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Abstract

Systems have been developed and deployed at a North Michigan forested site to mea-
sure ambient HONO and vertical HONO flux. The modified HONO measurement tech-
nique is based on aqueous scrubbing of HONO using a coil sampler, followed by azo
dye derivatization and detection using an optical fiber spectrometer with a 1-m long
path flow cell. A Na,COj-coated denuder is used to generate “zero HONO” air for
background correction. The lower detection limit of the method, defined by 3 times
of the standard deviation of the signal, is 1 pptv for 2-min averages, with an overall
uncertainty of £(1 + 0.05 [HONOQOJ]) pptv. The HONO flux measurement technique has
been developed based on the relaxed eddy accumulation approach, deploying a 3-D
sonic anemometer and two HONO measurement systems. The overall uncertainty is
estimated to be within £(8 x 107 +0.15 Frono) mol m~2h~", with a 20-min averaged
data point per 30 min. Ambient HONO and vertical HONO flux were measured simul-
taneously at the PROPHET site from 17 July to 7 August 2008. The forest canopy was
found to be a net HONO source, with a mean upward flux of 0.37 x 10" molesm™2n~",
The HONO flux reached a maximum mean of ~0.7 x 10~° molesm=2h~" around so-
lar noon, contributing a major fraction (~60 %) to the HONO source strength required
to sustain the observed ambient concentration of ~70 pptv. There was no significant
correlation between NO, and daytime HONO flux, suggesting that NO, was not an
important precursor responsible for HONO daytime production on the forest canopy
surface in the low-NO, rural environment. Evidence suggests that photolysis of HNO4
deposited on the forest canopy surface is a major daytime HONO source.

1 Introduction

Nitrous acid (HONO) is a trace gas in the atmosphere, but it is an important component
of NO,. Photolysis of HONO produces hydroxy! radical (OH), the primary oxidant in
the atmosphere responsible for the degradation of most of air pollutants and toxics. It
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is estimated that HONO photolysis accounts for up to 80 % of OH production during
early morning hours (Elshorbany et al., 2009; Ren et al., 2006; Vogel et al., 2003) and
contributes to 20—60 % of the total OH production daily (Acker et al., 2006; Alicke et
al., 2002, 2003; Kleffmann et al., 2005; Villena et al., 2011; Zhou et al., 2002a, 2007).
In addition, HONO is in an intermediate oxidation state and can be produced from
nitrogen-containing precursors with higher oxidation states such as NO, and HNOg, or
lower oxidation states such as NO. HONO chemistry is essential in understanding the
cycling of reactive nitrogen compounds in the troposphere.

Many studies indicated that most HONO observed in the atmospheric boundary layer
is produced by heterogeneous reactions on ground surfaces (including soil, buildings
and vegetation) (Acker et al., 2004; Broske et al., 2003; Grassian, 2002; He et al.,
2006; Kleffmann et al., 2003; Kleffmann and Wiesen, 2005; Ndour et al., 2008; Vei-
tel et al., 2002; Zhang et al., 2009; Zhou et al., 2002a). To assess quantitatively the
source strength on HONO on ground surface, measurement of exchange flux of HONO
between the ground and the atmosphere is essential. However, there are only a few
HONO flux measurements reported in literature (Beine et al., 2005, 2006; Harrison
and Kitto, 1994; Honrath et al., 2002; Ren et al., 2011; Stutz et al., 2002; Zhou et al.,
2001, 2011); most of these HONO flux measurements were made based on an indirect
gradient method, which is less accurate due to the large scatter of the concentration
measurements and the influence of chemical transformation during the turbulent trans-
port process (Galmarini et al., 1997).

