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Abstract. Nitrous Acid (HONO) plays an important role in time HONO formation rates, JRknown, ON four sunny days.
tropospheric chemistry as a precursor of the hydroxyl rad-The NQ-normalized Rnknown Pnorm: Showed a clear sym-
ical (OH), the most important oxidizing agent in the atmo- metrical diurnal variation with a maximum around noontime,
sphere. Nevertheless, the formation mechanisms of HONQvhich was well correlated with actinic flux (NQphotolysis

are still not completely understood. Recent field observafrequency) and solar irradiance. This behavior, which was
tions found unexpectedly high daytime HONO concentra-found on all clear days in Houston, is a strong indication
tions in both urban and rural areas, which point to unrecog-of a photolytic HONO source. [HONQO]J/[Ng) ratios also
nized, most likely photolytically enhanced HONO sources. showed a clear diurnal profile, with maxima of 2—3 % around
Several gas-phase, aerosol, and ground surface chemistnoon. PSS calculations show that this behavior cannot be ex-
mechanisms have been proposed to explain elevated daytim@ained by the proposed gas-phase reaction of photoexcited
HONO, but atmospheric evidence to favor one over the oth-NO; (NO3) or any other gas-phase or aerosol photolytic pro-
ers is still weak. New information on whether HONO for- cess occurring at similar or longer wavelengths than that of
mation occurs in the gas-phase, on aerosol, or at the groundONO photolysis. HONO formation by aerosol nitrate pho-
may be derived from observations of the vertical distribution tolysis in the UV also seems to be unlikely.

of HONO and its precursor nitrogen dioxide, M@s well as Pnorm correlated better with solar irradiance (aver-
from its dependence on solar irradiance or actinic flux. age R2=0.85/0.87 for visible/UV) than with actinic flux

Here we present field observations of HONO, Néand (R220'76), on the four sunny days, clearly pointing to
other trace gases in three altitude intervals (30—70m, 70-HONO being formed at the ground rather than on the

130m and 130-300 m) using UCLA' long path DOAS in- aerosol or in the gas-phase. In addition, the observed
strument, as well as in situ measurements of OH, NO, photoIIHONO]/[NOZ] diurnal variation can be explained if the for-

ysis frequencies and solar irradiance, made in Houston, Tx[nation of HONO depends on solar irradiance, but not if it de-

during the Study of Houston Atmospheric Radical Precursorpends on the actinic flux. The vertical mixing ratio profiles,

(SHARP) experiment from 20 April to 30 May 2009. The together with the stronger correlation with solar irradiance,
observed HONO mixing ratios were often ten times |argersupport the idea that photolytically enhanced NOHONO

than the expected photostationary state with OH and Noconversion on the ground was the dominant source of HONO

Larger HONO mixing ratios observed near the ground than'” Houston.
aloft imply, but do not clearly prove, that the daytime source

of HONO was located at or near the ground. Using a pseudo
steady-state (PSS) approach, we calculated the missing day-
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1 Introduction 201Q Wong et al, 2011). These formation pathways, to-
gether with the inefficient vertical mixing at night, allow

The rapid photolysis of nocturnal nitrous acid (HONO) (Re- HONO to accumulate in the NBL. Up to severalppb of

action R1) at sunrise is known to efficiently produce hy- HONO have been observed in the urban NBiutz et al.

droxyl radicals (OH) during a time when other K€ources,  201Q Lammel and Capel 99§ Platt et al, 1980).

such as the photolysis of ozone and formaldehyde, are still As the known nocturnal HONO formation pathways ap-

weak. pear to be too slow to explain elevated daytime HONO ob-
© 2001 servations, additional, thus far poorly understood, sources of
HONO+hv " —= " OH+NO (R1)  HONO in the sunlit atmosphere have been implied. Differ-

) o ent photolytic formation pathways of HONO have been pro-
~ The OH contributed by HONO photolysis in the morn- posed based on recent laboratory and field experiméits (
ing can initiate and accelerate daytime photochemistry. Af-gt 51 2008 Stemmler et al 2006 George et a].2005 Zhou
ter sunrise, HONO concentrations typically decrease rapidlyet g1, 2007 Kleffmann 2007. Generally one can distin-

due to the combined effects of photolysis and enhanced veryyish gas-phase mechanisms and heterogeneous mechanisms
tical mixing. Until recently, HONO was expected to reach o aerosol or at the ground.

a pseudo steady—st.ate betvyeen its gag—phase fprmation from Bejan et al.(2006 proposed that the gas-phase photoly-
NO and OH (Reaction R2), its photolysis (Reaction R1), ands;s ofortho-nitrophenols could contribute to the formation of
its gas-phase reaction with OH (Reaction R3) during the resgjaytime HONO in more polluted urban atmospheres. Lab-
of the day. Its pseudo steady-state mixing ratio ((HOND]  oratory experiments showed that the HONO formation rate
can be calculated based on Eq. (1), whegeand k3 are  \yas linearly dependent on nitrophenol concentrations in the
the reaction constants of Reactions (R2) and (RBbno  presence of light. A linear dependence of the HONO vyield
is the photolysis constant of HONO, and [NO] and [OH] are o, |ight intensity and photolysis of NOn the spectral re-

the concentrations of NO and OH. The theoretical steady-ion petween 300-500 nm was observed, suggesting that this
state HONO mixing ratios have been calculated to be in thepathway can occur in the atmosphere. The gas phase reac-
low ppt range (less than 10 ppt) during the d&yeffmann  tjon of photoexcited N@ (NO3) with water vapor as a day-
2007). time source of HONO has received considerable attention in
recent years, following the laboratory measurements.iby

NO-+OH — HONO (R2) et al. (2008 2009. While there is considerable disagree-
ment on the rate and branching ratio of the ]NOH20 re-
HONO+OH — NO+H.0 (R3) action Crowley and Carl1997 Carr et al, 2009, a mod-
k2[NOJ[OH] eling study byEnsberg et al(2010 has shown that, at the
[HONOJss= —————=~ (1) higher reported rate, this reaction could potentially be im-
JHoNo + k3[OH]

portant. The formation rate of HONO from both mechanisms

However, recent field experiments in both urban and ruralshould be proportional to the actinic flux in the atmosphere.
areas showed that daytime HONO concentrations can reach the case of the photoexcited M@athway the HONO for-
up to a few hundred ppt (for the remainder of the manuscriptmation rate should also be linearly dependent orp NiXing
we will use ppt as the equivalent of pmol meé), substan-  ratios. In the case afrtho-nitrophenols there is most likely a
tially higher than the expected [HONg)](e.g. Kleffmann correlation with NQ because their primary source is traffic
et al, 2005 Acker et al, 2006a Zhou et al, 2007). These emissions, although the functional dependence is less well
elevated HONO levels during the day have a significant im-defined.
pact on the OH budget. In urban and remote areas up to Heterogeneous NOto HONO conversion was proposed
55 % of the total OH budget during the day can be attributedto be enhanced by solar irradiance on some types of surfaces.
to HONO photolysis in the morning and throughout the day George et al(2005 found that NQ conversion to HONO on

(Mao et al, 201Q Elshorbany et al.2009 Acker et al, films of aromatic compounds, such as phenols and aromatic
2006h Kleffmann et al, 2005 Aumont et al, 2003 Alicke ketones, was greatly enhanced (by 1-2 orders of magnitude)
etal, 2002. when irradiated with light of 300-420 nm, compared to the

