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Understanding the role of the ground surface in HONO vertical
structure: High resolution vertical profiles during NACHTT-11
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[1] A negative-ion proton-transfer chemical ionization mass spectrometer was deployed on a
mobile tower-mounted platform during Nitrogen, Aerosol Composition, and Halogens on a
Tall Tower (NACHTT) to measure nitrous acid (HONO) in the winter of 2011. High
resolution vertical profiles revealed (i) HONO gradients in nocturnal boundary layers, (ii)
ground surface dominates HONO production by heterogeneous uptake of NO2, (iii) significant
quantities of HONO may be deposited to the ground surface at night, (iv) daytime gradients
indicative of ground HONO production or emission, and (v) an estimated surface HONO
reservoir comparable or larger than integrated daytime HONO surface production. Nocturnal
integrated column observations of HONO and NO2 allowed direct evaluation of nocturnal
ground surface uptake coefficients for these species (γNO2, surf = 2 × 10�6 to 1.6 × 10�5 and
γHONO, surf = 2 × 10�5 to 2 × 10�4). A chemical model showed that the unknown source of
HONO was highest in the morning, 4 × 106molecules cm�3 s�1 (600 pptv h�1), declined
throughout the day, and minimized near 1 × 106molecules cm�3 s�1 (165 pptv h�1). The
quantity of surface-deposited HONOwas also modeled, showing that HONO deposited to the
surface at night was at least 25%, and likely in excess of 100%, of the calculated unknown
daytime HONO source. These results suggest that if nocturnally deposited HONO forms a
conservative surface reservoir, which can be released the following day, a significant fraction
of the daytime HONO source can be explained for the NACHTT observations.

Citation: VandenBoer, T. C., et al. (2013), Understanding the role of the ground surface in HONO vertical structure: High
resolution vertical profiles during NACHTT-11, J. Geophys. Res. Atmos., 118, 10,155–10,171, doi:10.1002/jgrd.50721.

1. Introduction

[2] Nocturnal production of nitrous acid (HONO) has been
often considered as a reservoir for OH radicals that may be
released by photolysis in the early morning hours (R1).
While production is thought to be dominated by a heteroge-
neous process (R2), attribution of aerosol versus ground
surfaces, and the associated implications for radical chemis-
try, has been limited to a few studies of vertical gradients

[Kleffmann et al., 2003; Sörgel et al., 2011a; Villena et al.,
2011; Wong et al., 2011; Young et al., 2012; Yu et al.,
2009; Zhang et al., 2009].

HONO gð Þ þ hν λ < 400 nmð Þ→NO gð Þ þ OH gð Þ (R1)

2 NO2 gð Þ þ H2O adsð Þ→HONO gð Þ þ HNO3 adsð Þ (R2)

NO gð Þ þ OH gð Þ þM→HONO gð Þ þM (R3)

Additional supporting information may be found in the online version of
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[3] Although the heterogeneous HONO production reac-
tion (R2) is second-order in NO2, the mechanism for the
conversion of NO2 at surfaces remains unclear [Finlayson-
Pitts, 2009]. The nighttime production of HONO from
NO2 was first inferred from measured HONO mixing ratios
in polluted regions in excess of 5 parts per billion (ppbv)
[Perner and Platt, 1979; Platt et al., 1980]. Nighttime
mixing ratios of HONO this high can still be observed in
some locations [Li et al., 2010, 2011; Villena et al., 2011],
but are typically on the order of 1–2 ppbv. Following
sunrise, HONO produced at night was assumed to have pho-
tolyzed completely (e.g., 5–10min lifetime) when mixing
ratios fell below instrumental detection limits, near 200
parts per trillion (pptv). Recent measurements of HONO
with high sensitivity (10min or faster observation intervals,
detection limits< 10 pptv) reveal real daytime HONO
mixing ratios of several tens to 100 pptv [Heland et al.,
2001; Kleffmann and Wiesen, 2008; Kleffmann et al.,
2006; Roberts et al., 2010; Stutz et al., 2002, 2010; Wong
et al., 2012; Zhang et al., 2009]. These state-of-the-science
instruments also confirmed the presence of highly variable
photostationary HONOmixing ratios (i.e., the daytime min-
imum mixing ratio of HONO maintained against pho-
tolysis) ranging from 10 to 1000 pptv during midday
[Acker et al., 2006; Elshorbany et al., 2009, 2012;
Kleffmann et al., 2005; Sörgel et al., 2011b; Su et al.,
2008a;Wong et al., 2012; Zhou et al., 2011]. The production
rate of HONO (PHONO) required to sustain these daytime
mixing ratios ranges from a few hundred pptv per hour to over
1 ppbv per hour, far exceeding the known gas phase source by
reaction of OH and NO (R3, e.g., with 1 ppbv NO,
5 × 106molecules cm�3 OH, PHONO= 140pptv h

�1) and the
heterogeneous surface reaction of NO2 on the sum of ground
and particle surfaces (R2). This excess daytime HONO indi-
cates that an additional source or multiple sources of HONO
exist during daylight hours, which might contribute 30% to
50% of OH production throughout the day in the summer
[Alicke et al., 2003; Elshorbany et al., 2012; Kleffmann
et al., 2005; Volkamer et al., 2010; Young et al., 2012]. The
daytime production of HONO and its influence on chemistry
is less well studied in winter atmospheres when, relative to
summer, substantially less OH is produced from O(1D) and
other photochemical pathways (S. Kim et al., The primary
and recycling sources of OH during the NACHTT-2011
campaign, submitted to Journal of Geophysical Research:
Atmospheres, 2013).
[4] Laboratory studies have elucidated several alternative

reaction pathways for the formation of daytime HONO
involving NO2 and photoexcited surface substrates (e.g.,
R4), such as soot [Ammann et al., 1998; Aubin and Abbatt,
2007; Gerecke et al., 1998; Khalizov et al., 2010; Monge
et al., 2010], TiO2 [Bedjanian and El Zein, 2012; Langridge
et al., 2009; Ndour et al., 2009; Ndour et al., 2008], humic
acid [Bartels-Rausch et al., 2010; Stemmler et al., 2006,
2007], and solid organic films [Brigante et al., 2008; George
et al., 2005; Gutzwiller et al., 2002]. However, extrapolation
of lab results to real surfaces remains challenging. Their
contributions to the required production rate are either much
smaller than the source inferred from field observations, or
they have proven difficult to quantify [Sörgel et al., 2011b].
Loss of HONO by reaction with OH (R5) and photolysis
of orthonitrophenols are possible minor contributors to the

daytime HONO budget [Bejan et al., 2006], with the latter
not yet evaluated via direct measurement.

NO2 gð Þ þ R� H½ ��→HONO gð Þ þ R’½ � (R4)

HONO gð Þ þ OH gð Þ→NO2 gð Þ þ H2O gð Þ (R5)

[5] Similarly, photolysis of surface adsorbed nitric acid has
been suggested as a HONO source, but yields of HONO from
this process remain poorly understood [Li et al., 2012; Zhou
et al., 2011; Ziemba et al., 2010]. Reaction of electronically
excited NO2 with water vapor [Li et al., 2008] was also pro-
posed as a major formation pathway for daytime HONO but
has since been shown to be a two photon process [Amedro
et al., 2011] of little relevance under atmospheric conditions
[Czader et al., 2012; Ensberg et al., 2010; Sörgel et al.,
2011b; Wong et al., 2012]. Therefore, the source(s) that
generate most of the observed HONO during daytime are
unknown. Whether this production occurs predominantly in
the gas phase, on aerosol surfaces, or on the ground surface
remains an open question.
[6] A few studies have evaluated the relative importance of

aerosol and ground surfaces in the production of nighttime
HONO via (R2). Reactions at the ground surface have been
suggested as the most important HONO source based on
measured vertical gradients and fluxes of HONO [Harrison
and Kitto, 1994; Harrison et al., 1996; Kleffmann et al.,
2003; Lammel and Perner, 1988; Lammel and Cape, 1996;
Stutz et al., 2002; Su et al., 2008b; Villena et al., 2011;
Wong et al., 2011; Zhang et al., 2009]. Other investigations
have interpreted surface level measurements in the absence
of vertical information to suggest that aerosols enhance
HONO production [Bröske et al., 2003; Reisinger, 2000; Su
et al., 2008b].
[7] Few observations of near real-time HONO vertical gra-