In the effort described here, a system was developed for direct measurement of
HONO flux. It is based on a relaxed eddy accumulation technique (REA), which allows
flux measurement with sensors that have much slower response time, such as gas
chromatography and mass spectrometry (Bowling et al., 1998). This REA technique
has been successfully used to measure a number of chemical species, such as CO,,
H,O, N,O and biogenic VOCs. Comparison studies have shown excellent agreement
between fluxes of reactive compounds determined by Eddy covariance (EC) and REA
techniques (Bowling et al., 1998; Pattey et al., 1993; Westberg et al., 2001). Here we
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report measurements of HONO flux, along with HONO ambient concentrations over
a forest canopy, using REA coupled with two modified HONO measurement systems
based on coil sampling, azo dye derivatization and long-path flow cell photometric de-
tection (Huang et al., 2002; He et al., 2006). The results quantitatively reveal the role
of ground surfaces on HONO heterogeneous formation.

2 Experimental
2.1 Site description

HONO concentration and flux were simultaneously measured on a 31-m scaffolding
tower at the PROPHET site at the University of Michigan Biological Station (45°30" N,
84°42" W, elevation 238 m) from 17 July to 7 August 2008. The PROPHET site is lo-
cated in an undisturbed and well-characterized, mixed deciduous/coniferous forest with
the major tree species of aspen, maple, red oak, pine and beech. Average canopy
height is ~21 m. Air masses reaching this site are dominated by westerly flow: south-
westerly flow is generally polluted air from metropolitan and industrial areas (e.qg.
Chicago and Milwaukee) and northwesterly flow is relatively clean air from Canada
(Cooper et al., 2001). A complete description of the site has been given in (Carroll et
al., 2001).

2.2 HONO concentration measurement

Three HONO measurement systems (Fig. 1), a modification based on the method of
Huang et al. (2002) and He et al. (2006), were used in this study: one for ambient
concentration measurement and two for flux measurement (described below). Briefly,
ambient HONO was scrubbed by de-ionized (DI) water (resistance >18.2 MQ cm) us-
ing a coil sampler; the scrubbed nitrite was derivatized with 2 mM sulfanilamide (SA)
and 0.2mM n-(1-naphthyl)-ethylenediamine (NED) in a 1-ml thermostatic derivatiza-
tion coil at 50 °C. The azo dye derivative was quantified by light absorbance at 540 nm
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using a miniature fiber optic spectrometer (USB2000, Ocean Optics) with a 1-m liquid-
waveguide capillary flow cell (WPI). The system was operating on a 30-min cycle
controlled by a 3-way solenoid valve: sampling ambient air for 20 min (measurement
mode) and then “zero-HONO” air for 10 min to obtain a baseline (zero mode). The zero
air was generated by pulling ambient air through a NaCO5 coated annular denuder.
Gaseous acidic species, including HONO, are quantitatively removed by the denuder,
but aerosols and most other gases, including potential interferences such as NO,, are
allowed to pass through (USEPA, 1999). The absorbance signal collection frequency
was 0.3 Hz.

2.3 REA flux system

The HONO flux system was developed based on the relaxed eddy accumulation (REA)
technique which involves conditional sampling of air into updraft and downdraft compo-
nents at a constant flow rate (Bowling et al., 1998). The duration of sampling for each
component is only related to the frequency at which the wind eddy changes in vertical
direction. Air samples collected in each component were accumulated over a collec-
tion period before determination of concentrations. The Flux (F) is calculated using the
following relationship (Businger and Oncley, 1990):

F = IBGW(éup - C_dn) (1)

where ( is an empirically determined coefficient with a value of ~0.6 over a smooth
surface (Businger and Oncley, 1990; Westberg et al., 2001), 0, is the standard devia-
tion of vertical wind sector over the collection period, and Cup and Cy, are the average
concentrations of HONO in the updraft and downdraft components, respectively.

The HONO flux measurement system is illustrated in Fig. 2, consisting of a three-
dimensional sonic anemometer and two HONO measurement systems. A CSAT3 3-
D sonic anemometer (Campbell Scientific) was mounted at ~11 m above the canopy
level on an arm extending ~1.5m away from the west side of the tower facing the
prevailing wind and used to acquire wind speed at 10 Hz. During flux measurement,
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the value of o,, was determined by the vertical wind from the previous 30-min period.
A dynamic threshold (deadband) wy = 0,,/2 was used to increase the concentration
difference between the reservoirs (Bowling et al., 1998; Pattey et al., 1993). The vertical
component of the instantaneous wind velocity, w, was compared to a threshold wx.
Based on this comparison, a laptop computer was used to control the switching of two
3-way valves for conditional sampling (Table 1): for w > wy, ambient air was collected
into an updraft component and zero air flows through a downdraft component; for w <
—wr, ambient air was sampled into a downdraft component and zero air flows through
an updraft component; for —w; < w < wr, zero air flew into both components.