Despite its importance, the source of HONO is not yetdark reaction.Sosedova et a(2011) showed that heteroge-
been completely understood. It is generally believed thatnheous reactions of Non phenols can lead to the forma-
heterogeneous nitrogen dioxide (B)@onversion on humid tion of particulate-phase nitrophenols, which, upon photoly-
surfaces, either through disproportionation or reaction withsis, lead to formation of HONCStemmler et al(2006 ex-
adsorbed organics, is the most important formation pathwayanded this mechanism to explain N© HONO conversion
of HONO in the nocturnal boundary layer (NBLFiflayson-  on humic acids and soil surfaces. In detail, they proposed a
Pitts et al, 2003 Stutz et al.2004 Wong et al, 2011). Het- mechanism where the photolysis of surface adsorbed humic
erogeneous reactions on fresh organic aerosols can play &cid in the broad spectral range of 300—700 nm leads to the
role in HONO formation during rush houZiemba et al. activation of reductive centers {#) in the organic film at the
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surface and an oxidant. The reaction df%with NO, then Kleffmann et al, 2005 Zhou et al, 2001, 2002 2007, 2011;
leads to the formation of gas-phase HONO. Based on theiRen et al. 201Q 2011 Ziemba et al. 2010. In general,
laboratory observation, photoenhanced formation of HONOthese studies found that HONO mixing ratios in urban ar-
(PHono) is first order in NQ at low NO; mixing ratios, such  eas peaked in the morning and decreased throughout the day,
as those found in a semi-polluted atmosphere. The formatiomr had a minimum at noorA¢Cker et al, 20063 Alicke et al,
rate was also found to depend linearly on irradiance (Eq. 2).2002 2003 Villena et al, 2011 Elshorbany et al.2009.
In remote and semi-rural areas, HONO mixing ratios were
Prono o surface area[NO;] - Irradiance (2) found to either peak at noontimacker et al, 2006k Zhou
et al, 2001, 2011) or to peak in the morning similar to obser-

Another proposed daytime HONO formation mechanismvations in urban areagliou et al, 2007 Kleffmann et al,
is the photolysis of surface adsorbed nitric acid (HINO  2003.
This formation pathway has been suggested to be important, HONO to NG ratios were observed to have some di-
based on field measurements in remote ar&asy et al,  urnal variation, which tended to peak at midday in urban
2007 He et al, 2006 Beine et al. 2002 Dibb et al, 200  areas and correlate with the photolysis frequency of, NO
and laboratory studies on glass sample manifold surfacegAcker et al, 20063 Villena et al, 2011, Elshorbany et a).
(Zhou et al, 2002 2003. Recently,Zhou et al.(201]) also  2009. The diurnal pattern of [HONO]/[Ng] ratios was ex-
reported HONO emission flux measurements above a foresplained to be due to a photolytic HONO source, which was
canopy in a rural area, which they attribute to the photoly-expected to be correlated with the actinic flux or the photol-
sis of HNG; adsorbed on leaves. HONO formation through ysis frequency of N@ Larger [HONO]/[NQ)] ratios were
surface HNQ photolysis is proportional to UV solar irra- sometimes observed at higher altitudes, suggesting a possi-
diance and the amount of surface adsorbed HN@hou ble HONO source aloff\(illena et al, 2011).
et al. (2011 report no clear correlation with NQor NOg, Thus far, few observational studies have been performed to
but rather with NQ. measure daytime HONO vertical profild€leffmann (2007

Both heterogeneous mechanisms described above can pmeasured daytime HONO concentrations at 10, 30, 100 and
tentially also occur on aerosol particlesStemmler et al. 190 m using the Long Path Absorption Photometer (LOPAP)
(2007 found that the humic acid pathway on aerosol is mostin a semi-rural area in Germany. No strong vertical gradi-
likely not important, as the observed uptake coefficients inents of HONO were observed. [HONO]/[NDratio only
the laboratory were too small. However, other unrecognizedlightly decreased with altitude, suggesting that there could
HONO formation through the aerosol phase cannot be exbe a potential photolytic HONO source in the gas-phase or
cluded. One would expect that most processes would ben the aerosol. However, vertical gradient measurements
linearly dependent on Nfmixing ratios. This includes the at 0.5 and 25m in a forest showed no vertical gradients of
HNO;3 photolysis pathway if aerosol nitrate is well correlated HONO in the morning and during the dagdrgel et al,
with gas-phase N©® In contrast to the surface HONO for- 20113. Zhang et al(2009 performed aircraft measurements
mation, the HONO formation rate on aerosol would be pro-of HONO vertical profiles in the lowest 2500 m over a rural
portional to the actinic flux, i.e. total solar irradiance over the area in northern Michigan. Negative HONO vertical gradi-
aerosol surfaces, rather than solar irradiance. ents were observed during the day, indicating that the ground

A new ground source of daytime HONO was recently pro- was a major source of HONO in the lower boundary layer.
posed bySu et al.(201]). In this study, soil nitrate was Significant daytime HONO concentrations measured in the
shown to be a strong source of daytime HONO. The emis-upper boundary layer and in the lower free troposphere sug-
sion of HONO from soil showed diurnal variations with a gested that there was an additional source of HONO aloft.
maximum at noon, with a magnitude similar to the observedNo NO, measurements were presented in this study. How-
missing HONO source. The emission of HONO does notever, airborne measurements of HONO in the lowest 1000 m
have a dependence on gas-phase Nfdt rather on the ni- showed no vertical gradientsi@seler et a).2009. Villena
trite concentration in the soil, which depends on soil acidity et al. (2011 took daytime HONO measurements at 6 and
and temperature. 53 m off a building in an urban area in Chile using LOPAP.

Another HONO source active during the daytime in urban Higher concentrations of HONO were also measured near
and semi-urban areas is the direct emission from combusthe ground than aloft. The [HONO]/[NQratio had a diur-
tion processesKurtenbach et al.2001; Pitts et al, 1984 nal variation which correlated with the photolysis frequency
Kessler and PlattL984. This source would be independent of NO,. Larger [HONOJ/[NQ{] ratios were sometimes ob-
of actinic flux or solar irradiance, unless temporal traffic pat- served, indicating a possible source of HONO aloft. Daytime
terns correlate with the temporal behavior of solar irradiance HONO measurements were also performed at 0.2 and 5m
On the other hand NO/N£and HONO are co-emitted and a over snow in the Arctic by hou et al(2001). Larger HONO
HONO-NG; correlation can be expected. concentrations were observed near the snow and had a solar

Most field studies of daytime HONO have been based ondependence.
point measurements at one altitud&cker et al, 2006ab;
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The vertical distribution of HONO in the daytime bound-  The LP-DOAS measured atmospheric absorption spectra
ary layer carries important information on the source andbetween 300-380 nm with a spectral resolution of 0.5 nm us-
formation of HONO. A strong continuous ground source of ing the multichannel scanning technique (see detailslin
HONO would lead to higher concentrations near the groundcke et al, 20029. The spectral trace gas retrievals of path-
than aloft. On the other hand, daytime HONO formation onaveraged HONO and NOconcentrations were performed
aerosol surfaces should lead to a relatively uniform HONOusing the methods outlined iBtutz and Plat{1996 using
vertical distribution, assuming the most likely case that theliterature absorption cross sectior&ttz et al. 200Q Van-
aerosol profile is uniform in the daytime boundary layer. daele et al.2002. Errors of HONO and N@ mixing ra-
Similarly, gas-phase HONO sources in a well-mixed bound-tios were derived in the fitting procedure and will be re-
ary layer should also be fairly uniform in altitude. Motivated ported here asdl statistical uncertainties. The systematic er-
by these arguments, we report here continuous measuremenisrs of the reported trace gas mixing ratios are dominated by
of daytime HONO and N@mixing ratios in three altitude in-  the uncertainties of the absorption cross-sections of HONO
tervals in Houston, TX in Spring 2009. We will use HONO (5%) and NQ (3%) (Stutz et al. 2000 Vandaele et al.
and NQ profiles together with the correlation of pseudo 2002. The systematic error of the DOAS spectrometer is
steady-state HONO formation rates and [HONOJ/[N @a- <3% (Platt and Stutz2008. An example of a spectral re-
tios with solar irradiance/actinic flux to elucidate the sourcetrieval of NO, and daytime HONO path-integrated mixing
of daytime HONO. ratios, along with the statistical errors of the measurements,
is shown in Fig2. HONO absorptions during the day were
clearly identified.

