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Abstract. Nitrous acid (HONO) is an important precursor of
the hydroxyl radical (OH) in the lower troposphere. Under-
standing HONO chemistry, particularly its sources and con-
tribution to HOx (=OH+HO2) production, is very important
for understanding atmospheric oxidation processes. A highly
sensitive instrument for detecting atmospheric HONO based
on wet chemistry followed by liquid waveguide long path ab-
sorption photometry was deployed in the Biosphere Effects
on Aerosols and Photochemistry Experiment (BEARPEX) at
Blodgett Forest, California in late summer 2007. The median
diurnal variation shows minimum HONO levels of about 20–
30 pptv during the day and maximum levels of about 60–
70 pptv at night, a diurnal pattern quite different from the
results at various other forested sites. Measured HONO/NO2
ratios for a 24-h period ranged from 0.05 to 0.13 with a mean
ratio of 0.07. Speciation of reactive nitrogen compounds
(NOy) indicates that HONO accounted for only∼3% of total
NOy. However, due to the fast HONO loss through pho-
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tolysis, a strong HONO source (1.59 ppbv day−1) existed in
this environment in order to sustain the observed HONO lev-
els, indicating the significant role of HONO in NOy cycling.
The wet chemistry HONO measurements were compared to
the HONO measurements made with a Chemical Ionization
Mass Spectrometer (CIMS) over a three-day period. Good
agreement was obtained between the measurements from the
two different techniques. Using the expansive suite of pho-
tochemical and meteorological measurements, the contribu-
tion of HONO photolysis to HOx budget was calculated to be
relatively small (6%) compared to results from other forested
sites. The lower HONO mixing ratio and thus its smaller con-
tribution to HOx production are attributed to the unique me-
teorological conditions and low acid precipitation at Blodgett
Forest. Further studies of HONO in this kind of environment
are needed to test this hypothesis and to improve our under-
standing of atmospheric oxidation and nitrogen budget.
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1 Introduction

Nitrous acid (HONO) plays an important role in atmospheric
chemistry because its photolysis results in the formation of
the hydroxyl (OH) radical, the key atmospheric oxidant that
initiates the oxidation of many primary and secondary pol-
lutants leading to the formation of ozone and fine particles.
Previous studies have found HONO photolysis to be a major
or an important OH source in forested (Winer and Biermann,
1994; Harrison et al., 1996; Alicke et al., 2003, 2006a; Kleff-
mann et al., 2005; Ren et al., 2006) and urban environments
(Alicke et al., 2003; Ren et al., 2003; Acker et al., 2006a;
Mao et al., 2010). Measurement of HONO within these en-
vironments can reveal the contribution of HONO photolysis
to HOx (=OH+HO2) radical production and oxidation capac-
ity. Furthermore, recent studies have demonstrated that the
photolysis of HONO is an important OH source, not only in
the early morning when other OH sources (such as the pho-
tolysis of O3) are still small, but also throughout the day.
This indicates the existence of a strong daytime OH source
from HONO photolysis. In these studies, the contribution
of HONO photolysis to HOx production was often found to
be greater than or comparable to the contribution from the
photolysis of ozone and formaldehyde (Neftel et al., 1996;
Staffelbach et al., 1997; Zhou et al., 2002a; Kleffmann et al.,
2003, 2005, 2006; Vogel et al., 2003; Acker et al., 2006b,
2007; Ren et al., 2003, 2006; Elshorbany et al., 2009; Mao
et al., 2010).

Despite the importance of HONO in atmospheric chem-
istry, HONO source strengths and its detailed formation
mechanisms, especially during daytime, are not well under-
stood. In addition to the homogeneous HONO formation
from the reaction of NO with OH, Li et al. (2008) found
that the reaction of photolytically excited NO2 with water can
form HONO and OH, but its reaction rate and yield are still
under debate (Carr et al., 2009) and this mechanism likely
contributes insignificantly to atmospheric HONO formation.
Models taking into account only the homogeneous HONO
sources typically predict significantly lower HONO concen-
trations than measurements. Heterogeneous processes are
thus considered as major HONO sources, along with the ho-
mogeneous formation and direct emissions from combustion
processes. Major heterogeneous processes to form HONO
include: (1) heterogeneous conversion of NO2 adsorbed on
humid surfaces (Ammann et al., 1998; Finlayson-Pitts et al.,
2003; Ndour et al., 2008); (2) photosensitized reduction of
NO2 on organic surfaces such as aromatics and humic acids
(George et al., 2005; Stemmler et al., 2006; Qin et al., 2009),
and (3) photolysis of surface adsorbed nitric acid (HNO3)

and nitrate (Zhou et al., 2001, 2002b, 2003). Heteroge-
neous conversion of NO2 on fresh soot particles and sec-
ondary organic aerosols can also form HONO (Ammann et
al., 1998; Arens et al., 2001; Ziemba et al., 2010), but the
roles of these processes are still under discussion (Arens et
al., 2001; Br̈oske et al., 2003; Aubin et al., 2007; Qin et al.,

2009). Lastly, photolysis of o-nitrophenol and its methylated
analogues can produce HONO (Bejan et al., 2006), but this
mechanism is only important in urban areas where concen-
trations of nitrophenols are high.

