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Abstract

Nitrous Acid (HONO) plays an important role in tropospheric chemistry as a precursor
of the hydroxyl radical (OH), the most important oxidizing agent in the atmosphere.
Nevertheless, the formation mechanisms of HONO are still not completely understood.
Recent field observations found unexpectedly high daytime HONO concentrations in5

both urban and rural areas, which point to unrecognized, most likely photolytically en-
hanced HONO sources. Several gas-phase, aerosol, and ground surface chemistry
mechanisms have been proposed to explain elevated daytime HONO, but atmospheric
evidence to favor one over the others is still weak. New information on whether the
HONO formation occurs in the gas-phase, on aerosol, or at the ground may be de-10

rived from observations of the vertical distribution of HONO and its precursor nitrogen
dioxide, NO2, as well as its dependence on solar radiation or actinic flux.

Here we present field observations of HONO, NO2 and other trace gases in three
altitude intervals (30–70 m, 70–130 m and 130–300 m) using UCLA’s long path DOAS
instrument, as well as in situ measurements of OH, NO, photolysis frequencies and so-15

lar irradiance, made in Houston, TX, during the Study of Houston Atmospheric Radical
Precursor (SHARP) experiment from 20 April to 30 May 2009. The observed HONO
mixing ratios were often ten times larger than the expected photostationary state with
OH and NO. Larger HONO mixing ratios observed near the ground than aloft, imply,
but do not clearly prove, that the daytime source of HONO was located at or near20

the ground. Using a pseudo steady-state (PSS) approach, we calculated the missing
daytime HONO formation rates, Punknown, on four sunny days. The NO2-normalized
Punknown, Pnorm, showed a clear symmetrical diurnal variation with a maximum around
noontime, which was well correlated with actinic flux (NO2 photolysis) and solar irra-
diance. This behavior, which was found on all clear days in Houston, is a strong indi-25

cation of a photolytic HONO source. [HONO]/[NO2] ratios also showed a clear diurnal
profile with maxima of 2–3 % around noon. PSS calculations show that this behavior
cannot be explained by the proposed NO2→NO∗

2 photolysis or any other gas-phase
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or aerosol photolytic process occurring at similar or longer wavelengths than that of
HONO photolysis. HONO formation by aerosol nitrate photolysis in the UV also seems
to be unlikely.

Pnorm correlated better with solar irradiance (average R2 =0.85/0.87 for visible/UV)
than with actinic flux (R2 =0.76) on the four sunny days, clearly pointing to a HONO5

formation at the ground rather than the aerosol or the gas-phase. In addition, the
observed [HONO]/[NO2] diurnal variation can be explained if the formation of HONO
depends on solar irradiance but not if it depends on the actinic flux. The vertical mixing
ratio profiles together with the stronger correlation of solar irradiance vs. actinic flux
support the idea that photolytically enhanced NO2 to HONO conversion on the ground10

was the dominant source of HONO in Houston.

1 Introduction

The rapid photolysis of nocturnal nitrous acid (HONO) (Reaction R1) at sunrise is
known to efficiently produce hydroxyl radical (OH) during a time when other HOx sources,
such as the photolysis of ozone and formaldehyde, are still weak.15

HONO+hν λ<400 nm−→ OH+NO (R1)

The OH contributed by HONO photolysis in the morning can initiate and acceler-
ate daytime photochemistry. After sunrise, HONO concentrations typically decrease
rapidly due to the combined effects of photolysis and enhanced vertical mixing. Until re-
cently, HONO was expected to reach a pseudo steady-state between its gas-phase for-20

mation from (nitrogen monoxide) NO and OH (Reaction R2), photolysis (Reaction R1)
and gas-phase reaction with OH (Reaction R3) during the rest of the day. Its pseudo
steady-state mixing ratio ([HONO]ss) can be calculated based on Eq. (1), where k2 and
k3 are the reaction constants of Reactions R2 and R3, JHONO is the photolysis constant
of HONO, [NO] and [OH] are the concentrations of NO and OH. The theoretical steady-25
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state HONO mixing ratios calculated to be in the low ppt range (less than 10 ppt) during
the day (Kleffmann, 2007).

NO+OH −→HONO (R2)

HONO+OH −→NO2+H2O (R3)

[HONO]ss =
k2 [NO][OH]

JHONO + k3 [OH]
(1)5

However, recent field experiments in both urban and rural sites showed that day-
time HONO concentrations can reach up to a few hundred ppt (for the remainder of
the manuscript we will use ppt as the equivalent of pmol mol−1), substantially higher
than the expected [HONO]ss (Kleffmann et al., 2005; Acker et al., 2006a; Zhou et al.,
2007). These elevated HONO levels during the day have a significant impact on the10

OH budget. In urban and remote areas up to 55 % of the total OH budget during the
day can be attributed to HONO photolysis in the morning and throughout the day (Mao
et al., 2010; Elshorbany et al., 2009; Acker et al., 2006b; Kleffmann et al., 2005; Aumont
et al., 2003; Alicke et al., 2002).

Despite its importance, the source of HONO has not yet been completely under-15

stood. It is generally believed that heterogeneous nitrogen dioxide (NO2) conversion
on humid surfaces is the most important formation pathway of HONO in the noctur-
nal boundary layer (NBL) (Finlayson-Pitts et al., 2003; Stutz et al., 2004; Wong et al.,
2011). This formation pathway together with the inefficient vertical mixing at night, al-
lows HONO to accumulate in the NBL. Up to several ppb of HONO have been observed20

in urban NBL (Stutz et al., 2010; Lammel and Cape, 1996; Platt et al., 1980).
As the known nocturnal HONO formation pathways appear to be too slow to explain

elevated daytime HONO observations, additional, thus far poorly understood, sources
of HONO in the sunlit atmosphere have been implied. Different photolytic formation
pathways of HONO have been proposed based on recent laboratory and field exper-25

iments (Li et al., 2008; Stemmler et al., 2006; George et al., 2005; Zhou et al., 2007;
24368
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Kleffmann, 2007; Ziemba et al., 2010). Generally one can distinguish gas-phase mech-
anisms and heterogeneous mechanisms on aerosol or at the ground.

Bejan et al. (2006) proposed that the gas-phase photolysis of ortho-nitrophenols
could contribute to the formation of daytime HONO in more polluted urban atmo-
spheres. Laboratory experiments showed that the HONO formation rate was linearly5

dependent on nitrophenol concentrations in the presence of light. A linear dependence
of HONO yield on light intensity and photolysis of NO2 in the spectral region between
300–500 nm was observed, suggesting that this pathway can occur in the atmosphere.
The gas phase reaction of photoexcited NO2 (NO∗

2) with water vapor as a daytime
source of HONO has received considerable attention in recent years, following the lab-10

oratory measurements by Li et al. (2008). While there is considerable disagreement on
the rate and branching ratio of the NO∗

2 + H2O reaction (Crowley and Carl, 1997; Carr
et al., 2009), a modeling study by Ensberg et al. (2010) has shown that, at the higher
reported rate, this reaction could potentially be important. The formation rate of HONO
from both mechanisms should be proportional to the actinic flux in the atmosphere. In15

the case of the excited NO2 pathway the HONO formation rate should also be linearly
dependent on NO2 mixing ratios. In the case of ortho-nitrophenols there is most likely
a correlation with NO2 because its primary source forms from traffic emission although
the functional dependence is less well defined.

Heterogeneous NO2 to HONO conversion was proposed to be enhanced by solar20

irradiance on some types of surfaces. George et al. (2005) found that NO2 conversion
to HONO on films of aromatic compounds, such as phenols and aromatic ketones,
was greatly enhanced (by 1–2 orders of magnitude) when irradiated with light of 300–
420 nm compared to the dark reaction. Stemmler et al. (2006) expanded this mecha-
nism to explain NO2 to HONO conversion on humic acids and soil surfaces. In detail,25

they proposed a mechanism where the photolysis of surface adsorbed humic acid in
the broad spectral range of 300–700 nm leads to the activation of reductive centers
(Ared) in the organic film at the surface and an oxidant. The reaction of Ared with NO2
then leads to the formation of gas-phase HONO.
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Based on their laboratory observation, photoenhanced formation of HONO (PHONO)
is first order in NO2 at low NO2 mixing ratios, such as those found in a semi-polluted
atmosphere. The formation rate was also found to depend linearly on irradiance (Eq. 2).

