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Abstract. We have combined chemical and micrometeorological measurements to investigate the formation and distribution of HONO throughout a forest canopy. HONO was
measured simultaneously at two heights, close to the forest
floor and just above canopy. The turbulent exchange between
the forest and the atmosphere above was studied using vertical profiles of eddy covariance measurements of wind velocity, sonic temperature, water vapour and CO2 . HONO
mixing ratios at both heights showed typical diel cycles with
low daytime values (∼80 ppt) and high nighttime values (up
to 500 ppt), but were influenced by various sources and sinks
leading to mixing ratio differences (above canopy minus below) of up to +240 ppt at nighttime. In the late afternoon
and early night mixing ratios increased at higher rates near
the forest floor, indicating a possible ground source. Due to
the simultaneous decoupling of the forest from the air layer
above the canopy, mixing ratio differences reached about
−170 ppt. From the late night until the early morning mixing ratios above the forest were typically higher than close
to the forest floor. For some cases, this could be attributed
to advection above the forest, which only partly penetrated
the canopy. Measured photolysis frequencies above and below the forest canopy differed by a factor of 10–25 resulting
in HONO lifetimes of about 10 min above and 100–250 min
below the canopy at noontime. However, these differences of
the main daytime HONO sink were not evident in the mixing
ratio differences, which were close to zero during the morning hours. Effective turbulent exchange due to a complete
coupling of the forest to the air layer above the canopy in
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the morning has offset the differences caused by the daytime
photolytic sink and added to the interplay between different
HONO production and loss processes.

1

Introduction

Nitrous acid (HONO, HNO2 ) is currently gaining substantial
attention due to its contribution to the tropospheric OH radical production, which is the “detergent” of the atmosphere.
Besides its importance for the atmospheric oxidation potential, it contributes to acid and nutrient deposition to the biosphere. Moreover, growing concern exists about possible
health effects due to the formation of nitrosamines (Hanst et
al., 1977; Pitts et al., 1978) where HONO acts as the nitrosating agent, especially in indoor environments, e.g., so called
third hand smoke after wall reactions of HONO with nicotine (Sleiman et al., 2010). Despite three decades of research
since the first unequivocal detection of HONO in the atmosphere (Perner and Platt, 1979), HONO formation processes
in the atmosphere are still under discussion, especially during
daytime when large discrepancies were found between mixing ratios calculated from known gas-phase chemistry and
measured daytime mixing ratios (Kleffmann et al., 2005).
In the absence of light the most favoured formation reaction
is the heterogeneous disproportionation of nitrogen dioxide
(NO2 ):
2NO2 + H2 O → HONO + HNO3

(R1)

This reaction has been extensively studied on different materials like fluorinated polymers and different types of glass
as reviewed by Lammel and Cape (1996), but also on building materials like concrete (Trick, 2004). It was found to
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be first order in NO2 and water vapour (Sakamaki et al.,
1983; Pitts et al., 1984; Svennson et al., 1987; Jenkin et al.,
1988). A mechanism involving the formation of the NO2
dimer (N2 O4 ) in the gas phase was proposed (FinlaysonPitts et al., 2003), but is not important in the real atmosphere (Kleffmann et al., 1998; Gustafsson et al., 2008). Recently, evidence for a mechanism involving reaction between adsorbed NO2 and H (NO2 (ads) + H(ads)→HONO
(ads)) present on the surface following the dissociation of
chemisorbed H2 O was found in a study on mineral dust
particles with isotopically labelled water (Gustafsson et al.,
2008), but the results are probably not transferable from laboratory to field conditions (Finlayson-Pitts, 2009). In the absence of light, HONO formation from NO2 on soot decreases
quite rapidly and thus was concluded to be less important
for atmospheric HONO formation except for freshly emitted
soot (Kleffmann et al., 1999; Arens et al., 2001; Aubin and
Abbatt, 2007). The mechanism was summarized as the Reaction (R2) of reducing organic compounds {C-H}red with NO2
(Gutzwiller et al., 2002a).
NO2 + {C − H}red → HONO + {C}ox