Comparison of different techniques for detecting HONO
is vital to evaluate and enhance their capabilities. This type
of intercomparison has been conducted in field campaigns,
especially between well accepted long path differential opti-
cal absorption spectroscopy (LP-DOAS) and chemical tech-
niques such as denuder (Appel et al., 1990; Febo et al.,
1996; Spindler et al., 2003), long path absorption photom-
etry (LOPAP) (Heland et al., 2001; Kleffmann et al., 2006;
Acker et al., 2006a), and mist chamber (Stutz et al., 2010).
The results in these studies showed consistent agreement in
general, although occasionally there were significant differ-
ences that could be explained by either an NO2 artifact of the
DOAS instruments or possible interferences in the chemical
methods (Heland et al., 2001; Kleffmann et al., 2006; Stutz et
al., 2010). Excellent agreement has been obtained between
LOPAP and LP-DOAS (Acker et al., 2006a; Kleffmann et
al., 2006). Chemical Ionization Mass Spectrometry (CIMS)
has proven to be a powerful technique to measure many at-
mospheric trace gases. It has been used to measure HONO
in the laboratory (Hirokawa et al., 2009), but rarely in the
real atmosphere (Yokelson et al., 2009). Comparison of this
new technique with other established techniques for HONO
measurement is of particular interest.

Here we present HONO measurement results from the
Biosphere Effects on Aerosols and Photochemistry Experi-
ment (BEARPEX) at Blodgett Forest, California in late sum-
mer 2007. The mixing ratios and diurnal profile of atmo-
spheric HONO at this site are compared to results obtained
from other forested sites. HONO measurements made by wet
chemistry and CIMS are compared over three days. Using
other concurrent measurements of trace gases and meteoro-
logical parameters, a box model was developed and the con-
tribution of HONO photolysis to HOx production was calcu-
lated.

2 Experimental

2.1 Site description

Measurements of HONO were made within a ponderosa pine
plantation adjacent to the University of California at Berke-
ley’s Blodgett Forest Research Station (BFRS). The site is lo-
cated in the western foothills of the Sierra Nevada mountains
(38◦58′42.4′′ N, 120◦38′3.4′′ W, 1315 m elevation),∼75 km
northeast of Sacramento, CA. Average tree height within the
daytime fetch was 7.9 m, and leaf area index (LAI) was es-
timated as 3.2 m2 m−2 (Wolfe et al., 2009). Typical me-
teorological conditions at the site have been described in
detail elsewhere (e.g., Goldstein et al., 2000; LaFranchi
et al., 2009; Wolfe et al., 2009; Bouvier-Brown et al.,
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2009). Briefly, the meteorology during the dry season (May–
September) is characterized by high daytime temperatures,
low rainfall, low humidity, clear skies, and consistent south-
westerly (upslope) wind during the day and northeasterly
(downslope) wind at night. During the wet season (October–
April), winds are less regular, temperatures are cooler, and
there is moderate rainfall and snowfall.

The site contained two sampling towers: an original 15 m
walk-up tower, and a new 18 m scaffolding tower located
∼20 m north of the old tower. Inlets for HONO instruments
were located on the north tower. Other measurements used
in our analyses were taken on, or directly adjacent to, the
north tower. Power was provided by a propane generator
situated 125 m north of the new tower, perpendicular to our
sampling location and the prevailing daytime wind direction.
As in previous studies at this site, occasional short-duration
plumes from the generator were often detected only during
nighttime when winds were weak and variable in direction.
HONO measurements with the influence of the generator
plumes have been excluded from the analysis.

2.2 Description of measurement techniques

2.2.1 Wet chemistry followed by liquid waveguide long
path absorption photometer

The first technique for measurement of atmospheric HONO
is based on aqueous scrubbing followed by nitrite derivati-
zation to a highly light-absorbing azo dye, which is then de-
tected with liquid waveguide long path absorption (Huang
et al., 2002; Zhou et al., 2002a). The derivatization to
the azo dye is completed through the following nitrite reac-
tions with sulfanilamide (SA) and N-(1-naphthyl) ethylene-
diamine (NED):
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A custom-built wet chemistry HONO instrument was de-
ployed in this study. Ambient air was pulled through a
light-shielded Teflon tubing (OD=0.375′′, and ID=0.25′′,
length=18 m) at flow rate of 12 L min−1 , of which 2 L min−1

was fed the HONO instrument housed in a trailer laboratory.
The total residence time in the sample line was about 2.8 s.
The inlet of the sampling tubing was mounted at a height

