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Abstract. Nitrous acid (HONO) often plays an important likely active. One of the nights analyzed showed an increase
role in tropospheric photochemistry as a major precursorof HONO mixing ratios together with decreasing N@®ix-
of the hydroxyl radical (OH) in early morning hours and ing ratios that the model was unable to reproduce, most likely
potentially during the day. However, the processes lead-due to the impact of weak precipitation during this night.
ing to formation of HONO and its vertical distribution at HONO formation and removal rates averaged over the
night, which can have a considerable impact on daytimelowest 300 m of the atmosphere showed thapN@OHONO
ozone formation, are currently poorly characterized by ob-conversion on the ground was the dominant source of
servations and models. Long-path differential optical absorpHONO, followed by traffic emission. Aerosol did not play
tion spectroscopy (LP-DOAS) measurements of HONO dur-an important role in HONO formation. Although ground
ing the 2006 TexAQS Il Radical and Aerosol Measurementdeposition was also a major removal pathway of HONO,
Project (TRAMP), near downtown Houston, TX, show noc- net HONO production at the ground was the main source
turnal vertical profiles of HONO, with mixing ratios of up to  of HONO in our model studies. Sensitivity studies showed
2.2 ppb near the surface and below 100 ppt aloft. Three nightthat in the stable NBL, net HONO production at the ground
time periods of HONO, N@ and G observations during tends to increase with faster vertical mixing and stronger
TRAMP were used to perform model simulations of vertical NOy emission. Vertical transport was found to be the domi-
mixing ratio profiles. By adjusting vertical mixing and NO nant source of HONO aloft.
emissions the modeled NGand & mixing ratios showed
very good agreement with the observations.

Using a simple conversion of NOto HONO on the
ground, direct HONO emissions, as well as HONO loss at

the ground and on aerosol, the observed HONO profiles WerRitrous acid (HONO) is one of the most important hydroxyl

reproduced by the model for 1-2 and 7-8 Septemt_)er N &2 dical (OH) precursors in the troposphere, in particular in
nocturnal boundary layer (NBL). The unobserved increase,  ironments with larger Nlevels Einlayson-Pitts and
of HONO to NG ratio (HONO/NQ) with altitude that was Pitts 2000. Its photolysis (Reaction R1)

simulated by the initial model runs was found to be due to

HONO uptake being too small on aerosol and too large on thg4ONO+ hv (A < 400 nm) —s OH-+NO (R1)
ground. Refined model runs, with adjusted HONO uptake

coefficients, showed much better agreement of HONO angroduces OH much earlier in the day than photolysis gf O
HONO/NG, for two typical nights, except during morning and formaldehyde (HCHOJ{nlayson-Pitts and Pitt2000.
rush hour, when other HONO formation pathways are mostHONO photolysis is thus the dominant primary OH source
in the morning. Low levels of HONO can also considerably
contribute to the OH budget later during the day. The con-

Correspondence tal. Stutz tribution of HONO photolysis to the total OH budget during
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(jochen@atmos.ucla.edu) the day can reach up to 34% in urban and rural environments
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Laboratory studies show that HONO formation has a first or-
. 3 der dependence on NGand depends on relative humidity
//\ o (Finlayson-Pitts et al.2003 Kleffmann et al, 2004 Lam-
HONO —E&L— OH+NO :
[D @ A R2_— mel and Capgl996. Other heterog_eneous reactions such as
D] e > 0, NO + NO; + HoO—2HONO, reaction of NO and HN£Xbn
A < [ VOCs silica surfaces in the presence of water, heterogeneous con-
H,0 1 version of NGQ and other reactions such as on soot surfaces
appear to play only a minor role in HONO formatio8a(-
iba et al, 2001, Calvert et al. 1994 Ammann et al. 2005
Gutzwiller et al, 2002 Arens et al. 2001 Kalberer et al.
1999 Kleffmann and Wiesen2005. A recent study by
Fig. 1. Schematic figure of HONO chemistry in urban boundary ziemba et al(2010 proposed that heterogeneous reaction
layer, showing HONO 'formatlon from direct emission (purple ar- of HNOj3 on fresh organic aerosol can be a potentially sig-
row), gas-phase Reaction (R2) (cyan arrow) and heterogeneous Reg .ot source of HONO. Photoenhanced sources of HONO
action (R3) (blue and red arrows). HONO loss processes such a . . .
photolysis (Reaction R1) and uptake on surfaces are indicated b om reaction of NQ on_ orga_lnlc surfaces such as aromatic
black arrows. ydrocarbons and humic acids have been propdSth(m-
ler et al, 2006 George et a).2005 but will not be further
discussed in this paper.

(Acker et al, 2006 Kleffmann et al, 2005 Aumont et al, While direct emissions of HONO predominantly occur
2003 Alicke et al, 2002. near the surface, i.e. emissions by traffic, heterogeneous con-
Despite the importance of HONO, its formation mecha- version of NG to HONO can occur either on the ground and
nism is yet not well understood. At night, when photolysis other surfaces such as buildings and plants, or on particles. In
ceases, HONO mixing ratios increase gradually, reaching uphe former case one would expect clear vertical gradients of

to hundreds of ppt in rural areas and up to several ppb itHONO, in particular during the night, when mixing is ineffi-
polluted urban boundary layerSt{itz et al. 20103 Kleff- cient. In the case of Noto HONO conversion on particles
mann et al. 200§ Lammel and Capel996 Platt, 1985. the vertical profile of HONO would follow the profile of the
Different HONO formation pathways in urban areas haveparticles surface area, and would most likely lead to much
been identified as being important (Fl. HONO is emit-  weaker profiles. Itis thus clear that the observation and inter-
ted directly into the atmosphere through combustion pro-pretation of vertical concentration profiles at night can give
cesses. Emissions depend on the type of engines and fué},rUCial information on the nature of the surface responsible
ranging from<0.01% to 1.8% of NQ (Kurtenbach et al. for the formation of HONO. Few attempts to use this infor-