PHONO ∝ surface area × [NO2]× Irradiance (2)

Another proposed daytime HONO formation mechanism is the photolysis of surface5

adsorbed nitric acid (HNO3). This formation pathway has been suggested to be impor-
tant, based on field measurements in remote areas (Zhou et al., 2007; He et al., 2006;
Beine et al., 2002; Dibb et al., 2002) and laboratory studies on glass sample manifold
surfaces (Zhou et al., 2003, 2002). Recently, Zhou et al. (2011) also reported HONO
emission flux measurements above a forest canopy in a rural area, which they attribute10

to photolysis of HNO3 adsorbed on leafs. HONO formation through surface HNO3
photolysis is proportional to UV solar irradiance and the amount of surface adsorbed
HNO3. Zhou et al. (2001) report no clear correlation with NOx or NO2, but rather with
NOy.

Both heterogeneous mechanisms described above can potentially also occur on15

aerosol particles. Stemmler et al. (2007) found that the humic acid pathway on aerosol
is most likely not important, as the observed uptake coefficients in the laboratory were
too small. However, other unrecognized HONO formation through the aerosol phase
cannot be excluded. One would expect that most processes would be linearly de-
pendent on NO2 mixing ratios. This includes the HNO3 photolysis pathway, if aerosol20

nitrate is well correlated with gas-phase NO2. Ziemba et al. (2010) recently proposed
that heterogeneous reaction of HNO3 on fresh organic aerosol can be a potentially
significant source of HONO. In contrast to the surface HONO formation, the HONO for-
mation rate on aerosol would be proportional to the actinic flux, i.e. total solar irradiance
over the aerosol surfaces, rather than solar irradiance.25

Another HONO source active during the daytime in urban and semi-urban areas is
the direct emission from combustion processes (Kurtenbach et al., 2001; Pitts et al.,
1984; Kessler and Platt, 1984). This source would be independent of actinic flux or
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solar irradiance, unless temporal traffic patterns correlate with the temporal behavior of
solar irradiance. On the other hand NO/NO2 and HONO are co-emitted and a HONO-
NO2 correlation can be expected.

Most field studies of daytime HONO have been based on point measurements at
one altitude (Acker et al., 2006a,b; Kleffmann et al., 2005; Zhou et al., 2001, 2002,5

2007, 2011; Ren et al., 2010, 2011; Ziemba et al., 2010). In general, these studies
found that HONO mixing ratios in urban areas peaked in the morning and decreased
throughout the day, or had a minimum at noon (Acker et al., 2006a; Alicke et al., 2002,
2003; Villena et al., 2011; Elshorbany et al., 2009). In remote and semi-rural area,
HONO mixing ratios were found to either peak at noontime (Acker et al., 2006b; Zhou10

et al., 2001, 2011) or peak in the morning similar to observations in urban areas (Zhou
et al., 2007; Kleffmann et al., 2003).

HONO to NO2 ratios were observed to have some diurnal variation, which tended to
peak at midday in urban areas and correlate with photolysis of NO2 (Acker et al., 2006a;
Villena et al., 2011; Elshorbany et al., 2009). The diurnal pattern of [HONO]/[NO2]15

ratios was explained to be due to a photolytic HONO source, which was expected
to be correlated with the actinic flux or photolysis of NO2. Larger [HONO]/[NO2] ratios
were sometimes observed at higher altitudes suggesting a possible HONO source aloft
(Villena et al., 2011).

Thus far, only few observational studies have been performed to measure daytime20

HONO vertical profiles. Kleffmann et al. (2003) measured daytime HONO concentra-
tions at 10, 30, 100 and 190 m using the Long Path Absorption Photometer (LOPAP) in
a semi-rural area in Germany. No strong vertical gradients of HONO were observed.
[HONO]/[NO2] ratio only slightly decreased with altitude, suggesting there could be
potential photolytic HONO source in the gas-phase or on the aerosol. Zhang et al.25

(2009) performed aircraft measurement of HONO vertical profiles in the lowest 2500 m
over rural area in northern Michigan. Negative HONO vertical gradients were observed
during the day, indicating the ground was a major source of HONO in the lower bound-
ary layer. Significant daytime HONO concentrations measured in the upper boundary
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layer and in the lower free troposphere suggested that there was an additional source
of HONO aloft. No NO2 measurements were presented in that study. Villena et al.
(2011) took daytime HONO measurements at 6 m and 53 m off a building in an urban
area in Chile using LOPAP. Higher concentrations of HONO were also measured near
the ground than aloft. The [HONO]/[NOx] ratio had diurnal variation correlated to the5

photolysis of NO2. Larger [HONO]/[NOx] ratios were sometimes observed, indicating a
possible source of HONO aloft. Daytime HONO measurements were also performed at
0.2 m and 5 m over snow in Arctic by Zhou et al. (2001). Larger HONO concentrations
were observed near the snow and had a solar dependence.

The vertical distribution of HONO in the daytime boundary layer carries important10

information on the source and formation of HONO. A strong continuous ground source
of HONO would lead to higher concentrations near the ground than aloft. On the other
hand, daytime HONO formation on aerosol surfaces should lead to relatively uniform
HONO vertical distribution, assuming the most likely case, that the aerosol profile is
uniform in the daytime boundary layer. Similarly, gas-phase HONO sources in a well-15

mixed boundary layer should also be, in principle, fairly uniform in altitude. Motivated
by these arguments, we report here continuous measurements of daytime HONO and
NO2 mixing ratios in three altitude intervals in Houston, TX in spring 2009. We will use
HONO and NO2 profiles together with the correlation of pseudo steady-state HONO
formation rates and [HONO]/[NO2] ratios with solar irradiance/actinic flux to elucidate20

the source of daytime HONO.

2 Experimental

Measurements of daytime HONO and NO2 vertical concentration profiles were made
from 20 April to 30 May during the 2009 Study of Houston Atmospheric Radical Precur-
sors (SHARP), in Houston, TX, using UCLA’s long-path differential optical absorption25

spectroscopy instrument (LP-DOAS). A number of other measurements, in particu-
lar of OH, NO, solar irradiance and actinic flux were also performed. Several other
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techniques also measured HONO during SHARP. A manuscript comparing these mea-
surements is forthcoming.

2.1 LP-DOAS

The LP-DOAS instrument was set up on the roof of the North Moody Tower on the cam-
pus of the University of Houston, at an altitude of about 70 m above the ground. The5

instrument consists of a 1.5 m focal length double Newtonian telescope, which is used
to send a collimated beam of light from a Xe-arc lamp onto an array of quartz corner-
cube retroreflectors. The reflected light is received by the same telescope and fed
through a quartz fiber mode-mixer into a 500 mm Czerny–Turner Spectrometer (Acton
Spectra Pro 500) with a photodiode array detector (Hoffmann Messtechnik) (Stutz and10

Platt, 1997). Retroreflector arrays were mounted on the top of three buildings located
in downtown Houston at distances of 4.1 km, 5.05 km and 5.15 km from the Moody
Tower at altitudes of 20 m, 130 m and 300 m a.g.l., respectively (Fig. 1). The LP-DOAS
telescope was aimed consecutively at these retroreflectors to measure the absorptions
of HONO and NO2 between the University of Houston and downtown Houston. This15

setup was very similar to that described in Wong et al. (2011), with the exception of
somewhat different locations of the middle and lower retroreflectors.

The LP-DOAS measured atmospheric absorption spectra between 300–380 nm with
a spectral resolution of 0.5 nm using the multichannel scanning technique (see de-
tails in Alicke et al. (2002)). The spectral trace gas retrievals of path-averaged HONO20

and NO2 concentrations were performed using the methods outlined in Stutz and Platt
(1996) using literature absorption cross sections (Stutz et al., 2000; Vandaele et al.,
2002). Errors of HONO and NO2 mixing ratios were derived in the fitting procedure
and will be reported here as 1σ statistical uncertainties. The systematic errors of the
reported trace gas mixing ratios are dominated by the uncertainties of the absorption25

cross-sections of HONO (5 %) and NO2 (3 %) (Stutz et al., 2000; Vandaele et al., 2002).
The systematic error of the DOAS spectrometer is <3 % Platt and Stutz (2008). An ex-
ample of a spectral retrieval of NO2 and daytime HONO path-integrated mixing and the
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statistical errors of the measurements is shown in Fig. 2. HONO absorptions during
the day were clearly identified.