(R2)

NO + NO2 + H2 O → 2HONO

(R3)

HNO3 (ads) + NO(g) → HONO + NO2

(R4)

A similar reaction like Reaction (R2) was postulated for
the aqueous phase (Gutzwiller et al., 2002b; Ammann et al.,
2005), but only proceeds at a relevant rate at high pH levels,
since it is based on the well known charge transfer reaction
of phenolate with NO2 . The Reactions R3 (via the intermediate N2 O3 ) and Reaction (R4), involving NO proposed from
field measurements (Calvert et al., 1994; Andres-Hernandez
et al., 1996; Saliba et al., 2001) could neither explain laboratory results under low NOx conditions (Svennson et al.,
1987; Jenkin et al., 1988; Kleffmann et al., 1998; Kleffmann
et al., 2004;) nor field experiments with low NO mixing ratios (Harrison and Kitto, 1994).
The daytime HONO formation recently discussed in an
overview paper by Kleffmann (2007) was found to be about
60 times faster (Kleffmann et al., 2005) than the heterogeneous nighttime formation, and is even more controversial.
There are a variety of proposed sources dealing with photoenhanced NO2 reduction including NO2 reduction on irradiated mineral surfaces like TiO2 (Gustafsson et al., 2006;
Ndour et al., 2008). Many studies focussed on the reduction of NO2 involving organic photosensitizers (George et al.,
2005) like hydrocarbons on soot (Monge et al., 2010) or humic acids (Stemmler et al., 2006; Stemmler et al., 2007). As
already proposed from smog chamber experiments (Killus
and Whitten, 1990), photolysis of deposited HNO3 /nitrate on
surfaces was suggested as a daytime HONO source for rural
environments by Zhou et al. (2002a, b, 2003) from field studies at low NOx conditions. The mechanism is still not convincing since the photolysis of HNO3 was not found to be a
Atmos. Chem. Phys., 11, 841–855, 2011

photolytic source of HONO in chamber experiments (Rohrer
et al., 2005). Quantum yields for HNO3 /nitrate photolysis
are too low in the gas phase and in solution (Zhou et al.,
2003; Kleffmann, 2007), but this process can be enhanced at
surfaces (Finlayson-Pitts, 2009) or via organic photosensitizers as speculated by Kleffmann (2007). An additional source
may be the photolysis of o-nitrophenols (Bejan et al., 2006)
depending on pollution levels that govern the formation of
nitrophenols.
A problem that arises when comparing kinetics derived
from laboratory experiments with those calculated from field
data is that the heterogeneous production may be decoupled
from the release to the atmosphere (Finlayson-Pitts, 2009).
Desorption processes of HONO formed at the surface or deposited to the surface might be governed by co-adsorption of
water molecules as, e.g., formulated in a model developed
for chamber measurements (Trick, 2004). Furthermore, the
condensation of water vapour might block surface active sites
(Lammel and Cape, 1996). This was found to inhibit photoenhanced reactions (Gustafsson et al., 2006; Stemmler et al.,
2007). The relative humidity (RH) dependence of HONO
mixing ratios was investigated in several field (Stutz et al.,
2004; Su et al., 2008; Qin et al., 2009; Yu et al., 2009) and
laboratory studies (Ammann et al., 1998; Wainmann et al.,
2001; Arens et al., 2002; Trick, 2004) as well as its relation
to nitrite in dew (Rubio et al., 2002, 2008; He et al., 2006).
The findings of all studies do not allow a simple interpretation of the relationship between RH and HONO mixing ratios
as already stated by Lammel and Cape (1996), but should
be taken into account for modelling activities (Stutz et al.,
2004). For the heterogeneous formation not only the chemistry at the surface and adsorption/desorption of reactants and
products are important, but also the available surface area
per volume air (S/V) and the dispersion or accumulation of
formed HONO depending on turbulent transport and, hence,
on atmospheric stability. Correlations of HONO mixing ratios or HONO/NOx ratios, which should be less sensitive to
boundary layer processes, with the aerosol surface concentration (S/Vaerosol ) were often found (Lammel and Perner, 1988;
Notholt et al., 1992; Andres-Hernandez et al., 1996), but a
complete separation from boundary layer processes was not
possible (Andres-Hernandez et al., 1996; Reisinger, 2000).
Recent studies (Qin et al., 2009; Yu et al., 2009) found a
good correlation with PM10 (S/Vaerosol ), but concluded that
the aerosol surface is of minor importance compared to the
ground surface. Thus, the relative importance of aerosol surface versus ground surface (vegetation, buildings) depends
on the respective surface areas available, on the nature of
these surfaces and on the turbulent mixing and the meteorological conditions at a specific site. There is ample evidence from other ground-based field measurements (Stutz
et al., 2002; Veitel, 2002; Kleffmann et al., 2003; Zhang et
al., 2009), aircraft profiles (Zhang et al., 2009) and modeling studies (Vogel et al., 2003) that the ground surface is a
major source of HONO. Hence, turbulent exchange has a
www.atmos-chem-phys.net/11/841/2011/
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significant impact on near surface HONO mixing ratios as
already proposed by Febo et al. (1996). These authors found
a good correlation of HONO with radon, which is exclusively
emitted from the ground. Furthermore, profiles from recent
aircraft measurements were closely related to atmospheric
stability (Zhang et al., 2009).
The efficiency of the physicochemical and/or surface
HONO production and of the uptake by forest vegetation and
soils is determined by the interaction of turbulent transport
and chemical reactions in and above the forest canopy. In this
paper, we have investigated HONO mixing ratio differences
between above and below a forest canopy using the coupling
processes by coherent exchange (Thomas and Foken, 2007)
between different canopy layers and the air above the canopy.
The definition of so-called coupling regimes is based on the
detection of coherent structures, which are organized structures in the turbulent (stochastic) flow. For the first time, we
demonstrate how measurements of HONO can be combined
with a micrometeorological approach in tall vegetation, providing an appropriate tool to investigate processes affecting
HONO mixing ratios measured within and above the canopy.
2