dients have been made [Kleffmann et al., 2003; Wong et al.,
2012; Zhang et al., 2009]. Those that have been made are
limited by measurement frequency and vertical resolution
between the surface, nocturnal boundary layer, and residual
layer of the previous day’s convective boundary layer.
These limitations have been due to the following: (i) the
capacity of the available infrastructure to conduct vertical
profiling and (ii) the ability of instrumentation to quickly
and accurately measure HONO mixing ratios along with
other key analytes (e.g., NO2, NO, and aerosol surface area).
An interesting feature of previous vertical gradient and in situ
observations is that nighttime temporal profiles of HONO
mixing ratios often exhibited a relatively rapid rise after sun-
set followed by a plateau toward the end of the night which
would be consistent with an approach to steady state between
production and an undetermined loss process, as proposed by
Stutz et al. [2002]. This loss has been represented by dry
deposition in models [Sörgel et al., 2011b; Wong et al.,
2011] and directly observed over the open ocean [Wojtal
et al., 2011], but the loss mechanism and fate of HONO in
the terrestrial nocturnal atmosphere requires further explora-
tion. The rate of HONO dry deposition is a function of
nocturnal boundary layer height and stability [Geyer and
Stutz, 2004; Wong and Stutz, 2010; Wong et al., 2011].
Only recently has this loss process been considered as poten-
tially reversible from observations made over water bodies in
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a polluted marine boundary layer [Wojtal et al., 2011] or if
significant amounts of water (e.g., in soil pores [Su et al.,
2011]) are available as a reservoir at the surface.
[8] Here we report the first continuous vertical profiles

measurements of HONO and related species at both high
time resolution (< 10min per profile) and vertical resolution
(< 10m over 250m elevation). Results are interpreted in
conjunction with chemical model calculations to evaluate
(i) the heterogeneous formation and loss of HONO on the
ground at night, (ii) the production of HONO during daytime,
and (iii) the potential for HONO lost to the ground at night to
be a significant fraction of the unknown daytime source.

2. Methods

2.1. Site Description and Instrumentation

[9] A comprehensive site description for NACHTT and
atmospheric measurement history for this region can be
found in the campaign overview by Brown et al. [2013].
Briefly, the NACHTT field campaign was located in
Colorado at the Boulder Atmospheric Observatory (BAO)
(40°03′00"N, 105°00′14"W) [Kaimal and Gaynor, 1983] from
17 February to 14 March 2011. The main sampling platform
was a 300m triangular open-frame tower, outfitted with an ex-
ternally mounted instrument carriage (the Portable Instrument
Shelter with Amenities, PISA). The elevator was electrically
powered (no emissions at the point of sampling). The PISA
reached a maximum height of 270m above ground level
(AGL) during NACHTT. Single vertical transects took less
than 10min (< 20min per round trip). During high wind
events (> 12m s�1), the carriage was kept stationary at or be-
low 40m AGL for safety. The PISA housed a suite of instru-
ments including: a meteorology station, GPS and analog
height instrumentation, an ultra-high sensitivity aerosol spec-
trometer for number size distributions of sub-μm diameter
aerosols, an aerosol mass spectrometer for nonrefractory com-
position of sub-μm diameter aerosols, two chemical ionization
mass spectrometers (CIMS) for quantitative measurements of
ClNO2/N2O5/Cl2 using I

� reagent ion [Riedel et al., 2012] and
for HCl/HONO/HNCO/HCOOH/HNO3 using CH3COO

� re-
agent ion [Roberts et al., 2010; Veres et al., 2008, 2011], and a
cavity ring-down spectrometer for NO/NO2/O3/NO3/N2O5

[Wagner et al., 2011]. Measurements were made between
0.1 and 1Hz by each instrument.
[10] An externally mounted sampling platform was

installed on the tower at a fixed height of 22m AGL.
HONO, HNO3, HCl, HCOOH, CH3COOH, and NH3 were
sampled over 2 h intervals from the platform with tandem
mist chambers and analyzed on site by high performance
ion chromatography (MC-IC) usually within 1 h after recov-
ery [Keene et al., 2006; Young et al., 2013]. A separate set of
ground instruments was located approximately 20m south of
the main tower. These included measurements of photolysis
rate constants using a filter radiometer mounted at 10m
AGL and in situ OH by another CIMS [Eisele and Tanner,
1991; Petäjä et al., 2009; Tanner et al., 1997] at 2m AGL.

2.2. Negative-Ion Proton-Transfer Mass
Spectrometer (NI-PT-CIMS)

[11] The NI-PT-CIMS has been described previously by
Veres et al. [2008] and Roberts et al. [2010], and its applica-
tion to these measurements is described below. During the

NACHTT field campaign, the NI-PT-CIMS quantitatively
measured the gas phase acids HCl, HONO, HNCO,
HCOOH, and HNO3 at m/z 35, 42, 45, 46, and 62, respec-
tively, in addition to qualitative measurement of acrylic acid
(C3H4O2), propionic acid (C3H5O2), and HBr at m/z 71, 73,
and 80. Ion signals were collected using 1 s dwell periods
on each ion, and the CH3COO

� reagent ion (m/z 59),
resulting in a 0.1Hz measurement rate. Dry nitrogen gas for
the ion source was supplied to the instrument via a
Pressurized Liquid Nitrogen system on board the carriage.
A custom sampling inlet (Figure S1 in the supporting infor-
mation) was devised for the NI-PT-CIMS to perform online
background measurements and calibration checks, which
are described in detail in the supporting information.
[12] Offline calibrations performed on the NI-PT-CIMS

were collected at 1Hz, with one or more supporting measure-
ments of the HONO calibration gas made by chemilumines-
cence or ion chromatography, similar to those described by
Roberts et al. [2010] and Veres et al. [2008] (details in the
supporting information). Calibrations of HONO during
NACHTT (n= 4) showed responses of 10.4 ± 1.8 counts
pptv�1, similar to that previously reported [Roberts et al.,
2010], with high linearity (R2 ≥ 0.999) between 500 and
5000 pptv. The instrument detection limit, determined as 2σ
of ion counts in a 10min background, was 3.8 pptv at 10 s
time resolution (i.e., 0.1Hz). The NI-PT-CIMS HONO accu-
racy, determined by variability in calibration slopes before,
during, and after the campaign, was 17%. Calibrations
bracketing a given measurement period, as an average, were
used to account for variability in the instrument response.
Calibrations of the standard gases HCl and HNO3 had
accuracies of 10% and 14%, respectively, showing comple-
mentary results for the stability of the NI-PT-CIMS sensitiv-
ity throughout the campaign. Mixing ratios of HONO
measured by the NI-PT-CIMS within ±10m of the sampling
inlet for the MC-IC were averaged over the MC-IC sampling
intervals and intercompared. An orthogonal least distance fit
of the paired CIMS versus MC-IC data (n = 117) yielded a
slope of 1.38 ± 0.05, an intercept of 3 ± 12, and R2 = 0.87.
Different sampling rates for the two techniques and disconti-
nuities in sampling times for paired data, resulting from the
vertical motion of the NI-PT-CIMS past the fixed MC-IC
inlet, contributed to variability in the two data sets. However,
the slope of the regression indicated that the NI-PT-CIMS
measured consistently higher (averaging 38%) mixing
ratios of HONO, particularly above 200 pptv (section B,
Figure S2). The slope for a regression of the subset of paired
data for mixing ratios less than 200 pptv (n = 64) diverged
from a 1:1 line by 13%. Causes for this systematic diver-
gence are not known, but these results suggest that HONO
measured via NI-PT-CIMS may be biased high or HONO
measured by MC-IC may be biased low by up to 38% at
the upper end of the mixing ratio range observed and by
about 13% at the lower end.
[13] Temperature-dependent inlet transmission of HONO

was characterized using a method similar to Veres et al.
[2008] and Roberts et al. [2010]. Moderate mixing ratios,
on the order of 1 ppb, were modulated with dry nitrogen
gas as a blank to characterize the response time in reaching
maximum signal or minimum background ion counts.
Temperatures between 30°C and 60°C were tested to opti-
mize the response time to be 0.6 s, or less, to reach 95% of
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full signal between blank and stable calibration mixing ratios
and vice versa. The transmission of HONO through the inlet
was faster than 0.6 s at all temperatures. The transmission
times for all acids in the short heated inlet design used during
NACHTT were at least a factor of 4 better than those previ-
ously reported for this instrument [Roberts et al., 2010],
when the inlet was heated to 60°C, providing adequate
spatial resolution for the rapid vertical profile measurements
made during this campaign. Finally, breakthrough investiga-
tions showed 0.5% transmission of the HONO calibration
gas through the blank channel across the range of 500–
7000 pptv. These values held, even after operating in the field
for several weeks. The data set was corrected for this accord-
ingly. Interferences in this HONO measurement from NO2

and other compounds were also accounted for (section A in
the supporting information).