In order to retrieve the vertical gradients, we assumed horizontal and vertical homo-
geneity in the height intervals shown in Fig. 1. Therefore, the concentrations of the
retrieved path-averaged mixing ratio of the lower and middle light paths are represen-5

tative for the lower and middle intervals. The concentration of the upper interval was
calculated by subtracting the scaled concentration retrieved from the middle light path
from the upper light path (see Fig. 1). Consequently, the reported mixing ratios are
horizontally averaged between the Moody Tower and downtown Houston and vertically
averaged over the LP-DOAS height intervals: lower: 20–70 m, middle: 70-130 m and10

upper: 130–300 m. The statistical errors from the measurement were propagated in
this calculation. The best detection limits, calculated as twice the statistical error of the
height averaged mixing ratios, for lower/middle/upper height intervals was 15/20/30 ppt
for HONO and 20/20/30 ppt for NO2. As DOAS mixing ratio errors are determined
for every data point and thus varies with atmospheric visibility and instrument perfor-15

mance we also determined the campaign average detection limit to 32/40/52 ppt for
HONO and 40/50/130 ppt for NO2. Detection limits for daytime measurements in 2009
were considerably better than in 2006 (Wong et al., 2011) due to better atmospheric
visibility in 2009 and improvements to the LP-DOAS instrument.

2.2 Radiation measurement20

In situ radiation measurements were performed on the roof of the Moody Tower by the
University of Houston. Incident total and diffuse solar irradiance data were taken using
the BF3 Sunshine Sensor (Delta-T Devices, Cambridge, UK), which uses an array of
photodiodes and a computer-generated shading pattern. The BF3 photodiodes are
sensitive to solar radiation between 400–700 nm. The BF3 instrument was calibrated25

just prior to the SHARP campaign by the manufacturer which assigns ±12 % overall
accuracy for the total irradiance and ±15 % accuracy for the diffuse irradiance under
normal climatic conditions.
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Photolysis frequencies of HONO and NO2 were measured using scanning actinic
flux spectroradiometer (SAFS). The main components of the SAFS instrument are
an optical collector, a UV fiber optic bundle, a computer-controlled scanning double
monochromator, a low-dark current photomultiplier tube, a four channel signal ampli-
fier, and a data acquisition system. The full width at half maximum of the CVI CM1125

double monochromator used in this instrument is 1.0 nm using 2400-g mm−1 gratings
and 600-micron entrance and exit slits. The acquisition time to obtain a 280 nm to
450 nm spectrum with 1 nm steps during SHARP was 30 s. The SAFS monochromator
wavelength assignment and instrument function were checked every few days by ref-
erencing to a low-pressure mercury lamp spectrum. The absolute spectral sensitivity10

of each instrument is calibrated in an optical calibration facility using 1000-watt NIST
traceable quartz-tungsten-halogen lamps with uncertainties of 3–4 %. In order to trace
any drift in instrument sensitivity, spectral calibrations were also performed every three
days in the field, using secondary 250-watt QTH calibration lamps mounted in a field
calibration unit. More details regarding the SAFS instrument operation can be found15

in Lefer et al. (2003) and a thorough uncertainty analysis of the SAFS instrument is
discussed by Shetter et al. (2002). Photolysis frequencies were calculated from actinic
flux using temperature and pressure dependent molecular absorption cross-sections
and photolysis quantum yields provided by Sander et al. (2006).

2.3 OH measurement20

OH mixing ratios were measured using the Ground-based Tropospheric Hydrogen Ox-
ides Sensor (GTHOS) (Faloona et al., 2004; Mao et al., 2010). The air sample is
pulled through an orifice (1.0mm dia) into a low-pressure (4–5 hPa) chamber. As the
air passes through a pulsed laser beam, OH is excited by the laser and then detected at
wavelengths near 308 nm. Collisional quenching of the excited state is slow enough at25

the chamber pressure that the weak OH fluorescence extends beyond the prompt scat-
tering (Rayleigh and wall scattering) and is detected with a time-gated microchannel
plate (MCP) detector. GTHOS was calibrated before, during, and after the study using
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the technique described in Faloona et al. (2004). The absolute calibration uncertainty
was estimated at ±32 % (at the 95 % – 2 sigma-confidence level). The OH detec-
tion limit can be defined from twice the standard deviation of the background signal
and was 0.2 part per trillion by volume, or pptv, for a 30-min integration period. Dur-
ing the SHARP campaign, the GTHOS detection system was mounted approximately5

7 m above the roof surface for Moody Towers ground on the third level of a scaffolding
tower. Ambient air was pulled through the system by a vacuum pump that was located
directly beneath the measurement tower. The electronics and calibration equipment
were housed in an air-conditioned hut that was directly adjacent to the tower.

2.4 NO measurement10

A research-grade, three-channel ozone chemiluminescence detector (Luke et al., 2007)
was used to provide simultaneous in situ measurements of NO, NOx (NOx = NO +
NO2), and NOy (NOy = NOx + HONO + HNO3 + PANs + HO2NO2 + 2·N2O5 + RONOx
+ p-NO3 + NOCl + . . . ). The detector has been described in Luke et al. (2007) and
the methods used to convert NO2 and NOy to NO in Luke et al. (2010). The response15

time for NO measurements is approximately 1 s, and the detection limit for a 1 min
signal integration, based on a 2σ noise envelope about the mean, is 10 ppt. Overall
uncertainty in the measured NO data is approximately ± (0.010 ppb + 10 % of reported
concentration).

2.5 Meteorological measurement20

In situ meteorological data, such as temperature, wind speed, wind direction and rela-
tive humidity were taken by University of Houston (Lefer et al., 2010). Temperature and
relative humidity data were taken with the Vaisala HMP45C. Wind speed and wind di-
rection measurements were performed using the R.M. Young Wind Monitor (CS Model
05103). The Vaisala planetary boundary layer height algorithm 3.5 uses the minimum25

gradient method to estimate the boundary layer height from aerosol backscatter re-
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trievals measured using the Vaisala Ceilometer CL31.

3 Observations

Daytime HONO mixing ratios were observed by the LP-DOAS on 37 days of the 41 day
long SHARP experiment. In this study, we concentrate on 4 sunny days, which allow
a more detailed analysis of the photochemistry of HONO. As the diurnal behavior of5

HONO is similar on these days we will discuss two days (21 April and 18 May), in more
detail in this section. Cloudy days also showed elevated daytime HONO mixing ratios,
but the interpretation approach described below is not applicable.

3.1 21 April 2009

21 April 2009 (Fig. 3) was characterized by westerly flow with wind speed between 410

to 10 m s−1 (Fig. 3c). Temperature increased from 290 K at the sunrise to 302 K in the
late afternoon and relative humidity decreased from 60 % at sunrise to less than 30 %
in the afternoon (Fig. 3b). Actinic flux, shown here as JHONO, showed that 21 April was
a sunny day without clouds (Fig. 3a). Boundary layer heights, as determined by the
ceilometer, grew from ∼100 m at sunrise to ∼1500 m in the afternoon (Fig. 3a).15

NO2 mixing ratios show a distinct diurnal behavior (Fig. 3e). Mixing ratios in the
lower and middle height interval were elevated in the early morning due to rush hour
emissions and a shallow boundary layer. During the same time period NO2 mixing
ratios aloft were only ∼1 ppb. As a consequence of vertical mixing, the NO2 mixing
ratios near the ground decreased while those aloft increased between 06:00 CST and20

09:00 CST, as the boundary layer started to grow. This early morning behavior is in
agreement with our understanding of the morning transition period when mixing and
the onset of photolysis leads to a change in the mixing ratios and the vertical distribu-
tion of NO2. Interestingly, vertical NO2 mixing ratio gradients did not disappear after
the morning transition and remained pronounced throughout the rest of the day. NO225
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mixing ratios near the ground decreased from ∼10 ppb at 09:00 CST to a minimum of
∼7 ppb around noon and then increased again to ∼10 ppb around 18:00 CST. This vari-
ation can be partially explained by the shift towards NO in the NO-NO2 photostationary
state at higher NO2 photolysis rates. The upper height interval showed mixing ratios
of about one-third of those in the lower height interval at 10:00 CST. Around noontime,5

the NO2 mixing ratio in the upper height interval was only half of that in the lower height
interval. The mixing ratios in the middle height interval generally fell between those in
the upper and lower intervals. Larger daytime NO2 mixing ratios were observed near
the ground than aloft, possibly indicating a strong source of NOx from traffic and vertical
mixing that was not fast enough to even out its vertical distribution.10