A deadband can be used to improve the sensitivity of the measurement and prolong
the life of the REA valves. However, a deadband will result in some uncertainty in
the concentration difference measurement by decreasing the effective sampling time
(Oncley et al., 1993). A reduction of the coefficient 8 was also reported to be associated
with the use of a deadband (Pattey et al., 1993). In our experiment, data collected
during very calm periods (i.e., when |w| < wy for more than 95 % of the sampling period)
were excluded in flux calculations.

Two HONO measurement systems described above were used to measure HONO
concentrations in the up and down air drafts. The systems were operated over the same
30-min cycle as the ambient measurement system. During the 20-min measurement
mode, both up and down systems were doing conditioned sampling (Table 1). Sample
flow rate in each of the three channels (Up + Down + Ambient) was maintained at a
constant rate of 21 min~'. Ambient air was pulled into scrubbing samplers through a
2.2-m PFA tube (3.2-mm ID) inlet extended near the anemometer probe at a total flow
rate of 61min~". A 200ms delay before valves responded to the vertical wind signal
was set to compensate for time lags from the inlet to REA valves. A LabVIEW program
was developed for the communication with the sonic anemometer and REA valves.
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2.4 Calibration

Calibration was performed by introducing aqueous NaNO, standard solutions in place
of scrubbing solution into the HONO measurement system in the zero mode. The sig-
nal height was plotted against the nitrite concentration to yield a calibration curve for
the ambient concentration channel. For HONO flux measurement, the signal area was
integrated above the baseline and was plotted against the amount of nitrite, calculated
from the NaNO,, standard concentration, delivery flow rate and time. Three full range,
multipoint calibrations were conducted at the beginning, middle, and end of the cam-
paign. A single point calibration was made for every batch of reagent solutions, which
usually lasted for 2 days. Correlation coefficients r* were >0.999 for both sets of cali-
bration curves.

2.5 HONO photolysis rate constant

The total solar ultraviolet intensity (295-385 nm) was measured using an Eppley TUVR
radiometer (UV M®2U"®d) with a detection limit of 0.3Wm™2 and overall uncertainty
of 10% (Carroll et al., 2001). The radiative transfer model (http://cprm.acd.ucar.edu/
Models/TUV/Interactive_TUV/) was used to calculate HONO photolysis rate constant
(Jﬁ?gﬁ%) and total UV intensity between 295nm and 385nm (UV ™% for clear sky
conditions, taking into account the climatological O; column and aerosol optical depth,
time of day and month, and location of the sampling site. Correction was made for
variable cloud cover using the following equation (Kleinman et al., 1995):

JHono = J,:}gﬂ% x (UV measured / UV mOdeI)/(UV measured*/UVmodel*) @

where the UV™25Ued" anq yv™” are the modeled and measured UV intensities at
solar noon under clear sky.
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2.6 NO, measurements

NO,: NO and NO, were measured with a custom-built analyzer using the chemilu-
minescence technique constructed as described by Ridley and Grahek (1990) and
Alaghmand et al. (2011). The chemiluminescence photons were detected using a Burle
Industries 8852 photomultiplier tube, cooled with dry ice, and a Hamamatsu photon
counting system. The instrument incorporates a blue light LED NO, photolytic con-
verter. The average NO, conversion efficiency for a flow rate of 1.2slpm was deter-
mined to be 28.6 + 0.9 %. For 5-min averaged data, the detection limit was 7 pptv for
both NO and NO,.

2.7 Meteorological parameters

Temperature, dew point, precipitation, relative humidity and weather conditions were
acquired through the website (http://www.wunderground.com). Back trajectories at
both 50m and 500 m above the ground levels were calculated using HYSPLIT (HY-
brid Single-Particle Lagrangian Integrated Trajectory) Model (Draxler and Rolph, 2003)
to identify the air source region.