3. Results and Discussion

3.1. Nocturnal Nitrous Acid (HONO)

3.1.1. General Observations and Vertical
Profile Analysis
[14] Figure 1 depicts the measurements used to evaluate

HONO formation and processing. Four different meteorolog-
ical regimes were characterized during the campaign. From
18 to 25 February, the region was impacted by cold, moist
conditions; temperatures varied over diel cycles between
�10°C and 10°C, and relative humidities between 30% and
90%. This was followed by a warmer moist period from 26
February to 3 March, during which maximum temperatures
approached 20°C and rarely fell below 0°C at night.
Conditions similar to those of the first period occurred from
4 to 9 March, with a freezing fog event on the night of 4–5
March before starting to warm again at the end of the cam-
paign. Further details on site characteristics can be found in
Brown et al. [2013]. The concentration of O3 during periods

of minimum local urban influence at this site is on the order
of 50 ppb (Figure 1). This background mixing ratio of O3

(which was higher than that associated with polluted air
masses from the Denver urban area) was used along with
potential temperature to identify stable nocturnal boundary
layers (NBLs) throughout the campaign. Details on the pro-
cess for identifying NBLs are available in section C of the
supporting information (Figure S3).
[15] At night, the highest HONO mixing ratios were mea-

sured near the surface, building up to greater than 1 ppb on
five nights (19, 20, and 28 February and 4 and 8 March),
and approximately 500 pptv on the rest of the nights
(Figure 1). Vertical stratification of HONO varied between
nights. On some nights, the NBL formed from a stable
surface layer. On other nights, the NBL height was stable
and a pre-existing surface layer was not identifiable within
2 h of sunset. This NBL variability can be observed in
Figure 2a by the change in height of HONO vertical gradi-
ents on a night-to-night basis. The presence of a stable
boundary layer has been suggested as a key condition for
the accumulation and stratification of HONO at night in
models [Geyer and Stutz, 2004; Vogel et al., 2003; Wong
et al., 2011] and in field observations of HONO vertical pro-
files [Kleffmann et al., 2003; Wong et al., 2011; Zhang
et al., 2009]. Higher HONO mixing ratios in surface layers
are consistent with the hypothesis that reactions on ground
surfaces dominate the heterogeneous production of HONO
from NO2 during the campaign.
[16] Nights when stable layers of air were formed at the

surface generally had low wind speeds (< 6m s�1) and
showed higher HONO mixing ratios in air arriving from
all directions, suggesting a local source (Figure 3).
Vertical profile data were used when wind speeds were less
than 6m s�1 and from periods of near-continuous collection
of vertical measurements to avoid bias in observations from
prolonged stationary sampling conditions and to select for

Figure 1. Continuous field observations used in the analysis of HONO nighttime formation during
NACHTT-11, filtered to remove wind speeds greater than 6m s�1 and periods of stationary height mea-
surements, in order to select for data collected when the tower was most impacted by local emissions from
the surrounding urban area and to avoid bias from prolonged sampling under stationary conditions, respec-
tively. Daytime OH measurements were made only for the first 10 days of the campaign. Fine structure
superimposed on the time series is the result of vertical variations as the instrument carriage transits the
tower, as described further below.
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data collected when the tower was impacted by local chem-
istry. High wind events occurred on 19, 23, 26, and 28
February and 3 March, inhibiting the accumulation of
HONO. The presence of nocturnal thermal inversions at
the surface was determined according to the method of
Brown et al. [2007] using potential temperature and
ozone measurements (Figure 2b). Under such conditions,
the integrated column rate of change in HONO (i.e.,

dHONOcolumn =dt ¼ ∫250mh¼0m HONO½ �dh
� �

=dt , see section

3.1.4) and NO2 was used to constrain both surface produc-
tion and loss of HONO. Nine occasions (18–19, 19–20,
21–22, and 27–28 February, 28 February to 1 March, 1–2,
2–3, 4–5, and 7–8 March) had NBLs confined below the

top of the PISA transit height, which are presented in
section D of the supporting information (Figure S4).
3.1.2. HONO Production and Loss in the NBL:
Observations, Modeling, and Utility of HONO/NO2

[17] Vertical profile data were binned in bihourly intervals
and 10m vertical bins from the surface to 250m AGL to eval-
uate underlying chemical processes in HONO production and
loss. In general, the depth of the gradient in HONOwas found
to increase with the depth of the observed nocturnal boundary
layer, higher mixing ratios of NO2, and time. Some of the
observed changes within a given night, however, are due to
transport and emissions of NO2 in different air masses and
not strictly chemical processing. For illustrative purposes
and to support arguments made below, a simple box model

Figure 2. (a) Curtain plot of HONO vertical mixing ratios measured by the NI-PT-CIMS during
NACHTT-11. Note that the color scale ends at 800 pptv of HONO to optimize contrast in the vertical
gradients of HONO observed even though mixing ratios up to 2 ppbv were observed during the campaign.
Mixing ratios of HONO in excess of 800 pptv are displayed as white data points. (b) Vertical profiles of
HONO (red circles, 0–1000 pptv), NO2 (yellow line, 0–50 ppbv), and potential temperature (5–20) in real
time as a function of height on 4 March 2011.
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representation of only the chemical processes involved in
HONO production at night, compared to observations at the
surface on 27–28 February, can be found in section E of the
supporting information (Figures S5 and S6). Similar profiles
were observed on nine other nights during the campaign, al-
though there is considerable variation in the vertical structure
due to: (i) the presence and depth of surface and NBLs, (ii)
the amount of NO2, and (iii) the relative humidity at the sur-
face (Figure S7). The linear least squares regression correla-
tions of HONO to NO2 within the NBL on these nights are
generally high (R2 ≥ 0.8), particularly from 22 to 06 h (Figure
S7, Table S1). Figure 4 depicts the night of 27–28 February
as an example of the evolution of the HONO vertical profile
with increasing NBL height and is discussed in detail below.

[18] Mixing ratios of HONO increased at the surface by a
small amount in the first 2 h of the night, followed by an
increase of 100, 500, 750, and 850 pptv in each subsequent
2 h interval (Figure 4). During this same period, the mixing
ratio of NO2 at the surface increased from 7 to 16 ppbv, with
transport of an 18 ppbv plume at the surface between 00 and
02 h (Figure S5). The stable NBL confined emissions of
NO2 at the surface, enhancing HONO formation. The
HONO to NO2 ratios (HONO/NO2) show nearly flat profiles
throughout the column, increasing from 3.5%± 0.4%
between 18 and 20 h to 7.6% ± 0.6% between 04 and 06 h.
Relative humidity remained near 80% at the surface and
35% above the NBL throughout the night. Hydrated aerosol
surface area (data not shown) in the residual layer, averaged
over the total depth, was less than 160 μm2 cm�3 throughout
the night (range: 62–158 μm2 cm�3). Below 30m AGL, the
hydrated aerosol surface area was 300 μm2 cm�3 from 10 to
04 h and reached a maximum 2 h average of 742 μm2 cm�3

between 04 and 06 h. The accumulation of HONO near
the surface stabilized near 1000 pptv from 02 to 06 h,
while the HONO/NO2 ratio continued to increase from
6.8%± 0.4% between 02 and 04 h to 7.6% ± 0.6% between
04 and 06 h. There was considerable variability in HONO
and HONO/NO2 within and between nights throughout
NACHTT-11, presumably due to changes in NO2 emission
sources and transport effects (Figure S4). However, abso-
lute HONO mixing ratios and HONO/NO2 consistently
approached a steady state plateau on nights with NBLs.
Two possible chemical processes could account for the
buildup and near steady state observed in the HONOmixing
ratio and HONO/NO2 (Figures S5 and S6): (i) loss of
HONO to surfaces by dry deposition, and/or (ii) a slower
rate of NO2 heterogeneous conversion to HONO via (R2)
than has been reported. The plausibility and implications
of each explanation was explored by comparing observa-
tions against the chemical model mentioned above. These

Figure 3. Windrose plot of HONO observations with 0° as
north. Rings around the origin denote increasing wind speeds
in 4m s�1 intervals up to 20m s�1. HONO mixing ratios
have been sorted from highest to lowest to depict the local
nature of HONO formation at night. The Colorado Front
Range is located roughly 25 km to the west.

