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[1] Numerous studies infer the existence of an “unknown” daytime HONO source based
on the assumption that HONO is at photostationary state (PSS). Secondary HONO
production rate as high as 1.1 ppb hr�1 can be estimated from this approach, based on
measurements made during the Study of Houston Atmospheric Radical Precursors
campaign in May of 2009. We argue, however, that the PSS assumption might not have
been valid because the transport time from nearby NOx emission sources to the
measurement site was likely less than the time required for HONO in vehicle exhaust to
reach PSS. Using a chemical box model, we demonstrate that there is initially net HONO
formation as high levels of NO in exhaust react with ambient OH. Net production is
followed by a period of net HONO loss dominated by photolysis that is sustained for
several minutes to hours depending on time of day. The presence of relatively fresh
exhaust in sampled air can partially, if not fully, account for the observed measurement
PSS discrepancy. We also show that a large fraction of the observed nighttime increase in
HONO/NOx ratio is explained by NO2 oxidation. These results do not rule out the
existence of an unexplained secondary HONO source but suggest that great care must be
exercised when applying the PSS method to quantify its strength.
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1. Introduction

[2] Measurements of urban HONO concentrations by a
variety of detection techniques indicate it to be a significant
daytime source of hydroxyl radicals (OH) in the troposphere
[Mao et al., 2010; Ren et al., 2003, 2006]. The three gas-
phase reactions that are typically considered to govern
daytime HONO levels are formation by the reaction between
nitric oxide (NO) and OH (R1) and losses by photolysis (R2)
and oxidation (R3) by OH.

(R1) OH+NO+M→HONO+M k1
(R2) HONO+hv→OH+NO JHONO
(R3) HONO+OH→H2O+NO2 k3

[3] At photostationary state (PSS), the instantaneous net
time rate of concentration change due to chemistry, illus-
trated by equation (1), is zero. Observations of negative instan-
taneous net rates (equation (1)< 0)—which are constrained by
measurements of [OH], [NO], [HONO], and JHONO—have
been interpreted as evidence of an unaccounted HONO
source so as to maintain PSS [Alicke et al., 2002; Sorgel
et al., 2011; Wong et al., 2012]. Numerous formation path-
ways have been proposed to reconcile the observed imbal-
ance between production (R1) and destruction (R2 +R3),
including heterogeneous reaction enhanced by photoexcited
organics [Stemmler et al., 2006, 2007], the reaction of elec-
tronically excited nitrogen dioxide (NO2) with water vapor
[Li et al., 2008], soil emissions [Su et al., 2011], production
on soot surfaces [Monge et al., 2010], and heterogeneous
nitrate ion photolysis [Zhou et al., 2011; Ziemba et al., 2010].

d HONO½ �
dt

¼ k1 OH½ � NO½ � � JHONO HONO½ �
� k3 OH½ � HONO½ � (1)

[4] Moreover, nighttime accumulation of HONO—which
initiates photochemistry in the early morning prior to other
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HOx precursors [Winer and Biermann, 1994]—has been
largely attributed to NO2-driven heterogeneous hydrolysis
with negligible contribution from combustion sources
[Platt et al., 1980; Yu et al., 2009]. This assertion is based
on ambient observations of HONO to NOx ratios—in excess
of those reported in fresh vehicle exhaust—that increase
following sunset.
[5] We present midinfrared absorption spectroscopic

measurements of NO2 and HONO mixing ratios during the
Study of Houston Atmospheric Radical Precursors (SHARP)
campaign during May of 2009 and interpret them in simple
modeling analyses that challenge the assumptions on which
assessment of secondary day and nighttimeHONOproduction
are based.