3 Results and discussion
3.1 Ambient HONO system performance

Two major modifications were made to the original method of Huang et al. (2002), in-
cluding: (1) HPLC/UV-vis detection technique was replaced by a long-path photometric
technique using a miniature fiber optic spectrometer with a 1-m flow cell, and (2) a
3-way solenoid valve was used to alternately introduce ambient air or “zero-HONO”
air to a coil sampler. The sensitivity of the long-path photometric technique is greatly
enhanced compared to the conventional spectrophotometric method, by two orders of
magnitude (He et al., 2006). It eliminates the use of organic solvents as a mobile phase
7280
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in the HPLC method, which is a significant advantage since organic solvent usage in
the field may interfere with measurements of organic species. The light absorbance sig-
nal was collected at a rate of 0.3 Hz, with an alternated sampling cycle of ambient air
and “zero-HONQO” air. While the Na,CO5 coated denuder removed HONO and acidic
gases from the ambient air, it allowed most of the potential interfering species such
as NO, NO,, PAN, nitrate and aerosol, to pass (USEPA, 1999). Therefore, interference
from these species was mostly eliminated by subtracting the “zero-HONO” signals from
the ambient air signals.

Figure 3 shows an excerpt of 10-min raw data recorded in the morning of 25 July
2008. The 90 % response time, based on the signal transition from “zero-HONQO” air to
ambient air, was about 110s. The response time may be shortened by increasing the
rates of scrubbing and reagent flows and by reducing the length of tubing in the liquid
flow plumbing. The ambient concentrations were derived from the difference between
the ambient signals and the “zero-HONQO” air. The “zero-HONO” baseline drifted only
slowly throughout the day in response to factors including concentrations of interfer-
ing species (e.g. NO,), temperature and reagent age. The baseline drift was within
20 pptvday'1, with a minimum a few hours after midnight and a maximum in the mid
afternoon. After removing the transitional data points, 17-18 min of ambient HONO
concentration data were collected in each 30-min cycle (Fig. 4, lower panels). The raw
data were reduced into 2-min averages.

The lower detection limit of the method is estimated to be ~1 pptv, based on 3 times
the standard deviation of the zero air signal. The linear dynamic range is 1-5000 pptv;
above 5000 pptv, the signal becomes non-linear. The upper limit of linear dynamic
range can be improved by increasing the rates of scrubbing and reagent flows and
by reducing the air sampling flow rate. These measures, however, will increase the
lower detection limits. The measurement precision, based on side-by-side measure-
ments using multiple HONO systems, is estimated to be better than 2 % in the con-
centration range of 50 pptv to 5 ppbv. An overall uncertainty of £(1 + 0.05 [HONO]) pptv
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is estimated, accounting for uncertainties in signal acquisition and processing, air and
liquid flow rates, and standard preparation.

3.2 HONO flux system performance

As most surfaces are not perfectly flat, the vertical wind fluctuations are often affected
by the mean horizontal wind (Chahuneau et al., 1989). During the 2 weeks prior to the
measurement of HONO flux at the site, 3-D wind data were collected by the anemome-
ter. The collected wind data were used for coordinate transformation, which aligned
wind data collected during flux measurement with the mean wind streamlines, thus
when w = 0, the average flux of dry air perpendicular to the surfaces of interest is
zero. An example of raw data for vertical wind velocity by the anemometer and HONO
signals recorded by the spectrometers are shown in the upper panels in Fig. 4. It is
apparent that the vertical wind fluctuated around zero (red trace), with the length of in-
dividual updraft or downdraft capable of triggering the valves (i.e. |w| > wy) in the range
of 0.1-20s, resulting in ambient air sampling in the updraft channel (w > wy) or in the
downdraft channel (w < —wg). The signals of the two HONO flux traces for the updraft
(red trace) and the downdraft (green trace) (Fig. 4, upper panels) was lower than that
for ambient concentration channel (blue) since the flux valves opened to the ambient
air only fractions of the time during the 20-min sampling period when |w| > w.