Experimental

During the Intensive Observation Periods (IOPs) of the
EGER project (ExchanGE processes in a mountainous
Region) simultaneous measurements of micrometeorological
and chemical parameters were made in order to investigate
the exchange of energy and matter between a forest ecosystem and the atmosphere. The “Waldstein-Weidenbrunnen”
research site is located in the Fichtelgebirge mountains in
northeast Bavaria (50◦ 090 N, 11◦ 520 E, 775 m above sea
level), Germany, in a rural forested region. There are no
larger towns to the east within 70 km. The motorway (A9)
is about 9 km to the west, running form north to south.
The cities of Kulmbach (∼30 000 inhabitants) and Bayreuth
(73000 inhabitants) are situated 30 km west and south-west,
respectively. This site has been extensively studied by the
University of Bayreuth (Matzner, 2004, Gerstberger et al.
2004) and is a part of the FLUXNET (Baldocchi et al., 2001).
The site is covered by a Norway spruce (Picea abies (L.)
Karst.) forest with a canopy height of 23–25 m (Staudt and
Foken, 2007). An extensive description of the experiment
and the meteorological conditions can be found in the experiment documentation by Serafimovich et al. (2008). Furthermore, an extensive overview with a detailed description of
the aims of the EGER project and the instrumental setup during the IOPs is given in Foken et al. (2011). The measurements discussed in this paper were made at three different
sites in the forest stand. A thin 36 m high tower (“turbulence
tower”) located about 60 m southeast of the main tower (31 m
walk-up tower) was used for (undisturbed) turbulence measurements. The forest floor exchange site was located about
30 m northwest of the main tower.
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Simultaneous measurements of HONO were conducted at
a height of 24.5 m (just above canopy) on the main tower and
close to the forest floor in 0.5 m at the forest floor exchange
site from 13 to 25 September 2007. HONO was measured by
two LOPAP instruments (LOng Path Absorption Photometer,
QUMA Elektronik & Analytik, Wuppertal, Germany). The
LOPAP is based on a wet chemical technique, with fast sampling of HONO as nitrite in a stripping coil and subsequent
detection as an azo dye using long path absorption in 2.4 m
long Teflon AF tubing. A detailed description of the instrument has been given by Heland et al. (2001) and Kleffmann
et al. (2002). The instruments were placed outside in the
forest or directly on the tower in ventilated aluminum boxes
without temperature control. The temperature of the stripping coils was kept constant at 20 ◦ C by thermostats to assure
constant sampling conditions.
From 27 September to 3 October both LOPAPs were compared side-by-side near the forest floor at a height of 1 m.
The sampling inlets had a distance of about 50 cm and were
directed northwards to sample perpendicularly to the westerly flow. No T-piece was used as inlet to avoid artificial
HONO formation or adsorption on the inner walls of the tubing. Both instruments were supplied with the same reagents
via T-pieces.
Temperature and humidity profiles were measured at
the main tower using Frankenberger-type psychrometers
(Frankenberger, 1951). The relative humidity (RH) was calculated from the dry and wet bulb temperature of the psychrometers using the Magnus formula after Sonntag (1990)
for the saturation vapour pressure and the Sprung formula
for the actual vapour pressure (Foken, 2008). Psychrometers were mounted on the main tower at 0, 2, 5, 12, 21 and