Figure 4. Evolution of HONO (solid line ± 1σ) vertical profiles from 18:00 to 06:00 MST in 2 h bins
(excluding 00–02 h due to instrument maintenance) on 27–28 February. Each time bin shows the average
vertical structure of HONO in pptv on the bottom axis. The height of the thermal inversion layer (i.e., NBL)
was not constant throughout the night and is denoted in each bin by the shaded yellow bar. Vertical profiles
of the ratios HONO/NO2 (dashed line ± 1σ) and HONO/(NO2 +NO3 + (2*(N2O5)) (dotted line), on the top
axis, show vertical structure in the nocturnal boundary layer.
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are discussed below using the 27–28 February observations
shown in Figure 4.
[19] We suggest that the ground surface dominates both

processes because heterogeneous HONO production from
NO2 and, consequently, HONO/NO2 are limited by transport
of the molecules to a surface (i.e., a resistance) and their reac-
tion probabilities. In these surface interactions, the ground
has a much greater surface area than the aerosol, even when
assuming the ground is a planar surface (e.g., in a 150m deep
NBL, the ground surface area is 6700μm2 cm�3, versus the
27–28 February average of 146μm2 cm�3 hydrated submi-
cron aerosol surface area, or even the maximum of 742μm2

cm�3 at the surface). The transport resistance term is negated
in HONO production because of the small uptake coefficient
of NO2 on surfaces, between 1× 10�6 and 1 × 10�5, effec-
tively allowing the summed surface area and consequently
the ground to dominate the chemistry (see section 3.1.4). In
contrast, if the NO2 uptake were more efficient (e.g., γ> 10�4

for N2O5) (N. L.Wagner et al., N2O5 uptake coefficients deter-
mined from ambient wintertime measurements, submitted to
Journal of Geophysical Research: Atmospheres, 2013), aero-
sol surfaces would be expected to become more influential
on the lifetime of the reactive gas. Thus, the production of
HONO from reaction of NO2 on the ground surface leads to
the buildup of HONO near the ground.
[20] During NACHTT-11, HONO/NO2 observed within

10m of the surface increased with time during the night,
which is consistent with HONO production occurring there.
When mixing ratios of HONO at the surface stabilize during
the last 4 h of the night, the HONO/NO2 ratio was also
observed to approach steady state (Figure 4). The increases
in both HONO and HONO/NO2 with time become smaller
as the night progresses. These increases are, in part, due to
vertical transport, but this only appears to be happening
quickly within 50m of the surface. To approximate these
values in our model, either the production of HONO from
NO2 at the surface is slower than expected from values deter-
mined in previous work by up to a factor of 5, or there is an
additional HONO loss process at the surface (Figures S5
and S6). Since the values for reactive uptake of NO2 at the
surface are reasonably well established, the HONO and
HONO/NO2 observations in Figure 4 are most consistent
with loss of HONO to the surface. During NACHTT-11, this
sink was rapid enough for HONO to approach steady state in
12 to 13 h, meaning that the rate coefficient is about 4 to 5
times faster than this interval, giving a first-order rate coeffi-
cient for HONO loss of roughly 1 × 10�4 s�1. This loss pro-
cess reproduces observations modestly better than the
assumption that NO2 conversion is much slower than has been
previously reported (Figures S5 and S6). The near steady state
in HONO/NO2 near the surface observed at NACHTT-11 is
also consistent with vertical profiles measured by Wong
et al. [2011] in the urban atmosphere of Houston, Texas, and
with other studies over land [Kleffmann et al., 2003; Stutz
et al., 2004] and the ocean [Wojtal et al., 2011]. However,
the use of HONO/NO2 to calculate HONO formation rates at
night during this observation period is not possible.
[21] The utility of HONO/NO2 to estimate formation rates

of HONO at night implies that there are no other significant
losses of NO2. However, under low temperature conditions,
such as those found in the winter, other loss process of NO2

must be considered. The equilibrium formation of N2O5 from

NO3 and NO2 (R6, R7), favored at low temperatures and high
NOx, may impact the ratio of HONO to NO2. In order to
examine this effect, we consider the ratio of HONO to the
sum of NO2, NO3, and N2O5.

NO2 gð Þ þ O3 gð Þ→NO3 gð Þ þ O2 gð Þ (R6)

NO3 gð Þ þ NO2 gð Þ⇌N2O5 gð Þ (R7)

[22] Figure 4 shows that the difference between the ratios
HONO/NO2 and HONO/(NO2 +NO3 + (2*N2O5)) grew as
the night progressed. At any given time, these two ratios
became indistinguishable near the ground. Four chemical
processes may help explain the observations made during
NACHTT-11: (i) deposition of HONO at the ground surface,
(ii) increased emissions of NO2, (iii) a competing sink of
NO2 reacting with O3 (R6) aloft, and (iv) fast loss of NO3

and N2O5 at the ground surface. Near the surface (roughly,
0–50m AGL) in Figure 4, there are clear decreases in
HONO/NO2 as the profiles transition from the residual layer
to the NBL (20–22, 02–04, and 04–06 h) consistent with a
loss term for HONO and/or a production term for NO2. The
increasing difference between HONO/NO2 and HONO/
(NO2 +NO3 + (2*N2O5)) above the NBL demonstrates that
an increasingly large fraction of reactive nitrogen is present
as N2O5 aloft. Loss rates of NO2 to form NO3 (R6) above
the NBL are on the order of 5 times faster than at the surface
because of higher O3 mixing ratios and temperatures aloft,
where formation of NO3 is 5–25 times faster than NO2

uptake to surfaces (section E in the supporting information).
Therefore, the observed increase of HONO/NO2 with in-
creasing height within 50m of the surface could be due to:
(i) formation and heterogeneous losses of NO3 and N2O5,
(ii) HONO deposition to the ground, and (iii) NO2 emissions
at the surface. From this analysis, it was not possible to
explicitly identify the process(es) responsible. In particular,
observable products of NO2 loss processes at the surface
are reduced because reagent concentrations are lower, and
NO3 and N2O5 are lost rapidly through heterogeneous uptake
[Brown et al., 2007; Chang et al., 2011]. Therefore, the use
of either ratio may not be the best parameterization for under-
standing winter HONO production at the surface. In this data
set, explicit vertical information on HONO, NO2, and submi-
cron aerosol surface area are available to directly constrain
HONO production and loss.
[23] Under the assumption that HONO deposition back to

the surface is responsible for the near steady state observations
in our chemical model, the potential quantity of HONO depos-
ited to the surface is significant in comparison to the calcu-
lated/inferred deposition of HNO3 over the course of a night
(~ 40%, Figure S5). Assuming that ground surface production
and loss dominate observed HONOmixing ratios at night, the
integrated column amount of HONO can be described in terms
of surface processes, which is explored in more detail in
section 3.1.4. This new approach directly evaluates HONO
production rather than assume that HONO/NO2 is an effective
proxy, which could be misleading for this data set.
3.1.3. Relative Importance of Aerosol and Ground
Surface in Nocturnal HONO Production
[24] The uptake coefficients required to explain nocturnal

heterogeneous HONO production from reaction of NO2 on
submicron aerosol surface were evaluated against the best
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available constraints on reactive uptake coefficients of NO2

from the model of Wong et al. [2011] and lab studies on
NO2 uptake and conversion [Bröske et al., 2003; Kleffmann
et al., 1998; Kurtenbach et al., 2001]. The yield of the hydro-
lysis reaction assumed equimolar disproportionation of two
NO2 molecules to form HONO and HNO3, immediately
releasing HONO [Finlayson-Pitts, 2009; Finlayson-Pitts
et al., 2003]. Aerosol reactive uptake of NO2 was assumed
to occur on all measured (submicron) surface area, regardless
of chemical composition, using the reactive uptake approxi-
mation of Fuchs and Stugnin [1970] for submicron aerosols
and small uptake coefficients (equation (1)), modified to
account for the disproportionation.

P HONOð Þ ¼ 1

2

γNO2
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3RT=M

p

4
NO2½ � (1)

where γ is the uptake coefficient, and A is the hydrated
aerosol surface area (μm2 cm�3). The gas constant
(R= 8.314 Jmol�1K�1), temperature (T, K), and molecular
mass of NO2 (M= 4.6 × 10�2 kgmol�1) are used to calculate
molecular speed.
[25] An estimate of the γNO2

required to account for ob-
served HONO production was made using hydrated submi-
cron aerosol surface area and NO2 observations from the
residual layer, since we can expect it to be decoupled from
the ground and largely free of NO2 emissions. The surface area
of supermicron aerosol was not quantified during NACHTT
but is generally smaller than submicron areas [Aldener et al.,
2006], despite the nontrivial quantities observed [Young
et al., 2013]. Therefore, this is a lower limit estimate of the
total surface area for the heterogeneous reaction. The approx-
imation was made using an upper limit of observed nocturnal
NO2 in the residual layer of 5 ppbv, a representative tempera-
ture of 273K, and an aerosol surface area of 60μm2 cm�3,
typical of the residual layer. A mixing ratio of 5 ppbv of
NO2 would require an uptake coefficient of 3 × 10�4 to
8 × 10�4 to account for typical 2 h increases of 30–60 pptv
HONO. The absolute amount produced in an interval of 2 h
would barely be observable relative to the variability between
profile measurements, which was ±50 pptv (Figure 4).
Exaggerating the comparison to 15 ppbv of NO2, and 100μm2