Early morning HONO mixing ratios generally followed those of NO2, showing distinct
vertical gradients, with larger mixing ratios near the ground than aloft, and decreased
from ∼0.3 ppb at sunrise to ∼0.15 ppb at 09:00 CST (Fig. 3f). Throughout the rest of
the day, HONO mixing ratios in all three height intervals remained between 0.05 to 0.15
ppb. Generally, HONO mixing ratios decreased slightly throughout the day, in contrast15

to NO2, which increased after noon. This is in contrast to other observations which
often show a peak in HONO mixing ratios at solar noon (Acker et al., 2006b; Zhou et al.,
2001). Assuming pseudo steady-state among reactions 1–3, we calculated the HONO
steady-state mixing ratio (Eq. 1) using in situ data and LP-DOAS HONO observations
at the lowest light path. Because OH data were not available in the morning on 2120

April and in the afternoon on 18 May, average OH data in the morning and afternoon
on sunny days during SHARP were used in the calculation. Calculated steady-state
HONO mixing ratios were about 0.02 ppb in the late morning and decreased to 0.01 ppb
in the afternoon. Observed elevated daytime HONO concentrations indicated a strong
unknown source of HONO during the day. HONO mixing ratios also showed statistically25

significant vertical gradients throughout the day, with smaller mixing ratios in the upper
height interval than in the lower and middle intervals. While this may imply a HONO
source near the ground, the simultaneous NO2 gradient makes this interpretation more
complex, as will be discussed further in Sect. 4.
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To further investigate the possible conversion of NO2 to HONO, we calculated the
HONO to NO2 ratio in all height intervals (Fig. 3g). This ratio showed a clear diurnal
variation, with values of ∼1 % in early morning, gradually increased to almost 3 % at
around noon and decreased back to 1 % by the late afternoon. The steady-state HONO
to NO2 ratio expected based on Eq. (1) was ∼1 % at 07:00 CST, similar to the observed5

HONO to NO2 ratio. However, it decreased to 0.3 % or below during the day, and did
not show the observed diurnal variation. The observed ratio was up to ten times larger
than the expected steady-state HONO to NO2 ratio, further showing the existence of
an unknown HONO source. The [HONO]/[NO2] ratio did not show pronounced vertical
profiles throughout the day.10

3.2 18 May 2009

18 May (Fig. 4) was another sunny day, similar to 21 April. However, it was character-
ized by northerly and northeasterly flow, with wind speed from 4 to 8 m s−1 (Fig. 4c) and
temperature from 288 to 297 K (Fig. 4b). Boundary layer heights grew from ∼100 m at
sunrise to ∼2800 m in the afternoon (Fig. 4a). This day had similar relative humidity as15

on 21 April, which varied from 70 % at sunrise to only 25 % in the afternoon (Fig. 4b).
Similar to 21 April, distinct NO2 and HONO vertical gradients were observed through

the day, with larger concentrations near the ground than aloft. NO2 in the lower height
interval was 27 ppb at sunrise and decreased to 5 ppb at 10:00 CST, remaining at 5 ppb
for the rest of the day (Fig. 4e). NO2 mixing ratios in the upper height interval were20

1 ppb at sunrise. When the boundary layer started to mix and the NO2 mixing ratios at
the middle and lower height intervals decreased, NO2 mixing ratios in the upper height
interval increased to 6.5 ppb at 07:30 CST and leveled off afterwards, remaining below
3 ppb through the day. NO2 mixing ratios at the upper height interval were about 50 %
lower than that in the lower height interval.25

HONO mixing ratios developed significant gradients in the morning similar to those
on 21 April (Fig. 4f). HONO in the lower height interval was 0.25 ppb at sunrise and de-
creased to 0.11 ppb at 09:00 CST. HONO in the lower height interval stayed at around
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0.1 ppb throughout the day, with a minimum of 0.04 ppb at 16:00 CST. Again HONO
mixing ratios showed a steady decrease throughout the day. The calculated steady-
state HONO mixing ratio (Eq. 1) was about 0.015 ppb during the day and was often
much smaller than the observed HONO in the lower height interval. Obvious vertical
gradients were observed almost throughout the day. HONO in the upper height inter-5

val varied between 0.02–0.09 ppb and was often about half of that in the lower height
interval.

The HONO to NO2 ratio on this day also showed some diurnal variation, but not as
strong as on 21 April (Fig. 4g). At sunrise, [HONO]/[NO2] ratio was 1 %. It increased
to maximum of 2 % in late morning and around noon time, and decreased gradually10

in the afternoon. No significant vertical gradients of [HONO]/[NO2] were observed.
The theoretical steady-state [HONO]/[NO2] ratio was below 1 % and did not show the
diurnal variation of the observed [HONO]/[NO2] ratio.

4 Discussion

Daytime HONO mixing ratios on both 21 April and 19 May, as well as most days dur-15

ing the SHARP experiment that are not discussed in detail, were significantly greater
than the theoretical steady-state HONO mixing ratios, suggesting an unknown daytime
source of HONO existed. In order to quantify the unknown HONO daytime source, we
apply a pseudo steady-state (PSS) approach. The use of a PSS approach is justified
by the measured photolysis frequencies of HONO, which showed that HONO had a20

short lifetime of about half an hour in early morning and less than 10 min at noon in
Houston. We thus assume that during clear and sunny days HONO reaches a pseudo
steady-state between the unknown source (Punknown), its direct emission (E ), and Re-
actions 1–3. The rate of HONO formation (d [HONO]

dt ) can thus be expressed by Eq. (3)
and Punknown can be calculated as shown in Eq. (4).25

d [HONO]
dt

= Punknown+k2 [NO][OH]−JHONO [HONO]−k3 [HONO][OH]+E =0 (3)
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Punknown = JHONO [HONO]+k3 [HONO][OH]−k2 [NO][OH]−E (4)

4.1 Quantification of daytime HONO sources

The HONO formation rate due to Reaction 2 and the HONO removal rate by Reac-
tions (R1) and (R3) were calculated from the measurements of HONO, OH, NO, and
JHONO during SHARP. Because there was no information on the HONO emission rate,5

the direct emission rate of HONO was estimated using the NOx emission rate derived
from model studies based on observations taken in the same location in 2006 (Wong
et al., 2011). To calculate the contribution of direct emissions, a HONO/NOx emission
ratio of 0.35 %, which is in the range of that from tunnel measurements (Kurtenbach
et al., 2001; Kirchstetter et al., 1996), and the observed boundary layer heights mea-10

sured by ceilometer (Figs. 3 and 4) were used.
The formation and loss rates of HONO by Reactions (R1)–(R3), emission, and

Punknown for 21 April 2009 and 18 May 2009 in the lower height interval are shown
in Fig. 5. Photolysis was the dominant removal pathway of HONO in the boundary
layer during the day. The loss was highest from around 09:00 CST to 12:00 CST. As15

the photolytic rate is the product of the HONO mixing ratio, which decreased slowly
throughout the day (Fig. 3 and 4), and the photolysis frequency of HONO, which was
smooth and symmetric on both days (Fig. 3 and 4), it was not symmetric around noon.
Small fluctuations in HONO photolytic loss rate throughout the day, as seen on 21
April, were caused by small variations in HONO mixing ratios. The loss rates of HONO20

through Reaction (R3) were relatively constant throughout both days and insignificant
compared to the loss rate of HONO by photolysis.

The formation rate of HONO through Reaction (R2) was important in the early morn-
ing, on both days. On 21 April, it was the dominant chemical formation of HONO before
08:00 CST. However, it decreased afterwards on both days. Direct HONO emissions25

were comparable to the HONO formation through Reaction 2 in the first couple of hours
after sunrise. However, due to the rapid growth of boundary layer height after sunrise,
HONO direct emissions were insignificant throughout the rest of the day. It should be
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noted that our direct emission calculations were based on an [HONO]/[NOx] emission
ratio, which is not well known. However, even at the highest reported [HONO]/[NOx]
emission ratio of 0.8 % the contribution of direct HONO emissions to the overall HONO
budget is insignificant.