2. Experiment

2.1. Field Measurements

[6] Measurements were made atop the North Moody
Tower (70 m a.g.l.) on the University of Houston campus,
situated approximately 5 km southeast of downtown (lati-
tude 29.72°; long. �95.34°). Mixing ratios of HONO and
NO2 were simultaneously quantified using a dual tunable
infrared quantum cascade laser absorption spectrometer,
capable of fast time-response measurements without deriv-
atization or extraction into the liquid phase. Figure 1
shows typical 1 h averaged spectra of HONO and NO2

recorded during SHARP. Ambient air was drawn from
the top of a four-story scaffolding tower through a
custom-built quartz inlet, connected by 30 ft (9.2 m) of
3/8 in. (9.5 mm) outer diameter perfluoroalkoxy tubing
to the spectrometer, which was housed in an air-condi-
tioned shed on the roof of the 18-story building. The inlet
removed particles larger than about 4 microns from the
sample stream by inertial separation, obviating the need
for filters. A critical orifice at the inlet reduced the pressure
to about 0.5 bar. Both the inlet and tubing were heated to

35°C and covered by opaque materials. The combination
of reduced pressure and heating minimized the presence of
aqueous films in the sample line.
[7] Though the spectroscopic technique minimizes inter-

ferences, the potential remains for sampling artifacts. These
were assessed by routine in situ tests that challenged the
sample line. Routine additions of humidity-matched zero
air and gaseous HONO and NO2 consistently showed equal
response times for HONO and NO2 through the inlet, tubing,
and sample cell, indicating no reversible loss of HONO
during sampling [Lee et al., 2011, Figure 5]. Introducing
NO2 levels>200 ppb mixed with ambient Houston air under
conditions conducive to heterogeneous chemistry (i.e., un-
heated tubing, sample near ambient pressure) showed no
evidence of HONO production [Lee et al., 2011, Figure 6].
Additions from a stable source of HONO in laboratory stud-
ies exhibited no instantaneous loss due to either the inlet or
the tubing. The sample residence (1/e) times in the inlet,
tubing, and cell were on average 0.3, 0.2, and 1.3 s, respec-
tively, at a total flow rate of approximately 10 standard liters
per minute. The instrumental detection limits (3σ) with 1 h
spectral averaging were 40 ppt and 10 ppt (pmol/mol) for
HONO and NO2, respectively, during SHARP. The overall
uncertainties in the hourly averaged HONO and NO2 mea-
surement are estimated at 12% and 8%, respectively.
[8] Quantification of HONO in the field relied on the

accuracy of midinfrared line strengths obtained in the labo-
ratory by measuring the absorbance of HONO by the spec-
trometer while quantifying HONO by complete catalytic
conversion to NO, followed by calibrated absorption spec-
troscopy [Lee et al., 2012]. Comparison to four unique point
measurement instruments included in the SHARP campaign
corroborates the instrument accuracy. A long path-averaged
differential optical absorption spectroscopy measurement
was typically lower than the point measurement methods,
due likely to heterogeneity along its absorption path that
is not represented by the point measurements. Detailed

Figure 1. One hour averaged absorbance (=log10(σnl), where σ=absorption cross section, n = number
density, and l = pathlength) spectra of (a) HONO and (b) NO2. The color-filled areas are simulated absor-
bances based on known line positions and strengths obtained by nonlinear fits to the observed spectra (green
markers). The water vapor absorbances are not absolute values but represent the water vapor content differ-
ence between ambient and zero air. The relatively weak NO2 absorption lines near those of HONO in the
1659.50 to 1659.70 cm�1 spectral range are fit in real time with number density values obtained by the strong
NO2 absorption lines near 1604.55 cm�1 to ensure minimal interference on HONO. These two spectra
represent the time period between 1:30 and 2:30 A.M. CST on 28 May 2009.
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analyses on the intercomparison are presented by Pinto et al.
(unpublished data, 2013).
[9] Other variables utilized in the present analysis include

measurements of OH by laser-induced fluorescence [Mao
et al., 2010], NO by ozone chemiluminescence [Luke
et al., 2010] and HONO photolysis rates, derived from
measured NO2 photolysis rates using the parameterization
of Kraus and Hofzumahaus [1998]. All three in situ
measurements were obtained by instruments colocated with
the HONO inlet on the scaffolding tower.