32 m. Additionally, visibility was measured with a PWD11
(Vaisala,Vantaa, Finland) present weather detector mounted
on the main tower.
Aerosol number size distributions were measured on the
main tower at 28 m height using a Scanning Mobility Particle
Sizer (SMPS, Grimm, Ainring, Germany). Boundary layer
heights were derived from SODAR (SOund Detection And
Ranging, Metek Meteorologische Messtechnik, Elmshorn,
Germany) measurements at a nearby clearing.
Vertical profiles of nitrogen oxides (NO and NO2 ) were
measured on the main tower and on the forest floor exchange
site by red-filtered detection of the chemiluminescence produced by the reaction of NO with O3 (CLD 780 TR, ECO
Physics, Duernten, Switzerland). NO2 was photolytically
converted to NO by exposure of the sample air to a solidstate blue-light converter (Meteorologie Consult, Königstein,
Germany) and subsequently detected by the chemiluminescence analyzer. Sample air was drawn through 55 m of nontransparent and heated PFA tubing from each inlet height.
Inlet heights of the system were located at 0.05, 0.3, 1, 2, 5,
10, 16, and 24 m. The lower heights of up to 2 m were located
at the forest floor exchange site, while the upper heights were
mounted at the main tower, for details see Moravek (2008).
Atmos. Chem. Phys., 11, 841–855, 2011
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Fig. 1. Side-by-side measurements of the two LOPAP instruments from 27 September (noon) to 3 October 2007 (noon) at the “WaldsteinWeidenbrunnen” research site. Relative differences of the HONO signals (black dots) and visibility range (red squares, dashed lines, maximum range 2000 m). The insert shows the regression obtained during dry conditions (N = 247) from 29 September (14:00 CET) to 2 October
(10:00 CET) using standard major axis (SMA) regression. The upper panel shows the mixing ratios measured by the two LOPAP instruments.
Missing values are due to zero air measurements and calibration of the LOPAP instruments.

To detect the coupling regimes between the subcanopy,
canopy and layer above the canopy the eddy-covariance measurements were used. Six eddy-covariance systems consisting of sonic anemometers and fast response CO2 and H2 O
gas analyzers were installed at the turbulence tower in 2.25,
5.5, 13, 18, 23 and 36 m. The wavelet transform was used
to detect and extract ramp-like structures (coherent structures) from high frequency measurements of wind, sound
temperature, CO2 and H2 O concentrations (Thomas and Foken, 2005). These structures are responsible for the turbulent
coherent transport of the momentum and matter in forested
ecosystems. Analysis of a sensible heat transport by coherent
structures reveals the portions of the forest canopy coupled
by coherent exchange with the air above the canopy (Thomas
and Foken, 2007). The experimental setup and the analysis
of the coupling regimes during the EGER intensive observation periods are described in more detail by Serafimovich et
al. (2010).
The HONO photolysis frequency (j (HONO)) was calculated from the NO2 photolysis frequency measured by filter
radiometers (Meteorologie Consult, Königstein, Germany)
according to Kraus and Hofzumahaus (1998) and Trebs et
al. (2009). The radiometers were mounted on top of the main
tower at a height of 28 m, and at 2 m above the forest floor at
the forest floor exchange site.
For statistical computing the free statistics software “R”
was used (http://www.R-project.org).