2001 Calvert et al. 1994 Pitts et al, 1984 Kessler and Platt ~ mation have been published thus far. Vertical gradients of
1984. HONO/NQ, emission ratios from traffic tunnels in HONO in the lowest 4 m altitude and fluxes of HONO were
California and Europe have been measured from 0.29% téneasured using differential optical absorption spectroscopy
0.8% depending on the traffic density and the type of vehi-(DOAS) byStutz et al(2002) in a polluted rural area in Italy
cles Kurtenbach et a] 2001, Kirchstetter et a].1996. in 1998. Measurements showed that the compensation point
HONO can also be formed in gas-phase and heterogeneod§r formation and deposition of HONO on grass surface oc-
chemical reactions. The most significant gas-phase reactiofurred at HONO/N@ of ~0.03, and that emission was a

that leads to HONO formation is the reaction of NO with OH. Significant source of HONO in polluted areaSt{tz et al.
2002. Kleffmann et al. (2003) performed HONO gradient

measurements between 10-190 m altitudes in a semi-rural
NO-+OH -5 HONO (R2)  areain Germany in 2001. Their study showed that HONO

formation was dominated by processes on ground surfaces
This reaction is not significant during the night due to the low and HONO formation on aerosol surfaces was insignificant
OH concentrations. Various other gas-phase HONO forma{Kleffmann et al, 2003.
tion processes have been discussed and proposed in the pasiKnowledge of the vertical profiles of HONO is also cru-
decadesKinlayson-Pitts et al2003 Li et al., 2008. How- cial to quantify its nocturnal budget and its contribution to
ever, none of these reactions is considered to be important dhe HQ, budget in the morning. Here we present continuous
night. measurements of vertical concentration profiles of HONO,

It is currently believed that heterogeneous processes inNOz and @ in Houston, TX in 2006, with a focus on night-

volving conversion of N@ on humid surfaces are the major time data. By using a one-dimensional (1-D) chemistry and

formation pathways of nocturnal HONO as described by thetransport model, the observations will be interpreted to de-
following stoichiometry. termine the surfaces responsible for HONO formation and

to test whether simple model parameterizations of;N®
2NO; (g) +H20 (surface —> HONO(g) +HNO3 surface  (R3) HONO conversion can explain the observations.
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Fig. 2. Light path arrangement of the LP-DOAS systems during

TRAMP 2006.

2 Experimental

3597

Table 1. Observed mixing ratio ranges and detection limits during
TRAMP 2006.

Mixing Ratios  Detection Limit$ Uncertainty
(Average in parenthesis)
O3 0-130 ppb 1-30 ppb (2.5 ppb) +3%
NO> 0.1-60 ppb 0.03-2 ppb (0.12 ppb) +5%

HONO  0-2.15ppb  0.016-0.2 ppb (0.045ppb) =+ 5%

* please note that DOAS calculates an error and detection limit for every absorption
spectrum. Detection limits vary with visibility and instrument behavior.

LP-DOAS telescope aimed consecutively at these retrore-
flectors in order to measure the atmospheric absorptions of
HONO, NG, and @, between the University of Houston
and downtown Houston. Details of the LP-DOAS instrument
can be found imlicke et al. (2002, Stutz et al.(2010ab)

and Platt and Stut22008. The absorption spectra were
used to retrieve the path-average concentrations of the trace
gases. The retrieved concentrations are horizontally aver-
aged between the Moody Tower and downtown Houston and
vertically averaged between the LP-DOAS height intervals
(lower: 20—70 m, middle: 70-130m and upper: 130-300 m)
and are representative concentrations for the boxes shown in
Fig. 2. The concentration in the upper box is determined by
subtracting the concentration of the middle light path scaled
by the geometric overlap from the upper light path. There-
fore, the concentration in the upper box is weighted more
towards downtown. The uncertainties of the N@s, and
HONO absorption cross sections ar&%, +3%, and+5%,
respectively Yoigt et al, 2002, Stutz et al.2002 Voigt et al,
2002. The systematic error of the DOAS spectrometer was
determined to be:3% (Stutz and Platt1996. The observed
mixing ratio ranges and detection limits are shown in Tdble
Information on supplemental measurements during TRAMP
can be found irLefer and Rappengtk (2010.

During the Texas Air Quality Study (TexAQS) Il Radical and 3 Qpservations

Aerosol Measurement Project (TRAMP) in summer 2006,

measurements of HONO,ONO, and other trace gases During the measurement period from 15 August to 20
were made from 15 August to 20 September in downtownseptember in 2006 during TRAMP, the best data on all
Houston, using UCLAs long-path differential optical ab- three light paths were obtained during the first two weeks

sorption spectroscopy (LP-DOAS) instrument.

of September (1-14 September). Therefore, the discussion

The LP-DOAS instrument was set up on the roof of the below is focused on this period (Fig). All three trace gases
North Moody Tower on the University of Houston campus, established vertical gradients at night which disappeared in
atan altitude of about 70 m above the ground. The LP-DOASthe morning when the boundary layer became well-mixed.

instrument sent a collimated beam of light from a Xe-arc

lamp through a 1.5m double Newtonian telescope. Three3.1 Meteorology

retroreflectors were mounted on the tops of three buildings

(Toyota Center, El Paso Energy Building and JP Morganin-situ measurements of meteorological data, such as wind,
Chase Tower) located in downtown Houston at distances ofemperature and relative humidity were recorded at the top
4.1km, 5.05km and 5.15 km from the Moody Tower at alti- of Moody Tower during the experiment. Wind speed and di-

tudes of 20m, 130 m and 300 m respectively (FAg. The

www.atmos-chem-phys.net/11/3595/2011/

rection, temperature and relative humidity data are plotted in
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Fig. 3. Overview of LP-DOAS observations of NOHONO and @G mixing ratios (lower: 20-70m, middle: 70-130 m and upper: 130—
300 m) from 1-14 September 2006 during TRAMP in Houston, TX. Measurements of temperature, relative humidity and wind speed and
direction at 70 m are also shown. Nighttime data are shaded in grey to differentiate from daytime observations.

Fig. 3. During the measurement period from 1 to 14 Septem- Oz mixing ratios in the lower height interval decreased
ber 2006, the prevailing winds were mostly northeasterly,throughout the night and were often below 20 pph. rx-
with an average wind speed of3m/s. At night, winds ing ratios decreased to below a few ppb during several nights
tended to be weaker than during the day, with an average of1-2, 2-3, 6—7, 7-8, 10-11, and 11-12 September). During
2.5m/s. However, wind directions were mostly northeasterlythese nights, @ mixing ratios in the upper height interval
or southeasterly. Relative humidity during these two weeksremained almost constant throughout the night. Differences
ranged from 20% to 90%, with, in general, larger relative hu- of Oz mixing ratios between lower and upper light paths ex-
midity at night. Details of the meteorology conditions during ceeded 50 ppb on 2 and 7 September.
TRAMP are discussed ibefer et al.(2010.