2.2. Model Description

[10] A box model was used to determine the time evolution
of HONO, NO, and NO2, mixing ratios in vehicle exhaust,
the dominant source of nitrogen oxides in the region, mixing
into HONO and NOx-free background air. Only reactions R1
to R6 were considered, with rates for 298 K [Atkinson et al.,
2004; Sander et al., 2011].

(R4) NO+O3→NO2 +O2 k4
(R5) NO2 + hn→NO+O k5
(R6) NO2 +OH+M→HNO3+M k6

[11] Dilution at each time step was simulated for the simplest
case of a ground-level emission source with no effective plume
rise using the dispersion equation

dilution factor ¼ σz tð Þσy tð Þ
σz t � 1ð Þσy t � 1ð Þ (2)

σy xð Þ ¼ ax0:894 (3)

σz xð Þ ¼ cxd þ f (4)

summarized in Turner [1994], where x is distance in km and
σy and σz are the horizontal crosswind and vertical dispersion
coefficients. Distance was transformed to time assuming a
constant wind speed of 5.5 m s�1, the median midday wind
speed observed during SHARP. Constants a (213), c (440.8
at x< 1 km; 459.7 at x> 1 km), d (1.941 at x< 1 km;
2.094 at x> 1 km), and f (9.27 at x< 1 km; �9.6 at x> 1
km) for the “very unstable” atmospheric stability case were
used as the base case. The same dilution rate was used to
simulate the entrainment of 0.4 ppt and 40 ppb of background
OH and O3—median daytime levels observed during
SHARP (Figures 2a and 2b)—into the exhaust plume that
is initially free of OH and O3. The initial NO/NO2/HONO
distribution (0.95/0.042/0.008) in exhaust was obtained from
Kurtenbach et al. [2001]. The initial emitted sum of model
NO, NO2, and HONO was 100 ppm. The HONO photolysis
rate was kept constant at a typical noontime value of 1.6 ×
10�3 s�1. Sensitivity test results of the rate of mixing, OH,
JHONO and initial emitted NOx on the extent of deviation from
PSS and the rate at which PSS is approached are discussed in
the following section.
[12] For the nighttime box model simulations, the initial

[NO], [NO2], and HONO/NOx ratio at sunset (19:00) for all
cases was set to their corresponding observed median values
(0.3 ppb, 4.6 ppb, 1.6%). The mixing ratios of NO, NO2,
NO3, and N2O5 were calculated over an 8 h period at 1 s time
steps, taking into account reactions R7 to R11. Levels of O3

were held constant at 30 ppb throughout the simulation, as no
significant nighttime trend was observed during SHARP
(Figure 2b). Dilution was excluded to simulate chemistry
occurring in a stagnant nighttime air mass. Three sets of model
runs were conducted with (1) chemistry only, (2) chemistry
and deposition of HONO and NOx, and (3) chemistry, deposi-
tion, and emission from automobiles.

(R7) NO+O3→NO2+O2 k7
(R8) NO2 +O3→NO3 +O2 k8
(R9) NO+NO3→NO2+NO2 k9
(R10) NO2 +NO3 +M→N2O5 +M k10
(R11) N2O5 +M→NO2 +NO3 +M k11

3. Results

3.1. Daytime

[13] Figure 3a shows d[HONO]/dt (equation (1)) calculated
using observed hourly averages of [NO], [OH], [HONO],
and JHONO. This instantaneous net rate, as it is referred to
henceforth, was typically negative during SHARP. Barring
an overestimation of the HONO loss rate, an unknown
secondary HONO source as high as 1.1 ppb hr�1 would be
required if the system was actually in a photostationary state
(PSS). However, to be in PSS, the time of the observation—

Figure 2. Observed mixing ratios of (a) OH, (b) O3, (c)
HONO, (d) NOx, and (e) ratio of HONO/NOx. Individual
points (grey cross) represent hourly averages, while the
solid line (black dot) shows the overall median for the
entire campaign.
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or reaction time since emission/production—must be several
times longer than the lifetime of the species being
considered [Steinfeld et al., 1989; Turanyi et al., 1993]. The
HONO lifetime, τHONO, defined as the inverse sum of its loss
rates (equation (5)), ranged from about 10 min at midday to
several hours during the early morning and late afternoon
periods (Figure 3b).