In order to retrieve the vertical gradients, we assumed hori-
zontal and vertical homogeneity in the height intervals shown
in Fig. 1. Therefore, the concentrations of the retrieved path-

saveraged mixing ratio of the lower and middle light paths
are representative for the lower and middle intervals. The

(SHARP), in Houston, TX, using UCLAS long-path Dif- concentration of the upper interval was calculated by sub
ferential Optical Absorption Spectroscopy instrument (LP- . . . S
b P P Py ( tracting the scaled concentration retrieved from the middle

DOAS). A number of other measurements, in particular ofl_ ht path f th liaht path Fi c
OH, NO, solar irradiance and actinic flux were also per- ight path from the upper light path (see Fig). Conse-

formed. Several other techniques also measured HONO du@Ue"tY; the reported mixing ratios are horizontally averaged
ing SHARP. A manuscript comparing these measurements ig¢ V€€ the Moody Tower and downtown Houston, and ver-

forthcoming. tically averaged over the LP-DOAS height intervals: lower:
20-70 m, middle: 70-130 m and upper: 130—-300 m. The sta-

21 LP-DOAS tistical errors from the measurement were propagated in this
calculation. The best detection limits, calculated as twice

The LP-DOAS instrument was set up on the roof of the Norththe statistical error of the height averaged mixing ratios,

Moody Tower on the campus of the University of Houston, for lower/middle/upper height intervals was 15/20/30 ppt for

at an altitude of about 70 m above the ground. The instru-HONO and 20/20/30 ppt for N© As DOAS mixing ra-

ment consists of a 1.5 m focal length double Newtonian tele-tio errors are determined for every data point and thus vary

scope, which is used to send a collimated beam of light fromwith atmospheric visibility and instrument performance, we

a Xe-arc lamp onto an array of quartz corner-cube retrore-also determined the campaign average detection limit to be

flectors. The reflected light is received by the same telescop&2/40/52 ppt for HONO and 40/50/130 ppt for NCDetec-

and fed through a quartz fiber mode-mixer into a 500 mmtion limits for daytime measurements in 2009 were consid-

Czerny-Turner Spectrometer (Acton Spectra Pro 500) witherably better than in 2008\ong et al, 2011) due to better

a photodiode array detector (Hoffmann Messtechrfitu{z ~ atmospheric visibility in 2009 and improvements to the LP-

and Platt1997). Retroreflector arrays were mounted on the DOAS instrument.

top of three buildings located in downtown Houston at dis-

tances of 4.1, 5.05 and 5.15km from the Moody Tower at2.2 Radiation measurement

altitudes of 20, 130 and 300 ma.g.l., respectively (Hig.

The LP-DOAS telescope was aimed consecutively at thesdn situ radiation measurements were performed on the roof

retroreflectors to measure the absorptions of HONO ang NO of Moody Tower by the University of Houston. Incident to-

between the University of Houston and downtown Houston.tal and diffuse solar visible irradiance data were taken us-

2 Experimental

Measurements of daytime HONO and pl@ertical concen-
tration profiles were made from 20 April to 30 May during
the 2009 Study of Houston Atmospheric Radical Precursor

This setup was very similar to that describedfong et al.  ing the BF3 Sunshine Sensor (Delta-T Devices, Cambridge,
(2011, with the exception of somewhat different locations UK), which uses an array of photodiodes and a computer-
of the middle and lower retroreflectors. generated shading pattern. The BF3 photodiodes are sensi-

tive to solar radiation between 400—700 nm. The BF3 instru-
ment was calibrated just prior to the SHARP campaign by

Atmos. Chem. Phys., 12, 63%52 2012 www.atmos-chem-phys.net/12/635/2012/
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| =length of light path Downtown
C = concentration of trace gases Houston
- 300 m
Cupperbox:
Moody ) (€1-C /-1, |
Tower sz ¥
LP-DOAS
Cmiddle box = C2
70 m Clowerbox: 1 20m
0 km 4.1km 5.05km 5.15 km

Fig. 1. Schematic figure of the setup of UCLA's LP-DOAS during SHARP 2009, showing the three LP-DOAS light paths and the height
intervals for which concentrations were retrieved.

-3
5x 10
=)
o
2 o 1
P
'S
§ -5 FitNO, + Fit Residual B
[ .
- —FitNO, | | | | |
_1935 340 345 350 355 360 365 370 375
Wavelength [nm]
—4
5x 10
=
o
2 o .
P
'S
S 5 . . 3 i
% —Fit HONO + Fit Residual
= —Fit HONO
- | | | | | | |
1:935 340 345 35 35 360 365 370 375

0 5
Wavelength [nm]

Fig. 2. Example spectra for N©(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 excggupiier) and HONO (lower). The retrieved HONO mixing

ratio was 0.13% 0.013 ppb while N@ was 5.38+ 0.031 ppb.

the manufacturer which assigasl2 % overall accuracy for Photolysis frequencies of HONO and N@ere measured
the total irradiance angt15 % accuracy for the diffuse irra- using a scanning actinic flux spectroradiometer (SAFS). The
diance under normal climatic conditions. The UV irradiance main components of the SAFS instrument are an optical
in the range of 286.5-363 nm was measured by the Brewecollector, a UV fiber optic bundle, a computer-controlled
MKIV Spectrophotometer. scanning double monochromator, a low-dark current photo-
multiplier tube, a four channel signal amplifier, and a data

www.atmos-chem-phys.net/12/635/2012/ Atmos. Chem. Phys., 12, 63%2-2012
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acquisition system. The full width at half maximum of the 2.N2Os + RONQ, + p-NO3 + NOCI +...). The detector has
CVI CM112 double monochromator used in this instrumentbeen described ihuke et al.(2007 and the methods used

is 1.0 nm using 2400-g mnt gratings and 600-micron en- to convert NQ and NG to NO in Luke et al.(2010. The
trance and exit slits. The acquisition time to obtain a 280 nmresponse time for NO measurements is approximately 1s,
to 450 nm spectrum with 1 nm steps during SHARP was 30 sand the detection limit for a 1 min signal integration, based
The SAFS monochromator wavelength assignment and inen a Zr noise envelope about the mean, is 10 ppt. Over-
strument function were checked every few days by referencall uncertainty in the measured NO data is approximately
ing to a low-pressure mercury lamp spectrum. The abso{0.010 ppb + 10 % of reported concentration).

lute spectral sensitivity of each instrument is calibrated in an

optical calibration facility using 1000-watt NIST traceable 2.5 Meteorological measurement
quartz-tungsten-halogen lamps with uncertainties of 3-4%. ) )

In order to trace any drift in instrument sensitivity, spectral N Situ meteorological data, such as temperature, wind speed,
calibrations were also performed every three days in the fieldWind direction and relative humidity, were measured by the
using secondary 250-watt QTH calibration lamps mounted inJniversity of Houston on Moody Towet gfer et al, 2010.

a field calibration unit. More details regarding the SAFS in- 1émperature and relative humidity were measured with a
strument operation can be foundliefer et al.(2003 and a Vaisala HMP45C. Wind speed and wind dlrectlgn measure-
thorough uncertainty analysis of the SAFS instrument is dis-MeNts were performed using a R.M. Young Wwind Monitor
cussed byShetter et al(2002). Photolysis frequencies were (CS Model 05103). Boundary layer height was determined
calculated from actinic flux using temperature and pressurdyY an aerosol backscatter ceilometer (Vaisala CL31), us-
dependent molecular absorption cross-sections and photoly?d the Vaisala minimum gradient planetary boundary layer
sis quantum yields provided iSander et al(2006). height algorithm 3.5.

2.3 OH measurement 3 Observations

OH mixing .ratios were me{:\sured using the Ground-basethaytime HONO mixing ratios were observed by the LP-

Tropospheric Hydrogen Oxides Sensor (GTHORIgona  poAs on 37 days of the 41 day long SHARP experiment.
et al, 2004 Mao et al, 2019. The air sample is pulled | this study, we concentrate on 4 sunny days, which allow
through an orifice (1.0 mm dia) into a low-pressure (4-5hPa)y more detailed analysis of the photochemistry of HONO.
chamber. As the air passes through a pulsed laser beam, OR the diurnal behavior of HONO is similar on these days
is excited by the laser and then detected at wavelengths negfe will discuss two days (21 April and 18 May 2009), in

308nm. Collisional quenching of the excited state is slow mqre detail in this section. Cloudy days also showed daytime
enough at the chamber pressure that the weak OH fluoresgono mixing ratios which were larger than the expected

cence extends beyond the prompt scattering (Rayleigh angqtostationary state mixing ratios, but the interpretation ap-
wall scattering) and is detected with a time-gated mmrochan—moach described below is not applicable.

nel plate (MCP) detector. GTHOS was calibrated before,

during, and after the study using the technique described ir8.1 21 April 2009

Faloona et al(2004. The absolute calibration uncertainty

was estimated at32 % (at the 95% — 2 sigma-confidence 21 April 2009 (Fig.3) was characterized by westerly flow

level). The OH detection limit can be defined from twice the with wind speed between 4 to 10 mis(Fig. 3c). Tempera-

standard deviation of the background signal and was 0.2 patture increased from 290 K at sunrise to 302 K in the late after-

per trillion by volume, or pptv, for a 30-min integration pe- noon, and relative humidity decreased from 60 % at sunrise

riod. During the SHARP campaign, the GTHOS detectionto less than 30% in the afternoon (Figh). Actinic flux,

system was mounted approximately 7 m above the roof ofshown here agyono, showed that 21 April was a sunny day

Moody Tower, on the third level of a scaffolding tower. Am- without clouds (Fig3a). Boundary layer heights, as deter-

bient air was pulled through the system by a vacuum pumpmined by the ceilometer, grew froms100m at sunrise to

that was located directly beneath the measurement tower-1500 m in the afternoon (Figa).

