hour peak in NO,
concentrations. Unlike wintertime findings, summertime HO, concentrations in Tokyo
were overestimated. An observed-to-modeled HO, ratio of 0.78 was reported. Trends
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at high NO, levels were not discussed as NO mixing ratios greater than 20 ppbv were
not seen during this sampling period (Kanaya et al., 2007).

HO,, HO,NO,, and hence the rate of ozone production may be underpredicted at
high NO due to errors in calculated NO,-dependent HO, sources and sinks. We have
investigated several possible sources of error. One possibility is an overestimate of
the rate constant of R8, a sink of HO,. The accepted rate constant for R8 has been
subject to numerous revisions in the last decade (DeMore et al., 1997; Sander et al.,
2000, 2003, 2006). Recent laboratory work at Jet Propulsion Laboratory and California
Institute of Technology suggests that the 2000 JPL critical evaluation (Sander et al.,
2000) may be closer than current recommendations (Sander et al., 2006) to the true
rate (Okumura and Sander, 2005). The 2000 JPL critical evaluation recommended rate
constant for R8 is approximately 30% lower for MILAGRO conditions than the most
current evaluation. To test the importance of this on HO,NO, levels, the recommended
rate constant for R8 from the 2000 evaluation was substituted into the model. Figure 9
(top panel) illustrates the sensitivity of the modeled HO,NO, mixing ratio to a change
in the rate constant for R8. At high NO levels, use of the 2000 JPL recommended rate
increases the mixing ratio of calculated HO,NO,, leading to better agreement between
measured and calculated HO,NO,.

HO,NO, mixing ratios and hence rate of ozone production may also be underpre-
dicted at high NO, due to missing calculated HO, sources at high NO,. Li et al. (2008)
recently reported significant HO, production from the reaction of excited-state NO,
(NO;) with H,O:

NO; + H,O0 — OH + HONO (R9)

NO; is formed through the excitation of NO, at wavelengths longer than 420 nm. These
direct and indirect (via HONO photolysis) OH sources lead to increased concentrations
of HO, at elevated NO, levels. Including this process in the box model, using the rate
of R9 determined by Li et al. (2008), improves agreement with observed HO,NO,. As
seen in Fig. 9 (middle panel), the inclusion of R9 increases the mixing ratio of calcu-
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lated HO,NO,, again leading to better agreement between measured and calculated
HO,NO.,. Including both the reduced rate of R8 and the Li et al. (2008) process leads
to increased levels of calculated HO,NO, (Fig. 9, bottom panel). The transition to NO,
saturation appears to occur at higher NO, levels than estimated by the NASA LaRC
box model for Mexico City. This may have implications for engineering of improvements
in air quality in the basin. If generally true, it suggests that further NO, controls will yield
reductions in smog levels. Significant uncertainties remain, however. It is unclear why
the HO, levels are generally underestimated. Although we identify several possible de-
ficiencies in the photochemical mechanism that may contribute to an underprediction
of HO,, these are not sufficient to account for the discrepancy and each is uncertain
and requires additional laboratory work to test these mechanisms (e.g., Wennberg and
Dabdub, 2008). In addition, NO, levels are generally much higher at the surface and
so it is unclear if NO,-limited conditions also apply.
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Fig. 1. Sensitivity curves for m/z 98 (solid) and m/z 164 (dash) as a function of H,O mixing ratio
in the flow tube. The sensitivity curves are used to calculate the final mixing ratios of HO,NO,.

2814



500

4007

3004

164 (pptv)

200

H02N02 m/z

—robust fit line

8 March

22 March
23 March
26 March
28 March
e 29 March
----- 1:1 line

0 100

200

300
HO,NO, miz = 98 (pptv)

400

500

Fig. 2. HO,NO, is measured with two ions: products of fluoride transfer (m/z=98) and cluster-
ing (m/z=164). The data are colored by flight date. The data shown are observations obtained
when the measured NO, differs by less than 10% between m/z 98 and m/z 164 sampling times.

The slope of the robust fit line is 0.90; the intercept is 0.76 pptv; R?=0.94. Independent mea-
surements of HO,NO, from these two ions agree very well, indicating that these masses are
selective to HO,NO,.
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HO,NO, predicted by the NASA LaRC box model. The slope of the robust fit line is 1.02; inter-
cept is 0.10 pptv; R?=0.99, demonstrating that Eq. (2) is a valid simplification under MILAGRO

conditions.
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impacted by pollution. Dots are CIMS measurements of HO,NO,. Triangles are NASA LaRC
box model values of HO,NO,. The solid line is observed NO, mixing ratio. Variations in the
observed and modeled HO,NO, mixing ratios closely follow variations in NO,.
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measured and calculated HO,NO,.
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