cm�3 submicron aerosol surface area (typical values within
the NBL), the uptake coefficient would need to be at least
1.17 × 10�4 to produce 30 pptv of HONO in 2 h, and such high
values of NO2 or submicron aerosol were seldom observed in
the residual layer (Figure 2). These NO2 uptake coefficient
values are a factor of 12–875 greater than those observed in
studies on relevant surfaces, which ranged between 1× 10�6

to 1 × 10�5 [Kleffmann et al., 1998; Kurtenbach et al.,
2001]. If we assume that lab-derived coefficients are accurate,
and NO2 were converted to HONO only on aerosol surfaces,
the absolute amount produced in an interval of 2 h would
barely be observable relative to the variability between vertical
profile measurements (±50 pptv HONO; Figure 4). Thus, pro-
duction solely on aerosols cannot explain HONO observations
during NACHTT.
[26] Taken together—high correlation between HONO

and NO2 in the nocturnal boundary layer, highest HONO
mixing ratios at the surface, insufficient aerosol surface area
to account for observed HONO production, and near steady
state of HONO/NO2—all suggest that HONO observed

throughout the depth of the NBL is primarily derived from
heterogeneous conversion of NO2 on the ground followed
by vertical transport throughout the column. Measurements
of these chemical species and physical parameters throughout
the NBLs encountered during NACHTT-11 can, therefore, be
used to directly constrain the range of values for both NO2 and
HONO uptake coefficients at the ground surface.
3.1.4. Observationally Constrained Ground Surface
Uptake Parameters for NO2 and HONO
[27] Nocturnal surface production of HONO was parame-

terized based on the assumption that production of HONO
on aerosols was insignificant compared to the ground sur-
face, which has been suggested in other studies of HONO
vertical structure [Villena et al., 2011; Wong et al., 2011;
Zhang et al., 2009]. During NACHTT-11, it was possible
to evaluate the rate of change of HONO in the atmospheric
column as a function of HONO and NO2 number densities
in contact with the surface using their integrated, bihourly
averaged, NBL column densities. Surface transport processes
for reactive gases are a consistent feature of vertically re-
solved model runs by Wong and Stutz [2010] and Wong
et al. [2011] where the transport of NO2 and HONO to the
surface must be calculated to compare to measurements. In
contrast, here we constrain a model with direct observations
of surface production and loss of these gases (see section
3.3). At night, the change in integrated HONO throughout
the column was parameterized as a function of NO2 and
HONO concentrations measured near the ground surface,
which can be approximated using the mean molecular speed
(C) of the respective gases as shown in equation (2).

dHONOcolumn

dt
¼ 1

8
γNO2;groundCNO2 NO2½ �ground

� 1

4
γHONO;groundCHONO HONO½ �ground (2)

where dHONOcolumn/dt is the observed change in NBL col-
umn-integrated surface density of HONO (molecules cm�2),
and [NO2]ground and [HONO]ground are the average number
densities of NO2 and HONO measured within 1–10m of
the ground, assuming that measurements between these
heights are representative for the surface. The second term
in equation (2) determines the net exchange of HONO from
the vertically resolved observations and does not assume irre-
versible loss to the surface. In addition to high correlations
(R2 ≥ 0.8) between HONO and NO2 throughout the NBL
(Figure S4), if the production of HONO at night is indeed
dominated by reactions at the ground surface, the integrated
column concentration of HONO is expected to show propor-
tionality to the amount of HONO observed at the surface.
Figure 5 shows that the integrated column of HONO is
related to the amount of HONO observed between 1 and
10m (R2 = 0.66), which is consistent with the ground surface
being the location where HONO is predominantly formed.
[28] Nearly all of the HONO produced at the surface

remains in the lowest 250m of the atmosphere on nights with
NBLs, so the observed rates of change in the total column
HONO can be used to investigate ground sources and sinks
without explicitly considering the meteorology or vertical
mixing. The ground uptake coefficient of NO2 was solved
for using observations collected between 18:00 and 24:00
MST, when HONOmixing ratios were small, typically below
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250 pptv, by setting the left-hand site of equation (2) equal to
the first term on the right-hand side.
[29] Figure 6 displays the relationship between observed

HONO column density increases and the NO2 number
density between 0 and 10m, used to calculate the uptake
coefficient. Nights with distinct NBLs yielded a range of
uptake coefficients for NO2 at the surface (γNO2, ground) for
the total column production of HONO. The ground uptake
coefficient for NO2 determined from the best linear least
squares fit to the data in Figure 6 (i.e., γNO2, ground = 8*
slope/CNO2) was 8.0 × 10

�6. The average coefficient calcu-
lated from all individual data points was 8.0 ± 1 × 10�6, with
the range spanning values between 2 × 10�6 and 1.6 × 10�5.
These values are all within the range of reactive uptake coef-
ficients of NO2 on surfaces (1 × 10

�6 to 1 × 10�5) determined
by several lab studies [Bröske et al., 2003; Kleffmann et al.,
1998; Kurtenbach et al., 2001]. For a constant amount of
NO2, the amount of HONO produced increases with relative
humidity, particularly at values greater than 50% (Figure 6).
Conversion of NO2 to HONO according to (R2) requires
adsorbed water at a surface for the reaction to proceed, and
these results are consistent with previous observations [e.g.,
Stutz et al., 2004] that HONO production increases with
relative humidity for a constant amount of surface NO2.
[30] The relative humidity dependence of HONO formation

has been suggested by numerous lab studies [Finlayson-Pitts,
2009; Finlayson-Pitts et al., 2003; Miller et al., 2009;
Ramazan et al., 2006]. The dependence on HONO forma-
tion as a function of relative humidity from field data has
been addressed by Stutz et al. [2004] and recently revisited
by Wojtal et al. [2011]. Stutz et al. [2004] found an in-
creased likelihood of a higher ratio of HONO to NO2 at high
relative humidities, in particular, suggesting that HONO
production was often enhanced at relative humidities above

60%, similar to the NACHTT-11 observations made at the
BAO tower. Based on these previous observations and the
data shown in Figure 6, we parameterized the NO2 uptake
coefficient for a chemical model (section 3.4) by applying
a factor of RH/50 to the first term in equation (2) as the
lower and upper bounds of the range were roughly factors
of 2 smaller and larger than the average coefficient calcu-
lated (equation (3)).
[31] Between midnight and sunrise (00:00–06:00), the

deposition of HONO becomes an increasingly important
term in equation (2) as the absolute amount of HONO
grows. Equation (2) was used to solve for the HONO sink
term using the relative humidity dependent parameteriza-
tion of γNO2, ground to estimate the deposition rate of
HONO to the surface. The difference between the calculated
column rate of production and the observed column rate of
change for 2 h intervals between 0:00 and 06:00 MST is
plotted against the observed HONO in Figure 7. This
approach yielded γHONO, ground uptake coefficients of
8.7 × 10�5 from fitting the data with a linear least squares re-
gression, and 7.3 ± 1 × 10�5 averaged from all data points,
covering a range from 2.0 × 10�5 to 2.0 × 10�4. These calcu-
lated uptake coefficients are roughly an order of magnitude
larger than γNO2, ground and consistent with the relative
magnitudes for these terms employed in models of noctur-
nal production and deposition by Wong et al. [2011].
Furthermore, the data in Figure 7 suggest that there may
also be relative humidity dependence to the uptake of
HONO on the ground surface. We parameterized this by a
factor of RH/20 applied to the second term in equation (2)
through observation that the uptake coefficient of HONO
increased with RH by a factor of 2.5 more than for NO2 (data

Figure 5. Orthogonal linear least squares correlation be-
tween 2 h average total NBL column HONO and HONO
measured from the surface to 10m AGL. Column values
were calculated for the nine nights at the BAO tower with
identifiable NBLs (i.e., integrated HONO surface density
was quantified to the top of the identified thermal inversion
layer) indicating surface formation as an important source
of nighttime HONO.