of 14 m (∼6 m above the canopy). Ambient air was pulled
through 10-turn glass coil samplers by a vacuum pump and
the air flow rates were controlled by mass flow controllers. A
phosphate buffer with a concentration of 1.0 mmol L−1 was
used as a scrubbing solution to collect HONO in the air sam-
ple. Due to its large effective Henry’s Law constant (Park
and Lee, 1988), HONO in the air was quantitatively col-
lected in the samplers, confirmed in the collection efficiency
experiment (see Sect. 2.3.2). After the separation from the
gas phase, the scrubbing solution was mixed with SA/NED
reagents. The mixture was then pumped through a Teflon
derivatization tubing, where nitrite was converted to the azo
dye via the above two Reactions (R1 and R2). The aqueous
sample finally flowed through a liquid waveguide capillary
cell (LWCC, World Precision Instruments). The absorption
of the light from a tungsten light source (FO-6000, World
Precision Instruments) by azo dye in the sample was mea-
sured using a USB spectrometer (USB4000, Ocean Optics).
The scrubbing solution and reagent solutions were delivered
using a 16-channel peristaltic pump (Ismatec).

The wet chemistry HONO instrument was calibrated us-
ing sodium nitrite (NaNO2) standard solutions as well as a
HONO generation system as described below. The HONO
mixing ratios in air samples can be calculated using the fol-
lowing equation:

[HONO]pptv=
ClFlRT

FgP
×1012 (1)

where,Cl is nitrite concentration (mol L−1) in the scrubbing
solution,Fl is the flow rate (cm3 min−1) of the scrubbing so-
lution, Fg is the sampling air flow rate (L min−1), R is the
gas constant (8.314 Pa m3 K−1 mol−1), andT andP are the
temperature (294 K) and atmospheric pressure (101 325 Pa)
under which the mass flow controllers were calibrated. The
detection limit of the wet chemistry HONO instrument was
about 3 pptv with a 2-min integration time and the measure-
ment uncertainty was about±15% at a 2σ confidence level.

2.2.2 Chemical Ionization Mass Spectrometer (CIMS)

During this study, HONO was also monitored by the Caltech
chemical ionization mass spectrometer (Caltech-CIMS) us-
ing the CF3O− reagent ion, via the fluoride transfer product
ion channel (m/z=66, HFNO−

2 ).

CF3O−
+HONO→ HFNO−

2 +CF2O (R3)

The instrument was situated on top of the north tower during
this study with an inlet height of∼17.7 m above ground level.
Ambient air was sampled through the same glass inlet de-
scribed in Crounse et al. (2006) with the exception that parts
A, B, D, and E (Fig. 1, Crounse et al., 2006) were not part
of the BEARPEX CIMS instrument configuration. Air was
drawn through the large inlet tube (C) at a linear flow rate
of ∼10 m/s using a wet/dry vacuum. Air was sub-sampled
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Fig. 1. Schematic of a HONO generation system. MFC represents
a mass flow controller.

for analysis from the center of the large flow as described
in Crounse et al. (2006) with the difference that ambient air
was diluted with UHP N2 in a 1:3.5 ratio to reduce the water
vapor mixing ratio in the flow tube (J ). Also the glass inlet
tube was encased in a stainless steel tube and shielded from
light.

Due to the time needed to measure other chemical species,
the ion channelm/z=66 was only monitored 2.8% of the
time (i.e., 0.5 s every 18 s). Instrument zeros were con-
ducted approximately once every 15 min by passing ambient
air through a filter filled with nylon wool that was coated with
sodium bicarbonate. In-situ calibrations were conducted ap-
proximately once every 1.5 h using H2O2 and HNO3 stan-
dards, and proxied to HONO using laboratory calibrations
curves. The primary interference to the HONO signal, formic
acid product ion (13CH(O)O−HF), has been removed using
the signal atm/z=65 (12CH(O)O−HF). Additional detailed
information about this instrument can be found elsewhere
(Crounse et al., 2006). The precision for a 0.5-s integration
period was about 25 pptv (1σ).

The Caltech-CIMS was operational between 15 August
and 27 September, 2007 with the exception of several pe-
riods of downtime due to rain and technical difficulties. The
wet chemistry HONO measurements covered the period be-
tween 25 September and 10 October, 2007. Both wet chem-
istry and CIMS measured HONO on three overlapping days,
25–27 September, allowing for the HONO intercomparison
between wet chemistry and CIMS.

2.2.3 Other measurements

Other concurrent measurements used in this analysis include
ozone based on UV absorption, NO2, alkyl nitrates (ANs)
and peroxy nitrates (PNs) based on thermo-dissociation laser
induced fluorescence (TD-LIF) (Thornton et al., 2000), OH
and HO2 based on laser-induced fluorescence (Faloona et
al., 2004), and meteorological parameters, including ambi-
ent temperature, pressure, relative humidity, wind direction,
wind speed, and solar radiation. There were no direct mea-

surements of photolysis frequencies (J values). The NCAR
Tropospheric Ultraviolet and Visible (TUV) transfer model
(http://www.acd.ucar.edu/TUV) was used to calculate clear
sky J values with the O3 column density measured by the To-
tal Ozone Mapping Spectrometer (TOMS, data available at
http://toms.gsfc.nasa.gov/teacher/ozoneoverhead.html). In
order to correct for solar attenuation by clouds, the calcu-
lated J values on a clear day were used to calculate a cloudi-
ness factor. The field experiment log and the profile of the
solar radiation measured on 1 September 2007 indicated that
it was a clean day with a clear sky. Thus the ratio of clear-
sky photolysis frequency to solar radiation intensity for each
photolytic species on this day was calculated and used as a
reference to correct the cloud attenuation. The J values on
other days were then scaled to the measured solar radiation
intensity.