To quantify HONO collected in each channel during each sampling period, the area
of the signal above the “zero-HONO” air baseline was integrated and converted into
moles of HONO sampled based on the calibration curve. The integrated HONO con-
centration was derived from the moles of HONO divided by the ambient air volume
sampled when the valve was triggered. The middle panel in Fig. 4 shows the inte-
grated concentrations in the updraft and downdraft channels along with the standard
deviation of vertical wind (o,,) during the sampling cycle. The 20-min averaged HONO
flux was then derived from the o, éup and Cy, information in the middle panel using
Eq. (1) (lower panel, Fig. 4).
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To ensure the data quality, data collected in very calm periods were not used for flux
calculation, i.e., when |w| < wy for more than 95 % of the sampling period. The flux
values were usually low during very calm periods, due to the small o,,. The overall pre-
cision is estimated to be within +(8 x 1078 + 0.15 Frono) mol m™2h~", estimated from
uncertainties associated with HONO measurements in both up and down channels,
the volume of ambient air collected during the periods when the valve was triggered
(w > wr for the updraft channel and w < —w+y for the downdraft channel), and the o,
derived from vertical measurement.

An REA-HONO system has been recently reported (Ren et al., 2011), based on the
same principles. However, there were several differences in the HONO measurement
setups, which might affect the system performance. In our system, the “zero-HONO”
air was generated by pulling ambient air through a NaCO4 coated annular denuder and
was used to establish a measurement baseline in a 30-min cycle. Since most of the
potential interfering species such as NO,, PAN, nitrate and aerosol pass the denuder
(USEPA, 1999), interference from these species was mostly eliminated by subtracting
the “zero-HONO” baseline signal from the ambient air signals. Frequent baseline cor-
rection under this setup also minimized the HONO measurement uncertainty caused by
baseline drift and thus improved measurement accuracy. Furthermore, two dedicated
HONO measurement systems were used in the HONO flux measurement, simultane-
ously measuring HONO concentrations in the updraft and the downdraft air masses
within a sampling cycle, with better time resolution.

3.3 Measurement results
3.3.1 Data statistics

A highlight of the HONO flux measurement results has been published elsewhere
(Zhou et al., 2011). A complete data set with discussions of cases is presented here.
Figure 5 shows HONO fluxes and ambient HONO concentrations during the measure-
ment campaign. Overall, upward HONO fluxes were observed most of the time over the
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measuring period, with occasional downward fluxes during rain, fog and dew events.
An upward maximum of 4.7 x 10® molesm™2h~" was observed during the day after
a high NO, and NOy event, a downward maximum of about 2 x 10"  molesm™2h™"

during a rain event, with a mean of 0.37 x 10"  molesm™2h~". Ambient HONO con-
centrations ranged from 10 pptv during rain events to 189 pptv during a pollution event
at night, with a mean of 49 pptv. On average, both the HONO flux and ambient con-
centration exhibited noontime maxima, at ~0.7 x 10" molesm™2h~" and ~70 pptv, re-
spectively. The minimum of the average HONO flux was about ~0.1 x 10~% moles m™2
in the early morning before sunrise, and minimum average HONO concentration was
~20pptv around the time of sunset (Zhou et al., 2011). On average, the photolysis of
HONO contributed about 340 pptv h™" of OH production, similar to those reported for
this and other rural sites, between 250-560 pptv h! (Acker et al., 2006; Zhang et al.,
2009; Zhou et al., 2007).