Figure 6. Surface dependence for reaction of NO2 on the
ground in the production of HONO throughout the observed
atmospheric column at BAO tower for the nine nights with
identifiable NBLs from 18:00 to 00:00 MST. HONOcolumn

values were integrated from the surface to the NBL,
and NO2,surface concentrations were averaged from the
surface to 10m AGL. Lines on graph indicate the effective
γNO2, ground from (i) orthogonal linear least squares analysis
(solid black, 8.0 × 10�6), (ii) double the best fit (short dash,
1.6 × 10�5), (iii) value derived from NO2 0.02 cm s�1 deposi-
tion velocity of Spicer et al. [1989] (solid red, 2.0 × 10�6),
and (iv) half of best fit (long dash, 4.0 × 10�6). Marker sizes
represent relative humidity, open squares indicate relative
humidities below 50%, and filled squares above 50%.
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not shown). We can use these results to update the term in
equation (2), for use in a chemical model (section 3.4):

dHONOcolumn

dt
¼ 1

8
γNO2; ground

RH

50
NO2½ �groundCNO2

� 1

4
γHONO; ground

RH

20
HONO½ �groundCHONO (3)

[32] Partitioning of HONO to simulated dew has been
studied in a flow tube by He et al. [2006]. The uptake loss
is also pH dependent and has been observed or suggested
in several investigations [Becker et al., 1998; He et al.,
2006; Hirokawa et al., 2008; Kleffmann et al., 1998;
Longfellow et al., 1998], as would be expected for a weak
acid. Therefore, parameterization of the HONO surface de-
position will likely change between environments depending
on the dominant characteristics of the surface on which NO2

reacts to form HONO and the subsequent capacity of the sur-
face to also act as a HONO sink. The BAO tower was
surrounded by grassland and tilled earth, the latter with a
measured pH of 7.7 for a local soil sample (in a 50:50 slurry
with deionized water), where the effective partitioning coef-
ficient of HONO would be high (Keff = 6.4 × 10

5M atm�1).
Urban or forested areas have buildings, paved, and plant sur-
faces that are expected to change the deposition efficiency of
HONO. Furthermore, the approach taken here describes the
net effect of HONO exchange at the surface, as emission of
HONO directly from a reservoir such as soil pore water ni-
trite [Su et al., 2011] cannot be excluded from this analysis.
These field-derived surface parameters of nocturnal HONO

production from NO2 and surface deposition of HONO
are consistent with the modeling estimates of these pro-
cesses for observations made in Houston, Texas, by
Wong et al. [2011].
[33] A simple resistance model, following Huff and Abbatt

[2002], estimating transport, diffusion, and reactive losses
operating in series at the surface, was used to determine the
factor(s) controlling the potential broad scale applicability
of the γ-coefficients calculated here for the uptake of NO2

and loss of HONO. The details of this analysis are presented
in section E of the supporting information (Figure S5). The
results indicated that HONO surface uptake coefficients from
2 × 10�5 to 2 × 10�4 are potentially limited by a combination
of transport and diffusion to the ground surface if the real
uptake coefficients are greater than 2 × 10�4. However, if
the reactive uptake coefficient of HONO is closer to
2 × 10�5, the system will be limited by reaction probability
at the surface, except at wind speeds less than 2m s�1. A
combination of transport, diffusion, and reaction processes
was likely observed during NACHTT-11, suggesting that
these values represent a lower limit on the uptake coefficient
of HONO on the ground surface.
[34] Conversely, the range of NO2 uptake coefficients

(γNO2, ground< 1.6 × 10�5) indicates limitation only by the
reactive uptake process. The broad scale applicability of
these field-derived terms for surface conversion of NO2

should therefore be possible, while those found for HONO
(γHONO, ground = 2 × 10�5 to 2 × 10�4) require further explora-
tion from controlled lab studies. More observations from var-
ious environments are required to enable models to better
predict the extent of HONO deposition and the variability
of these nocturnal processes. The consistency between our
findings, investigations of NO2 conversion on wet surfaces,
and the values of these parameters in models suggest that
the calculated coefficients are within the appropriate order
of magnitude of their true values.

3.2. Daytime HONO

[35] Vertical profiling was interrupted during the daytime
for instrument maintenance, resulting in only 6 days with
near-continuous vertical profiles from 06:00 to 18:00 MST.
Throughout the day, HONO was observed above the 3.8 pptv
detection limits of the NI-PT-CIMS throughout the 250m pro-
files, with average daytime minimum mixing ratios of
100 ± 80 pptv at the surface and 35 pptv aloft. Figures 2 and
8 show the characteristic diurnal cycle as HONO formed from
the previous night undergoes photolysis throughout the col-
umn during the early morning hours, mixes throughout the
boundary layer around 10:00, and continues to decrease
throughout the column for the duration of the day, eventually
reaching a steady state (i. e., dHONO/dt≈ 0) throughout the
observed column between 14:00 and 18:00.
[36] Average daytime mixing ratios of 100 ± 80 pptv

HONO observed between 12:00 and 16:00 MST throughout
the campaign were higher compared to the expected range of
10 to 25 pptv based on the balance of calculated HONO pho-
tolysis and gas phase production and loss (R1, R3, and R5).
Vertical profiles during the day also showed HONO enhanced
near the surface (Figure 8). Both of these observations are
indicative of a daytime HONO surface source. Although lab-
derived mechanisms for HONO production at the ground sur-
face are not well-constrained by field observations due to the

Figure 7. Production of HONO from the reaction of NO2

on the ground surface in excess of the observed change in
column HONO as a function of the average HONO observed
at the surface between 00:00 and 06:00 MST. The slope of
the orthogonal linear least squares analysis is the product of
γHONO,ground and the mean molecular speed of HONO
(CHONO). The values displayed for each line are the effective
γHONO,ground for (i) linear fit to observed data (solid black,
3.2 × 10�5), (ii) average calculated value (dash-double
dot, 2.3 × 10�5), (iii) upper limit of observed data (dotted,
5 × 10�5), (iv) best fit when γNO2,ground used from Spicer
et al. [1989] (solid red, 1.8 × 10�5), and (v) lower limit of
observed data (dashed, 2.0 × 10�5). The color scale and
marker size denote relative humidities.
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difficulty in quantifying their separate contributions, the
potential HONO production from these sources has been con-
sidered too small (at most 30%, but often not quantified) to ac-
count for daytime HONO production rates in polluted regions,
where the required source strength ranges from~ 0.2 to 2 ppbv
h�1 [Kleffmann, 2007; Kleffmann et al., 2005; Qin et al.,
2009; Sörgel et al., 2011b; Su et al., 2008a; Wong et al.,
2012]. We return to this issue in section 3.3.
[37] Daytime vertical profiles of HONO measured by dif-

ferential optical absorption spectroscopy in Houston, Texas,
have also found evidence that the ground surface is a
HONO source during daytime [Wong et al., 2012]. In the
NACHTT data, there are obvious discontinuities between
the lowest two heights (5 and 15m) of each 2 h average pro-
file which were observed on all days (Figure 8). Fine-scale
gradient measurements of daytime HONO showing this

structure have not been previously reported. These observa-
tions are consistent with the hypothesis that daytime produc-
tion of HONO is consistently occurring at the ground surface
and being mixed throughout the daytime boundary layer.

3.3. Evidence for Nocturnally Deposited HONO
as a Daytime Source

[38] Given our observational evidence that the ground sur-
face acts as a sink of HONO during the night and a source
during the day, we hypothesize that the ground surface may
form a reservoir whose re-emission can act as a HONO
source the following day.
[39] To the best of our knowledge, this potential daytime

source has not yet been addressed in the literature. Several
model scenarios were explored to determine the relative
quantities of HONO produced on and deposited to the
ground surface at night according to values obtained from
the literature and those derived in this study. The magnitude
of this term was then compared to the calculated total day-
time HONO production from the unknown source.
[40] The chemical box model, shown in equation (4), was

used to separate the contributions of individual chemical pro-
cesses involved in the diurnal production and loss of HONO
throughout the measured column (details in the supporting
information), including the unknown daytime source strength
(P(HONO)unk) required to reconcile observations with known
processes. The constraints on this model are measurements
made at, or below, a fixed height of 20m AGL.

d HONO½ �
dt

¼ P HONOð Þunk þ k3 OH½ � NO½ � þ 1

8

γNO2;groundCNO2

h
NO2½ �ground

� 1

4

γHONO;groundCHONO

h
HONO½ �ground � k5 HONO½ � OH½ �

�jHONO HONO½ �
(4)

[41] The surface production of HONO via NO2 and subse-
quent loss back to the surface, both terms in equation (3),
were used as more accurate representations of nocturnal pro-
duction and loss of HONO in equation (4). When the vertical
structure and integrated column changes in HONO and NO2

Figure 8. Average vertical profiles of daytime HONO from
all daytime measurements made during NACHTT-11 at 10m
intervals, starting at 5m AGL. Each trace represents a 2 h av-
erage of vertical HONO measurements decreasing through-
out the course of the day.