The results in Fig. 5 show that Punknown dominated on both days. It reached a max-5

imum of 6×106 cm−3 s−1 and 4×106 cm−3 s−1 at noon on 21 April and 18 May respec-
tively. While the diurnal pattern of Punknown shows an increase towards noon the for-
mation rate seems to be higher before noon than after noon, in particular on 18 May
2009. This asymmetric pattern on sunny days with a symmetry of the actinic flux
around noon shows that Punknown does not purely depend on solar irradiance. As dis-10

cussed in Section 1, laboratory studies have shown that NO2 conversion into HONO on
certain surfaces can be enhanced by solar irradiance (George et al., 2005; Stemmler
et al., 2006, 2007). Following these proposed daytime HONO formation mechanisms,
Punknown should depend on NO2 mixing ratios. In order to remove this possible NO2
dependence, Punknown, as calculated in Eq. (4) and shown in Fig. 5, was thus divided by15

the observed NO2 concentrations. This NO2-normalized HONO formation rate, Pnorm,
displayed in Fig. 6 for the lower and middle height interval, clearly showed a symmet-
ric diurnal variation with a maximum at noon on both days. Pnorm thus follows solar
irradiance and actinic flux. While not shown here, similar results were found on all
other clear and sunny days investigated in this study (see Sect. 4.2.2). We will discuss20

the apparent dependence of HONO formation on NO2 in Section 4, where different
formation pathways will be discussed.

Previous field studies observed a wide range of unknown daytime HONO formation
rates from 1×106 cm−3 s−1 to 3.5×107 cm−3 s−1 in both rural and urban areas (Acker
et al., 2006b; Zhang et al., 2009; Elshorbany et al., 2009; Kleffmann et al., 2005; Zhou25

et al., 2002; Su et al., 2008; Sorgel et al., 2011; Ren et al., 2010). Punknown determined
in our study is similar to the HONO formation rates reported in semi rural forests (up to
3.5×106 cm−3 s−1) (Kleffmann et al., 2005) and rural mountains (up to 4×106 cm−3 s−1)
(Acker et al., 2006b), but smaller than reports from a polluted rural site (Su et al., 2008)
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and an urban area (Elshorbany et al., 2009).

4.2 Possible daytime HONO formation pathways

The observations of diurnal variations of Punknown and Pnorm together with the HONO
vertical gradients, allow a number of different interpretations of the possible HONO
source which we will investigate in the following:5

– HONO was formed by a photolytic gas-phase source that either involves NO2 or
that was based on a precursor that showed a similar vertical and temporal profile
as NO2, assuming that the actinic flux did not significantly change with altitude.

– HONO was formed by photolytically enhanced conversion of NO2 on the aerosol.
If the aerosol profile was fairly uniform in the lowest 300m of the atmosphere, and10

one assumed that actinic flux did not change, HONO would reach a steady-state
with NO2 at all altitudes, i.e. [HONO]/[NO2] would not show a gradient.

– HONO was formed on the ground by a photolytically enhanced conversion of NO2,
and then transported upwards. Vertical gradients of HONO were due to HONO
photolysis and/or mixing/dilution. In the turbulent daytime boundary layer, assum-15

ing the lifetime of HONO due to photolysis is 12 mins and a vertical transport
timescale of about 5 min, photolysis is expected to cause about 30 % decrease in
the upper height interval.

4.2.1 Gas-phase formation

Although HONO vertical gradients showed larger mixing ratios near the ground than20

aloft, the existence of similar NO2 vertical gradients makes the interpretation of Punknown
challenging. One possible explanation of Punknown is a gas-phase source which in-
volved NO2 or a trace gas that has a very similar diurnal variation and vertical profile
as NO2. This argument assumes that the actinic flux does not change significantly
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with height, which in the lowest 300 m of the atmosphere observed by our instrument
is normally fulfilled.

One proposed gas-phase HONO formation pathway is the reaction of photoexcited
NO2, which is formed by NO2 photolysis at wavelengths between 420 nm and 650 nm,
with water vapor (Li et al., 2008). Assuming that this gas-phase formation is the source5

of daytime HONO, and Reactions (R2) and (R3) are slow, the rate of change of HONO
with time can be written as:

d [HONO]
dt

= JNO2→NO2∗[NO2]YieldHONO+JHONO[HONO] (5)

[HONO]

[NO2]
∝
JNO2→NO2∗

JHONO

Again, using a pseudo steady-state approach, the expected HONO to NO2 ratio10

should be proportional to the ratio of the photolysis frequencies of NO2 and HONO as-
suming a constant yield of HONO. The photolysis frequency of NO2→NO∗

2 was calcu-
lated based on our direct observations of actinic flux, the NO2 absorption cross section,
and a quantum yield of 1 between 420 nm and 650 nm. The observed JNO2→NO2∗/JHONO
ratio has a diurnal variation with a slight minimum at noon (Fig. 7) due to the different15

wavelength ranges of absorption of HONO and NO2 →NO∗
2 . The diurnal variation

of the JNO2→NO2∗/JHONO ratio is thus inverse to the observed diurnal variation of the
[HONO]/[NO2] ratio (Fig. 3g and 4g), which shows a clear maximum at noon. There-
fore, gas-phase HONO formation through the reaction of photoexcited NO2 with water
vapor was not the dominant source of daytime HONO. Please note that the choice of20

the NO2 →NO∗
2 quantum yield has no impact on our argument as we are only analyzing

the diurnal behavior and not the absolute formation rate.
Another proposed gas-phase HONO formation pathway is the photolysis of nitrophe-

nols in the 300–400 nm wavelength range (Bejan et al., 2006). To explain our obser-
vations, nitrophenols would have to show a diurnal variation similar to NO2 as well as25

the same vertical concentration gradients as HONO. It should be noted that the diurnal
24384
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nitrophenol variation would not just have to be similar to NO2 but precisely related to
it on a day by day basis to explain the fairly regular [HONO]/[NO2] behavior. As traffic
emissions are believed to be the major source of nitrophenols in the atmosphere (Har-
rison et al., 2005), one can expect a certain correlation between NOx and nitrophenol
levels. However, the NO-NO2 photostationary state that also regulates the NO2 con-5

centrations would weaken this correlation. In addition, nitrophenols have a long lifetime
of ∼1 day and should thus have a relatively uniform vertical distribution in the boundary
layer. It would thus be fortuitous if nitrophenols would show the same vertical profile as
HONO on all days we investigated in Houston. We thus believe that the photolysis of
nitrophenols is most likely not the main source of the observed daytime HONO.10

4.2.2 Heterogeneous formation on aerosol or ground

Another possible source of daytime HONO is its formation on aerosol or at the ground.
Four different arguments will be discussed in the following to investigate the role of
these two types of surface in Houston.

The first argument is based on the analysis of the diurnal variation of Pnorm. If NO215

to HONO conversion occurs on the aerosol, Pnorm should be proportional to the ac-
tinic flux and the aerosol surface area concentration. The symmetric diurnal variation
of Pnorm (Fig. 6) implies that the aerosol surface area concentration had to be fairly
constant throughout the day if HONO formation occurred on the aerosol. However,
the aerosol surface area concentrations (not shown) as observed during SHARP had20

strong diurnal variations. It has also been suggested that photolysis of aerosol nitrate
could lead to HONO formation. However, to explain our results this would require that
the product of aerosol nitrate and aerosol surface area concentration would be well
correlated with NO2. The correlation of this product and NO2 (not shown) was poor
during our study with R2 between 0 and 0.1. These considerations show that aerosol25

processes were not the main source of HONO.
The second argument to distinguish ground from aerosol mediated NO2 to HONO

conversion is to investigate the correlation of Pnorm with actinic flux and solar irradi-
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ance. Aerosol mediated conversion should functionally depend on the actinic flux,
while conversion on the ground primarily depend on the solar irradiance at the ground.
The difference between these two dependencies is based on the different geometries
of illumination. The actinic flux integrates solar irradiance onto an air parcel from all
directions, and thus shows a weaker solar zenith angle/temporal dependence than5

ground solar irradiance on a sunny day, which is proportional to cosine(solar zenith
angle)−1. Figure 6 shows that the measured diurnal profile of JNO2

, as a proxy for the
actinic flux in the 300–450 nm region, and solar irradiance have indeed different diur-
nal profiles. One would thus expect that Pnorm is better correlated with the actinic flux
than solar irradiance for a conversion on the aerosol and vice-versa for a conversion10

on the ground. It should be noted however, that there is a certain degree of correlation
between actinic flux and solar irradiation and that Pnorm will thus correlate with both
quantities.