3.3 HONO
3.2 NO; and O3

During the night, HONO generally followed the trend of
NO. developed negative gradients during the night, with NO, in all three height intervals. Negative vertical gradients
larger mixing ratios near the ground and smaller aloft, whilewere observed during the night, with larger concentrations
positive gradients of @were typically observed. This was near the ground and smaller aloft, similar to previous ob-
due to the suppression of vertical mixing at night and NO servations \(Vang et al. 2006 Stutz et al, 2002 Kleffmann
emissions from traffic at the surface that converfd®@NO, et al, 2003. Maximum nighttime HONO mixing ratios of
as shown in Reaction (R4). These gradient measurementppb and above were observed in the lower height interval
are consistent with previous field observatioafg et al. on 1-2, 7-8 and 11-12 September. Differences of HONO
200§ Stutz et al, 2004h). mixing ratios between the lower and upper height intervals
NO+ O3 —s> NO»+ 0O, (R4) reached up to 1.5 ppb during the nights of 1-2, 6-7, 7-8, 10—

] ] 11 and 11-12 September.
During stable and polluted nights (1-2, 2-3, 6-7, 7-8 and

11-12 September), NOmixing ratios at the lower height 3.3.1 Selected polluted nights (1-2, 7-8 and

interval reached above 40 ppb while p@ixing ratios in 11-12 September)

the upper height interval werel ppb or less. Differences

of NO, mixing ratios between lower and upper height inter- Three periods (1-2, 7-8 and 11-12 September) (Bm$a,

vals reached up to 50 ppb, as observed on 7 September &) were selected for a more detailed analysis. These nights
04:30CST. were selected based on the distinct Néend G vertical

Atmos. Chem. Phys., 11, 3598609 2011 www.atmos-chem-phys.net/11/3595/2011/
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Fig. 4. Comparison of HONO, N@ O3 mixing ratios and HONO to N@ratios between observations (left) and model results (middle and

right) on 1-2 September 2006. (Mixing ratios at lower, middle and upper altitudes are plotted in black, blue and red respectively.) See the
Supplement for expanded version of figure.
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Fig. 5. Comparison of HONO, N@ O3 mixing ratios and HONO to N@ratios between observations (left) and model results (middle and

right) on 7—8 September 2006. (Mixing ratios at lower, middle and upper altitudes are plotted in black, blue and red respectively.) See the
Supplement for expanded version of figure.

gradients, which indicate a stable atmosphere. HONO proThe residual layer began at 200 m and 160 m respectively for
files were not considered in the selection of the nights. How-1-2 and 7-8 September, assuming the residual layer was lo-
ever, our observations during TRAMP show that nights with cated right above the nocturnal ground inversiDay et al,
stable boundary layers result in strong HONO gradients. 1-2010. HONO mixing ratios at all three levels, lower, middle
and 7-8 September had similar nocturnal variations 0§ NO and upper, were positively correlated with NC'he correla-
HONO and Q@ with other nights. Vertical gradients of all tion coefficientsR? were 0.80 and 0.90, respectively, for 1-2
three trace gases started to develop after sunset and becarmed 7-8 September. Nighttime HONO concentrations were
strongest towards the end of the night. Strong positive grafargest about an hour before sunrise and reached 2.15 ppb on
dients of @ and negative gradients of NQvere observed. 2 September and 2 ppb on 8 September in the lower height
O3 at lower levels became depleted at the end of both nightsinterval. During both nights, HONO mixing ratios in the
while the upper light path showed almost constant mixing ra-upper height interval remained below 0.1 ppb. Differences
tios of about 60 ppb and 70 ppb throughout the nights. Baseéh HONO mixing ratios between the lower and upper light
on the vertical trace gas profiles, temperature profismy( paths reached 2.0 ppb and 1.7 ppb during the night of 1-2 and
et al, 2010 and the results from our previous NOfetime 7-8 September, respectively. The main difference between
analysis Stutz et al.2010h we believe that the upper height these two nights was that HONO and h@ixing ratios in
interval was partially in the residual layer during both nights. the lower height interval reached their maximum at the same

www.atmos-chem-phys.net/11/3595/2011/ Atmos. Chem. Phys., 11, 3602011
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Fig. 6. Comparison of HONO, N@, O3 mixing ratios and HONO/N@ between observations (left) and model results (middle and right)
on 11-12 September 2006. (Mixing ratios at lower, middle and upper altitudes are plotted in black, blue and red respectively.) See the
Supplement for expanded version of figure.

time during the night of 1-2 September, but N@eaked an  sion of HONO and are thus expected to be larger. For a better

hour earlier than HONO during the night of 7—8 September. comparison with the model we will use directly observed and
The night of 11-12 September showed a very different pic-modeled HONO/N@, without any further correction.

ture. HONO and N@ mixing ratios at the lower light path

did not follow each other closely as was typically observed

during other nights. Instead, N@n the lower height interval

decreased throughout the night, while HONO accumulated=rq rther understand the HONO field measurements taken
However, HONO in the middle and upper interval showed aduring TRAMP 2006. we used a 1-D Radical Chem-

sl?ghtly posit_ive correlati_or_1 with _N@ with an R? of 0.59. istry and Transport model (RCAT8.2). RCAT8.2 includes
Differences in HONO mixing ratios between the lower and o' ga5-phase Regional Atmospheric Chemistry Mechanism
upper light paths reached 1.9 ppb. In addition, vertical gra‘(RACM) and 84 reactive species and 244 gas phase chem-
dients of G, HONO and NQ were observed already at the -5 reactions $tockwell et al, 1997. RCAT8.2 considers
beginning of this night, while they were well-mixed at the (o norally varying anthropogenic emissions, predominately
beginning of the nights of 1-2 and 7-8 September and. Thig;,m, traffic between 0.1 m and 1 m altitude, as well as bio-
indicated the atmosphere was already stable before sunset.geniC emissions at the ground and between 1m and 10m

Following the idea that the HONO to NOratios al-  altitude. Emission ratios used in the model are based on
low further analysis of N@ to HONO conversion §tutz  (Kurtenbach et al.2001, 2009. Surface uptake resulting in
et al, 20043 we also calculated this ratio (Figa, 5a,6a).  dry deposition and chemistry on aerosol are included as well.
HONO/NG, was about 1-2% at the beginning of all three Chemistry in the liquid phase is currently not considered in
nights. HONO/NQ tended to be slightly larger at lower lev- the model. Details of the model are describediayer and
els than aloft. There were no significant vertical gradientsstutz(20043 andWong and Stut£2010.
of the ratio except on 11-12 September, during the last few
hours of the night. At the lower level, the ratios increased4.1 Model setup
throughout the night and reached a maximum of 4% and
6%, respectively, on 2 September and 12 September at th&he model subdivides the lowest 2km into 26 boxes (center
end of the night when HONO reached a maximum. On 7-Of boxes at (m): &10~°, 5.5x1074, 5.5x1073, 5.5x 1072,

8 September, HONO/N©increased to 4% before midnight 0.55, 2, 4.5, 8, 15, 27.5, 42.5, 60, 80, 100, 120, 140, 162.5,
then remained above 3% throughout the night. Compared-87.5, 250, 400, 625, 875, 1125, 1375, 1625, 1975, 2500).
with results fromStutz et al (20043, the HONO/NG dur- Box heights decrease logarithmically below 1 m to take into
ing TRAMP seems to be lower. While HONO/N®f up to account the inefficient vertical transport near the ground. An
9% were observed in various field experiments as reported ifadditional box from 2km to 3km is the upper boundary of
Stutz et al(20043, a maximum ratio of 7% was measured the model. Vertical exchange of trace species between ad-
during TRAMP. It should be noted here that the values re-jiacent boxes occurs through turbulent diffusion as chemical
ported byStutz et al(20043 were corrected for direct emis- reactions take place simultaneously at all altitudes.