During this study, the measurement of NO failed due to
technical difficulties. Previous studies at this site have found
that NO, NO2, and O3 approximately reached photostation-
ary state (PSS) during midday (e.g., Day et al., 2009). With
the PSS approximation and the concurrent measurements of
NO2, O3 and HO2, daytime NO concentrations were calcu-
lated using Eq. (2):

[NO]SS (2)

=
JNO2[NO2]

kO3+NO[O3]+kHO2+NO[HO2]+
∑
i

kRO2i+NO[RO2i]

Peroxy radicals were not measured and we assume that to-
tal RO2 levels were 1.6 times HO2 levels, a median daytime
RO2/HO2 ratio in the box model. We also assume that the
rate coefficients for the RO2+NO reactions are the same as
the rate coefficient for the CH3O2+NO reaction. Nighttime
NO concentrations are assumed to be the same as the mean
nighttime concentrations measured during BEARPEX2009
in summer 2009. As NO only contributed a small fraction
(2–10%) to NOy at this site (Fig. 8), the uncertainty in the
calculated NO does not significantly affect the NOy specia-
tion (Sect. 3.4).

2.3 Laboratory characterization of the wet chemistry
HONO instrument

2.3.1 HONO generation system

A HONO generation system was developed to quantitatively
produce HONO with high purity and high stability. It is
based on the reaction between gaseous hydrogen chloride
(HCl) and solid sodium nitrite (NaNO2) (Febo et al., 1995):

NaNO2(s) +HCl(g) → HONO(g) +NaCl(s) (R4)

The gaseous HCl was produced using a piece of thin-wall
Teflon tubing that was immersed into a concentrated hy-
drochloric acid solution (9–12 mol L−1, Fig. 1). A small zero
air flow was introduced into the Teflon tubing as a carrier gas.
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Because of the partial pressure difference in HCl(g) between
the inside and outside of the Teflon tubing, small amount of
gas phase HCl diffused into the carrier gas. The produced
HCl/air mixture was mixed with some humidified air pro-
duced with a water bubbler before entering a small reactor
containing NaNO2 powder (the NaNO2-HCl reactor), where
the NaNO2+HCl reaction occurred. The produced HONO
flow was diluted by zero air before it was measured by
an NO-NOx analyzer (TEI, Model 42i-TL, Thermo Fisher)
and/or the wet chemistry HONO instrument. The NO-NOx
analyzer contains a molybdenum catalytic converter to quan-
titatively convert HONO into NO followed by the chemilu-
minescence detection of NO. These chemiluminescence de-
tectors with molybdenum converters have been proven to
have near unit response to HONO (Allegrini et al., 1990;
Pérez et al., 2007). In order to stabilize the HONO lev-
els from the calibration source, the temperature of the hy-
drochloric acid solution and the NaNO2-HCl reactor, as well
as the humidity in the air through the NaNO2-HCl reactor
were controlled. The produced HONO levels can be var-
ied over three orders, from a few tens of pptv to a few tens
of ppbv by varying the length of the Teflon tubing immersed
into the hydrochloric acid, the concentration and temperature
of hydrochloric acid, and the dilution flow rate of zero air.

The HONO generation system was tested in the labora-
tory and the produced HONO was sampled simultaneously
by the wet chemistry HONO instrument and the NO-NOx
analyzer. The HONO instrument was calibrated using stan-
dard solutions of NaNO2 and the NO-NOx analyzer was cal-
ibrated with a cylindered NO calibration mixture (9.96 ppmv
of NO in N2 with a ±2% uncertainty, Matheson Tri-Gas).
Very good agreement was obtained between the two mea-
surements (Fig. 2), suggesting the reliability of the HONO
instrument and HONO generation system.

2.3.2 Collection efficiency and delay time

In addition to the calibration of the wet chemistry HONO in-
strument, the HONO generation system was used to charac-
terize the collection efficiency and delay time (the time when
an air sample reaches the samplers to the time when the sam-
ple signal appears in the detection cell) of the HONO instru-
ment. The coil samplers used in this study have an uptake
efficiency of (99.6±0.5)% for HONO at a sampling flow rate
of 2 L min−1. The instrument delay time was 12.9±0.8 min,
which includes the derivatization time (5 min) and the time
for the reagent solutions to flow through autoanalysis tubings
attached onto the peristaltic pump. The gas-phase HONO
source was also used to examine the loss of HONO in the
sampling tubing. Pre-campaign and post-campaign tests
show that the wall loss was little and (99.2±1.3)% of HONO
went through the tubing.
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 Fig. 2. Comparison of HONO measurements with a wet chemistry-
HONO instrument and a TEI NO-NOx analyzer. HONO source was
produced by a HONO generation system.