The only other REA HONO flux measurement in the low-NO, rural environment was
made at the Blodgett Forest site in California (Ren et al., 2011). The reported daytime
mean HONO flux, (-0.014 £ 0.086) x 10~ molesm™2h~", was much lower than that
observed at the PROPHET site. Such a large difference in HONO fluxes at the two rural
and forested sites may largely be attributed to the difference in acidity/pH of canopy
surfaces and soils. The overall pH in precipitation and thus of the soil and canopy
surfaces in the western US including California, is significantly higher than in the mid-
western and northeast US, by 2 pH units (National Atmospheric Deposition Program
(NADP), http://nadp.sws.uiuc.edu). Since HONO is a weak acid, with a pKa of 3.5, the
HONO-nitrite equilibrium would shift to nitrite with higher pH. At elevated pH, canopy
and ground surfaces would behave more like a sink than a source for HONO at the
Blodgett Forest site (Ren et al., 2010, 2011). In the Mid West and Northeast, on the
other hand, HONO can be readily released into the atmosphere from acidic canopy
and ground surfaces once produced (He et al., 2006), and becomes a major HONO
source for the overlying atmosphere (He et al., 2006; Zhou et al., 2002a, 2007, 2011).
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3.3.2 Forest canopy as a HONO source or a sink

In forested areas, forest canopy surfaces account for the majority of the surface area
in the atmospheric boundary layer, thus serve as sites for the heterogeneous reaction
leading to HONO formation under favorable conditions. Indeed, the canopy was a net
source for HONO at UMBS most of the time indicated by the observed upward HONO
flux (Fig. 5). However, the canopy can also be a net HONO sink, as indicated by oc-
casional downward fluxes during rain events (e.g. 17, 20, 29 July), and fog and dew
events (e.g. 19, 27 July) (Fig. 5). The wet canopy seemed to enhance the dry deposition
of HONO and/or prevent HONO from being released once produced by heterogeneous
reactions, in agreement with previous observations (e.g. Zhou et al., 2002a; He et al.,
2006).

Figure 6 shows the effect of vertical wind variability on HONO transport. On average,
HONO concentrations were about 8 % higher in the updraft air than in the downdraft
air, with increasing variability at lower s,,. Lower s,, tended to occur during the night
(Fig. 5) when the air was more stable due to surface cooling. During the nights that
were free of rain or dew, the canopy surface would act as a HONO source, and steeper
negative vertical HONO gradients would develop under stagnant conditions, resulting
in positive spreads in the HONO concentration difference (He et al., 2006; Zhou et al.,
2011). However, dew and mist events occurred in some calm and clear nights, and dry
deposition of HONO was enhanced by the wet canopy, resulting in the negative spread
of HONO concentration difference (Fig. 6) (He et al., 2006; Zhou et al., 2011). There is
a general trend of higher HONO flux with higher s,,, as expected from Eq. (1). However,
the maximum fluxes, both upward and downward, occurred at the mid range s,, values.
The highest upward fluxes occurred around solar noon during the days after passing
urban plumes deposited HONO precursors on the canopy, for example, on 18 July and
5 August (see more discussion in Case Study below). The highest downward fluxes
occurred during a thunder storm in the afternoon of 20 July (Fig. 5).
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Substantial levels of HONO existed during the day, despite the effective photolytic
loss, reaching an average maximum of about 70 pptv around solar noon. To sustain
the observed concentration, a strong HONO source, about 350 pptv h™' on average
around noontime, was needed. Zhou et al. (2011) estimated the effect of canopy sur-
face on the observed HONO mixing ratios, based on a 1-D transport of HONO from the
canopy, assuming that midday HONO flux of ~7 x 10~" molesm™2h~', a HONO photol-
ysis rate constant of ~5 h™' anda eddy diffusivity coefficient (K'z) of ~3.6 x 10*m?h"
(or ~1 x 10° cm? 3'1). Indeed, calculations indicated that this source of HONO ac-
counted for the majority of the observed HONO, ~57 % on average, at the observation
height of 32 m above ground, and the remaining 43 % was from volume HONO produc-
tion mechanisms, such as gaseous NO-OH reactions, and more likely, heterogeneous
reactions involving NO, and HNO4 on aerosol surface (Zhou et al., 2011).

