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Abstract. A relaxed eddy accumulation (REA) system com-
bined with a nitrous acid (HONO) analyzer was developed
to measure atmospheric HONO vertical fluxes. The system
consists of three major components: (1) a fast-response sonic
anemometer measuring both vertical wind velocity and air
temperature, (2) a fast-response controlling unit separating
air motions into updraft and downdraft samplers by the sign
of vertical wind velocity, and (3) a highly sensitive HONO
analyzer based on aqueous long path absorption photome-
try that measures HONO concentrations in the updrafts and
downdrafts. A dynamic velocity threshold (±0.5σw, where
σw is a standard deviation of the vertical wind velocity) was
used for valve switching determined by the running means
and standard deviations of the vertical wind velocity. Using
measured temperature as a tracer and the average values from
two field deployments, the flux proportionality coefficient,β,
was determined to be 0.42± 0.02, in good agreement with
the theoretical estimation. The REA system was deployed in
two ground-based field studies. In the California Research at
the Nexus of Air Quality and Climate Change (CalNex) study
in Bakersfield, California in summer 2010, measured HONO
fluxes appeared to be upward during the day and were close
to zero at night. The upward HONO flux was highly cor-
related to the product of NO2 and solar radiation. During
the Biosphere Effects on Aerosols and Photochemistry Ex-
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periment (BEARPEX 2009) at Blodgett Forest, California in
July 2009, the overall HONO fluxes were small in magnitude
and were close to zero. Causes for the different HONO fluxes
in the two different environments are briefly discussed.

1 Introduction

The traditional eddy covariance (EC) technique for flux mea-
surement requires the use of sensors that can respond at fast
frequencies (∼10 Hz). This constraint cannot always be met
for the measurement of many atmospheric chemical species.
The relaxed eddy accumulation (REA) method thus repre-
sents great potential as a suitable alternative for the EC tech-
nique for micrometeorological flux measurement of atmo-
spheric species when fast response sensors are unavailable.
The REA method was derived from the eddy accumulation
(EA) method that was first suggested by Desjardins (1972)
and involves sampling the air depending on the magnitude
and direction of the vertical wind velocity. The REA method,
proposed by Businger and Oncley (1990), separates the air
samples into updraft and downdraft reservoirs at a constant
flow rate, based solely on the sign of the vertical wind. Con-
centrations in the updraft and downdraft eddy motions are
determined by an analytical sensor and the flux is calculated
proportional to the difference in concentration between the
updrafts and downdrafts (Meyers et al., 2006). Details on the
theory and derivation of the REA technique can be found in
the literature (e.g., Businger and Oncley, 1990; Baker et al.,
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1992; Dabberdt et al., 1993; Pattey et al., 1993). Because in-
situ concentration measurements are not necessary, the REA
technique also allows for the use of laboratory instrumenta-
tion, which may have higher accuracy than portable sensors
but is too bulky or delicate for field use (Nie et al., 1995).

The REA technique has increased in popularity and has
been successfully used to measure the fluxes of a number
of traces gases and aerosols, for example volatile organic
compounds (Guenther et al., 1996; Valentini et al., 1997;
Bowling et al., 1998; Pattey et al., 1999; Gallagher et al.
2000; Schade and Goldstein, 2001; Olofsson et al., 2003;
Hornsby et al., 2009), ammonia (Zhu et al., 2000), stable
isotope of13C16O2 and12C18O16O (Bowling et al., 1999),
nitrous oxide (Xi et al., 1996), total gaseous mercury (Cobos
et al., 2002; Olofsson et al., 2005; Bash and Miller, 2008),
and aerosol particle numbers (Schery et al., 1998; Gaman et
al., 2004). There are only a few attempts to measure atmo-
spheric nitrous acid (HONO) fluxes, mostly derived from the
gradient method (e.g., Harrison and Kitto, 1994; Neftel et
al., 1996; Honrath et al., 2002; Stutz et al., 2002; Beine et
al., 2005, 2006). To our knowledge, there are very limited
HONO flux measurements using the REA method (Bertman
et al., 2003; Zhou et al., 2011). Nitrous acid (HONO) plays
an important role in atmospheric chemistry because of its
photolysis to form the hydroxyl (OH) radical, the most im-
portant atmospheric oxidant (Alicke et al., 2003; Kleffmann
et al., 2005; Ren et al., 2006; Mao et al., 2010). Significant
daytime HONO levels and fast HONO loss through its pho-
tolysis indicate that a strong HONO production rate exists
in many environments. This suggests that HONO plays an
important role in total reactive nitrogen (NOy) cycling (Ren
et al., 2010), despite the fact that HONO usually constitutes
a small fraction of NOy. Measurement of HONO concen-
trations and fluxes is thus of great interest and is important
to understand the roles HONO plays in atmospheric photo-
chemistry and nitrogen budget.