2.3.3 Interference tests

HONO measurements based on chemical methods can suf-
fer from a variety of interferences (Kleffmann and Wiesen,
2008; Stutz et al., 2010). Therefore HONO instruments
based on wet chemistry need to be carefully designed and
characterized. Heland et al. (2001) and Huang et al. (2002)
have tested several possible interferences for their instru-
ments and all tested species showed insignificant interfer-
ences to HONO measurement. In the laboratory, we also
tested several candidate chemicals, including NO2, HNO3,
nitrate, and SO2, for possible interferences in our HONO in-
strument.

NO2 is slightly soluble in liquid water with a Henry’s
Law constant of 0.01 mol L−1 atm−1 (Schwartz and White,
1981). Assuming that the air sample contains 100 ppbv of
NO2 at 1 atm pressure and NO2 reaches equilibrium when
air passes through the glass coil sampler, the concentration
of the formed nitrous acid in the aqueous phase is about
1.0 nmol L−1, which corresponds to 3.4 pptv of HONO un-
der typical sample conditions. Zero air containing approxi-
mately 100 ppbv of NO2 was used to test the actual NO2 in-
terference to the HONO measurement. The NO2-air mixture
was generated by an NO2 permeation tube (VICI Metronics)
using a Dynacalibrator (VICI Metronics). There was an ob-
served small fraction of HONO (about 1% of NO2 level) in
the NO2 source, either existing in the NO2 permeation tube
or formed on the surfaces inside the Dynacalibrator. In order
to test the true interference from NO2, the NO2 mixture was
passed through a dry glass annular denuder (URG) coated
with sodium carbonate. The denuder removed all HONO
but only removes about 5% of NO2. The interference was
found to be about 20 pptv of HONO per 100 ppbv of NO2, or
0.02% of NO2, which is small considering the relatively low
NO2 levels at Blodgett Forest (i.e., up to∼3 ppbv of NO2,
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which corresponds to an interference level of∼0.6 pptv of
HONO). This interference level is comparable to what was
found by Heland et al. (2001) with an interference level of
(0.011±0.005)%, but greater than the estimation based on
the Henry’s Law constant of NO2, possibly due to the NO2
reaction with H2O, leading to a larger effective NO2 solubil-
ity than the equilibrium based on the Henry’s Law.

Possible interferences from HNO3 and nitrate were tested
using an HNO3 permeation tube (VICI Metronics) to gen-
erate an air flow with an HNO3 mixing ratio of∼5 ppbv or
using sodium nitrate standard solutions (80–400 nmol L−1).
There was no detectable interference (below the detection
limit) from either test. Interference from pure SO2 was tested
with an SO2/air mixture containing an SO2 mixing ratio of
∼50 ppbv, which was sampled by the HONO instrument. In-
terference from the SO2+NO2/Air mixture was also tested.
The interference in both tests was found to be small and neg-
ligible.

In the field, another interference test was conducted using
a dry annular denuder coated with sodium carbonate by con-
necting the denuder to the sampling inlet. The test was de-
signed to characterize interferences from aerosols and other
nitrogen species (e.g., NOx, PAN, and other organic nitrates)
in air samples by removing HONO but retaining most of par-
ticles, NO2, PAN or other organic nitrates in the air flow.
The signals obtained from the ambient air through the de-
nuder were essentially the same as the signals from zero air,
indicating that there were no significant HONO interferences
from the possible interfering species such as NO2, aerosols,
and organic nitrates in this environment.

3 Results and discussion

3.1 Measurements of meteorological parameters and
trace gases

Shown in Fig. 3 are meteorological measurements from the
last two weeks of the BEARPEX2007 study, when the wet
chemistry HONO measurements were available. Summer
2007 was cooler than usual. There were slight rainfalls on
nights of 28/29 September and 9/10 October. An early snow-
fall came on 5 October 2007. During this period, wind direc-
tions were less regular due to a few cold fronts crossing over
the site (Fig. 3).

HONO measurements made by wet chemistry during the
last two weeks of BEARPEX2007 exhibit a large variabil-
ity ranging from near 0 to 160 pptv (Fig. 4). Meteorological
conditions affected the HONO mixing ratio significantly at
this forested site. For example, a rapid drop in HONO mix-
ing ratios from near 100 pptv to∼25 pptv at∼21:30 (PST)
on 28 September (Fig. 4) was primarily caused by a rapid
wind shift from southwesterly to northerly followed by a
slight rainfall. Another example of meteorological influence
on HONO took place on the night of 9/10 October when
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Fig. 3. Time series of HONO photolysis frequency, temperature,
relative humidity, rain fall, wind direction, and wind speed between
25 September and 10 October 2007 during BEARPEX2007 when
the wet chemistry HONO measurements were available.J (HONO)
was calculated based on the TUV model and measured solar radia-
tion (see Sect. 2.2.3 for details).

the wind started to shift from southwesterly to easterly at
∼17:00 (PST). In about two hours, the wind shifted back to
southerly and remained in this direction for the remainder of
the night. Because the southerly wind continued to blow the
urban plumes to the site as a cold front passed by, HONO
mixing ratios continuously increased to a maximum level of
160 pptv. A slight rainfall started at around 03:00 (PST) on
10 October when HONO mixing ratio started to drop dramat-
ically (Fig. 4).