3.3.3 HONO precursors

It is generally believed that atmospheric HONO is produced mostly by heteroge-
neous reactions involving HONO precursors such as NO, (George et al., 2005; Lam-
mel and Cape, 1996; Stemmler et al., 2006, 2007) and HNO3 (Zhou et al., 2002a,
2002b, 2003, 2007, 2011). In low-NO, environments, photolysis of HNO5 deposited
on ground/canopy surface has been proposed to be the major daytime HONO source
(Zhou et al., 2002a, 2003, 2007). To test this hypothesis, 16 sets of leaf samples (6
leaves per set) were collected at the top of the forest canopy for surface nitrate mea-
surement (Zhou et al., 2011). The daytime HONO flux was found to be strongly corre-
lated (r2 = 0.69) with the surface nitrate photolysis potential, defined as the product of
surface nitrate loading and the surface nitrate photolysis rate constant calculated from
Eppley UV intensity. Therefore, it was concluded that photolysis of HNO5 deposited on
the canopy surface was the major mechanism responsible for the observed daytime
HONO flux from the canopy into the atmosphere (Zhou et al., 2011).

The concentrations of NO, and HONO, and the HONO flux were measured simul-
taneously over two weeks (Figs. 7, 8), allowing us to examine the role of NO, as a
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HONO precursor at this site. During the day, NO, and the HONO flux were found not to
be correlated at any significant level (r? = 0.01), suggesting NO, was not a significant
daytime HONO precursor responsible for the upward flux from the forest canopy. The
correlation between NO, and the daytime HONO concentration is slightly improved but
still weak (r2 = 0.10), reflecting some degree of contribution from the volume HONO
production under high-NO, conditions during southerly flow. During the nights that were
free of rain or dew, the contribution of the dark heterogeneous NO, reaction to the ob-
served HONO flux increased, as indicated by the improved correlation between HONO
flux and NO, (r2 = 0.37, Fig. 7). The even stronger correlation between concentrations
of HONO and NO, (r? = 0.56, Fig. 7) accounts for both the HONO produced at the
forest canopy and the HONO transported in the air mass, and suggests that NO, was
the major HONO precursor when photolysis of HNO5 on surface was absent.

3.3.4 A case study

The behavior of HONO during the initial two days of this campaign is examined in more
detail to illustrate the processes discussed above as a case study (Fig. 8). During the
morning of 17 July before sunrise, the concentrations of HONO and NO, varied in sync
when air masses switched from clean northwesterly flow to more polluted southwest-
erly flow (Cooper et al., 2001). Both ambient HONO and NO, concentrations were ris-
ing rapidly, from 40 pptv to 160 pptv and from 700 pptv to 2600 pptv, respectively. The
strong correlation between the concentrations of HONO and NO, (r2 =0.89, N =7,
hourly averages) and the slightly negative HONO flux during the early morning period
suggests that most of the observed ambient HONO during the period was produced
within the air mass on the way to the measurement site, probably by heterogeneous
NO, reactions on aerosol surfaces.

After sunrise, the HONO flux was mostly positive, reaching
~1.7x10""molesm™?h™" around 11:00 EDT, with the exception of a slightly
negative flux (~-0.1 x 10" moles m™2 h'1) at 11:30 EDT when NO, reached a peak
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of 4500 pptv. Several similar brief negative HONO fluxes occurred throughout the
campaign, mostly coinciding with rapid increase in NO, and with relatively high am-
bient HONO concentrations. This phenomenon may be caused by the concentration
diffusion from elevated levels of HONO in the air above down to the relatively clean air
within the forest canopy during the early phase of pollution episodes.

In the afternoon, the HONO flux remained significantly positive, between 0.1 and
1.1x 10" molesm™2h™" despite the significant decrease in NO, to around 1000 pptv.
Furthermore, both the HONO flux and ambient HONO concentrations seemed to mod-
ulate with the fluctuation of HONO photolysis rate constant, suggesting significant con-
tribution of photochemical production of HONO at the forest canopy to the overlying
atmosphere.

Light rain and drizzle started around 08:00 p.m. (EDT) and continued intermittently
throughout the night, as indicated by the thick line on the x-axis of the upper panel in
Fig. 8. When surfaces were wet, the forest canopy became a sink rather than a source
for HONO (He et al., 2006; Zhou et al., 2011). As a result, the net HONO flux was
negative, and ambient HONO concentrations remained low, mostly within 20—-30 pptv.
However, there was significant fluctuation in HONO flux before and around midnight,
probably due to high wind variability during this period. The following period (04:00—
07:00 EDT) was very calm with the vertical wind speed w lower than the threshold w;
value of 0.1 ms™" (Fig. 5), resulting in a data gap in HONO flux.