In this paper, we present the development of a REA system
for the measurement of atmospheric HONO fluxes. The REA
system was characterized and deployed in two field stud-
ies: the California Research at the Nexus of Air Quality and
Climate Change (CalNex 2010) study in Bakersfield, Califor-
nia in summer 2010 and the Biosphere Effects on Aerosols
and Photochemistry Experiment (BEARPEX 2009) at Blod-
gett Forest, California in July 2009. Measurement results of
HONO fluxes in these two field studies are briefly discussed.

2 Methods

2.1 Relaxed eddy accumulation

A relaxed eddy accumulation (REA) system was devel-
oped to measure atmospheric HONO vertical fluxes. The
system samples wind eddies based on the sign of vertical
wind velocity over an extended time interval. Updraft (w+)

and downdraft (w−) air samples are collected into separate
HONO samplers when the vertical wind velocities are out
of a deadband (defined below). The vertical mass flux of
HONO (FHONO) can be determined by the following equa-
tion (Businger and Oncley, 1990):

FHONO= βσw(C̄up− C̄down) (1)

where,σw is the standard deviation of the vertical wind ve-
locity, C̄up andC̄down are the average HONO concentrations
in the updrafts and downdrafts, respectively, andβ is the flux
proportionality coefficient. The calculation ofβ is described
in Sect. 3.1.

A dynamic velocity deadband of 0.5σw was implemented
to maximize the difference between updraft and downdraft
concentrations. Such a varying threshold made the flux pro-
portionality coefficient,β, independent of observation con-
ditions (Gaman et al., 2004). Instantaneous vertical wind ve-
locity was sampled and the moving averages (w̄) and stan-
dard deviations (σw) of vertical wind velocity during the
predefined running average interval (set to 5 min, which is
used by a REA method (e.g., Nie et al., 1995)) were calcu-
lated. When the deviation of current vertical wind velocity
(w+

= w− w̄) was greater than +0.5σw, the air sample flow
was diverted to the updraft sampler to measure HONO in
the updraft air samples (C̄up). When the deviation of verti-
cal wind velocity (w−

= w − w̄) was smaller than−0.5σw,
the air sample flow was diverted to the downdraft sampler to
measure HONO in the downdraft air samples (C̄down). Con-
centrations of HONO in the updraft and downdraft samples
were then measured by a HONO analyzer as described in
Sect. 2.2.

Our REA-HONO system consists of a 3-D sonic
anemometer (Campbell Scientific, Model CST3), a control-
ling unit to divert air into updraft and downdraft samplers de-
pending on the sign of vertical wind velocity, and a HONO
analyzer (described in Sect. 2.2). A schematic of the REA
system for HONO vertical flux measurement and its field in-
stallation are shown in Fig. 1.

The sonic anemometer collects 3-dimensional wind com-
ponents: two horizontal components (u andv) and one verti-
cal component (w), and virtual temperature of air. The con-
trolling unit includes a computer with data acquisition hard-
ware/software and two fast-response 3-way solenoid valves
(Fluorocarbon Delta Solenoid Valve, Model DV3-144D2),
one each for updraft and downdraft sampling. The wind
and temperature signals from the anemometer are collected
by the computer through a USB analog to digital converter
(Measurement Computing, Model USB-1208FS) at a sam-
pling frequency of 10 Hz. Moving averages and standard
deviations (σw) of vertical wind velocity with a 5 min in-
terval are updated instantaneously. The computer then de-
termines the motion of air (updraft or downdraft) as de-
scribed previously and holds the previous air motion status
for about 350 ms (discussed in Sect. 3.2) until the air arrives
at the solenoid valve system. The computer then operates the
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Figure 1. Left: schematic of a Relaxed Eddy Accumulation (REA) system for HONO flux 2 

measurement. Right: pictures showing the actual instrumentation during a field study. Both the 3 