4 Model description

Atmos. Chem. Phys., 11, 3598609 2011 www.atmos-chem-phys.net/11/3595/2011/
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4.2 Parameterization of HONO chemistry Table 2. Initial concentrations in ppb for model simulations.

In RCAT8.2 HONO s directly emitted from cars with an
emission ratio HONO/NQ = 0.008 between 0.1-1m al-

1 September 7 September 11 September

H O3 72 67 Low: 9; Mid: 15; Up: 38
titude based on thg tunnel measurgment frlémtenbach. N, 10 12 Low: 40; Mid: 37 Up: 7
et al. (2001). Chemical HONO reactions currently consid-  Hono 0.15 0.13 Low: 0.68; Mid: 0.53 Up: 0.03
ered in the model include HONO photolysis (Reaction R1), SOo; 5 3 3
; ; ; co 138 138 138
the HONO reaction Wlth OH and the formation of HONO CHa 1600 1600 1600
from NO and OH (Reaction R2). Alkanes 14.95 20.35 15.72
HONO is formed from conversion from NQon aerosol Alkenes 1.92 3.09 5.54
and ground surfaces, with a yield of 50% following the stoi- Biogenics 1.3 0.75 0.85
Aromatics  3.49 2.56 24.67

chiometry of Reaction (R3) and an N@eactive uptake co-
efficient of 107> (Trick, 2004. Deposition rates of HONO
and NQ are calculated by the number of molecules in the

lowest box colliding with the ground and the uptake coeffi- 5 previously described iGeyer and Stut£20043 noc-
cient. The uptake rate of HONO and On aerosols is de- ;g vertical profiles of most trace gases, and in particular

termined from the aerosol surface area density and the uptak@3 and NQ,, depend strongly on two factors: vertical stabil-

coefficients according to the mass-transfer equation given bYty and NQ, emission rates. Both parameters are not known
(Fuchs and Sutugjri971) assuming an average particle di-

well enough for the TRAMP data to allow an accurate model-
ameter of 150 nm. _ing of nocturnal chemistry. To ensure that we describe these
HONO is taken up on aerosol and ground surfaces with

g it 8 (T &wo factors correctly before we attempt to simulate HONO
reactive uptake coefficient of 10 (Trick, 2004. The ground  qfiles we adjusted NOemission rates and vertical mixing

is assumed to be flat in the model and no buildings or trees;t ¢4ch hour to make the modeled temporal and vertical pro-
are considered. The aerosol vertical profile is assumed to bgog o NO; and G fit the measurement. Vertical mixing was
uniform. Vertical transport of HONO, i.e. vertical HONO adjusted indirectly by varying the Monin-Obukhov length,

flux jono is calculated based on a flux-gradient relation- \hich was used to calculate the eddy diffusivity. It should
ship and eddy diffusivity (Eq. 1)Geyer and Stu(z20043. be noted here that the model was not constrained by any ob-

Eddy diffusivity is calculated by the Monin-Obukhov the- geneq trace gas concentrations after initialization. HONO

ory with the Von Karman constank, the friction velocity ) sfjjes were then calculated based on the adjusted emissions
u* and the stability correction factob which is a func- 514 stapility parameters using the chemistry described above.

tion of altitude and stability through the Obukhov lendth No attempt to adjust the model to the HONO observations
(Businger et al.1977). was made.

Carbonlys  8.52 8.62 7.55

. JHONO(z, ¢
JHono(z,1) = —K(Z,z).+’

(1) 4.4 Applicability of 1-D model

k
% One of the obvious challenges in our approach is the use of

L a 1-D model that may have difficulties in situations where
4.3 Model initialization advection plays a role. Emissions from point-sources pose

another obstacle for the 1-D model. However, unlike many

The model was initialized with a well-mixed boundary layer, Previous comparisons between observations and model re-
using observed concentrations after sunset at 18:30 CST on3ults our 1-D model was used to understand path-averaged
September and 7 September (TaP)eFor the period of 11— LP-DOAS data. These observations were horizontally inte-
12 September, the model was initialized with the observeddrated over 4-5km and vertically integrated over altitudes
vertical profiles of NQ, HONO and @ and a stable bound- 0f 20-70m, 70-130 m and 130-300 m. Therefore, any local
ary layer (Table?). Since no observations were available be- effects such as freeways and small scale trace gas transport
low 20 m, the lowest 9 boxes, which are located below 20 mWwill be averaged and play a much smaller role than in com-
in the model, were initialized by extrapolating the LP-DOAS parisons with in-situ data.
observations in in lowest height interval. Because other trace The DOAS measurements are also representative for much
gases such as $S@nd HCHO did not show any vertical gra- larger areas. In Houston the light paths spanned approx-
dients at this time, all trace gases exceptNBONO and Q imately from downtown to the southern edge of the inner
were initialized with a constant vertical profile for this night. ring of Houston, bounded by Freeway 610 (F&). Since
Observed volatile organic compounds (VOC) concentrationghe Houston inner ring consists of urban and suburban ar-
at 70 m, assumed to be constant at all heightS, were used igas with similar characteristics, the LP-DOAS observations
all three model rung_(euchner and Rappen_gjk 2010 (Ta- should also be representative for the rest of the Houston inner
ble2). ring.