During this study, HONO and NO2 generally correlated
well as expected (Figs. 4 and 5), indicating that NO2 might be
a key HONO precursor in this environment. Simultaneously
there were a few periods when HONO and NO2 did not cor-
relate well. For instance, on both 3 and 4 October, measured
NO2 mixing ratios were up to 3 ppbv in the late afternoon
and early evening because the wind continuously blew from
south and southwest without a regular wind shift (Fig. 3).
However, when NO2 reached its peak values, HONO mixing
ratios on both days remained at relatively low levels (near
or below 50 pptv), possibly because of not enough interac-
tion time between NO2 and surfaces before the air masses
reached the site. The observed HONO-to-NO2 ratios show
a large variability ranging from near 0 to 0.5 (Fig. 4). For
a 24-h period, the HONO/NO2 ratios ranged from 0.05 to
0.13, with a mean ratio of 0.07 (Fig. 5), which is comparable
to the ratios at some forested sites in Europe (e.g., Acker et
al., 2006b, 2007), but lower than the ratios observed at an-
other forested site at Whiteface Mt., New York (Ren et al.,
2006; Zhou et al., 2007), where the average HONO/NO2 ra-
tios ranged from 0.15 to 0.40.
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Fig. 4. Time series of measured ozone, NO2, PAN, HONO, and
HONO/NO2 ratio between 25 September and 10 October during
BEARPEX2007. HONO measurements made by wet chemistry are
shown. PAN was measured using CIMS (Wolfe et al., 2009).

3.2 Intercomparison of wet chemistry and CIMS

Time series of HONO measurements collected between 25
and 27 September, 2007 by wet chemistry and CIMS show
very good agreement (Fig. 5), although the CIMS HONO
measurements are a little noisy especially at low HONO lev-
els, primarily due to the large uncertainty of the CIMS mea-
surements and a small fraction (∼3%) of the CIMS measure-
ment time dedicated to HONO measurement for the need of
measuring other species. Using 10-min averages, the lin-
ear regression of the CIMS HONO versus the wet chem-
istry HONO produces a slope of 0.94 and an intercept of
4.6 pptv withr2 of 0.64 (Fig. 5). The fact that wet chem-
istry and CIMS are different techniques for HONO measure-
ments indicates reliable HONO measurements by both in-
struments, unless both instruments have the same biases in
the HONO measurements. In a recent HONO intercompar-
ison (HINT2009) study in Houston, TX where we deployed
our wet chemistry HONO instrument, very good agreement
was also obtained between our wet chemistry and four differ-
ent techniques, including LP-DOAS (within±20%,r2=0.79)
and tunable infrared laser differential absorption spectrome-
try (within ±15%,r2=0.86) (Thomas et al., 2010).

3.3 Diurnal trends of measured HONO

The diurnal profile during this study shows that the minimum
HONO mixing ratios were about∼20–30 pptv in the midday
and maximum levels of 60-70 pptv at night (Fig. 6). These
daytime HONO levels are lower than levels observed in some
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Fig. 5. Comparison of HONO measurements by wet chemistry
(blue dots) and CIMS (red circles) over three days between 25 and
27 September, 2007. Left: time series with one-minute averages.
Right: scatter plot of CIMS HONO versus wet chemistry HONO
with 10-min averages.

other forested sites. For example, at two forested sites in
Eastern US (in Whiteface Mountain, New York, Ren et al.,
2006) and Europe (in Hohenpeissenberg, Germany, Acker et
al., 2006b), daytime HONO levels of 80 to 120 pptv while
minima of 20–60 pptv at night were observed. Thus the di-
urnal pattern of HONO observed at Blodgett Forest is quite
different from what was observed in the other two studies.
The reasons for these differences are uncertain, but they may
be related to the dry climatology and unique diurnal wind
pattern (i.e., southwesterly wind during the day and north-
easterly wind at night) at Blodgett Forest. Another possi-
ble explanation may be related to the acid precipitation in
Eastern US and Europe, where soil acidification has occurred
(Menz and Seip, 2004). Soil acidification is less prominent
in Western US than in Northeast US and Europe (Fenn et al.,
2006), so the heterogeneously formed HONO on the ground
surface at Blodgett Forest may be less likely to be released
into the atmosphere than at other forest sites where soil acid-
ification is significant. One piece of evidence supporting this
hypothesis is the aerosol measurements by an aerosol mass
spectrometer (AMS), which confirm that aerosols at Blod-
gett Forest were close to fully neutralized (D. Farmer, un-
published data).