REA system and the HONO analyzer were installed on a tower. 4 
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Fig. 1. Left: schematic of a Relaxed Eddy Accumulation (REA) system for HONO flux measurement. Right: pictures showing the actual
instrumentation during a field study. Both the REA system and the HONO analyzer were installed on a tower.

valves accordingly to divert the air into the updraft sampler
or downdraft sampler, or in case the air motion falls in the
deadband (i.e., the deviation of current vertical wind veloc-
ity is greater than−0.5σw, but less than 0.5σw), the valves
are switched to positions to sample zero air. During field
deployments, at least one of the channels (updraft or down-
draft) samples zero air at any given time so all samples are
diluted at the analyzers.

As shown in Fig. 1, the REA system consists of a manifold
with air flow split into two flow paths: the sample flow for ei-
ther the updraft or downdraft sampler and the bypass flow
(mass flow control #1 (MFC#1) in Fig. 1). In order to keep
the air flow rates through the updraft and downdraft sam-
plers constant, HONO-free zero air from a zero air generator
(Perma Pure, LLC) was fed into the samplers when an air
motion fell in a “deadband” or when one sampler was sam-
pling zero air while the other sampler was sampling ambient
air in either updraft or downdraft case. The zero air flow
rate was controlled by a mass flow controller at 4.5 l min−1,
which exceeds the total sampling flow rate of 4 l min−1 dur-
ing deadband periods. Extra zero air flow was vented to the
ambient air through a tee connection to maintain the zero air
pressure at the atmospheric pressure.

In summary, this REA system was operated according
to the following steps, repeated after every sample interval
of 0.1 s:

1. Vertical wind velocity and air temperature are read from
the anemometer via a universal serial bus (USB) analog
to digital converter.

2. Moving average and standard deviation in a previous
5 min interval are calculated and updated.

3. Based on the instantaneous vertical wind velocity and
threshold of±0.5σw, valve positions are determined
and the corresponding command is sent via USB port

to update the valve status after waiting for the time for
the air to travel through the sample line.

4. Depending on the REA valve positioning, the number
of data points and average temperature statistics in the
updraft/downdraft/deadband vertical wind speed inter-
val are updated.

At the end of each averaging period (usually 30 min) for flux
calculation, the percentages of time for updraft, downdraft,
and deadband sampling and the corresponding average tem-
peratures are calculated and the average statistics are saved
for further analyses. The computer used for the REA-HONO
system has a Windows XP operation system and a data acqui-
sition program based on Visual Basic to conduct the above
calculations, control the valves, and acquire data from the
anemometer and the HONO analyzer.

2.2 HONO analyzer

In our REA system, a HONO analyzer is used to measure
HONO concentrations in updraft and downdraft air samples.
Its technique is based on aqueous coil scrubbing followed
by nitrite derivatization to a highly light-absorbing azo dye,
which is then detected with liquid waveguide long path ab-
sorption photometry. A detailed description of this instru-
ment can be found elsewhere (Ren et al., 2010). Here a brief
description is given. Ambient air was pulled through a light-
shielded Teflon tubing (OD = 6.35 mm, and ID = 3.96 mm,
length = 5.3 m) to a manifold at flow rate of about 11 l min−1,
2 l min−1 of which was fed to the HONO instrument’s either
updraft or downdraft sampler. The instrument was housed
in an instrument rack near the anemometer. The inlet of
the sampling tubing was mounted next to the anemome-
ter sensor. Inside each sampler, ambient air was pulled
through 10-turn glass coil by a vacuum pump and the air flow
rate was controlled by a mass flow controller at 2 l min−1.
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A phosphate buffer with a concentration of 1.0 mmol l−1

(pH = 6.8) was used as a scrubbing solution to collect HONO
in the air sample. After the separation from the gas phase, the
scrubbing solution was mixed with sulfanilamide (SA) and
N-(1-naphthyl) ethylenediamine (NED) reagents. The mix-
ture was then pumped through a Teflon derivatization coil,
where nitrite was converted to an azo dye, which was de-
tected by a long path absorption photometer.