wherekK (z,t) =
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4.4.1 Lateral transport and G mixing ratios on NQ emission and vertical mixing
(Fig. 7). NOy emission, adjusted to yield agreement with the
To investigate how trace gas advection could impactobservations, showed the evening rush hours in the first few
our modeling studies, we compared the vertical mixing hours of the model runs, followed by low emissions through-
timescale in the model with the observed horizontal trans-out the night until the onset of the morning rush hours. Sim-
port timescales. The vertical mixing timescale in the modelilar emission patterns were found in the modeling periods of
is calculated as,(z,r) = #*(I) wherez is the altitude « 7-8 and 11-12 September. Variation of eddy diffusivity, also
is the Von Karman constant and* is the friction velocity.  adjusted for best agreement between modeled &t G,
The horizontal timescale was determined using the measureshowed that the boundary layer was weakly stable during the
wind speed and assuming that our LP-DOAS measurementtirst two hours and stable throughout the rest of the night.
are representative for the Houston inner ring witBOkm  Similar eddy diffusivities were used during the night of 7—
diameter. The 1-D model can be used if the vertical mix-8 September. 11-12 September had a less stable boundary
ing timescale is much less than the horizontal timescalelayer since observations showed some mixing between the
i.e. ;<1 In this case concentration changes due to ad4ower and middle height intervals.
vection are less than those caused by vertical transport and NO2 mixing ratios in the lower height intervals were very
trace gas distribution in the lower atmosphere is governed bysensitive to changes in NCemissions. A change of 20%
vertical transport rather than lateral transport. Typical verti-in NOx emissions in the model run will lead to a signifi-
cal transport timescale from the ground to 100 m in the NBL cant change in modeled NQOnixing ratios. Sensitivity of
is about 18 s and the horizontal transport timescale is aboutNO, to NOy, emissions decreases with altitude. As shown in
10* s for the area inside the Houston inner ring, for which Fig. 7, an uncertainty of +£ 20% in the NQ emission rates
our LP-DOAS observations are representative. The comparseems to capture the disagreement between the best modeled
ison between the vertical and horizontal timescales showed O, mixing ratio and the observations on both light paths
that our 1-D model can be used to simulate the lower and thehroughout the night. N&concentrations did not seem to
middle height intervals. However, care has to be taken in theébe very sensitive to variations in eddy diffusivity. However,
interpretation of the model calculations of the upper intervaleddy diffusivity values were small during the night. Thus
(130-300 m) as advection may potentially play a role. Thischanges of eddy diffusivity adopted in the sensitivity runs
is in agreement with a previous studgtgtz et al. 20100 did not make a significant change in the stability or vertical
that concluded that the upper height interval was frequentlymixing of the boundary layer. Sensitivity of NQo eddy

in the residual layer in Houston. diffusivity also decreases with altitude.
The sensitivity runs also show that our method of adjusting
4.4.2 Point emission NOx emissions and vertical mixing seems to yield reason-

able and fairly accurate results. We thus conclude that the
Another challenge in the use of the 1-D model is upwind adjusted NQ emissions and vertical mixing parameters pro-
point emissions, for example from the petrochemical com-vide accurate input parameters for our model runs to study
plex in the Houston ship channel area east of our measurgHONO chemistry.
ment site. During easterly winds these emissions, which
would be inhomogeneously distributed in the atmosphere,
could reach our light paths. However, in-situ wind speed ands  Modeling results
direction measured at 70 m altitude at Moody Tower and ra-
diosonde profiles§ay et al, 2010 showed that wind direc- Model results for 1-2, 7-8 and 11-12 September are shown
tions were not easterly during the three modeling periods andh Figs. 4b, 5b, 6b. For a better comparison with the obser-
thus there was no significant influence of the ship channelations we integrated the mixing ratios from the model over
emissions on our data. The only exception is 7-8 Septemthe three observational height intervals, i.e. lower (20-70 m),
ber between 03:30 to 04:00 CST in the lower and middlemiddle (70-130 m) and upper (130-300 m).
height intervals when an increase of about 10 ppb 0HbNO
and 0.5 ppb of HONO in the lower interval, and a slight in- 5.1 NO, and O3
crease of N@ and HONO in the middle interval occurred.
For our study we will thus treat the Houston inner ring as The modeled N@ and G mixing ratios for all three nights
a metropolitan area where traffic is the dominant source of(1-2, 7-8 and 11-12 September) agree well with the obser-

NOx and HONO emission (Fi@). vations, except for N@in the upper height interval which
tends to be larger than the measurements on 1-2 and 7-
4.5 Sensitivity to emission and vertical mixing 8 September. Because the upper height interval was most

likely in the residual layer during these nights, the weak
Sensitivity studies based on the model run of 1-2 Septemmixing into the residual layer and/or the possible air mass
ber were performed to investigate the dependence of NO exchange above 130 m was not simulated accurately in the
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Fig. 7. Sensivity of NQ mixing ratios in the lower and middle light paths intervals to change i B@ission and eddy diffusivity. NO
emission and eddy diffusivity at 10 m are plotted as well.

model. On 11-12 September, mixing of M@t the lower  at middle and upper altitudes by adjusting the uptake coef-
and middle height intervals occurred in the second half officients of NQ and/or the conversion factor of NQvere

the night. This was simulated until the two were well-mixed, not successful. Further analysis of HONO chemistry showed
but the modeled N@again developed gradients while the that the elevated HONO/NOwvas most likely due to an un-
observed N@between the lower and middle light path inter- derestimate of the loss of HONO on the aerosol. Modeled

vals remained well-mixed. HONO/NG; in the lower height interval for the three peri-
ods was slightly lower than the observations, indicating that
5.2 HONO HONO was formed at the ground more efficiently than im-