The electronics and calibration equipment were housed in an NO, mixing ratios showed a distinct diurnal behavior

air-conditioned hut that was directly adjacent to the tower. (Fig. 3e). Mixing ratios in the lower and middle height in-
terval were elevated in the early morning due to rush hour

2.4 NO measurement emissions and a shallow boundary layer. During the same
time period NQ mixing ratios aloft were only~1 ppb. As a

A research-grade, three-channel ozone chemiluminescenamnsequence of vertical mixing, the M@ixing ratios near

detector Luke et al, 2007 was used to provide simultaneous the ground decreased, while those aloft increased between

in situ measurements of NO, NGINOx = NO + NO), and  06:00 CST and 09:00CS, as the boundary layer started to

NOy (NOy = NOx + HONO + HNG; + PANs + HGNO; + grow. This early morning behavior is in agreement with our

Atmos. Chem. Phys., 12, 63%52 2012 www.atmos-chem-phys.net/12/635/2012/



K. W. Wong et al.: Daytime HONO vertical gradients during SHARP 2009 in Houston, TX 641

— «— lower — = — middle —= — upper ground than aloft, possibly indicating a strong source ofNO
3000 la ' ' ' ' from traffic and vertical mixing that was not fast enough to
%2000'_ even out its vertical distribution.
7 1000+ Early morning HONO mixing ratios generally followed
] . . those of NQ, showing distinct vertical gradients, with larger
& 300+ ] mixing ratios near the ground than aloft, and decreased from

~0.3ppb at sunrise t6~0.15ppb at 09:00 CST (Fig3f).
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 through-
out the day, in contrast to NQwhich increased after noon.
Measurements in urban areas typically show similar diurnal
variations in HONO mixing ratios. In contrast to our obser-
vations, some measurements in rural environments showed
a peak in HONO mixing ratios at solar noofdker et al,
1 2006h Zhou et al, 2001). Assuming pseudo steady-state
o3 | 1 among Reactions (R1-R3), we calculated the HONO steady-
z 5‘20-_ p-— : ] 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 21 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 cal-
culation. 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 concen-
. ; trations indicated a strong unknown source of HONO during
4/21/2009 06:00 4/21/2009 12:00 4/21/2009 18:00 the day. HONO mixing ratios also showed statistically sig-
Time (CST) nificant vertical gradients throughout the day, with smaller
mixing ratios in the upper height interval than in the lower
Fig. 3. Timeseries of meteorological datdyono, NO, OH, and middle intervals. While this may imply a HONO source
HONO, NO, and HONO to NQ@ ratio on 21 April 2009. OH data  near the ground, the simultaneous N@radient makes this
were not available on this day. OH data shown here are the avinterpretation more complex, as will be discussed further in
erage of sunny days during SHARP. HONO and Néata after  gect. 4.
09:00 CST are displayed with d_iff(_arent scales on the right y-axis. To further investigate the possible conversion of \Ni©
Error bars of one standard deviation are shown for,NBONO HONO, we calculated the HONO to NQatio in all height
and HONO/NG. ) P : . . .
intervals (Fig.3g). This ratio showed a clear diurnal varia-
tion, with values of~1 % in the early morning, that gradu-
ally increased to almost 3 % around noon and then decreased
understanding of the morning transition period when mixing back to 1 % by the late afternoon. The steady-state HONO to
and the onset of photolysis leads to a change in the mixingNO, ratio expected based on Eq. (1) was % at 07:00 CST,
ratios and the vertical distribution of NOlnterestingly, ver-  similar to the observed HONO to NQatio. However, it de-
tical NO, mixing ratio gradients did not disappear after the creased to 0.3 % or below during the day, and did not show
morning transition and remained pronounced throughout thehe observed diurnal variation. The observed ratio was up to
rest of the day. N@mixing ratios near the ground decreased ten times larger than the expected steady-state HONO to NO
from ~10 ppb at 09:00 CST to a minimum of7 ppb around  ratio, further showing the existence of an unknown HONO
noon and then increased agairtth0 ppb around 18:00 CST. source. The [HONOJ/[N@) ratio did not show pronounced
This variation can be partially explained by the shift towards vertical profiles throughout the day.
NO in the NO-NQ photostationary state at higher Nfho-
tolysis frequencies. The upper height interval showed mixing3.2 18 May 2009
ratios of about one-third of those in the lower height interval
at 10:00 CST. Around noontime, the M@ixing ratio inthe 18 May (Fig.4) was another sunny day, similar to 21 April.
upper height interval was only half of that in the lower height However, it was characterized by northerly and northeast-
interval. The mixing ratios in the middle height interval gen- erly flow, with wind speeds from 4 to 8 nT$ (Fig. 4c) and
erally fell between those in the upper and lower intervals.temperatures from 288 to 297 K (Fidgb). Boundary layer
Larger daytime N@ mixing ratios were observed near the heights grew from~100m at sunrise te~2800m in the

HONO/NO,
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— «— lower — =— middle — = — upper t0 0.11 ppb at 09:00 CST. HONO in the lower height interval
3000 Ia ' ' ' ' stayed at around 0.1 ppb throughout the day, with a mini-
%2000-_ JA mum of 0.04 ppb at 16:00 CST. Again, HONO mixing ratios
= 1000 -_/ showed a steady decrease throughout the day. The calculated
0 : : : steady-state HONO mixing ratio (Eq. 1) was about 0.015 ppb
- 300D 80 during the day and was often much smaller than the observed

s >&: 0z S HONO in the lower height interval. Obvious vertical gradi-

E 2904 . ents were observed almost throughout the day. HONO in the
1g-'C L T 0 upper height interval varied between 0.02—0.09 ppb and was

w3 6] NWNW often about half of that in the lower height interval.

S E ;EWWWWWMWMWWM The HONO to NQ ratio on this day also showed some

0] . i , ! diurnal variation, but not as strong as on 21 April (Mg).
204d At sunrise, [HONOJ/[NQ] ratio was 1%. It increased to
maximum of 2% in late morning and around noon time, and
decreased gradually in the afternoon. No significant vertical
gradients of [HONOJ/[NQ] were observed. The theoretical

] " 1 steady-state [HONOJ]/[Ng] ratio was below 1 % and did not
:Nﬁ - " show the diurnal variation of the observed [HONO]/[NO
o : 0 ratio.

4 Discussion

Daytime HONO mixing ratios on both 21 April and 18 May,

as well as most days during the SHARP experiment that are
not discussed in detail, were significantly greater than the
5/18/200006:00  5/18/20091200 5/18/2000 18:00 theoretical steady-state HONO mixing ratios, suggesting an
unknown daytime source of HONO existed. In order to quan-
tify the unknown HONO daytime source, we apply a pseudo
steady-state (PSS) approach. The use of a PSS approach is

HONO, NO, and HONO to NG ratio on 18 May 2009. HONO justified by the measured photolysis frequencies of HONO,
and NQ data after 09:00 CST are displayed with different scalesWhICh showed that HONO had a short lifetime of about half

on the right y-axis. Error bars of one standard deviation are showr1 Nour in the early moming and less than 10min at noon

for NO,, HONO and HONO/NG. in Houston. We thus assume that during clear and sunny
days HONO reaches a pseudo steady-state between the un-
known source (Bknown), its direct emissionk), and Reac-

afternoon (Fig4a). This day had similar relative humidi- tions (R1-R3). The rate of HONO formatioAf2N) can

ties as 21 April, which varied from 70 % at sunrise to only thus be expressed by Eq. (3), angRown can be calculated

25 % in the afternoon (Figlb). as shown in Eq. (4).