The HONO instrument was calibrated using sodium nitrite
(NaNO2) standard solutions as well as a HONO generation
system (Ren et al., 2010). The detection limit of the HONO
analyzer was about 3 pptv with a 2-min integration time re-
quired by the HONO sampling and analysis, and the mea-
surement uncertainty was about±15 % at a 2σ confidence
level. This uncertainty was estimated from the combined un-
certainties in the nitrite standards (±5 %), the sampling flow
rate (±6 %), the liquid flow rate through the coil to scrub
HONO (±6 %), the conversion efficiency of nitrite to azo
dye (±10 %), and the drift of absorbance of the spectrometer
(±5 %). Because the HONO difference in the updraft and
downdraft is used to calculate HONO flux, some of the un-
certainties are cancelled out (e.g., the calibration standards,
the conversion efficiency of nitrite to azo dye, and the drift
of absorbance of the spectrometer). So the actual accuracy
of HONO flux measurement is more likely within±5–10 %
at a 2σ confidence level.

2.3 Site description

The REA-HONO system was deployed at two field sites: one
in Bakersfield, California as part of the CalNex study in
summer 2010 and the other at Blodgett Forest, Califor-
nia during the BEARPEX II study in summer 2009. The
site of the CalNex study is located at the southern end of
the San Joaquin Valley in Bakersfield, California, about
6 km southeast of downtown Bakersfield (35◦20′46.2′′ N,
118◦57′55.9′′ W, 120 m elevation). There are two nearby ma-
jor highways: Highway 58 located at about 800 m north of
the site and Highway 99 located at about 6 km west of the
site. During the day, the site was influenced by the prevail-
ing wind from downtown Bakersfield. The instrument was
placed on an 18 m scaffolding tower, standing on an agri-
cultural field. The height of the inlet was 13.5 m above the
ground. HONO vertical fluxes were measured from 16 May
to 29 June 2010 in this study.

The BEARPEX site is located at Blodgett Forest in
the western foothills of the Sierra Nevada mountains
(38◦58′42.4′′ N, 120◦38′3.4′′ W, 1315 m elevation) and has
been described in detail elsewhere (e.g., Goldstein et al.,
2000; Wolfe et al., 2009; Ren et al., 2010). The inlet was
located on a scaffolding tower at a height of 13.5 m above
the ground, or∼5.5 m above the canopy of the surrounding
pine trees. During this study, HONO vertical fluxes were
measured from 4 July to 30 July 2009.

In both field studies, other chemical species, including
ozone, detailed nitrogen species (NO, NO2, HONO, HNO3,
alkyl nitrates, and peroxy nitrates), CO, volatile organic
compounds (VOCs), and meteorological parameters, includ-
ing temperature, pressure, relative humidity, wind direction,
wind speed, and solar radiation, were also measured concur-
rently. The relatively complete suite of chemical and meteo-
rological measurements in the both studies provides a great
opportunity to examine the relationship between the mea-
sured HONO fluxes and other parameters.

3 Characterization of the REA system

3.1 Proportionality coefficient,β

The proportionality coefficient,β, is needed to calculate
REA fluxes based on Eq. (1). Theβ-value is thought to de-
pend on atmospheric stability (Andreas et al., 1998; Milne et
al., 2001; Ammann and Meixner, 2002). Under ideal atmo-
spheric turbulence conditions such as over flat and homoge-
nous terrain, the proportionality,β, in Eq. (1) has a value of
approximately 0.6 (Businger and Oncley, 1990; Baker et al.,
1992; Katul et al., 1996) when a vertical velocity threshold
of zero is used. When a non-zero threshold is used (e.g.,
0.5σw in this study) to determine updraft and downdraft air
motions, the proportionality coefficient is generally constant
and commonly calculated from a sensible heat flux and a ver-
tical air temperature that correspond to the sampled up and
downdrafts (Businger and Oncley, 1990; Katul et al., 1996;
Bowling et al., 1998; Schade and Goldstein, 2001), as shown
in the following equation:

β =
w′T ′

σw(T̄up− T̄down)
(2)

wherew′ andT ′ are the fluctuating components of the instan-
taneous measured vertical wind velocity (w) and air temper-
ature (T ), i.e., w′

= w − w̄ andT ′
= T − T̄ , T̄up and T̄down

denote the average temperatures of the same updrafts and
downdrafts as the HONO samples, andσw is the standard
deviation of the vertical wind velocity over a 30-min collec-
tion period. Large uncertainties can be introduced into this
calculation when the denominator in Eq. (2) is very small,
i.e., during near neutral atmospheric stability, commonly ob-
served during times when the sensible heat flux changes sign
in the morning and evening hours (Park et al., 2010).

Because of the large uncertainties in the proportionality
coefficient at night, a theoretical estimation of theβ-value
has also been established. Comparison of theβ-value calcu-
lated from Eq. (2) with the theoretical estimation ensures that
we can apply the daytimeβ-value calculated from Eq. (2) for
the nighttime. According to Businger and Oncley (1990), the

Atmos. Meas. Tech., 4, 2093–2103, 2011 www.atmos-meas-tech.net/4/2093/2011/



X. Ren et al.: A relaxed eddy accumulation system for measuring vertical fluxes of nitrous acid 2097

proportionality coefficient can be estimated using the follow-
ing formula based on numerical simulations:

β = β0exp(
−0.75|w0|

σw

) (3)

whereβ0 =β (|w0| = 0) ≈0.6, |w0| is the magnitude of the
velocity threshold for up and down sampling (usually be-
tween 0 andσw) (Gaman et al., 2004). Using this equa-
tion, we calculated aβ-value of 0.412 for our REA-HONO
system, where|w0| = 0.5σw was used. During the field de-
ployment, the 3-D sonic anemometer collected virtual tem-
perature concurrently with wind data. Using concurrent ob-
servations of vertical wind velocity and temperature dur-
ing the two field studies, we calculated the averaged day-
time β-values to be 0.410± 0.018 for CalNex 2010 and
0.441± 0.008 for BEARPEX 2009 using Eq. (2), which are
close to the value estimated from Eq. (3). The actualβ-
values determined from Eq. (2) in the mid-day were used in
the two field studies to calculate HONO fluxes.

3.2 Time lag and flow dynamics

In order to minimize the time lag, i.e., the total travel time for
the air through the sampling line, a manifold was used to pull
a large bypass air flow (∼9 l min−1) in addition to the sam-
ple flow of 2 l min−1 (Fig. 1). The time lag was estimated
to be about 350 ms based on the total air flow rate and the
volume in the sample line. With a tubing inner diameter of
3.96 mm and a length of 5.3 m, the calculated Reynolds num-
ber is∼4100 and is greater than the critical Reynolds number
of 2300. Thus the flow in the sampling line was most likely
turbulent (Bird, 1960).

3.3 Updraft and downdraft statistics

With the use of a dynamic velocity threshold of±0.5σw to
determine the air motion, the average fraction of time when
air motion was updraft or downdraft was about 22 % in the
both field studies, while the air motion fell in the deadband
for the remaining 56 % of the time. The HONO concentra-
tions in the updrafts and downdrafts were corrected for the
sampling time fractions.

3.4 Possible sampling artifacts due to sampling line

In the REA-HONO system, a piece of 5.3-m long Teflon tub-
ing was used as a sample inlet and there might be some sam-
pling artifacts due to certain wall reactions forming HONO.
The possible interferences have been tested with our HONO
analyzer in the laboratory and there was no HONO loss
through a longer piece of Teflon tubing (Ren et al., 2010).
Furthermore, in the field we conducted an additional test
with a dry annular denuder coated with sodium carbonate
by connecting the denuder to the sample inlet. The denuder
removes HONO efficiently but retains most of the particles,
NO2, PAN, and other organic nitrates in the air flow. The
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Fig. 2. Time series of HONO flux (top) and HONO concentration
(bottom) measured during CalNex 2010.