plemented in our original model. Sensitivity studies showed

The modeled HONO mixing ratios and profiles showed goodthat the underestimated HONO/N@t lower altitudt_'-)_inter-
agreement with the observations for 1-2 and 7-8 SeptembeY,aI was due to the excess loss of HONO by deposition on the
except for the last few hours of the night when HONO was ground.
under-predicted by the model. HONO mixing ratios in the  To consider the excess loss of HONO at the ground and
upper height interval were greater in the model than the obthe inadequate loss of HONO on aerosol in the model, re-
servations, as the upper height interval was often located irfined model runs were carried out in which the HONO uptake
the residual layer. The elevated HONO at this altitude wascoefficient at the ground was decreased by a factor of five
probably due to an overestimate of vertical mixing into the to 2x10~>, while the HONO uptake on the aerosol was in-
residual layer by the model and/or transport processes in thereased ten times to 8. In our original model runs HONO
residual layer which are not represented well in the model. uptake coefficients on aerosol and ground were*10ased
Comparison of HONO/N@from the model with the ob- O measurements on asphaltTiyck (2004. In reality, the
servations allows further analysis of the HONO formation UPtake coefficients are likely to be different on aerosol and
processes and their altitude dependence. Our model calc@roung- HONO uptake coefficients on the order of 40
lation showed a surprising increase of HONOAN@Ith al- {0 107 were reported by several studiedu(et al, 2009.
titude on 1—-2 and 7-8 September, which was not reflectedONO uptake coefficients on sulfate part'lcles on the order
in the observations. This suggested that there was either tof 10> were reported bydarrison and Colling199§. The
little NO, and/or too much HONO in the middle and upper HONO uptake _co_eff|C|ent usedin our_reﬂned model runs thus
altitude intervals in the model. Sensitivity studies revealedSeems to be within the range of published values.
that increasing N@in the model leads to N©and N>Osg The refined model results (Figéc, 5¢, 6¢) showed an in-
mixing ratios which were considerably larger than the obser-crease of HONO mixing ratios at lower altitudes in all three
vations Gtutz et al.20108. We thus concluded that the in- runs compared to the original modeled results, leading to a
crease of HONO/N@aloft was due to excess HONO instead better agreement between model and observations. There
of the lack of NQ. Attempts to decrease the HONO/MO was no change in the modeled N@nd G mixing ratios
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in the refined model runs. On 1-2 September, the modeledlid not describe the HONO correctly, this night will not be
HONO/NG; in the lower and middle height intervals agreed further quantitatively analyzed below.
very well with the observations until the last few hours of the  In the following we will focus on the refined model runs of
night when the observed HONO mixing ratios increased andl—2 and 7-8 September, as the refined model runs describe
peaked. At 05:30 CST, the observed HONOMN@ached the HONO chemistry better. To visualize the vertical mixing
5% while the modeled ratio was only 2.5%. This was mostratio profiles and their development throughout the night, the
likely due to a process that leads to large HONOAOch as  vertical profiles of HONO and N@mixing ratios at 19:30,
HNO;3 conversion on fresh soot aerosol observedigmba  00:30 and 05:30 CST were extracted from the model simula-
et al.(2010 during rush hour. tions for the two modeling periods, 1-2 and 7-8 September
On 7-8 September, the modeled HONO in the lower (Fig. 8). HONO slowly accumulated in the lowest 200 m of
height interval was slightly smaller in the middle of the night, the atmosphere, with pronounced vertical mixing ratio pro-
but it showed a good agreement with the observations durindiles. The actual vertical profiles should be slightly stronger
the last few hours of the night. HONO reached a maximumbecause the modeled N@nd HONO mixing ratios were
of 1.7 ppb in the model while the observed mixing ratio was overpredicted in the upper height interval. Vertical HONO
2ppb. HONO/NQ in the lower height interval was better gradients, i.e. comparing 20m to 300 m altitude, increased
predicted on 7-8 Septenber in the refined model run. In boththroughout the night with changes occurring mainly below
modeling periods, 1-2 and 7-8 September, the HONO mix-100 m, especially on 7-8 September. Most of the HONO was
ing ratios at upper altitude intervals were larger than the ob{ocated in the lowest 200 m of the atmosphere. The modeled
servations as the upper light path was located in the residuaHONO mixing ratios below 20 m, which were not observed
layer which was not captured accurately by the model. by the LP-DOAS, showed that HONO near the ground (at
In general, the refined model improved the agreement be0.55 m) increased from 1.8 ppb at 19:30 CST to 2.4 ppb at
tween model and observations on 1-2 and 7-8 Septembe@0:30 CST and to 4.6 ppb at 05:30 CST during the night of
However, the model was not able to reproduce the oppositd—8 September. This is significantly larger than the mod-
temporal behavior of HONO and NGn the lower height  eled and observed values of the lower light path of 0.45 ppb
interval during the night of 11-12 September. The modeledat 19:30, 0.45 ppb at 00:30 CST and 1.7 ppb at 05:30 CST.
HONO mixing ratios in the lower height interval remained The vertical profiles of HONO indicated that HONO near
constant at about 0.7 ppb and decreased slightly towards thgae ground (at 0.55 m) can be considerably larger than values
end of the night while the observed HONO increased steadilyfrom only 20—-70m above the surface. Consequently care
throughout the night to 2 ppb at the end of the night. In ad-has to be taken when extrapolating surface measurements of
dition, the modeled HONO/N®remained almost constant HONO to the entire boundary layer.
at around 2% throughout the night and did not predict the
increase of HONO/N@to 6%, as observed. This night dif-
fered in its behavior considerably from the other two. 11-126 Discussion
September was the only night throughout the two weeks of
measurements (Fid) with opposite temporal behavior of Vertical profiles of HONO mixing ratios can give informa-
HONO and NQ. The decrease of Nat the lower light  tion on the nature of the surface responsible for the forma-
path throughout the night was due to the log#the begin-  tion of HONO. Since HONO developed negative gradients
ning of the night. As surface NfQvas predominately formed throughout the night and its concentration increased near the
from the reaction of ozone with NO (R4), the MGurface  ground throughout the night, one can interpret that the source
source was small in this night. This interpretation is consis-of HONO is near or at the ground. It is however difficult to
tent with the very low N@ mixing ratio observations (not quantify the contributions of different HONO formation and
shown). It is not clear what caused the increase of HONOloss processes and their altitude dependence based on verti-
with decreasing N@at lower altitude intervals. One possi- cal concentration profiles alone.
ble explanation was the more efficient HONO formation at
larger relatively humidity as reported I8tutz et al (20043, 6.1 HONO formation and loss rates profiles
as this night was more humid than the other two. The aver-
age relatively humidity at 70 m was about 85% during this To further understand HONO chemistry and to investigate
night and 70-75% during the other two periods. In addition,which processes are important for HONO in the nocturnal
there was precipitation at the beginning of the night of 11-boundary layer, modeled HONO formation and loss rates
12 September according to the National Climate Data Cenwere computed and the vertical profiles of these rates were
ter (http://www.ncdc.noaa.gov/oa/climateresearch.htie  extracted for the model period of 1-2 September at 19:30,
therefore conclude that precipitation processes wetting th@®0:30 and 05:30 CST (Fi@). The rate of change of HONO
ground and other surfaces during the night of 11-12 Septemdepends on several factors as shown in Eg. (2). HONO is
ber lead to substantially different HONO chemistry, which is formed at the ground and potentially also on aerosol sur-
currently not implemented in the model. Because our modefaces from NQ conversion ground+ Paerosol, €Mitted from
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Sep 1-2 _ of NO and OH was a minor production pathway of HONO

300 P tor 1n 1300 Sep 7-8 in the NBL.
:ftz: 6h ] Among all the loss pathways, ground deposition of HONO
2004 after 11h | 200 was the largest. Chemical removal of HONO by OH,

which decreased exponentially with altitude, was negligible.
HONO uptake on aerosol occurred over the lowest 300 m

100+ 100+ with rates increasing toward the ground where HONO con-
g centrations were largest but, averaged over the NBL, this pro-
;’ 04 0 i cess was not as large as removal by ground deposition. Fi-
'g 0 1 2 3 0 1 2 3 nally, HONO rate profiles showed that HONO vertical trans-
E 300 HONO (ppb) 300~ HONO (ppb) port redistributed HONO over the boundary layer and in gen-
< eral transports HONO upward, leading to a loss of HONO
near the ground and a gain of HONO at higher altitude. In
200+ 200+ all model runs, vertical transport was the dominant source
of nocturnal HONO above 20 m altitude in average. Since
1004 1004 the upper height interval was partially located in the residual

layer where advection could play an important role, advec-
0 tion could potentially be a significant removal pathway of
0 2'0 4'0 6|O 0 2'0 4'0 6'0 HONO in the residual layer.
NO, (ppb) NO, (ppb)