Under less acidic conditions, nitrate photolysis may not be
a significant HONO source, and heterogeneous hydrolysis of
NOx may act as a major HONO source. This can explain the
different HONO behaviors at Blodgett Forest and at the sites
in Eastern US and Europe, i.e., the lower daytime HONO
at Blodgett Forest while daytime HONO maxima in Eastern
US and Europe (Ren et al., 2006; Acker et al., 2006, 2007)
and good correlation between HONO and NO2 at Blodgett
Forest while low correlation (r2

∼0.01–0.05) in Pinnacle and
Whiteface Mountain, New York (Zhou et al., 2002a, 2007).

More evidence supporting this hypothesis came from re-
cent studies in the Artic and Antarctic. In the Arctic signifi-
cant HONO emissions have been observed from the sunlight-
exposed snowpack via the photolysis of HNO3/nitrate (pos-
sibly involving electron transfer reactions of NO2 from
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was measured at a height of 12.7 m. The data were collected be-
tween 25 September and 10 October during BEARPEX2007. Error
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photosensitized organics, Beine et al., 2006) that come pri-
marily from the deposition of acidic aerosols transported
from North America, Asia and Europe (Zhou et al., 2001;
Honrath et al., 2002). In contrast, little HONO was produced
from coastal snowpack in the Antarctic where significant sea-
salt deposition occurred and NO−

3 ion was present primar-
ily as NaNO3 in aged snows, thus preventing the release of
or providing a reactive medium for newly formed HONO
(Beine et al., 2006). Recent laboratory studies (H. Gao,
unpublished data) also found that HONO production from
surface HNO3/nitrate photolysis diminished with higher pH.
The rate of HONO production decreased to half for surface
NH4NO3 photolysis compared to HNO3 photolysis, but little
HONO was produced from surface NaNO3 photolysis, con-
sistent with the results by Beine et al. (2006). While it seems
likely to us that the different behaviors of HONO observed
at Blodgett Forest are associated with the low soil acidifica-
tion and acid precipitation in Western US, further studies of
HONO in this kind of environment are needed to test this
hypothesis.
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Fig. 7. Left: time series of measured HONO mixing ratios by CIMS
(1 min averages in yellow and 10 min averages in red) and by wet
chemistry (in blue) and temperature (in green). The integration time
is 2 min for the wet chemistry HONO instrument. The integration
time is 0.5 s every 18 s and 1-min averages are shown in this figure.
Right: diurnal variations of HONO mixing ratio during the warm
period (red squares) and cool period (blue triangles). Also plotted
are the photo-steady state (PSS) HONO mixing ratios (dashed black
line) averaged for the entire study. In the PSS calculation, only gas
phase HONO sources are included during the day between 08:00
and 16:00 (PST).

Temperature dependence of HONO mixing ratios was ob-
served during BEARPEX2007. Figure 7 shows both HONO
measurements made by CIMS and wet chemistry together
with ambient temperature. There were two distinguishing pe-
riods: a warm period between 18 August and 12 September,
and a cool period from 13 September to 10 October. There
was a three-day overlap between CIMS and wet chemistry
measurements, which will be discussed in detail in Sect. 3.3.
Interestingly, the temperature dependence occurred mainly
at night, with higher nighttime HONO mixing ratios during
the warm period (Fig. 7). During the day, the two periods
had very similar observed HONO levels at∼20–40 pptv. It
is noted that diurnal variations of NO2 mixing ratios during
these two periods are about the same, but the water mixing
ratios in the air during the warm period was higher than in
the cold period by a factor of 1.2, which may be partially re-
sponsible for the difference in the nighttime HONO mixing
ratios during these two periods.

During the daytime (08:00–16:00 PST), the photolytic loss
of HONO is very efficient due to its large photolysis rate co-
efficients ranging from 0.001 to 0.002 s−1. It is reasonable to
assume that HONO reaches photo-steady state (PSS) in the
midday. If we assume that only gas phase HONO sources
(mainly the OH+NO reaction) are involved in the HONO
production, we can then calculate PSS HONO mixing ratios,
shown in Fig. 7. The PSS HONO mixing ratios calculated
with gas phase HONO sources only are lower than the mea-
surements by a factor of 9 on average, indicating that other
HONO sources are dominant in this environment. This result
is consistent with previous studies (e.g., Zhou et al., 2002;
Acker et al., 2006b, 2007). Calculations also show that a
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significant HONO source (∼1.59 ppbv day−1) is needed in
order to sustain the observed HONO level, which presum-
ably comes from heterogeneous processes.

3.4 NOy speciation

The sum of reactive nitrogen species in the atmosphere
is called NOy, which is defined here as the sum of
NO+NO2+HONO+HNO3+alkyl nitrates (ANs) + peroxy
nitrates (PNs)+HO2NO2+NO3+2·N2O5. Box model re-
sults show that N2O5 and NO3 were lower than 1 pptv
while HO2NO2 was typically less than 10 pptv during
BEARPEX2007 and thus they do not contribute significantly
to the NOy budget. In the following discussion, we assume
that NOy comprises NO, NO2, HONO, HNO3, ANs, and
PNs.