signals obtained from the ambient air through the denuder
were essentially the same as the signals from zero air, indi-
cating no significant HONO interferences through the sample
line. By using a large manifold flow (totally∼11 l min−1)

in our configuration (Fig. 1), the possible artifacts due to
sample tubing were significantly suppressed. Even if there
was a small amount of artifact present, it was approximately
equal in both updraft and downdraft samples, and was can-
celled out as only the difference of HONO concentration be-
tween updraft and downdraft samples was used in the HONO
flux calculation.

4 Applications

The developed REA system was deployed to measure HONO
fluxes in two field studies: CalNex 2010 in Bakersfield, Cal-
ifornia and BEARPEX 2009 at Blodgett Forest, Califor-
nia. Measurement results of HONO fluxes, other chemical
species, and meteorological parameters in the two field stud-
ies are briefly discussed below.

4.1 CalNex 2010

The time series of observed HONO fluxes and HONO con-
centrations are shown in Fig. 2. The HONO flux varied from
a minimum of−0.3 nmol m−2 s−1 (downward) to a maxi-
mum of 0.5 nmol m−2 s−1 (upward). The observed HONO
exhibits a typical diurnal variation with a minimum concen-
tration of∼30 pptv in the late afternoon and a maximum con-
centration of 2000 pptv in the early morning. The observed
HONO and HONO flux levels are comparable to the mea-
surements at other urban/suburban locations (e.g., Harrison
and Kitto, 1994; Stutz et al., 2002). For instance, Harri-
son and Kitto (1994) observed HONO fluxes varying from
−0.21 to 0.53 nmol m−2 s−1 over a grassland in eastern Eng-
land. Zhou et al. (2011) reported similar upward HONO
fluxes with a maximum flux of∼0.19 nmol m−2 s−1 during
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show the variations in the data.

the day at the Program for Research on Oxidants: PHoto-
chemistry, Emissions, and Transport (PROPHET) site lo-
cated in a forested area in northern Michigan, despite lower
levels of NOx observed at this site compared to typical
urban/suburban sites.

The diurnal variations of chemical species and meteoro-
logical parameters are shown in Fig. 3. On average, HONO
fluxes appeared to be upward during the day with a max-
imum of ∼0.1 nmol m−2 s−1 observed in the morning and
were close to zero (−0.007± 0.017 nmol m−2 s−1) at night.
The observed daytime HONO fluxes are reasonable consid-
ering the moderate levels of reactive nitrogen species exist-
ing in San Joaquin Valley. Highest HONO fluxes were ob-
served when winds were from northwest, where downtown
Bakersfield is located.

Previous studies have found that there are a few pho-
tochemical homogeneous and heterogeneous processes that
can produce HONO. The reaction of photolytically excited
NO2 (NO∗

2) with water can produce HONO and OH (Li et al.,
2008), although the reaction rate and yield of HONO and OH
are still under debate and this mechanism likely contributes

insignificantly to atmospheric HONO formation (Carr et al.,
2009; S̈orgel et al., 2011). Several photochemical hetero-
geneous processes can also form HONO. For example, the
photosensitized reduction of NO2 on organic surfaces such
as aromatics and humic acids can produce HONO (George
et al., 2005; Stemmler et al., 2006, 2007). The photolysis
of surface adsorbed nitric acid (HNO3) and nitrate can act as
a source of HONO and thus serve as an important pathway
for the remobilization of deposited HNO3 (Zhou et al., 2002,
2003, 2011). The conversion of NO2 on fresh soot particles
and secondary organic aerosols is also a source of HONO
(Monge et al., 2010), although the roles of these processes
are still under discussion (Stemmler et al., 2007; Sörgel et al.,
2011). Lastly, the photolysis of o-nitrophenol and its methy-
lated analogues can produce HONO (Bejan et al., 2006), but
this mechanism is only important in urban areas where con-
centrations of nitrophenols are high. Most recently, Su et
al. (2011) found that soil nitrite can release HONO and ex-
plain the strength and diurnal variation in one study.