6.2 Integrated HONO production and loss

: . , .y _ Nocturnal HONO formation and removal rates change sig-
Fig. 8. Vertical profiles of modeled HONO and NQnixing ratios

at 19:30, 00:30 and 05:30 CST of 1-2 September (left) and 7—8“d'f'cint't¥]thr°h“gh°”t ”}e ”'gthts Olf the tlwo mg’.ge"”g %e:'ocfjf?‘
September 2006 (rlght) ue 1o € Changes of meteorological conaiuon an ratfic

patterns. In order to quantify the overall contribution of each
HONO formation and loss process, the integrated HONO
traffic (E) and released through the reaction of NO and produ_ction and loss process in the lowest 300 m throughout
OH (PnoroHo HoNO).  Vertical transport of HONO W) the night were calculated for 1-2 and 7-8 September (Ta-
can be both a source and a sink. HONO in the noctur-P'€3)-
nal boundary layer can be lost through reaction with OH Vertically and nocturnally integrated HONO production
and deposition at the ground and uptake on aerosol surfacé@nged from 1.%10"cm 2 to 1.8x10'°cm 2 in the two

L L modeling periods. Contribution to total HONO production
(Lground+ Laerosa)- .
was 65—-74% by N@conversion at the ground, 3% by NO
dHONO conversion on aerosol, 17-21% from traffic, and 6-21%
7. = Parounat Paerosort E+ Pno+oH — HONO  (2) from reaction of NO and OH. Integrated HONO loss ranged
+Lground+ Laerosot LHonoroH+ ¥ from 1.3x10'°cm 2 to 1.4x 10 cm~2. Contribution of to-

tal HONO removal was 71-76% by ground deposition, 18%
The rate profiles (Fig9) show that HONO formation and by aerosol uptake and 1% due to reaction of HONO with
loss processes were largest at or near the ground. The don®H. Vertical transport redistributed HONO over the NBL
inant formation pathway of HONO was through B©on-  and even the residual layer. Vertical transport to altitudes
version at the ground, followed by direct HONO emission. above 300 m contributed to 5—-10% of total HONO loss in the
HONO formation and uptake on aerosol surfaces occurredowest 300 m. Combining all the factors, the overall HONO
over the lowest 300 m with rates slowly increasing towardsnet production was 25710 cm~2 throughout the night of
the ground, where N©and HONO mixing ratios are largest, 1-2 September and 50 cm~2 for 7-8 September. As-
assuming that the aerosol profile was uniform over the NBL.suming that all the HONO formed at night photolyzed into
The formation of HONO on aerosol played a less impor- NO and OH, these numbers represent the amount of addi-
tant role. However, please note that aerosol surface profilégional OH being contributed by HONO photolysis to the OH
in our model is oversimplified. The model predicted about budget in the following day. However, because the HONO
~10°cm~2 nocturnal OH from NQ@ reactions with VOCs  mixing ratios in the model simulations were smaller than the
and ozonolysis of alkenes near the surface (see@ée@r  observations during the last few hours of the night, the ac-
and Stutz 20040. Production of HONO through reaction tual HONO formation during these two nights should have
of NO and OH thus mainly occurred in the lower nocturnal been even greater. The inclusion of the upper height inter-
boundary layer where NO mixing ratios were largest and deval in our integration calculations leads to up to 20% un-
creased strongly with altitude. HONO formation by reaction certainty in HONO formation and loss on aerosol surfaces,
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Fig. 9. Modeled vertical profiles of HONO rates at 19:30 C&T d), 00:30 CST(b, e) and 05:30 CST(c, f) during the night of 1-2
September 2006. Pandbs), (b), and(c) show the lower 300 m of the atmosphere. Pafa)s(e), and(f) provide a closer view of the lowest
30 m of the atmosphere. Numbers in these panels apply to the maxima of the respective processes in the lowest meter above the ground.

Table 3. Integrated HONO production and loss over the lowest 300 m throughout the nights of the modeling periods, 1-2 and 7—8 September
2006. Percentage contributions of each process are also shown.

Production Loss
Periods Ground Aerosol Emiss. NO + Total Ground Aerosol HONO Vert. Total Net
[%] [%] [%] OH [cm=2] [%] [%] +OH Trans.  [cm™2] Prod.
[%] [%] [%0] [cm~2]
1-2Sep 74 3 17 6 171015 71 18 1 10 1.4101%  2.7x104
7-8Sep 65 3 21 12 181015 76 18 1 5 1.x10°  5.3x10M

8% uncertainty in HONO loss due to reaction with OH and the system, and in particular the lowest box of our model
<v1% uncertainty in other formation and loss process. Be-was shifted away from the pseudo steady state by vertical
cause these processes are relatively small, these lead to ontyixing processes. One can thus expect that vertical mix-
1% and 4% uncertainty in total integrated HONO formation ing and emission both modulate the HONO to N@tio at

and removal, respectively. the ground, HONO chemistry at the ground, and as a conse-
quence also the integrated net HONO formation in the NBL.
6.3 Dependence of net HONO formation at the ground Vertical mixing plays two roles for HONO chemistry at the
on vertical stability and emission ground. It controls the amount of NGvailable for making

HONO at the ground and transports newly formed HONO
As proposed inStutz et al.(2002 20043 the HONO/NG upwards, away from the ground thus affecting HONO ground
system tends towards reaching a pseudo steady state (PS@&position. For example, weaker vertical mixing in the
between HONO formation and loss. One would expect thatNBL can lead to larger N®@ and HONO at the ground
in our case the air close to the ground was in this PSSand consequently HONO formation and deposition at the
Our model analysis, however, identified the ground as a neground (Fig.10). Sensitivity model runs with constant emis-
source of HONO during the majority of time. Consequently, sion show that the impact of vertical mixing on net HONO
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35 -— served by the LP-DOAS. HONO developed negative gradi-
1 — PHONO-ground ents with larger concentrations near the ground and smaller
l\\ —— L iono-ground aloft. Maximum HONO mixing ratios of above 2 ppb were
: observed in the lower height interval (average 20—70m) in