τHONO ¼ 1

∑
i
ki

¼ 1

JHONO þ k3 OH½ � (5)

[14] Figure 4a (black) shows the time evolution of the
modeled instantaneous net rate—d[HONO]/dt—of vehicle
exhaust initially containing 100 ppm of the sum of NO,
NO2, and HONO and devoid of OH and O3, diluting into a
very unstable atmosphere with a background of 0.4 ppt and
40 ppb of OH and O3, respectively. There is initially net
HONO production (equation (1)> 0) immediately following
emission as the rate of reaction R1 exceeds the sum of the

rates of R2 and R3. As NO is depleted by dilution and reac-
tion with O3 (R4) and OH (R1), this short time period (on
the order of a few minutes) of net HONO production is
followed by a longer period (on the order of several minutes)
when d[HONO]/dt is negative (equation (1)< 0) due to R2 and
R3. Under these conditions, a minimum d[HONO]/dt value
of �0.30 ppb hr�1 is obtained 2.5 min (= tmin) following
emission and exponentially decreases to 1/e of the minimum
value after another 1.5 min (= τe) en route to establishing
PSS (equation (1) ~ 0). The main implication of this exercise
is that there exists a window of time in which d[HONO]/dt is
negative. Erroneously assuming the presence of PSS during
this time period would lead to overestimates of secondary
HONO sources.
[15] Under the base case conditions considered above, the

level of modeled NOx decreases to below ppb levels within
10 min following emission (Figure 5). The typical midday
NOx mixing ratio observed during SHARP was around 5
ppb (Figure 2d), which according to the modeled time series
(Figure 5) would infer a photochemical lifetime since emis-
sion of about 5 min. At this time, the modeled d[HONO]/dt
is �0.06 ppb hr�1 (Figure 4a), comparable to the observed
median midday d[HONO]/dt value of �0.1 ppb hr�1

(Figure 3a). The estimated photochemical lifetime would be
even shorter, hence, the modeled d[HONO]/dt is more nega-
tive if the reactions involving NOx forming reservoir or sink
species such as organic nitrates were to be included in the
model. The presence of significant levels of NOx in
nonexhaust background air would increase the NOx concen-
tration and—ignoring the effects of entrained NO on HONO
production and lifetime—would imply a longer photochemi-
cal lifetime. However, the typical midday HONO/NOx ratio
observed during SHARP (Figure 2e) was 2–3%, while the
modeled ratio at its peak, which occurs at about the same
time as the minimum d[HONO]/dt, is only about 1%
(Figure 4b). Given that the HONO/NOx ratio in unperturbed
background air is likely lower than what is found in vehicle
exhaust (0.8%) [Kurtenbach et al., 2001] due to lower levels
of hypothesized HONO precursors (e.g., NOx and soot parti-
cles) and the proximity of direct emission sources to the mea-
surement site, we posit negligible contribution of HONO and
NOx from the entrainment of background air. Last, if the
model was initiated with a sum of NO, NO2, and HONO
greater than 100 ppm, the ppb threshold would be reached
later in simulation time, also indicating an older photochem-
ical lifetime. However, the absolute value of d[HONO]/dt
would also increase—linearly in the current model since
OH and O3 levels are prescribed—resulting in a more nega-
tive d[HONO]/dt value.
[16] The base case scenario described above likely repre-

sents a lower limit in the extent and duration of deviation
from PSS. First, the dilution rate in the very unstable atmo-
sphere of Turner [1994] likely represents an upper limit to
mixing in this setting. For instance, the University of
Houston campus is approximately 5 km southeast of the
center of Houston and is within 5 km of major freeways in
all directions. Assuming that emission sources located within
this perimeter are responsible for the observed enhancements
of HONO and NOx mixing ratios and given a constant
SHARP-averaged daytime wind speed of 5.5 m s�1, the
mean transport time for the emitted species is approximately
15 min, which is comparable but slightly longer than the 5