Figure 9. Box model input values of measured constraints (0–20mAGL) from 18 to 27 February 2011
for diurnal modeling of HONO chemical behavior and quantifying the missing HONO source/sink.
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are not known, the more traditional approach is to use NO2

conversion frequencies (0.1% to 2%) [Sörgel et al., 2011b;
Su et al., 2008a]. Model scenarios representing the reactions
of NO2 and HONO with and without relative humidity
dependence on the ground surface were used to explore the
relative magnitudes of nocturnal surface-deposited HONO
and the integrated unknown daytime HONO source.
[42] A comparison between our HONO heterogeneous

production term and a literature dry deposition velocity of
NO2 to the surface, Vdep, of 0.02 cm s�1 [Spicer et al.,
1989] in a boundary layer of height, h, was made by inserting
equation (5) in place of 1

8 γNO2;groundCNO2 .

P HONOð Þ ¼ 1

2

V dep; NO2

h
NO2½ � (5)

[43] Horizontal and vertical advection were not explicitly
represented in this model but were assumed to be reasonably
captured by the column-integrated rate of change of HONO
measurements (i.e., the advection terms are similar over a wide
area). It was also assumed that the well-mixed daytime bound-
ary layer was not significantly influenced by direct HONO
emissions from local point sources and that conditions observed

at the tower represent those of the local area. Chemical pro-
duction of HONO in the model was initialized at 18:00 MST
using the diurnally averaged 10min observations from
Figure 9 collected between 18 and 27 February 2012. The
model trials were limited to this time period by the duration
of available OH measurements.

3.4. Magnitude of Nighttime HONO Deposition and the
Daytime Surface HONO Source

[44] Figure 10a shows several model scenarios of HONO
sources and sinks, while Figure 10b depicts a representative
set of model conditions compared to the range of observa-
tions made over 0–20m AGL. Nighttime production and
loss is distinct from the daytime, and we discuss the night-
time first. In the case where nocturnal production of
HONO at the surface occurs without any loss processes,
the predicted HONO number density grows continuously
throughout the night, strongly overestimating HONO con-
centrations (Figure 10a, red trace). The observations, as
discussed above, show a similar increase early in the night,
but then reach an approximate plateau after midnight in
which there is variability but no trend. This comparison
implies that there is a significant HONO sink in the noctur-
nal boundary layer (i.e., deposition to the ground) that ap-
proximately balances the production term late in the night.
[45] When RH-dependent surface parameters derived from

the column HONO and NO2 observations on nine nights
with NBLs (equation (4)) are implemented in the model
(Figure 10a, blue trace), the late night plateau is reproduced,
indicating that surface loss of HONO is an important sink to
consider. The data set to which the RH-dependent surface pa-
rameters are applied with this model contains two of the nights
from which they were derived and four others. Therefore, the
general description in equation (4) seems to accurately capture
the processes of HONO formation and loss at the ground
surface at night. Note that the underestimation of the HONO
concentration output by the model when using a 150m noctur-
nal boundary layer compared to the observations made at 20m
are expected due to the increase in HONO concentration as the
surface is approached (i.e., the presence of vertical gradients).
Also note that the specific uptake coefficients most likely have
variability that is difficult to completely capture in a simple
parameterization. This model was tested for sensitivity toward
the relative humidity parameterization developed (i.e., equa-
tion (2) versus equation (3)), but this case study was found
to affect the calculated HONO concentrations minimally
(i.e., width of blue trace, Figure 10a). This negligible influ-
ence is not surprising given the low relative humidities and
small diurnal variation in relative humidity (30%–60%) for
this period (Figure 9).
[46] The two surface parameters for NO2 and HONO in

equation (4) were rerun in a final case with a surface layer depth
of 20m AGL and compared with observations (Figure 10b;
green trace). This captures the nighttime HONO production
within 30%, which is within the variability of measured values.
The agreement supports the observation-based hypothesis that
HONO nocturnal chemistry is dominated by the ground sur-
face, as our model does not require any aerosol NO2 conver-
sion. The lower concentrations calculated throughout the
night indicate that the parameterization of the source and sink
terms need to be investigated more explicitly in future lab

Figure 10. Observed HONO atmospheric concentrations
(left axis, black line, ±1σ) and the calculated HONO photol-
ysis rate (right axis, filled yellow) from 19 to 25 February
during NACHTT-11 from 0 to 20m AGL. (a) Modeled
HONO production throughout the mixed boundary layer is
determined from observational constraints with field-derived
surface exchange parameters for the NO2 heterogeneous re-
action (R1) without depositional loss of HONO (red line)
and with depositional loss of HONO (blue line) included in
the calculation of boundary layer HONO concentrations
and (b) predicted HONO number density at 20m AGL when
depositional HONO loss (green line) is included in model.
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and field studies. Figure 11 depicts the modeled HONO
sources and sinks, displayed as stacked terms.
[47] The conversion of NO2 on the ground surface is the

most important source of HONO throughout the night. The
rural location of the BAO tower is surrounded largely by
grassland and tilled farms. Soils are characterized by a persis-
tent surface water layer under atmospherically relevant con-
ditions of temperature and relative humidity [Conklin,
2005], which would allow for NO2 heterogeneous reaction
throughout both night and day. However, the magnitude of
this source is clearly underestimated in our model since
HONO production is less than HONO loss at this interface,
when HONO is known to be accumulating in the NBL. The
observational constraints from the field, however, ensure that
the total HONO does increase in the model. As described ear-
lier, the surface loss of HONO is also poorly constrained and
may be smaller during the modeled period than the average
value for the campaign. Furthermore, the relative humidity
weighting from equation (4) was applied in a linear fashion
based on a best representation of the data from this study.
However, the conversion of NO2 [Stutz et al., 2004] and
uptake of HONO on wet surfaces may, in reality, be
nonlinear and not described so simply. Overall, the accuracy
in this parameterization to within 30% of the measured
values is good, given the lack of meteorological terms in
the chemical model, the variability in the observations during
the comparison period, and the uncertainty in the measured
levels of gas phase species (i.e., OH (35%), HONO (17%),
NO2 (5%), and NO (5%)).
[48] The discrepancy between modeled and observed

HONO during the day is indicative of a daytime surface
source of HONO. Production of HONO from gas phase
chemistry between OH and NO during the day dominates
and was particularly significant when plumes of fresh NOx

emissions were intercepted at this site (Figure 11). The loss
of HONO by photolysis is the dominant sink of HONO dur-
ing the day, with minor contributions from surface deposition
in the morning and negligible loss to OH. In all cases, from

09:00 to 17:00, the model photostationary state undercalculates
the observed steady state minimum in HONO, except for a
short period from 10:00 to 11:00. The discrepancy between
these daytime sources and sinks is assumed to be equal to addi-
tional missing source(s) of HONO (P(HONO)unk) in order to
account for the observed atmospheric concentration of
HONO. The same case studies as described above for night-
time data were used to explore the implied daytime HONO
source strength. The magnitude of the missing HONO source
was calculated for the period 19–25 February using averaged
10min resolution measurements from 0 to 20m, by solving
for P(HONO)unk in equation (4), and is overlaid as a green line
in Figure 11. The unknown source of HONO is highest in the
morning (4× 106molecules cm�3 s�1, 600 pptv h�1) and de-
clines throughout the day to about 1 × 106molecules
cm�3 s�1 (165 pptv h�1). The daytime source at BAO during
the winter is consistent with the range of strong daytime
HONO surface sources determined at other field locations, with
source strengths ranging from 100 to 1000 pptv h�1 [Amoroso
et al., 2008; Elshorbany et al., 2009, 2012; Kleffmann, 2007;
Kleffmann et al., 2005; Qin et al., 2009; Sörgel et al., 2011b;
Su et al., 2008a].
[49] The modeled period of near-continuous observations

from 19 to 25 February in Figure 9 (observations) and
Figure 10 (model) shows that the arrival of local NOx plumes
between 09:00 and 12:00 in the morning significantly in-
creases the predicted HONO production. The NO reaction
with the observed levels of OH results in a significant reduc-
tion in the unknown source strength of HONO required to
balance the model. This potentially indicates that the daytime
HONO source strength at the surface depends on the HONO
concentration in the overlying atmosphere. That a continuous
source was not observed during this period suggests that the
system may be more dynamic than previously considered. It
has been shown byWong et al. [2012] that P(HONO)unk nor-
malized to NO2 correlates strongly to the total surface irradi-
ance. In this case, if photochemical mechanisms were the
dominant source of the unknown HONO, they would be
expected to be enhanced, not suppressed, in the presence
of additional NO and NO2 (Figures 9–11). The magnitude
of the daytime HONO source here is similar to that ob-
served in summertime campaigns and exhibits a similar trend
in P(HONO)unk [Wong et al., 2012]. Therefore, the daytime
HONO source at the BAO tower during winter may arise from
an alternative mechanism, such as a reservoir of HONO gene-
rated at the ground surface, or in the soil, throughout the night
that is released during daytime. The fate of HONO deposited
at night has not been previously explored, but the decreasing
trend in P(HONO)unk throughout the day is consistent with
the depletion of a surface HONO reservoir.
[50] Proposed mechanisms for daytime HONO formation

have largely been based on the conversion of NO2 on a photo-
excited surface. The observations ofWong et al. [2012] show
that this mechanism is likely active during the day, but its
significance has not yet been compared to other processes on
a mass basis. A recent study by Sörgel et al. [2011b] has
suggested that the largest contributing photocatalytic mecha-
nism is humic acid conversion of NO2, approximated at 30%
of the daytime source for a semi-urban location in Spain.
Furthermore, NO2 and surface irradiance are expected to show
an anticorrelation as NO2 is diluted and lost during the day.
Correlation between P(HONO)unk/NO2 and surface irradiance