It was intermittent clouds in the morning of 18 July; both HONO flux and ambient
HONO concentrations remained low. The sky became clear shortly after noontime;
both the HONO flux and ambient HONO concentration started to increase, reaching
a HONO flux maximum of 4.6 x 10° molesm™2h~" and a maximum daytime HONO
concentration of 165 pptv in the early to mid afternoon. It is especially worthy to point
out that the air arriving at the site during this period of time changed from southwest-
erly (polluted) to northwesterly (clean), and that NO, levels dropped from ~1500 pptv
to ~400 pptv. This anti-correlation between NO, and HONO flux suggests that ambient
NO, was not a significant precursor for the HONO produced at the canopy surface.
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During the southwesterly flow period during the previous day and night, HNO3 as well
as organics might have deposited from the “dirtier” southwesterly air mass and accu-
mulated on the leaf surfaces at the top of forest canopy. When exposed to solar UV
radiation, the photolysis of the deposited HNO5 (Zhou et al., 2003, 2011), enhanced
by the presence of organics (Zhang et al., unpublished data), was probably the domi-
nant HONO production mechanism responsible for the higher upward flux and the high
ambient HONO concentration.

The HONO flux as well as the ambient HONO concentration decreased in the late af-
ternoon and evening as the solar radiation and the photolytic HONO source decreased.
There were, however, some spikes in HONO flux and HONO concentration before mid-
night, probably associated with a change in air masses. Indeed, the back trajectory
calculation indicates that air flow changed from northwesterly to southwesterly and
then back to northwesterly during the ~4 h before midnight.

4 Summary and conclusions

1. A HONO measurement method (Huang et al., 2002; He et al., 2006) has been
modified and improved, based on aqueous scrubbing of HONO using a coil sam-
pler, followed by azo dye derivatization and detection using an optical fiber spec-
trometer with a 1-m long path flow cell. A Na,COj-coated denuder is used to
generate “zero HONQO?” air for background correction. The lower detection limit of
the method, as defined by 3 times the standard deviation of the signal, is 1 pptv
for 2-min averages, with an overall uncertainty of £(1 + 0.05 [HONOY]) pptv.

2. A HONO flux measurement technique has been developed based on the relaxed
eddy accumulation approach. One 3-D sonic anemometer and two HONO mea-
surement systems were deployed in this field campaign. The overall precision is
estimated to be within +(8 x 107 +0.15 Faono) molm™2h~", with 20-min aver-
aged data point per 30 min.
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3. The techniques for ambient HONO and HONO flux measurements have been
successfully deployed at the PROPHET site during the summer of 2008.
The mean HONO concentration was 49pptv and mean HONO flux was
0.37 x 10" molesm™2h~". Both HONO and HONO flux showed significant diur-
nal variations, with maximum means of ~70 pptv and ~0.7 x 10~ molesm™2h~",
respectively, in the early afternoon, and a HONO minimum mean of
~20pptv around the time of sunset, and a minimum HONO flux mean of
~0.1 x 10" molesm~2 in the early morning before sunrise.

4. In the low-NO, atmospheric boundary layer over a forest, photolysis of HNO; de-
posited on the top of canopy was the major HONO source during the day, while
the heterogeneous reactions of NO, on canopy and aerosol surfaces was domi-
nant at night.
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Table 1. Sampling status in the three HONO measurement systems in a 30-min cycle.

System “Measurement” (20 min) “Zero” (10 min)
Updraft ambient air when w > wr, otherwise zero air Zero air
Downdraft ambient air when w < —w+, otherwise zero air  zero air
Ambient ambient air zero air
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Fig. 1. A schematic diagram of a HONO measurement system.
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Fig. 6. The percent difference between HONO concentrations (open circles, left axis) in the
updraft and downdraft air masses and HONO flux (crosses, right axis) as functions of standard
deviation of vertical wind speed.
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