On 21 April, Pnorm showed positive correlations with JNO2
, as a proxy for actinic flux,

in lower and middle height intervals (Fig. 8a), with an R2 of 0.72 and 0.76 and slopes15

of (3.5±0.3)×10−3 and (4.1±0.4)×10−3, respectively. The correlations were better on
18 May, with R2 of 0.82 and 0.89 and slopes of (2.8±0.2)×10−3 and (2.9±0.2)×10−3

for the lower and middle height intervals respectively. 4 and 19 May, also showed pos-
itive correlations (Fig. 8a). The correlation coefficient and slopes are summarized in
Table 1. Correlations between the Pnorm and solar irradiance in the visible wavelength20

region (400–700 nm) are shown in Fig. 8b. All four days showed significantly improved
correlations between the Pnorm and visible solar irradiance compared to JNO2

(Table 1).

For example R2 improved from 0.72 and 0.76 on the lower and middle light path, re-
spectively, to 0.86 and 0.90 on 21 April. The correlations increased on the other days
as well, with the best correlation between Pnorm and visible solar irradiance of 0.9625

found on 18 May in the middle height interval. A visual comparison of Fig. 8a and b re-
veals that the improved correlation stems from a better linearity between the Pnorm and
solar irradiance. All four days showed similar slopes, from (2.8±0.2)×10−8 m2 W−1 s−1

to (3.8±0.2)×10−8 m2 W−1 s−1. We repeated this correlation analysis for solar UV irra-
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diance (290–385 nm). In all instances (Table 1), the correlation with UV solar irradiance
was also better than with JNO2

. A comparison of the correlations with UV and visible
solar irradiance showed that all days showed better correlation in the UV.

The average correlation coefficient on all four days in both height intervals improved
from R2 =0.76 with JNO2

to 0.85/0.87 with solar UV/visible irradiance. The improved5

correlations of the unknown HONO formation rate with solar irradiance suggested that
NO2 to HONO on the ground was the most likely source of HONO in Houston.

The third approach to investigate the potential HONO formation mechanism on the
aerosol vs. ground is based on the observed [HONO]/[NO2] ratio (Eq. 6). As de-
scribed above, if NO2 to HONO conversion occurs on the aerosol it will depend on10

Jsource×[NO2] (where Jsource is a proxy for the actinic flux) , the HONO to NO2 ratio will
be proportional to the ratio of Jsource and JHONO. In the case of Jsource = JNO2

this ratio
is almost constant throughout the day (Fig. 9).

d [HONO]
dt

= Punknown−JHONO [HONO] (6)

If Punknown ∝ Jsource× [NO2] then :
[HONO]

[NO2]
∝
Jsource

JHONO
15

If Punknown ∝ Solar irradiance× [NO2] then :
[HONO]

[NO2]
∝ solar radiation

JHONO

The correlation between [HONO]/[NO2] and JNO2
/JHONO in Fig. 10a clearly shows

that these two quantities are not well correlated. R2 for all four days varied between
0.21 and 0.57, with an average R2 =0.37 (Table 2). Consequently, NO2 to HONO
conversion on aerosol that is photoenhanced by radiation in the 300–450 nm range and20

other longer wavelengths cannot explain the observed diurnal pattern of the HONO to
NO2 ratio (Figs. 3g and 4g). If the absorption wavelengths of Jsource are further in the
UV than the absorption of HONO, and in particular below 345 nm, the absorption of
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atmospheric ozone will introduce another factor modulating the actinic flux which can
lead to a diurnal dependence of Jsource/JHONO.

On the other hand, if NO2 to HONO conversion occurs primarily at the ground, so
that it depends on solar irradiance, the HONO to NO2 ratio should be proportional to
the ratio of solar irradiance to JHONO, which show a clear diurnal variation, peaking at5

noontime (Fig. 9). Correlations of [HONO]/[NO2] and the ratio of visible solar irradiance
to JHONO are shown in Fig. 10b. R2 range from 0.33 to 0.91 with an overall R2 = 0.64
(Table 2). Slopes varied from 5–10×10−6 % m2 W−1 s−1. This positive correlation and
the fairly constant slope further strengthens our reasoning that NO2 to HONO photolytic
conversion at the ground is the main source of daytime HONO in Houston.10

Proposed photolytic HONO formation pathways that occur on the ground include the
photolysis of HNO3 and NO2 conversion on humic acid (Zhou et al., 2003; Stemmler
et al., 2006). While our analysis cannot clearly distinguish these two pathways, the
dependence of HONO formation on NO2 observed in Houston seems to favor the latter
pathway. For HNO3 photolysis to be the main source it would be required that HNO315

at the ground is well correlated with gas-phase NO2. We do not have information on
ground surface HNO3, but observations of particle nitrate do not correlate well with
NO2 on all days (for example R2 =0 on 21 April in the lower and middle interval). It can
thus be reasoned that a correlation of ground surface HNO3 and NO2 is unlikely.

The fourth approach of determining the source of HONO is to interpret HONO verti-20

cal gradients. If HONO formation occurs at the ground, HONO mixing ratios should be
larger near the ground than aloft. If HONO formation occurs on the aerosol surface in-
stead, HONO vertical profiles should follow the aerosol surface area concentration and
NO2 profiles. For example, if the aerosol surface area concentration profile is constant
and the NO2 profile shows larger concentrations near the ground than aloft, HONO25

mixing ratios are expected to be greater near the ground than aloft as well. On the
other hand, if the NO2 concentration profile is uniform and the aerosol surface area
concentrations are higher near the ground than aloft, HONO would also be higher near
the ground. The interpretation of HONO vertical profiles thus becomes more complex
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if both NO2 and aerosol surface area concentrations develop vertical profiles.
As shown in Figs. 3 and 4, NO2 mixing ratios showed clear vertical concentration

profiles with higher levels near the ground. The HONO profiles closely follow the NO2
profiles, as can be seen by the absence of a vertical profile in the [HONO]/[NO2] ratio. A
uniform aerosol surface area concentration profile and the conversion of NO2 to HONO5

on the aerosol surface would thus appear to describe our observations of daytime
HONO. We thus investigated the aerosol vertical distribution on the two sunny days
shown in Figs. 3 and 4. Timeseries of ceilometer laser backscatter values on both
days are shown in Fig. 11. The backscatter signal on both days does not show strong
vertical gradients but, as this instrument is not very accurate in the determination of10

aerosol profiles, it is difficult to rule out aerosol gradients altogether. On the other
hand, profiles of aerosols, which have atmospheric lifetimes of days to weeks, are
expected to be well mixed in the daytime boundary layer and their gradients should be
small. Based on these arguments alone photo-enhanced conversion of NO2 to HONO
seems to be a feasible explanation for the observed daytime HONO. Although the use15

of vertical HONO and NO2 profiles has been inconclusive, our previous three analyses
clearly showed that the ground is the source of Punknown.

5 Conclusions

During SHARP 2009, HONO mixing ratios decreased rapidly after sunrise due to pho-
tolysis and mixing of the boundary layer. However, on most of the days, HONO mixing20

ratios were higher than the photostationary state mixing ratios calculated based on
direct observations of OH, NO, and JHONO, which implied that an unknown source of
HONO existed during the day. HONO developed negative concentration gradients, with
higher mixing ratios near the ground than aloft, not only in the morning when the at-
mosphere was still stable, but also frequently in the late morning and in the afternoon25

when the boundary layer was expected to be well-mixed. Existence of HONO vertical
gradients suggested that there was a strong source of HONO near the ground. The
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observed [HONO]/[NO2] ratio showed a diurnal variation peaking at noon almost every
day during the field experiment, indicating the unknown HONO source was photolytic.