Similar to 21 April, distinct NQ and HONO vertical gra-

dients were observed throughout the day, with larger CON-4IHONO]

centrations near the ground than aloft. N the lower ~ ——— = Punknown+ k2[NO][OH] — J1ono[HONO]

height interval was 27 ppb at sunrise and decreased to 5 ppb _

at 10:00 CST, remaining at 5ppb for the rest of the day ~ks[HONOJ[OH] + £ =0 ®)

(Fig.4e). NG, mixing ratios in the upper height interval were

1ppb at sunrise. When the boundary layer started to mixPynknown= JHono[HONO] + k3[HONO][OH]

gnd the NQ mixing ratios_gt the middle and lower hgight —k[NOJ[OH] — E 4)

intervals decreased, NQOnmixing ratios in the upper height

interval increased to 6.5 ppb at 07:30 CST and leveled off af-4 .1 Quantification of daytime HONO sources

terwards, remaining below 3 ppb throughout the day.>NO

mixing ratios in the upper height interval were about 50 % The HONO formation rate due to Reaction (R2) and the

lower than those in the lower height interval. HONO removal rate by Reactions (R1) and (R3) were cal-

HONO mixing ratios developed significant gradients in the culated from the measurements of HONO, OH, NO, and
morning similar to those on 21 April (Figf). HONO inthe  Jyono during SHARP. Because there was no information on
lower height interval was 0.25 ppb at sunrise and decreasethe HONO emission rate, the direct emission rate of HONO

HONO/NO,

Time (CST)

Fig. 4. Timeseries of meteorological datdyono, NO, OH,
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of HONO through Reaction (R3) were relatively constant

% 1x10’ E— e p throughout both days and were insignificant compared to the
% ] unknown NG+OH > HONO loss rate of HONO by photolysis.

= 8x107 Liiono Liionoson The formation rate of HONO through Reaction (R2) was
8 —=— Emission important in the early morning, on both days. On 21 April,
o 6x10°; T it was the dominant chemical formation pathway of HONO
i ] , before 08:00 CST. However, it decreased afterwards on both
S 4x1074 ?'\H days. Direct HONO emissions were comparable to the
g HONO formation through Reaction (R2) in the first couple
S 2x106-_ of hours after sunrise. However, due to the rapid growth of
CZD E\;_a\;_h_i_i\‘ boundary layer height after sunrise, HONO direct emissions
o) 0 ot siied 2=2 were insignificant throughout the rest of the day. It should
T 4/21/2009 06:00 4/2_1/2009 12:00 4/21/2009 18:00 be noted that our direct emission calculations were based on
. Time (CST) an [HONO]/[NQ] emission ratio, which is not well known.
"o 1x107 However, even at the highest reported [HONO]/[J®mis-

@ sion ratio of 0.8% the contribution of direct HONO emis-
© 8x10°- sions to the overall HONO budget is insignificant.

@ The results in Fig5 show that RBnknown dominated on

;i’ 6x10° both days. It reached a maximum o&k6.0° cm—3s~1 and

= 4 x 10°cm=3s1 at noon on 21 April and 18 May, respec-
5 4x10° )/(\ tively. While the diurnal pattern of Rknown Shows an in-

® T % crease towards noon, the formation rate seems to be higher
g 2%10°1 % before noon than after noon, in particular on 18 May 2009.
5 _E\i—ﬁ\ﬁ—i—ﬁ’ﬁ\ ii:\i This asymmetric pattern on sunny days with a symmetry
b 0 s g : A of the actinic flux around noon shows thagnkhown does
%5/18/2009 06:00 5/18/2009 12:00 5/18/2009 18:00 not purely depend on solar irradiance. As discussed in

Sect. 1, laboratory studies have shown thatNGnversion
into HONO on certain surfaces can be enhanced by solar ir-

Fig. 5. Timeseries of HONO formation and removal rates in the adiance George et &.2005 Stemmler et 8).2006 2007).
lower height interval on 21 April 2009 (upper) and 18 May 2009 Following these proposed daytime HONO formation mech-
(lower). Please note that errors were propagated from the statistica®NiSMS, Bnknown Should depend on NOmixing ratios. In
uncertainties of the observations. order to remove this possible N@ependence, Rknown as
calculated in Eqg. (4) and shown in Flg.was thus divided by
the observed N@concentrations. The approach of normal-
was estimated using the NGemission rate derived from izing the unknown HONO formation rate with NQ@nixing
model studies based on observations taken in the same lqatio was also used by a recent study in a semi-rural environ-
cation in 2006 \Wong et al, 2011). To calculate the contri- ment Gorgel et al, 2011F. This NOG;-normalized HONO
bution of direct emissions, a HONO/N@mission ratio of  formation rate, Rorm, displayed in Fig6 for the lower and
0.35%, which is in the range of that from tunnel measure-middle height interval, clearly showed a symmetric diurnal
ments Kurtenbach et a).200% Kirchstetter et al. 1999,  variation with a maximum at noon on both days.of thus
and the observed boundary layer heights measured by oubllows solar irradiance and actinic flux. While not shown
ceilometer (Figs3 and4) were used. here, similar results were found on all other clear and sunny
The formation and loss rates of HONO by Reactions (R1-days investigated in this study (see Sect. 4.2.2). We will dis-
R3), emission, and Rknown for 21 April 2009 and 18 May cuss the apparent dependence of HONO formation oa NO
2009 in the lower height interval are shown in Fig.Pho-  in Sect. 4.2, where different formation pathways will be dis-
tolysis was the dominant removal pathway of HONO in the cussed.
boundary layer during the day. The loss was highest from Previous field studies observed a wide range of unknown
around 09:00 CST to 12:00 CST. As the photolytic rate is thedaytime HONO formation rates from:>10°cm=—3s~1 to
product of the HONO mixing ratio, which decreased slowly 3.5x 10’ cm~3s~1 in both rural and urban areas®\dker
throughout the day (Figs8 and4), and the photolysis fre- et al, 2006y Zhang et al. 2009 Elshorbany et a].2009
quency of HONO, which was smooth and symmetric on bothKleffmann et al, 2005 Zhou et al, 2002 Su et al, 2008
days (Figs3 and4), the loss rate was not symmetric around Sorgel et al, 2011k Ren et al. 2010. Pynknown determined
noon. Small fluctuations in the HONO photolytic loss rate in our study is similar to the HONO formation rates reported
throughout the day, as seen on 21 April, were caused byn semi rural forests (up to 3:510° cm—3s71) (Kleffmann
small variations in the HONO mixing ratios. The loss rates et al, 2005 and rural mountains (up to»10° cm=3s71)

Time (CST)
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1.5 20
— —=—NO,-normalized P (lower)
:w —=—NO,-normalized P, (middle) 181 10.02
"9 JNOZ %
"g 10- Solar irradiance 21 16
o é 14 - 410.01 =
3 2 »
T 05- 124 2
€ 2
2 10 : 000
o 5/18/2009 06:00 5/18/2009 12:00 5/18/2009 18:00
Z L0 . Time (CST)
4/21/2009 06:00 4/21/2009 12:00 4/21/2009 18:00
Time (CST) Fig. 7. Measured diurnal variation of the photolysis frequency of
15 HONO, the photolysis frequency of NQo photoexcited N@, and
— —=—NO,-normalized P, (lower) their ratio on a clear and sunny day in Houston.
;rn | NO,-normalized P (middle)
“9 JNOZ
"; 104 Solar irradiance change, HONO would reach a steady-state withoNO
g at all altitudes, i.e. [HONOJ/[N@] would not show a
o’ gradient.
3 .
- — HONO was formed on the ground by a photolytically
g enhanced conversion of NQand then transported up-
S wards. Vertical gradients of HONO were due to HONO
o - photolysis and/or mixing/dilution. In the turbulent day-
Z 40 , : , time boundary layer, assuming the lifetime of HONO
5/18/2009 06:00 5/18/2009 12:00 5/18/2009 18:00 due to photolysis is 12min and a vertical transport
Time (CST) timescale of about 5 min, photolysis is expected to cause

about 30 % decrease in the upper height interval.
Fig. 6. Timeseries of N@normalized Bnknownin the lower and

middle height intervals on 21 April 2009 (upper) and 18 May 2009 4.2.1 Gas-phase formation