Diurnal profiles of reactive nitrogen species exhibit a min-
imum at 06:00 (PST) and a maximum NOy at 18:00 (PST)
(Fig. 8), due to the primary influence of the Sacramento ur-
ban plume and the unique diurnal wind pattern at Blodgett
Forest. Similar diurnal variations have been observed in pre-
vious studies at this site (e.g., Murphy et al., 2006; Farmer
et al., 2008; Day et al., 2009). Among the reactive nitrogen
species, NO2, HNO3, and PNs are dominant and account for
85% of total NOy on a 24-h basis (Fig. 8). HONO accounted
for only 2.8% of total NOy on average, with a percentage of
2.2% during the day and 3.3% at night. However, due to fast
HONO loss through photolysis, a strong HONO production
rate (1.59 ppbv day−1) existed in this environment, suggest-
ing that HONO plays an important role in NOy cycling. In
contrast, HNO3 production rate from the OH+NO2 reaction
was 0.53 ppbv day−1 on average, which is only one third of
the HONO production rate.

The production of NO from the photolysis of HONO may
potentially affect the cycling between NO2 and NO. Calcu-
lations show that the HONO photolysis rate was only about
1.5% of the NO2 photolysis rate, indicating that HONO pho-
tolysis did not significantly influence the NO-NO2 cycling,
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mainly due to the low HONO levels during the day and fast
cycling between NO2 and NO.

3.5 Contribution of HONO photolysis to HOx
production

A box model based on the Regional Atmospheric Chem-
istry Mechanism (RACM) (Stockwell et al., 1997) was de-
veloped to interpret the field measurements and investigate
atmospheric oxidation chemistry in this environment. The
model was constrained by the available simultaneous mea-
surements in this study and calculated concentrations of free
radicals, such as OH, HO2, and RO2. Similar model simu-
lations have been conducted in previous studies (e.g., Ren et
al., 2003, 2006). Using the model results, the contribution of
HONO photolysis to HOx production can be calculated.

The diurnal profile of HOx production shows that HOx
production was primarily from the photolysis of HCHO and
O3 during the day, while nighttime HOx was mainly pro-
duced from O3+alkene reactions (Fig. 9). The photolysis of
HONO did not contribute significantly to HOx production
even in the early morning due to its relatively low mixing ra-
tios. On a 24-h basis, HONO photolysis only accounted for
about 6% of total HOx production.

The insignificant contribution of HONO photolysis to HOx
production at Blodgett Forest is in contrast with the results
from some studies at other forested sites. For instance, at
a forested site in Whiteface Mountain, Northern New York
State, HONO photolysis was found to be a dominant HOx
source in the early morning and late afternoon with an over-
all contribution of 34% to HOx production on a 24-h ba-
sis (Ren et al., 2006). At another rural site in New York
State, the average radical production from HONO photolysis
was 2.3 ppbv day−1 and accounted for 24% of the total HOx
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production (Zhou et al., 2002a). In a study at the Meteoro-
logical Observatory Hohenpeissenberg in Germany, HONO
photolysis was also found to be a dominant HOx source in the
early morning and the overall contribution of HONO pho-
tolysis comprised 42% of total photolytic HOx production
(Acker et al., 2006a). Kleffmann et al. (2005) found that
HONO photolysis contributed about 33% of total OH pro-
duction in a forest in J̈ulich, Germany.

The reasons for the smaller HONO mixing ratios and thus
smaller contribution of HONO photolysis to HOx production
at Blodgett Forest are uncertain. As discussed previously, it
may be related to the dry climatology and low acid precipi-
tation in this water-limited environment.

4 Conclusions

The measurement suite of HONO and other NOy species
during BEARPEX2007 at Blodgett Forest in summer/fall
2007 provides a great opportunity to study nitrogen chem-
istry in this forested environment. Measured HONO mixing
ratios show a diurnal pattern with minimum levels of∼20–
30 pptv during the day and maximum levels of∼60–70 pptv
at night, which is significantly different from the results at
other forested sites in Eastern US and Europe. The daytime
HONO levels at Blodgett Forest are significantly lower com-
pared to the other forested sites where minimum HONO lev-
els during the day and maximum levels at night were often
observed. This different diurnal pattern may be related to
the unique diurnal wind pattern (i.e., upslope wind during
the day and downslope wind at night), dry climatology, and
low acid precipitation at Blodgett Forest. Intercomparison
of HONO measurements by two different techniques, wet
chemistry and CIMS, shows very good agreement, indicat-
ing reliable HONO measurements by both instruments. Al-
though HONO only accounted for only 3% of total NOy on
average, a strong HONO production rate (1.59 ppbv day−1)

existed in this environment, indicating a fast cycling from
other forms of NOy to HONO.

Because of relatively low mixing ratios of HONO in this
environment, the photolysis of HONO did not contribute sig-
nificantly to HOx production during this study. This is quite
different from some studies in other forested areas, where
HONO photolysis was typically found to be a dominant or
at least an important HOx source. Further studies on HONO
seasonal variations and HONO vertical fluxes are needed in
order to improve our understanding of atmospheric oxidation
and nitrogen budget in this kind of water-limited and anthro-
pogenic pollution influenced environment with high biogenic
emissions.
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