Our observations are similar to those previously reported in urban areas (Villena
et al., 2011; Elshorbany et al., 2009; Acker et al., 2006a) and in semi-rural to remote
areas (Sorgel et al., 2011; Zhang et al., 2009; Su et al., 2008; Ren et al., 2010, 2011;5

Acker et al., 2006b; Kleffmann et al., 2005, 2003; Zhou et al., 2002). However, our
mixing ratios are on the lower end of the thus far observed daytime HONO mixing ratios
in urban areas. The diurnal variation of the [HONO]/[NO2] ratio are similar to those
reported in other urban areas (Acker et al., 2006a; Villena et al., 2011; Elshorbany
et al., 2009), but differ from those in rural and forested areas, which in general do not10

show a clear diurnal variation or a peak at noon (for example Zhou et al., 2007; Ren
et al., 2010). Our observations of elevated HONO near the ground agree with previous
reports by Zhou et al. (2001); Kleffmann et al. (2003); Zhang et al. (2009); Villena et al.
(2011).

We applied a pseudo steady-state (PSS) approach to study HONO formation in15

Houston. The PSS formation rate of the unknown HONO source (Punknown) had a
clear, but asymmetric diurnal variation. Division of Punknown by NO2 concentrations re-
moves the asymmetry, showing that NO2, or a trace gas closely correlated to NO2,
is involved in HONO formation. The NO2-normalized Punknown, Pnorm, had clear sym-
metrical diurnal variation with maximum at noon on all four selected sunny days. Cor-20

relation analysis further confirmed that Pnorm was indeed correlated with actinic flux
and solar irradiation. Our Punknown values for the four sunny days analyzed here (di-
urnal maximum 5–9×106 cm−3 s−1) are smaller than reports from polluted areas such
as polluted rural site (up to 3×107 cm−3 s−1) (Su et al., 2008) and an urban area (up to
1.2×107 cm−3 s−1) (Elshorbany et al., 2009), but larger than the HONO formation rate25

reported in semi rural forest (up to 3.5×106 cm−3 s−1) (Kleffmann et al., 2005) and rural
mountain (up to 4×106 cm−3 s−1) (Acker et al., 2006b).

Analysis of the diurnal variations of [HONO]/[NO2] ratio and Pnorm showed that
HONO formation in the gas-phase, for example through the photolysis of NO2 to excited
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NO∗
2 or photolysis of nitrophenols, was not the source of daytime HONO in Houston.

To understand whether the heterogeneous formation of HONO occurred on the aerosol
or the ground we employed different lines of argument. Our analysis of vertical mixing
ratio gradients of HONO could not conclusively determine if the ground or the aerosol
was responsible for HONO formation, due to the simultaneous NO2 vertical profiles.5

Analysis of the diurnal variations of the [HONO]/[NO2] ratio and Pnorm supported that
HONO formation most likely occurred at the ground rather than on the aerosol, as the
large diurnal variation of aerosol surface area concentrations during SHARP would not
lead to the observed symmetrical diurnal variation of the Pnorm. The better correlation
of Pnorm with solar irradiance than with photolysis frequency (actinic flux) also supports10

HONO formation on the ground. Similarly the better correlations of the [HONO]/[NO2]
ratio with the solar irradiance to JHONO ratio than with the Jsource/JHONO ratio also im-
plied that HONO formation took place at the ground instead of on aerosol.

The conclusion that HONO is formed at the ground is supported by various stud-
ies. Laboratory studies suggested that NO2 conversion at the ground can be an im-15

portant source of daytime HONO (Stemmler et al., 2006). However, their studies on
aerosol showed that formation of HONO on aerosol was unimportant due to the small
uptake coefficient of NO2 (Stemmler et al., 2007). Aircraft vertical profile HONO mea-
surements showing higher HONO concentration near the ground than aloft suggested
photolytic source at the ground was the dominant daytime HONO source in the lower20

boundary layer (Zhang et al., 2009). Flux measurements showed that photolysis in the
snow pack lead to the formation of HONO (Zhou et al., 2001). The same group recently
performed measurement over a forest canopy and found a dependence of the HONO
flux on solar radiation (Zhou et al., 2011).

While it is difficult to identify the chemical formation mechanisms that lead to HONO25

formation the close correlation of HONO formation with NO2 appears to favor photo-
enhanced NO2 conversion on humic acid as proposed by Stemmler et al. (2006). Our
results seem to be consistent with the observations by Sorgel et al. (2011) who showed
that photoexcited gas-phase NO2 was not the dominant source of daytime HONO. They
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identified NO2 conversion on humic acid covered surfaces as the most likely source,
although there was insufficient information about the surface on which the reaction
primarily occurred (Sorgel et al., 2011). Our results showed that it is also possible that
photolysis of adsorbed nitric acid at the ground could be an important source.

Our results, which are based on spatially averaged HONO measurements, seem to5

indicate an easy way to parameterize daytime HONO formation in the Houston area
during a sunny day. Based on the correlations with [NO2] and solar irradiance we pro-
pose the following formation term for the lowest 130 m of the Houston atmosphere:
Punknown = (3.3±0.2) 10−8 m2 W−1 s−1× solar visible irradiance ×[NO2] or Punknown =
(6.6±0.4) 10−7 m2 W−1 s−1× solar UV irradiance×[NO2]. Whether this formation term10

holds for other locations and whether it will lead to an improvement of photochemical
models in the Houston area should be the topic of further investigations.
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Table 1. Linear fits results of Fig. 8.

Date Light
path

JNO2
vis irradiance UV irradiance

Slope
(10−3 )

R2 Slope
(10−8 m2

W−1 s−1)

R2 Slope
(10−7 m2

W−1 s−1)

R2

4/21
lower 3.5±0.3 0.72 3.2±0.2 0.86 6.7±0.4 0.87
middle 4.1±0.4 0.76 3.8±0.2 0.90 7.9±0.4 0.91

5/4
lower 3.6±0.2 0.82 3.3±0.2 0.90 6.6±0.3 0.93
middle 3.6±0.2 0.82 3.3±0.2 0.90 6.5±0.3 0.93

5/18
lower 2.8±0.2 0.82 2.8±0.2 0.89 5.5±0.2 0.90
middle 2.9±0.2 0.89 2.8±0.1 0.96 6.5±0.2 0.97

5/19
lower 3.6±0.5 0.70 3.6±0.3 0.72 6.7±0.7 0.75
middle 3.3±0.5 0.58 3.2±0.4 0.65 6.3±0.8 0.70

Average 3.4±0.3 0.76 3.3±0.2 0.85 6.6±0.4 0.87
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Table 2. Linear fits results of Fig. 10.

Date Light
path

JNO2
/JHONO vis irradiance/JHONO UV irradiance/JHONO

Intercept
( %)

Slope
(%)

R2 Intercept
( %)

Slope
(10−6 %
m2 W−1 s−1)

R2 Intercept
( %)

Slope
(10−5 %
m2 W−1 s−1)

R2

4/21 lower 8.9±2.7 −1.6±0.6 0.25 −1.6±0.6 6.8±1.2 0.65 0.11±0.25 7.1±1.2 0.57
middle 13±3.2 −2.5±0.7 0.41 −2.6±0.6 9.5±1.3 0.75 −0.26±0.25 10±1.2 0.81

5/4 lower 21±6.9 −4.3±1.5 0.36 −0.29±0.4 4.7±0.8 0.71 −0.39±0.56 9.5±2.4 0.54
middle 28±6.8 −5.7±1.5 0.51 −0.78±0.3 5.7±0.7 0.84 −0.92±0.55 12±2.3 0.64

5/18 lower 7.5±2.5 −1.3±0.5 0.29 −0.81±0.6 5.2±1.3 0.55 0.43±0.32 5.0±1.5 0.47
middle 9.3±1.7 −1.7±0.4 0.57 −1.1±0.2 6.1±0.5 0.91 0.29±0.15 6.0±0.7 0.85

5/19 lower 12±3.9 −2.4±0.8 0.36 −1.0±0.1 5.9±2.1 0.39 0.11±0.46 7.3±2.1 0.50
middle 9.7±4.2 −1.8±0.9 0.21 −0.93±0.1 5.8±2.4 0.33 0.14±0.51 7.2±2.4 0.43