the late night, while HONO was often below 100 ppt in the
upper height interval (130-300 m). These observations thus
indicate that care has to be taken in interpreting surface ob-
servations of HONO, as they are not representative for the
entire nocturnal boundary layer.
: — Three nights (1-2, 7-8 and 11-12 September) were se-
"transport sensitive” | "NO, sensitive” lected to perform modeling studies and compare to the ob-
0.0 ' 0.'2 ' 0!4 ' 016 ' 018 ' 110 servations. Our vertically highly resolved_l—D chemistry anq
K at 10 m (m’s™) transport model (RCAT 8.2) together with the parameteri-
z zation of N@ to HONO conversion and HONO loss rate
at the ground Trick, 2004 reproduced the observed verti-
cal concentration profiles of HONO, NCGand ;. How-
ever, the modeled HONO/NGOn the middle (70-130 m) and
upper (130-300m) height intervals was substantially larger
than the observations, resulting in an increase of HONGQ/NO
with altitude in the model, that was not observed in the at-
formation can be categorized into two regimes, “transportmosphere. Analysis of HONO chemistry in the model indi-
sensitive” and “NQ sensitive”. The “transport sensitive” cated that the Uptake coefficients of HONO were too small
regime occurs when vertical mixing is weak (in this case ©n @erosol and too large on the ground. Refined model runs
whenk, at 10m is less than 0.6%s) (Fig.10). During this  With 10 times larger HONO aerosol uptake (£ and 5
regime, when vertical mixing becomes stronger, the net for-imes smaller ground uptakex2.0-°) showed a much better
mation at the ground increases because vertical mixing transagreement of HONO/Ng@with observations for 1-2 and 7-8
ports HONO upward more efficiently leading to a greater de-September. Better laboratory HONO uptake data is needed
crease in deposition at the ground. This effect outweighs thdé0 confirm the validity of these uptake coefficients on urban
simultaneous decrease of both plénd thus HONO forma- ~ Surfaces and aerosol.
tion at the ground due to mixing of NGnto larger volumes. The HONO mixing ratios at lower and middle altitude in-
On the other hand, the “[\}gensitive” regime occurs when terVaIS from the reﬁned mOde| ShOWGd Very gOOd agreement
vertical mixing is efficient (in this case wheki, at 10m is ~ With the observations for 1-2 and 7-8 September, except
greater than 0.6 ffs) and the reduction of HONO produc- during the morning rush hour. The greater HONONSD-
tion due to decreased levels of N@ more substantial than ~Served during morning rush hour was most likely due to ad-
the decrease of HONO deposition due to larger transportditional conversion from HN@on organic aerosol, as pro-
Therefore net HONO production decreases in this regimePosed byZiemba et al.(2010, which is currently not in-

i.e. when vertical mixing is stronger. cluded in our model. It is also possible that the HONO
Sensitivity runs were also carried out to test the effect oft© NO« emission ratio varied throughout the night due to
the emission strength of NCGand HONO on HONO chem-  c¢hanges in vehicle fleet composition. Since there was insuffi-
istry at the ground. Under the condition of constant noc-cient information on fleet composition and vehicle type spe-
turnal vertical mixing, when the emission is increased, theCific HONO/NG, emission ratios, sensitivity runs were per-
model shows an increase of both HONO formation and reformed to study the effect of a possible change in emission

moval at the ground due to the increase of both HONO andatios. Varying the HONO/N@emission ratios by-0.5%
NO,, which leads to an increase of net HONO production atfrom the original value of 0.8%, i.e. to 0.3% and 1.3%, led to
the ground. The opposite is true when emission decreased 20% change in HONO mixing ratios and HONO/N@-
Therefore, addition of HONO by direct emission leads to ti0s in all three height intervals during the rush hour period.

larger net HONO formation at the ground when vertical mix- During the rest of the night, HONO mixing ratios in the lower
ing is constant. height interval varied by 13—19%, and by 13% and 4% in the

middle and upper height intervals, respectively. The higher

emission ratios could explain the rush hour HONO on 7-8
7 Conclusions September but were still too low to explain the rush hour ob-

servations on 1-2 and 11-12 September. As a HONQ/NO
During two weeks of the TRAMP 2006 experiment in Hous- emission rate of 1.3% is higher than any published value
ton, TX, (1-14 September, 2006) nocturnal vertical concen-see for examplelurtenbach et al2001; Kirchstetter et al.
tration gradients of HONO, N&and & were frequently ob-  1996) we conclude that direct HONO traffic emissions were

Integrated HONO rate at ground
2

Fig. 10. Sensitivity of integrated HONO formation and loss rates
throughout the night at the ground with stability. Eddy diffusivity
at 10 m is plotted as a measure of vertical stability.
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most likely not the explanation for the unexplained rush hourBusinger, J., Wyngaard, J., Izumi, Y., and Bradley, E.: Flux-profile

HONO. The model was not capable of capturing the un- relationships in atmospheric surface layer, J. Atmos. Sci., 28,

usual behavior of HONO for 11-12 September, which was 181-189, 1971.

most likely caused by precipitation in this night significantly €alvert, J., Yarwood, G., and Dunker, A.: An evalutation of the

changing HONO formation and/or loss. mechanism of n|trou§-aC|d formation in the urban atmosphere,
Vertical profiles of modeled HONO rates of the two peri- D ReséChlam' Igtermed'.?tl'(’ 20é4635502’ 1t994'c B. Tuck

ods (1-2 and 7-8 September) showed thab @nversion ay, B. M. Rappengick, B, Clements, C. B, Tucker,

S. C.,, and Brewer, W. A.. Nocturnal boundary layer
on the ground was the largest source of HONO (65-74%), characteristics and land breeze development in Houston,

followed by emission (17—21%) NConversion on aerosol Texas during TexAQS Il, Atmos. Environ., 44, 4014-4023,
did not play a significant role in HONO formation in our  oi:10.1016/.atmosenv.2009.01.02D10.

model. On the other hand, deposition at the ground wasrinlayson-Pitts, B. J. and Pitts, J. N.: Chemistry of the upper and
also the major sink of HONO (71-76%), followed by up- lower atmosphere, Academic Press, San Diego, CA, USA, 1-
take on aerosol (18%). In our modeling studies, the ground 969, 2000.

acted as both the largest source and sink of HONO in thé-inlayson-Pitts, B., Wingen, L., Sumner, A., Syomin, D., and Ra-
NBL through NG conversion and HONO deposition. There ~ mazan, K. The heterogeneous hydrolysis of N labora-
was a net production of HONO at the ground throughout the tory systems and_ in outdoor and indoor atmospheres: An in-
three modeling periods. Vertical transport played the domi- Legrféefogngigggg;& gggs. Chem. Chem. Phys., 5, 223-242,
nant role as the source of HONO aloft. Sensitivity studies or-2%: #P003.

. Fuchs, N. A. and Sutugin, A. G.: Highly dispersed aerosols, Ann
showed that HONO formation at the ground can be mod- 5., Science, Ann Arbor, MI, USA, 1-90, 1971.

ulated by both vertical mixing and emission. In the stable george, c., Strekowski, R., Kleffmann, J., Stemmler, K., and Am-
NBL, net HONO production increases with stronger vertical  mann, M.: Photoenhanced uptake of gaseous M@ solid-

mixing and stronger emission. organic compounds: a photochemical source of HONO?, Fara-
day Discuss., 130, 195-2140i:10.1039/b417888n2005.
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