Figure 3. (a) Calculated d[HONO]/dt values (equation (1))
based on observed hourly averages of [OH], [NO], [HONO],
and JHONO, colored by measured HONO/NOx values. If PSS
is assumed, periods when d[HONO]/dt is negative indicate
an unaccounted HONO source. (b) Calculated atmospheric
lifetime of HONO (equation (5)), colored by measured
JHONO values. Both Figures 3a and 3b are plotted as a func-
tion of time of day. Individual points (grey cross) represent
all of the hourly averages calculated during periods of NO,
OH, HONO, and JHONO data overlap. The solid line (black
dot) shows the overall median for the entire SHARP cam-
paign. The error bars in Figure 3a are the mean uncertainty
of the hourly d[HONO]/dt values, considering the errors asso-
ciated with NO (7%), OH (15%), and HONO (12%) [Luke
et al., 2010; Kovacs et al., 2003].
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min photochemical lifetime derived from the very unstable
atmosphere approximation above. A slower dilution rate
would be consistent with a longer photochemical lifetime.
Figure 6 (red) shows the minimum d[HONO]/dt value and
the sum of the time at which the minimum d[HONO]/dt is
obtained (tmin) and the subsequent time (τe) needed to reach
1/e of this minimum, as a function of mixing rate relative to
the base case. As dilution is slowed, the minimum d
[HONO]/dt value becomes increasingly negative, since more
NO is present—particularly during the initial stages follow-
ing emission—to react with OH to form HONO. PSS is also
approached more slowly with slower mixing, since it takes
longer for OH and O3, the primary oxidants of NO, to reach
their respective steady state background values.
[17] Second, the modeled levels of OH and O3 are unaf-

fected by the initial sum of emitted NOx, since we essentially
simulate a single parcel of exhaust diluting into an infinite
background reservoir of OH and O3. In actuality, O3 levels
are likely suppressed within congested emission source
regions by high levels of NO. Additionally, the model
assumes complete mixing at every time step, though the rate
of the chemical reaction between NO and O3 is likely much
faster than the rate of mixing. This in effect segregates NO
and O3 resulting in a slower reaction [Damköhler, 1940],
allowing more of the NO to react with OH to form HONO.
Figure 4a shows the time evolution of d[HONO]/dt as O3 is

allowed to reach its steady state value at three different rates.
The slower the approach of O3 to its background level, the
longer it takes d[HONO]/dt to establish PSS. The absolute
value of d[HONO]/dt is less negative than the base case since
less O3 allows more NO to be present without immediately
affecting the other species.
[18] Last, OH levels immediately following emission are

likely to be higher due to photolysis of concentrated levels
of HONO from emission and formation by R1, as well as
due to directly emitted OH [Smith and Starkman, 1969].
Figure 4c illustrates that with greater enhancement of OH
following emission and the longer that it is sustained, d
[HONO]/dt will be more negative and take longer to reach
PSS due to greater production of HONO by the homogeneous
reaction between NO and OH (R1).
[19] Figures 2e and 3a show the diurnal trends of HONO/

NOx ratio and d[HONO]/dt, respectively, both with enhanced
values during daytime over the early morning/late afternoon
periods. Previous studies have attributed such observations to
the existence of a sunlight-driven secondary HONO source
with NO2 as the precursor [Wong et al., 2012]. Our simula-
tions, however, show that the oxidation of NO by OH to form
HONO in the early stages following emission results in an
increase in the HONO/NOx ratio to levels above what has
been reported in automobile exhaust. With increased OH
and/or the suppression of O3 levels during this initial mixing