Figure 11. Separated contributions of P(HONO)unk in the
chemical model throughout the mixed layer for 19–25
February 2011. Relative and overall magnitudes are shown
by stacking sources (positive) and sinks (negative). The
model run calculated the missing source using observational
constraints on NO2 ground conversion (8.0 × 10�6) and
HONO reactive loss (7.3 × 10�5) from vertical profiles dur-
ing NACHTT-11. The calculated missing source/sink of
HONO is overlaid (green line).
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is expected if P(HONO)unk/NO2 is nearly constant throughout
the day, as was observed at the BAO tower and in Houston
[Wong et al., 2012]. Consequently, using a ratio approach to
understand daytime HONOproduction may bemisleading un-
less the assumption that conversion of NO2 is the sole source
of HONO can be demonstrated as reasonable.
[51] Investigations of alternative HONO sources, not requir-

ing NO2, need to be conducted and contrasted to existing
mechanisms to elucidate the relative importance of NO2 as a
daytime HONO precursor against potential HONO reservoirs.
Recently, soil nitrite has been proposed as a potential daytime
source of HONO via a dynamic equilibrium regulated by soil
water content, pH, and overlying composition of the atmo-
sphere [Su et al., 2011], similar to a traditional NH4

+/NH3

compensation point. Also, the photolysis of HNO3 on surfaces
has been postulated as a potential source of HONO [Zhou
et al., 2003, 2011; Ziemba et al., 2010]. Both soil nitrite and
surface nitrate represent potential reservoirs for daytime
HONOwhich are not dependent on the ambient NO2. Our data
are inconsistent with both soil nitrite and HNO3 photolysis, the
former being temperature dependent and the latter being sun-
light dependent, neither of which were observed to follow P
(HONO)unk. The data presented in Figures 11 and 12 show
that a significant amount of HONO could be deposited to the
surface during the night, possibly forming a reservoir. The fate
of HONO or nitrite deposited on the ground is not known, but
loss processes may occur. As such, our assumption that
HONO deposited to the surface is conserved should be noted
and our estimates viewed as upper limits for its capacity. We
explored the relative magnitude of the integrated loss of
HONO to the surface and the integrated HONO source
strength by testing the sensitivity of the model reservoir to
the range of γHONO, ground values found from the integrated
HONO column measurements.
[52] Total HONO produced by the unknown daytime

source, within 20m AGL, during NACHTT-11 ranged from
5.9 × 1010 to 6.6 × 1010molecules cm�3 d�1 for the period of
19–25 February. The nighttime depositional losses of HONO

derived from the range of surface uptake coefficients were
more variable, ranging from 1.5 × 1010 to 1.5 × 1011mole-
cules cm�3 d�1. The uncertainty in the calculated γHONO,
ground does not depend strongly on the assumptions made
about γNO2, ground. Even when using the literature reported
value of Vdep, NO2 = 0.02 cm s�1 (γNO2, ground = 2.0 × 10

�6

[Spicer et al., 1989]), γHONO, ground still falls within the range
observed (Figure 7; red line). The parameterization of γHONO,
ground, therefore, is likely accurate within a factor of 2 and
well represented by the average coefficient (7.3 × 10�5). In
Figure 12, the influence of the γHONO, ground coefficients on
the magnitude of the total HONO deposited to the ground
surface is presented. In three out of four cases, the HONO
deposited to the ground was sufficient to explain the daytime
source with values of 93%, 112%, and 250% of the inte-
grated daytime source calculated. Using the absolute lower
limits for NO2 conversion and HONO deposition, 25% of
the total daytime source may arise from HONO deposited
to the surface at night.
[53] In conclusion, if a HONO reservoir is formed by

HONO deposition to the ground at night and is capable of
being re-emitted to the atmosphere as HONO the following
day, then surface emissions from this reservoir easily account
for the unknown daytime HONO for nearly all cases at this
location. While it is expected that the values of the individual
terms governing HONO production and loss will change
from location to location, expanding on our understanding
of the underlying properties governing these exchange
parameters, and making more measurements of these values
in a variety of environments, will greatly aid in improving
the ability of models to predict the production and loss of
HONO in the nocturnal boundary layer, during the day, and
the subsequent impact of the OH radicals released to the
atmosphere by photolysis.

4. Conclusions and Atmospheric Implications

[54] The NI-PT-CIMS deployed during NACHTT-11
made 0.1Hz HONO measurements, with automated back-
ground/interference/calibration collection, achieving detec-
tion limits of 3.8 pptv and 17% accuracy.
[55] High resolution vertical profiles of HONO revealed (i)

the ground as the dominant nighttime surface on which
HONO is formed from the heterogeneous reaction NO2,
(ii) significant amounts of HONO deposit to the ground sur-
face at night, and (iii) the unknown daytime source of HONO
is comparable to the amount of HONO that deposits to the
surface at night. Total column observations of HONO and
NO2 allowed direct evaluation of the ground uptake coeffi-
cients for these species at night (γNO2, ground = 2 × 10

�6 to
1.6 × 10�5 and γHONO, ground = 2 × 10�5 to 2 × 10�4). Both pa-
rameters are within the ranges of laboratory and model coef-
ficients, although it is possible that the HONO uptake
coefficients observed experienced limitation by transport to
the surface and may be underestimated.
[56] Daytime vertical concentration gradients indicated that

the ground surface as the location of the unknown HONO
source with a magnitude of 165–600 pptv h�1 required to
account for observed mixing ratios based on known sources
and sinks. The magnitude of the winter daytime HONO source
at the BAO tower in February andMarch of 2011 was found to
be consistent with the magnitude of the daytime HONO

Figure 12. Overlaid temporal loss rates of HONO by relative
humidity dependent ground uptake (E3) parameterized by four
approaches from lines in Figures 9 and 10: (i) lower limit of
NO2 and HONO surface reactions (grey, solid line), (ii) upper
limit of NO2 and HONO surface reactions (black, solid line),
(iii) average ground uptake (black, dotted line), and (iv)
literature comparison of NO2 deposition velocity from Spicer
et al. [1989] (grey, dashed line). Integrated daily loss of
HONO (Lost) and the integrated unknown source of HONO
(Unk Source) under each set of parameterizations are provided
in molecules cm�3 d�1.
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source observations made at different locations and environ-
ments [Elshorbany et al., 2009, 2012; Kleffmann, 2007;
Kleffmann et al., 2005; Sörgel et al., 2011b; Su et al., 2008a;
Wong et al., 2012; Zhou et al., 2011]. A chemical model utiliz-
ing observational constraints on the HONO chemical system
demonstrated that the daytime source may be dependent on a
broader set of environmental variables than previously pro-
posed and that a combination of several significant mecha-
nisms is the most probable resolution to understanding this
source. The quantity of surface-deposited HONO determined
with the chemical model showed that under reasonable con-
straints, the integrated amount of HONO deposited to the sur-
face at night was at least 25%, and more likely well in excess
of 100%, of the integrated unknown daytime HONO source.
Overall, these results suggest that if nocturnally deposited
HONO forms a conserved reservoir which can be released
the following day, then a significant fraction of the daytime
HONO source at the BAO tower can be explained for the
NACHTT-11 observation period. However, the relative mag-
nitude of the deposition process is expected to be variable
based on: (i) location, since ground surfaces are highly vari-
able in composition, changing the uptake of HONO; and (ii)
time of year, since temperature, relative humidity, other mete-
orological parameters, and chemical composition of the atmo-
sphere will all have seasonal variations. Expansion of future
field measurements to more explicitly address the potential
for bidirectional flux of HONO from soil pore water nitrite,
the fate of surface-deposited HONO, and the production of
nitrite at the surface will significantly improve the ability of
models to capture this chemistry. Furthermore, the reactive up-
take of HONO and its pH-dependent partitioning into solu-
tions should be explored in future laboratory investigations.
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