Average 14±4 −2.7±0.9 0.37 −1.2±0.4 6.2±1.3 0.64 −0.06±0.4 8.0±1.7 0.60
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Fig. 1. Schematic figure of the setup of LP-DOAS during SHARP 2009, showing the three LP-DOAS light

paths and the height intervals for which concentrations were retrieved.
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Fig. 2. Example spectra for NO2 (upper) and HONO (lower) analysis. Shown is a comparison of the HONO

absorption cross section after adaptation to the instrument function, simulation of the multichannel scanning

technique (MCST) procedure, and smoothing, compared to the spectral features after removal of all other trace

gas absorptions except NO2 (upper) and HONO (lower). The retrieved HONO mixing ratio was 0.139± 0.013

ppb while NO2 was 5.38 ± 0.031 ppb.
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Fig. 1. Schematic figure of the setup of LP-DOAS during SHARP 2009, showing the three
LP-DOAS light paths and the height intervals for which concentrations were retrieved.
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Fig. 1. Schematic figure of the setup of LP-DOAS during SHARP 2009, showing the three LP-DOAS light

paths and the height intervals for which concentrations were retrieved.
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Fig. 2. Example spectra for NO2 (upper) and HONO (lower) analysis. Shown is a comparison of the HONO

absorption cross section after adaptation to the instrument function, simulation of the multichannel scanning

technique (MCST) procedure, and smoothing, compared to the spectral features after removal of all other trace

gas absorptions except NO2 (upper) and HONO (lower). The retrieved HONO mixing ratio was 0.139± 0.013

ppb while NO2 was 5.38 ± 0.031 ppb.
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Fig. 2. Example spectra for NO2 (upper) and HONO (lower) analysis. Shown is a comparison of
the HONO absorption cross section after adaptation to the instrument function, simulation of the
multichannel scanning technique (MCST) procedure, and smoothing, compared to the spectral
features after removal of all other trace gas absorptions except NO2 (upper) and HONO (lower).
The retrieved HONO mixing ratio was 0.139 ± 0.013 ppb while NO2 was 5.38 ± 0.031 ppb.
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Fig. 3. Timeseries of meteorological data, JNO2, NO, OH, HONO, NO2 and HONO to NO2 ratio on 21 April

2009. OH data were not available on this day. OH data shown here are average of sunny days during SHARP.

HONO and NO2 data after 9:00 CST are displayed with different scales on the right y-axis. Error bars of one

standard deviation are shown on NO2, HONO and HONO/NO2.

26

Fig. 3. Timeseries of meteorological data, JNO2
, NO, OH, HONO, NO2 and HONO to NO2 ratio

on 21 April 2009. OH data were not available on this day. OH data shown here are average of
sunny days during SHARP. HONO and NO2 data after 09:00 CST are displayed with different
scales on the right y-axis. Error bars of one standard deviation are shown on NO2, HONO and
HONO/NO2.
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Fig. 4. Timeseries of meteorological data, JNO2, NO, OH, HONO, NO2 and HONO to NO2 ratio on 18 May

2009. HONO and NO2 data after 9:00 CST are displayed with different scales on the right y-axis. Error bars of

one standard deviation are shown on NO2, HONO and HONO/NO2.
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Fig. 4. Timeseries of meteorological data, JNO2
, NO, OH, HONO, NO2 and HONO to NO2

ratio on 18 May 2009. HONO and NO2 data after 09:00 CST are displayed with different
scales on the right y-axis. Error bars of one standard deviation are shown on NO2, HONO
and HONO/NO2.
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Fig. 5. Timeseries of HONO formation and removal rates at the lower height interval on 21 April 2009 (left)

and 18 May 2009 (right). Please note that errors were propagated from the statistical uncertainties in the

observations.

Fig. 6. Timeseries of NO2normalized Punknown in the lower and middle height intervals on 21 April 2009 (left)

and 18 May 2009 (right). Photolysis frequency of NO2 and solar irradiance are shown as well for comparison.

28

Fig. 5. Timeseries of HONO formation and removal rates at the lower height interval on 21
April 2009 (left) and 18 May 2009 (right). Please note that errors were propagated from the
statistical uncertainties in the observations.
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Fig. 5. Timeseries of HONO formation and removal rates at the lower height interval on 21 April 2009 (left)

and 18 May 2009 (right). Please note that errors were propagated from the statistical uncertainties in the

observations.

Fig. 6. Timeseries of NO2normalized Punknown in the lower and middle height intervals on 21 April 2009 (left)

and 18 May 2009 (right). Photolysis frequency of NO2 and solar irradiance are shown as well for comparison.
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Fig. 6. Timeseries of NO2normalized Punknown in the lower and middle height intervals on 21
April 2009 (left) and 18 May 2009 (right). Photolysis frequency of NO2 and solar irradiance are
shown as well for comparison.
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Fig. 7. Measured diurnal variation of the photolysis frequency of HONO, the photolysis frequency of NO2 to

photoexcited NO2, and their ratio on a clear and sunny day in Houston.

Fig. 8. Correlations between the NO2-normalized Punknown and JNO2 (panel a) and solar irradiance (panel b)

at lower and middle height intervals on four sunny days (21 April, 4 May, 18 May and 19 May) during SHARP

2009. Results of the linear fits are shown in Table 1.
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Fig. 7. Measured diurnal variation of the photolysis frequency of HONO, the photolysis fre-
quency of NO2 to photoexcited NO2, and their ratio on a clear and sunny day in Houston.
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Fig. 7. Measured diurnal variation of the photolysis frequency of HONO, the photolysis frequency of NO2 to

photoexcited NO2, and their ratio on a clear and sunny day in Houston.

Fig. 8. Correlations between the NO2-normalized Punknown and JNO2 (panel a) and solar irradiance (panel b)

at lower and middle height intervals on four sunny days (21 April, 4 May, 18 May and 19 May) during SHARP

2009. Results of the linear fits are shown in Table 1.

29

Fig. 8. Correlations between the NO2-normalized Punknown and JNO2
(a) and solar irradiance

(b) at lower and middle height intervals on four sunny days (21 April, 4 May, 18 May and 19
May) during SHARP 2009. Results of the linear fits are shown in Table‘1.
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Fig. 9. Timeseries of solar irradiance, JNO2, JHONO and the ratios of solar irradiance/JNO2, JHNO3/JHONO

and JNO2/JHONO on a clear and sunny day.

Fig. 10. Correlations of the adjusted HONO to NO2 ratios with JNO2/JHONO ratio (panel a) and solar visible

irradiance/JHONO (panel b) on four sunny days (21 April, 4 May, 18 May and 19 May) during SHARP 2009.

30

Fig. 9. Timeseries of solar irradiance, JNO2
, JHONO and the ratios of solar irradiance/JNO2

,
JHNO3/JHONO and JNO2

/JHONO on a clear and sunny day.
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(a)

Fig. 9. Timeseries of solar irradiance, JNO2, JHONO and the ratios of solar irradiance/JNO2, JHNO3/JHONO

and JNO2/JHONO on a clear and sunny day.

Fig. 10. Correlations of the adjusted HONO to NO2 ratios with JNO2/JHONO ratio (panel a) and solar visible

irradiance/JHONO (panel b) on four sunny days (21 April, 4 May, 18 May and 19 May) during SHARP 2009.

30

(b)

Fig. 9. Timeseries of solar irradiance, JNO2, JHONO and the ratios of solar irradiance/JNO2, JHNO3/JHONO

and JNO2/JHONO on a clear and sunny day.

Fig. 10. Correlations of the adjusted HONO to NO2 ratios with JNO2/JHONO ratio (panel a) and solar visible

irradiance/JHONO (panel b) on four sunny days (21 April, 4 May, 18 May and 19 May) during SHARP 2009.

30

Fig. 10. Correlations of the adjusted HONO to NO2 ratios with JNO2
/JHONO ratio (a) and solar

visible irradiance/JHONO (b) on four sunny days (21 April, 4 May, 18 May and 19 May) during
SHARP 2009.
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Fig. 11. Timeseries of lidar backscatter on 21 April 2009 (top) and 18 May 2009 (bottom), taken by a ceilometer

by University of Houston.
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Fig. 11. Timeseries of lidar backscatter on 21 April 2009 (top) and 18 May 2009 (bottom), taken
by a ceilometer by University of Houston.
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