Figure 4. (a and c) Time series of box model d[HONO]/dt and (b and d) HONO/NOx ratio. The black
traces in Figures 4a and 4b represent the results from the base case. The lower inset in Figure 4 shows
the O3 values used to obtain the corresponding results shown in Figures 4a and 4b. The upper inset in
Figure 4c shows the OH values used to obtain the corresponding results shown in Figures 4c and 4d. For
all conditions, d[HONO]/dt is negative for a period of time, during which sampling vehicle exhaust can
lead to overestimates of secondary HONO sources if a photostationary state is inappropriately assumed.
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period, the HONO/NOx ratio can increase to values observed
during SHARP (Figures 4b and 4d) even without the inclu-
sion of NOx loss pathways such as the formation of organic
nitrates. Conversely, lower OH and JHONO levels result in
the decrease of both d[HONO]/dt and HONO/NOx ratio
and the lengthening of the time required to establish PSS,
as the three terms on the right-hand side of equation (1)
approach zero, illustrated in Figure 6 (black). Hence, the
observed diurnal trends of HONO/NOx and d[HONO]/dt
can be explained without invoking an unknown secondary
source of HONO. Last, under low JHONO and high NO condi-
tions, a positive d[HONO]/dt can be sustained as R1 always
exceeds the sum of R2 and R3 (not pictured). This can ex-
plain the few instances of positive d[HONO]/dt events
during the early morning rush hour periods (Figure 3a).
[20] Both the extent and duration of deviation from PSS are

sensitive to the age of the sampled air mass and the photo-
chemical conditions within the plume. Accurately capturing
the history of chemistry and mixing, the complex distribution
of photochemical ages and the variability in source strengths
and their chemical signatures is outside the scope of a simple
chemical box model. This makes it difficult to directly
compare model-derived values of d[HONO]/dt (Figures 4a
and 4c) to those calculated with observed concentrations
(Figure 3a). These simulations nonetheless illustrate that (1)
PSS is not achieved instantaneously following emission and
that (2) under reasonable conditions of the mixing rate and
the levels of OH and O3 in fresh exhaust, the PSS assumption
may not be valid when sampling within an urban setting.

3.2. Nighttime

[21] The HONO/NOx ratio on average increased between
sunset and about 3 A.M. during SHARP (Figure 7a). Previous

studies have attributed similar observations to heterogeneous
HONO production by NO2 on the ground [Wong et al., 2011]
or aerosol [Yu et al., 2009] surfaces. Direct emissions were
discounted when estimating production rates because observed
HONO/NOx ratios exceeded those reported in vehicle exhaust.
The average nighttime conversion rate of NO2 to HONO has
been previously estimated by calculating the increase in
HONO concentration over some time period following sunset
normalized by a nighttime average NO2 value (ppb HONO pro-
duced per ppb NO2 present per hour) [Alicke et al., 2002, equa-
tion (17)]. However, neither the chemical processing of directly
emitted NOx nor its deposition, the presumed source of HONO
production, was taken into account. We consider nocturnal
chemistry of NOx associated with NO3 and N2O5 formation
(R7-R11) in a box model to estimate HONO production per
NO2 deposited in a well-mixed stagnant nighttime air mass.
[22] Figure 7a shows results from three simulations of

HONO/NOx ratios following nightfall. The base case (red)
considers only O3-initiated NOx oxidation (R7-R11) and
exhibits an increasing trend in HONO/NOx that is comparable

Figure 6. Sensitivity of the sum of τe and tmin, d[HONO]/dt
at tmin, and maximum HONO/NOx ratio. The black traces
show the simultaneous sensitivity to OH (top axis) and
JHONO (bottom black axis), which are covarying. The red
trace is plotted against rate of mixing relative to the very un-
stable base case (red axis).