(lower). Photolysis frequency of NOand solar irradiance are

shown as well for comparison. Although HONO vertical gradients showed larger mixing ra-
tios near the ground than aloft, the existence of similapNO
vertical gradients makes the interpretation gfdRown chal-
lenging. One possible explanation qfkhownis @ gas-phase
source which involved N@or a trace gas that has a very

(Acker et al, 20068, but smaller than reports from a polluted
rural site Su et al, 2008 and an urban are&l[shorbany

etal, 2009. similar diurnal variation and vertical profile to NO This

. : . argument assumes that the actinic flux does not change sig-
4.2 Possible daytime HONO formation pathways nificantly with height, which in the lowest 300m of the at-
The observations of diurnal variations Qf:Rhownand Piorm, mosphere observed by our instrument is normally fulfilled.

together with the HONO vertical gradients, allow a num- Ort1_e pro][)oshe(: gas—.[t)hdase HOrI:!Ohfqrn;atlongat:\way Is the
ber of different interpretations of the possible HONO sourcelreac |h0nbo pho c;fezxom ed 215% whic 'r"]s ormed a walve—
which we will investigate in the following section: engths between an nm, with water vap oe(al,
2008. Assuming that this gas-phase formation is the source
— HONO was formed by a photolytic gas-phase sourceof daytime HONO, and Reactions (R2) and (R3) are slow,
that either involves N@or that was based on a precur- the rate of change of HONO with time can be written as:
sor that showed a similar vertical and temporal profile as
. L . Lo d[HONQ]
NO,, assuming that the actinic flux did not significantly —

change with altitude.
[HONQO]  Jno,—NO
— HONO was formed by photolytically enhanced con- [NO,] o Jz Z
version of NQ on the aerosol. If the aerosol pro- 2 HONO

file was fairly uniform in the lowest 300 m of the at-  Again, using a pseudo steady-state approach, the expected
mosphere, and one assumed that actinic flux did noHONO to NQ ratio should be proportional to the ratio

=JN0,—NO,«[NO2]Yieldiono+/Hono[HONO]  (5)
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of the photolysis frequencies of NGand HONO, assum- 6x107° i

. . . — s — April 21 lower
ing a constant yield of HONO. The photolysis frequency " a, May 18 lower
of NO,—NOj; was calculated based on our direct observa- "’g May 4 lower
tions of actinic flux, the N@absorption cross section, and a g 5| * — May 19 lower
guantum yield of 1 between 420 and 650 nm. The observed 41071 - April 21 middle
JNO,—NO,+/JHONO ratio has a diurnal variation with a slight 9 s may 18 r,’:;gld'e
minimum at noon (Fig7) due to the different wavelength % . O oS
ranges of absorption of HONO and NG>NO3 . The diur- € 2x10°1

nal variation of the/No,—No,«/J/HoNO ratio is thus inverse e

to the observed diurnal variation of the [HONOJ/[Nra- O'N =

. . . . g =

tio (Fig. 3g and4g), which shows a clear maximum at noon. z Al

Therefore, gas-phase HONO formation through the reaction
of photoexcited N@with water vapor was not the dominant
source of daytime HONO. Please note that the choice of the
NO2 —NO; quantum yield has no impact on our argument
as we are only analyzing the diurnal behavior and not the ab-
solute formation rate. A recent laboratory studyAyedro

et al.(2011) also found that this reaction is not important for
daytime HONO formation.

Another proposed gas-phase HONO formation pathway is
the photolysis of nitrophenols in the 300-400 nm wavelength
range Bejan et al. 2006. To explain our observations, ni-
trophenols would have to show a diurnal variation similar to
NO, as well as the same vertical concentration gradients as
HONO. It should be noted that the diurnal nitrophenol vari-
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ation would not just have to be similar to N®ut precisely 0
Solar Visible Irradiance (Wm?)

related to it on a day by day basis to explain the fairly reg-
ular [HONOJ/[NOy] behavior. As traffic emissions are be- ) _ )
lieved to be the major source of nitrophenols in the atmo-';'g' 8(;3) ai?j”se;‘l"‘;roi':fadci’;nré) Tﬁﬂgrﬂﬁgzregnffm?gmg ;/‘Iveltighl

. ; _ JNO»
Feition between N@and nirophonol levers. However, e METVAIS on four sunny days (21 Aprl 4 May, 16 and 19 Mey)dur-
NO-NO, photostationary state that also regulates the, NO ing SHARP 2009. Results of the linear fits are shown in Table 1.
concentrations would weaken this correlation. In addition,
nitrophenols have a long lifetime efl1 day and should thus ) _ o
have a relatively uniform vertical distribution in the bound- OPserved during SHARP had strong diurnal variations. It has
ary layer. It would thus be fortuitous if nitrophenols would /S0 been suggested that photolysis of aerosol nitrate could
show the same vertical profile as HONO on all days we in-'€ad to HONO formation. However, to explain our results
vestigated in Houston. We thus believe that the photolysis ofhis would require that the product of aerosol nitrate and

gas-phase nitrophenols is most likely not the main source oferosol surface area concentration would be well correlated
the observed daytime HONO. with NO2. The correlation of this product and NGnot

shown) was poor during our study, wift? between 0 and
0.1. These considerations show that aerosol processes were
not the main source of HONO.

Another possible source of daytime HONO is its formation The second argument to distinguish ground from aerosol
on aerosol or at the ground. Four different arguments will bemediated N@ to HONO conversion is to investigate the
discussed in this section to investigate the role of these twaorrelation of RBorm With actinic flux and solar irradiance.
types of surfaces in Houston. Aerosol mediated conversion should functionally depend on
The first argument is based on the analysis of the diurnathe actinic flux, while conversion on the ground primarily
variation of Rorm. If NO2 to HONO conversion occurs on depends on the solar irradiance at the ground. The differ-
the aerosol, Rrm should be proportional to the actinic flux ence between these two dependencies is based on the differ-
and the aerosol surface area concentration. The symmetrient geometries of illumination. The actinic flux integrates
diurnal variation of Rorm (Fig. 6) implies that the aerosol sur-  solar irradiance onto an air parcel from all directions, and
face area concentration had to be fairly constant throughouthus shows a weaker solar zenith angle/temporal dependence
the day if HONO formation occurred on the aerosol. How- than ground solar irradiance on a sunny day, which is propor-
ever, the aerosol surface area concentrations (not shown) a®nal to cosine(solar zenith angfé) Figure6 shows that

4.2.2 Heterogeneous formation on aerosol or ground
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Table 1. Linear fit results of Fig8.

Date  Light JNO, vis irradiance UV irradiance
path
Slope R? Slope R? Slope R?
(1073) (10-8m? (10" m?
w-1 S—l) w1 s—l)

lower 35+03 0.72 | 3.2+0.2 0.86 | 6.7£0.4 0.87

421 iddle | 41404 076 | 38402 090 | 7.9404 091
lower | 3.640.2 082 | 33402 090 | 66403  0.93
54 middle | 36402 082 | 33402 090 | 65+£03 093
lower | 28402 082 | 28402 089 | 55402  0.90
518 middle | 29402 089 | 28401 096 | 65+£02  0.97
co lower | 36405 070 | 36+£03 072 | 67407 075

middle | 3.3£0.5 0.58 | 3.2+0.4 0.65 | 6.3£0.8 0.70

Average | 3.4+£03 076 | 33+£02  0.85 | 6.6£0.4  0.87

6 relations between the,Bm and solar irradiance in the vis-
ible wavelength region (400—700 nm) are shown in [Big.
All four days showed significantly improved correlations be-
tween Rom and visible solar irradiance compared.jgo,
(Table1). For example,R2 improved from 0.72 and 0.76
on the lower and middle light path, respectively, to 0.86 and
0.90 on 21 April. The correlations increased on the other
‘o days as well, with the best correlation betweef, R and