Atmos. Meas. Tech., 4, 2093–2103, 2011 www.atmos-meas-tech.net/4/2093/2011/



X. Ren et al.: A relaxed eddy accumulation system for measuring vertical fluxes of nitrous acid 2099 1 

10:00 12:00 14:00 16:00 18:00
0

0.02

0.04

0.06

0.08

0.1

Time of day  (PST)

 

 
[NO

2
] x [Solar-Rad]

HONO flux  (nmol m-2 s-1)

 

0 1 2 3 4

x 10
6

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

[NO
2
] x [Solar-Rad]

H
O

N
O

 fl
u

x 
 (

n
m

o
l m

  -2
 s

-1
) y = 3.19x10-8 x  - 0.0188

r2 = 0.985

 2 

Figure 4. Left: mean diurnal variations (in 30 min intervals) of HONO flux (in nmol m-2 s-1, red 3 

triangles) and the product (multiplied by a factor of 1 x 10-8, blue circles) of [NO2] (in pptv) and 4 

solar radiation (in W m-2). Right: scatter plot of HONO flux versus the product of [NO2] and 5 

solar radiation. Data are shown for CalNex 2010 for hours between 10:00 and 18:00 (Pacific 6 

Standard Time, PST) when the boundary mixing layer was expected to be fully developed. 7 
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Figure 5. Time series of HONO flux (top) and HONO concentration (bottom) observed during 2 

BEARPEX 2009. 3 
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Fig. 5. Time series of HONO flux (top) and HONO concentration
(bottom) observed during BEARPEX 2009.

The photochemical production of HONO near the earth’s
surface can contribute to HONO vertical fluxes. During
CalNex 2010, we observed a very strong correlation (r2

=

0.985) between HONO flux and the product of NO2 con-
centration and solar radiation during the daytime from late
morning to early evening, when the boundary mixing layer
was expected to be fully developed (Fig. 4). A similar corre-
lation between NO2 and upward HONO fluxes was observed
by Harrison and Kitto (1994), although in this study the up-
ward HONO fluxes were usually associated with higher NO2
levels (>10 ppbv) than the daytime NO2 levels (∼3–5 ppbv)
observed during this study. The correlation is poor between
the HONO flux and NO2 only (r2

= 0.21) or between the
HONO flux and solar radiation only (r2

= 0.27), suggest-
ing that the reduction of NO2 involving sunlight might be an

important HONO source in this environment, in agreement
with the finding during the DOMINO (Diel Oxidant Mecha-
nism In relation to Nitrogen Oxides) campaign in southwest
Spain (S̈orgel et al., 2011).

4.2 BEARPEX 2009

Measurements of HONO concentration and flux at Blodgett
Forest during BEARPEX 2009 were quite different from
those in CalNex 2010. The measured HONO levels are
about one order of magnitude lower than those in CalNex
2010 (Figs. 5 and 6). This is expected because of relatively
low levels of reactive nitrogen at Blodgett Forest compared
to those in San Joaquin Valley. The HONO levels during
BEARPEX 2009 are comparable to the levels observed at
the same site during BEARPEX 2007 (Ren et al., 2010).

Compared to CalNex 2010, the daytime HONO fluxes
during BEARPEX 2009 were much lower (Figs. 3 and
6). The average daytime HONO flux was close to zero
(−0.004± 0.024 nmol m−2 s−1) at this forested site. Be-
cause of the lower HONO fluxes during BEARPEX 2009
compared to those of CalNex 2010, the correlation between
HONO flux and the product of NO2 and solar radiation dur-
ing BEARPEX 2009 is much weaker (r2