Figure 5. Box model time series of NO, NO2, and HONO
mixing ratios under the base case (100 ppm of sum of NO,
NO2, and HONO emitted; zero OH and O3 in the initial
exhaust; background OH and O3 of 0.4 ppt and 40 ppb,
respectively; only reactions R1-R6 considered; dilution rate
simulated under the very unstable atmosphere summarized
in Turner [1994]). Distance from emission source (top axis)
was calculated from time since emission, assuming a constant
wind speed of 5.5 m s�1.
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to observed patterns. Including deposition of HONO andNO2,
both with a deposition velocity of 0.1 cm s�1 [Stutz et al.,
2002] integrated over a 100 m boundary layer height, does
not significantly alter the HONO/NOx trend (blue). In both
cases, however, the resulting NOx level decays to about half
the initial value mainly due to conversion of NOx to NO3

and N2O5. Observed NOx levels, however, do not show con-
sistent nighttime decreases (Figure 7c). Maintaining a constant
simulated NOx level by replacing the NOx lost to chemical
reaction and deposition with fresh emissions that have a
HONO/NOx ratio of 0.008 [Kurtenbach et al., 2001] results
in a lower simulated HONO/NOx trend (green). We interpret
the difference between the median of the SHARP observations
(black) and this modeled scenario that includes chemistry,
deposition, and emissions (green) as secondary nighttime
HONO production. The change in NOx mixing ratio due to
chemistry, deposition, and emission over the 8 h period from
19:00 to 03:00 is �2.4 ppb, �0.6 ppb, and +3.0 ppb, respec-
tively, while the change in HONO concentration due to deposi-
tion, emission, and secondary production is �20 ppt, +40 ppt,
and +90 ppt, respectively.
[23] Figure 7b shows the rate of increase in HONO/NOx

not attributable to NO2 oxidation, deposition, or emission

that is the amount of HONO produced by a secondary source
per NOx deposited per hour. This NOx to HONO conversion
rate is on average about 7 × 10�2 ppb HONO per ppb NO2

per hour, or 1 HONO produced per 15 NO2 deposited per
hour, which is about twice the rate of 1 to 33 reported by
Stutz et al. [2002]. Given the simplification of the chemistry
and assumption of a stagnant air mass, this difference may
not be significant. Assuming the lifetimes of NO3 and N2O5

due to reactions and deposition are 2 and 15 min [McLaren
et al., 2010], respectively, the estimated rate decreases to 6
× 10�2 ppb HONO produced per NO2 deposited per hour,
since more NOx is present as the rate of R10 slows, thereby
narrowing the difference between the modeled (Figure 7a,
green) and observed (Figure 7a, black) HONO/NOx ratios.
Similarly, a decrease in the nighttime O3 level would slow
the rate of NOx oxidation, requiring less automobile emis-
sion, which has a lower HONO/NOx ratio than the nighttime
atmosphere, to maintain a constant level of NOx (Figure 7c).
This results in a simulated HONO/NOx ratio that is closer to
the observed, implying a slower HONO production rate with
decreasing ambient O3. Last, the production rate would be
higher if there are unaccounted nighttime HONO loss path-
ways besides deposition.

4. Conclusion

[24] Using a simple chemical box model based on conserva-
tive approximations of chemistry and mixing of automobile
exhaust, we have shown that negative instantaneous net rates
of HONO concentration change, d[HONO]/dt, are sustained
without invoking a secondary HONO source for periods likely
longer than the typical photochemical plume age encountered
during SHARP. The diurnal trends of HONO/NOx ratio and d
[HONO]/dt can also be explained solely with known chemis-
try. While these results do not rule out heterogeneous HONO
formation, assuming HONO to be completely at PSS will
likely overestimate the source strength. If the observed nega-
tive instantaneous net rates are entirely the result of sampling
exhaust prior to its establishing PSS, then HONO in urban
atmospheres is simply a reservoir (a sink near emissions and
source downwind) for previously existing HOx. This analysis
points to the importance of explicitly considering the effects
of mixing and transport in the near field, particularly when
sampling in close proximity to emission sources. During
nighttime, we show that NOx oxidation as well as emissions
of HONO and NOx can significantly affect the HONO/NOx

ratio. Thus, NOx cannot be considered as a conserved tracer
for using the HONO/NOx ratio as an indicator of HONO pro-
duction. We estimate that 1 HONO molecule is produced per
15 NO2 molecules deposited per hour.
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