2 visible solar irradiance of 0.96 found on 18 May in the mid-
- dle height interval. A visual comparison of Fifa and b

JvoeMhono  JnosMono (X10%)

. 5 -2
Solar Irradianceld (10" Wm™s)

0+ : ] reveals that the improved correlation stems from a better lin-
5/18/2009 06:00 5/18/2009 12:00 5/18/2009 18:00 earity between the B, and solar irradiance. All four days
Time (CST) showed similar slopes, from (2480.2)x 108 m?W-1s1

to (3.8+0.2)x 1008 m2W~1s~1. We repeated this correla-
Fig. 9. Timeseries of solar irradiancéno,. JHono and the ratios  tion analysis for solar UV irradiance (290-385nm). In all
of solar irradiancelNo,. /1 N 03//Hono @andJno,/JHoNo N 18 instances (Tabl&), the correlation with UV solar irradiance
May 2009, a clear and sunny day. was also better than withio,. A comparison of the corre-

lations with UV and visible solar irradiance showed that all
the measured diurnal profile dfjo,, as a proxy for the ac- days showed better correlation in the UV.
tinic flux in the 300450 nm region, and solar irradiance have The average correlation coefficient on all four days in
indeed different diurnal profiles. One would thus expect thatooth height intervals improved from®=0.76 with Jno, to
Pnorm is better correlated with the actinic flux than solar ir- 0-85/0.87 with solar UV/visible irradiance. The improved
radiance for a conversion on the aerosol and vice-versa for &orrelations of the unknown HONO formation rate with so-
conversion on the ground. It should be noted however, thatar irradiance suggested that ¥@ HONO on the ground
there is a certain degree of correlation between actinic fluxvas the most likely source of HONO in Houston.
and solar irradiance, and thatdr, will thus correlate with The third approach to investigate the potential HONO for-
both quantities. mation mechanism on the aerosol vs. the ground is based

On 21 April, Piorm showed positive correlations with on the (_)bserved [HONOJ/[Ng) rz?\tio (Eq. 6). As described_
JNo,. as a proxy for actinic flux, in lower and middle height at_Jove, if NQ to HONO conversion occurs _on the aerosol it
intervals (Fig8a), with ank2 of 0.72 and 0.76 and slopes of Wil depend onJsource [NO2] (where Jsourceis @ proxy for
(3.540.3)x 10~3 and (4.1 0.4) x 10°3, respectively. The the ?.CtInIC flux), and the HONO to NQOratio will be pro-
correlations were better on 18 May, wii? of 0.82 and 0.89  Portional to the ratio of/sourceand Juono- In the case of
and slopes of (2.8 0.2)x 10-3 and (2.9 0.2) x 103 for J59urce: Jno, this ratio is almost constant throughout the day
the lower and middle height intervals, respectively. 4 and 19(Fig. 9).

May, also showed positive correlations (F8g). The corre-
lation coefficient and slopes are summarized in Tablgor-
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= — April 21 lower © e April 21 middle

4 —May 18 lower 2 o May 18 middle
May 4 lower May 4 middle

¢ ——May19lower o o May 19 middle

HONOINO, (%)
HONOINO, (%)

4.4 4.6 4.8 5.0 4x10° 5x10° 6x10°

Jyoz ! Yhono Solar Visible Irradiance (Wm'z) 1 ono

Fig. 10. Correlations of the adjusted HONO to N@atios withJno,/JHono ratio (a) and solar visible irradiancé4ono (b) on four sunny
days (21 April, 4, 18 and 19 May) during SHARP 2009.

Table 2. Linear fit results of Fig10.

Date  Light JNO,/THONO vis irradianceS yono UV irradiancel/ yono
path
Intercept (%) Slope (%) RZ? Intercept (%) Slope R? Intercept (%) Slope R?
(106% (1075%
m2w-1s1 m2w-1s1
4/21  lower 89427 -16+0.6 0.25 | —1.6+0.6 6.8+1.2 0.65 0.11+0.25 7.14+1.2 0.57
middle 13432 -254+07 041 | —2.6+0.6 9.5+1.3 0.75 | —0.26+0.25 10+1.2 0.81
5/4 lower 21469 -43+15 0.36 | —0.29+0.4  4.7+0.8 0.71 | -0.39+0.56 9.5+2.4 0.54
middle 284+6.8 -57+15 051 | —0.7840.3  5.7+0.7 0.84 | —-0.92+0.55 12+2.3 0.64
5/18  lower 75425 -1.3+05 029 | —0.81+06  52+1.3 0.55 0.43+0.32 5.0+15 0.47
middle 9.3+17 -17404 057 | —1.1+£0.2 6.1+0.5 0.91 0.29+0.15 6.0+0.7 0.85
5/19  lower 12439 -24408 036 | —1.0+0.1 5.9+2.1 0.39 0.11+0.46 7.3+2.1 0.50
middle 9.7442 -1.8+0.9 021 | —093+01  58+24 0.33 0.14+0.51 7.2+2.4 0.43
Average \ 14+4 -27+09 037 | -1.2+04 6.2+1.3 0.64 | —0.06:04 8.0+1.7 0.60
d[HONOQO] P ;
— = = Punknowr—J Hono[HONO] (6) by solarirradiance in the 300-450 nm range and other longer
de wavelengths cannot explain the observed diurnal pattern of
[HONO]  Jsource the HONO to NQ ratio (Figs.3g and4g). If the absorp-

If Punknowno Jsource [NO2] then:

[NO] X Thono tion wavelengths of/source are further in the UV than the
absorption of HONO, and in particular below 345 nm, the
absorption of atmospheric ozone will introduce another fac-

If Punknownox Solar irradiancelNO5] then: tor modulating the actinic flux which can lead to a diurnal
[HONO] solar irradiance dependence afsourcd JHoNO-
[NO,] (o Thono On the other hand, if N9to HONO conversion occurs

primarily at the ground, so that it depends on solar irradi-
The correlation between [HONO]/[N®Pand Jno,/ JHono ance, the HONO to N@ratio should be proportional to the
in Fig. 10a clearly shows that these two quantities are notratio of solar irradiance toyono, Which shows a clear di-
well correlated. R? for all four days varied between 0.21 urnal variation, peaking at noontime (Fig). Correlations
and 0.57, with an averag®? = 0.37 (Table2). Consequently, of [HONOJ/[NO>] and the ratio of visible solar irradiance to
NO, to HONO conversion on aerosol that is photoenhanced/iono are shown in Figl0b. R? range from 0.33 to 0.91
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with an Overa“R2 =0.64 (TableZ) SlOpeS varied from 5— Houston backscatter density on 21.04.2009 in 10" m™ sr”!
10x 10 6% m?W-1s~1. This positive correlation and the
fairly constant slope further strengthens our reasoning tha s
NO, to HONO photolytic conversion at the ground is the g,
main source of daytime HONO in Houston. g

Proposed daytime HONO formation pathways that occurg
on the ground include the photolysis of HYNO, conver-
sion on humic acid and HONO formation from soil nitrite
(Zhou et al, 2003 Stemmler et a).2006 Su et al, 2011).
While our analysis cannot clearly distinguish these pathwaysE
the dependence of HONO formation on N@bserved in %
Houston seems to favor NQ@onversion on humic acid. For
HNO3 photolysis to be the main source it would be required
that HNG; at the ground is well correlated with gas-phase
:;Iotz'bwe dot_nOt ha}ve |r1f0|rma:|0rt1 OCT gro::'lnd Sulrftace FﬁNoth 0%:00 03:00 06:00 09:00 12:00 10 :00 21:00 00:00 400

ut observations of particle nitrate do not correlate well wi Time on 21.04.2009, 1200 s mean T
NOZ onall dayS (fOf examplaz =0on21 Ap”l in the lower Houston backscatter density on 18.05.2009 in 10" m™ !
and middle interval). It can thus be reasoned that a correla  j TR T
tion of ground surface HN®and NG is unlikely. HONO
formation from soil nitrite is not shown to be dependent on
gas-phase N@concentration, but on nitrite concentration in
the soil, which depends on soil acidity and temperate (
etal, 2017). We do not have sufficient data to evaluate if soil
nitrite can be the daytime HONO source.