= 0.43), compared
to the strong correlation observed during CalNex 2010. If
we apply the relationship between HONO flux and the prod-
uct of NO2 and solar radiation during CalNex 2010 in Fig. 4
(a slope of∼3× 10−8 nmol m−2 s−1 per pptv of NO2 and
per W m−2 of solar radiation) to BEARPEX 2009, the cor-
responding HONO flux is about 0.007 nmol m−2 s−1 in the
midday when the NO2 concentration was about 300 pptv and
the solar radiation was about 800 W m−2 during BEARPEX
2009. This value is about the average level we observed at
Blodgett during the day and is below the detection limit of
the REA-HONO system (∼0.01 nmol m−2 s−1).
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Figure 6. Diurnal variations of HONO flux, HONO, NO2/NOy, O3, vertical wind velocity (w), 7 

temperature, relative humidity (RH) and solar radiation measured during the BEARPEX 2009 8 

field study. Hourly diurnal mean values are shown and error bars represent 1σ deviations of the 9 

measurements in the hourly bins. For vertical wind velocity (w), individual 30-minute averages 10 

are also plotted as blue dots to show the variations in the data. 11 

Fig. 6. Diurnal variations of HONO flux, HONO, NO2/NOy, O3, vertical wind velocity (w), temperature, relative humidity (RH) and solar
radiation measured during the BEARPEX 2009 field study. Hourly diurnal mean values are shown and error bars represent 1σ deviations
of the measurements in the hourly bins. For vertical wind velocity (w), individual 30-min averages are also plotted as blue dots to show the
variations in the data.

Much smaller HONO fluxes were observed during
BEARPEX 2009 than at the PROPHET site in a broadleaf
forest in Northern Michigan, where significant daytime up-
ward HONO fluxes were observed with a maximum of
HONO flux of 0.19 nmol m−2 s−1 observed around noontime
(Zhou et al., 2011). This difference is consistent with the
lower observed HONO concentrations (∼20–30 pptv) dur-
ing the midday at Blodgett Forest compared to HONO lev-
els (60–120 pptv) at the PROPHET site (Zhou et al., 2011)
and some other forested areas (Acker et al., 2006; Ren et al.,
2006). We attribute this difference to the overall low acid
precipitation and thus high pH of the soil in the western US
including California. Because of the high soil pH, the equi-
librium of HONO/nitrite in the soil would be shifted to ni-
trite, leading to a high HONO deposition to the soil or low
HONO production from the earth surfaces and thus low at-
mospheric HONO levels (Ren et al., 2010; Zhou et al., 2011).
This is also in line with the recent study by Su et al. (2011)
in which they found that low pH favored HONO formation
from soil nitrite.

5 Summary

In this work a REA-HONO system was developed to mea-
sure atmospheric HONO vertical fluxes. With a dynamic ve-
locity threshold of±0.5σw to determine air motion and us-
ing measured temperature as a tracer, the flux proportionality
coefficient,β, was determined to be 0.42± 0.02 in two field
deployments, in good agreement with the theoretical estima-
tion of 0.412.

The developed relaxed eddy accumulation (REA) sys-
tem was successfully deployed in two field studies to mea-
sure vertical HONO fluxes. The measurements show sig-
nificant daytime upward HONO fluxes in San Joaquin Val-
ley during CalNex 2010, with a maximum HONO flux of
∼0.1 nmol m−2 s−1 observed in the morning. The upward
fluxes correspond to significant HONO production near the
surface. HONO fluxes appeared to be close to zero at night.
During CalNex 2010, a strong linear correlation between
HONO flux and the product of NO2 and solar radiation was
observed for the daytime hours when the boundary mixing
layer was fully developed, indicating that the photochemi-
cal production of HONO involving NO2 and sunlight may be
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dominant in HONO production and thus the upward fluxes in
this environment.

On the other hand, the HONO fluxes observed at Blodgett
Forest during BEARPEX 2009 were low in magnitude and
close to zero on average, partly because of the overall low
reactive nitrogen levels in the environment. The low HONO
fluxes observed at Blodgett Forest are quite different from
the observations at the PROPHET site in northern Michigan
(Zhou et al., 2011). This is consistent with the lower day-
time HONO levels observed at Blodget Forest compared to
the HONO observations at the PROPHET site and in other
forested areas probably due to higher soil pH and thus lower
HONO production from the ground surfaces in the Blodgett
Forest region.

In order to better understand the vertical HONO flux
and its role in atmospheric HONO chemistry, more mea-
surements of HONO flux are needed, especially in a vari-
ety of environments, including polluted urban environments.
The REA-HONO system will be further deployed in future
field studies.
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