The fourth approach of determining the source of HONOg
is to interpret HONO vertical gradients. If HONO formation & “®
occurs at the ground, HONO mixing ratios should be largerz o0
near the ground than aloft. If HONO formation occurs on £ 200
the aerosol surface instead, HONO vertical profiles shoulc : X
follow the aerosol surface area concentration anc - 100 ‘ 1
files. For example, if the aerosol surface area concentratiolr l
profile is constant and the NQrofile shows larger concen- 0 0 O o b.05.2000 1200 mean o o
trations near the ground than aloft, HONO mixing ratios are

expected to be glreater near the grou.nd than. aqut as_well. OEig. 11. Timeseries of lidar aerosol backscatter on 21 April 2009
the other hand, if the N®concentration profile is uniform (top) and 18 May 2009 (bottom) measured by a ceilometer.

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 paye atmospheric lifetimes of days to weeks, are expected
becomes more complex if both N@nd aerosol surface area g5 pe well mixed in the daytime boundary layer and their
concentrations develop vertical profiles. _ gradients should be small. Based on these arguments alone

As shown in Figs3 and 4, NO, mixing ratios showed  pnoto-enhanced conversion of M@ HONO seems to be
clear vertical concentration profiles, with higher levels near feasible explanation for the observed daytime HONO. Al-
the ground. The HONO profiles closely follow the bPro-  thoygh the use of vertical HONO and N@rofiles has been

files, as can be seen by the absence of a vertical profile in thgconclusive, our previous three analyses clearly showed that
[HONOJ/[NOz] ratio. A uniform aerosol surface area con- the ground is the source ofiRnown

centration profile and the conversion of @ HONO on

the aerosol surface would thus appear to describe our obser-

vations of daytime HONO. We thus investigated the aerosols Conclusions

vertical distribution on the two sunny days shown in Figs.

and4. Timeseries of ceilometer laser backscatter values orDuring SHARP 2009, HONO mixing ratios decreased
both days are shown in Fig.l. The backscatter signal on rapidly after sunrise due to photolysis and mixing of the
both days does not show strong vertical gradients but, aboundary layer. However, on most of the days, HONO mix-
this instrument is not very accurate in the determination ofing ratios were higher than the photostationary state mixing
aerosol profiles, it is difficult to rule out aerosol gradients ratios calculated based on direct observations of OH, NO,
altogether. On the other hand, profiles of aerosols, whichandJyono, which implied that an unknown source of HONO
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existed during the day. HONO developed negative concenfecently performed measurement over a forest canopy and
tration gradients, with higher mixing ratios near the groundfound a dependence of the HONO flux on solar radiation
than aloft, not only in the morning when the atmosphere waqZhou et al, 2011).

still stable, but also frequently in the late morning and in the  While it is difficult to identify the chemical formation
afternoon when the boundary layer was expected to be wellmechanisms that lead to HONO formation, the close cor-
mixed. Existence of HONO vertical gradients suggested thatelation of HONO formation with N@ appears to favor
there was a strong source of HONO near the ground. Thephoto-enhanced N{conversion on humic acid, as proposed
observed [HONOJ/[N@] ratio showed a diurnal variation by Stemmler et al(2006. Our results seem to be con-
peaking at noon almost every day during the field experi-sistent with the observations I8orgel et al.(20110, who
ment, indicating the unknown HONO sourcgnkown Was  showed that photoexcited gas-phase;N@s not the dom-
photolytic. inant source of daytime HONO. They identified N©on-

Our observations are similar to those previously reportedversion on humic acid covered surfaces as the most likely
in urban areas\{llena et al, 2011, Elshorbany et a].2009 source, although there was insufficient information about
Acker et al, 20063 and in semi-rural to remote are&(gel the surface on which the reaction primarily occurr&drgel
et al, 2011ab; Zhang et al. 2009 Su et al, 2008 Ren et al, 2011H. Our results showed that it is also possible that
et al, 201Q 2011% Acker et al, 2006h Kleffmann et al,  photolysis of adsorbed nitric acid at the ground and soil ni-
2005 Zhou et al, 2002. However, our mixing ratios are trite could be important sources.
on the lower end of the thus far observed daytime HONO  Our results, which are based on spatially averaged HONO
mixing ratios in urban areas. The diurnal variation of measurements, seem to indicate an easy way to parame-
the [HONOJ/[NQ;] ratio are similar to those reported in terize daytime HONO formation in the Houston area dur-
other urban areas\Cker et al, 20063 Villena et al, 2011, ing a sunny day. Based on the correlations with gNO
Elshorbany et al.2009), but differ from those in rural and and solar irradiance we propose the following formation
forested areas, which in general do not show a clear diurnalerm for the lowest 130 m of the Houston atmosphere:
variation or a peak at noon (for examp@ou et al, 2007  Pynknown=(3.3+£0.2) 108 m2W-1s1. solar visible irradi-

Ren et al.2010. Our observations of elevated HONO near ance [NO5] or Pynknown= (6.640.4) 100’ m?W-1s71. so-
the ground agree with previous reportsziyou et al(2001); lar UV irradiance [NO3]. Whether this formation term holds
Kleffmann(2007); Zhang et al(2009; Villena et al.(2011).  for other locations and whether it will lead to an improve-

The NOG-normalized Bnknown Pnorm, had clear symmet-  ment of photochemical models in the Houston area should
rical diurnal variation with maximum at noon on all four be the topic of further investigations.
sunny days. Correlation analysis further confirmed thatf
was indeed correlated with actinic flux and solar irradiance.AcknowledgementsThis work was funded by the State of Texas
Our Rinknown values for the four sunny days analyzed herethrough the Texas Commission of Environmental Quality, the
(diurnal maximum 5-% 10° cm=2s~1) are smaller than re- Houston Advanced Research Center, and the Air Quality Research
ports from polluted areas such as polluted rural site (up toProgram of the University of Texas. Funding was also provided by
3% 10’ cm—3 s71) (Su et al, 2008 and an urban area (up the National Science Foundation (NSF) Career Award.
to 1.2x 10’ cm—3s~1) (Elshorbany et a).2009, but larger
than the HONO formation rate reported in semi rural forest
(up to 3.5x 1P cm3s71) (Kleffmann et al, 2005 and a ru-
ral mountain (up to 4 10° cm—3s1) (Acker et al, 20061).

Analysis of the diurnal variations of [HONOJ/[N£ ra-
tio and Riorm showed that HONO formation most likely oc-  acker, K., Febo, A. Trick, S., Perrino, C., Bruno, P.,
curred at the ground rather than on the aerosol or in the gas- wiesen, P., Moller, D., Wieprecht, W., Auel, R., Giusto,
phase. The conclusion that HONO is formed at the ground M., Geyer, A., Platt, U., and Allegrini, I.: Nitrous acid in
is supported by various studies. Laboratory studies sug- the urban area of Rome, Atmos. Environ., 40, 3123-3133,
gested that N@conversion at the ground can be animportant  doi:10.1016/j.atmosenv.2006.01.02806a.
source of daytime HONOStemmler et a).2006. However, Acker, K., Moller, D., Wieprecht, W., Meixner, F., Bohn, B., Gilge,
their studies on aerosol showed that formation of HONO S, Plass-Dulmer, C., and Berresheim, H.: Strong daytime pro-
on aerosol was unimportant due to the small uptake coeffi- duction of OH from HNG at a rural mountain site, Geophys.
cient of NO, (Stemmler et a)2007). Aircraft vertical profile Res. Lett,, 33, L0280dJ0i:10.1029/2005GL024642006b.

) . . __Alicke, B., Platt, U., and Stutz, J.: Impact of nitrous acid photolysis
HONO measurements showing higher HONO concentration on the total hydroxyl radical budget during the Limitation of Ox-

near the ground than aloft suggested that a photolytic source idant Production/Pianura Padana Produzione di Ozono study in

at the ground was the dominant daytime HONO source in  jjan, J. Geophys. Res., 107, 81@#:10.1029/2000JD000075
the lower boundary layeiZhang et al.2009. Flux mea- 2002.

surements showed that photolysis in the snow pack lead t@licke, B., Geyer, A., Hofzumahaus, A., Holland, F., Kon-
the formation of HONOZhou et al, 2001). The same group rad, S., Patz, H., Schafer, J., Stutz, J., Wolz-Thomas, A.,
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