Atmos. Chem. Phys., 11, 841–855, 2011
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Results and discussion

3.1 Comparison of the two LOPAP instruments
The LOPAP instruments from the University of Bayreuth
(UBAY) and the Max-Planck-Institute for Chemistry (MPIC)
were compared side-by-side at 1 m above the forest floor between 27 September and 3 October to evaluate the precision of the instruments. For this purpose the relative differences of the measured HONO mixing ratios were calculated by normalizing the difference of [HONO]UBAY minus
[HONO]MPIC by the arithmetic mean of these mixing ratios.
The temporal evolution of these relative mixing ratio differences is shown in Fig. 1 together with the visibility as an
indicator of foggy events. During rainy and foggy weather
conditions indicated by the reduced visibility, we observed
systematic deviations between the two LOPAP instruments.
Large relative differences of the HONO signals during periods with low visibilities are related to fog events. Bröske et
al. (2003) reported no measurable particle losses in the sampling glass coil for SOA (secondary organic aerosol) particles
with diameters from 50–800 nm but Kleffmann et al. (2006)
argued that large particles like fog droplets might be sampled by the coil. Thus, the sampling of fog droplets containing nitrite is a plausible explanation for deviations under wet
conditions. However, this should affect both instruments by
introducing more scatter and cannot explain the systematic
deviation. Another potential reason could be that the surfaces
www.atmos-chem-phys.net/11/841/2011/
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of the inlets (first centimetre of the coils before contact with
the sampling reagent) exhibited different wettabilites during
these periods. During the dry conditions (visibilities of more
than 2000 m, which is the maximum detectable by the instrument) between 29 September (14:00 CET) and 2 October (10:00 CET) HONO levels ranged from 35 ppt to 170 ppt
and the instruments agreed within 12% (2σ ), which is within
the range of the estimated instrumental error under the given
conditions (e.g., detection unit not air conditioned). Omitting the wet conditions before and after the dry period the
relative errors correspond to a Gaussian distribution centred
at zero. Thus, no systematic deviation of the instruments was
found during dry conditions. The insert on Fig. 1 shows the
correlation between the two instruments. Applying standard
major axis regression analysis (Sokal and Rohlf, 1995; Legendre and Legendre, 1998), which is suitable for two random
variables (e.g., Ayers, 2001) by reducing deviations perpendicularly to the regression line, yields an intercept of 2.3 ppt,
which is close to the detection limit of the instruments (3σ definition). The slope is 0.97 and the coefficient of determination r 2 = 0.98 for the dry weather period. Kleffmann
(2006) used a T-piece and PFA tubing in front of the sampling units to compare two LOPAP instruments in order to
avoid any influence from inhomogeneities in the sampled air.
The linear correlation of these two LOPAPs was very good
over a large mixing ratio range from about 200 ppt to 1.6 ppb,
with a slope of 0.993 and an intercept of 1.4 ppt. However,
since it is well known that any tubing in front of the sampling unit may cause artefacts due to wall reactions of NO2
we avoided this approach. Furthermore, there was no dependency of the relative error on the friction velocity (u∗ ) or
the horizontal wind speed, indicating no significant influence
from inhomogeneities in the sampled air. This is expected
because the sampling units were only about 50 cm apart.
At wind speeds as low as 0.5 m s−1 it took only 1 s to pass
both sampling units, whereas the response time of both instruments is about 7 min. Thus, small scale inhomogeneities
should contribute equally to both signals.
We conclude that the LOPAP instruments can be used to
reliably measure vertical HONO mixing ratio differences under dry conditions.
3.2
3.2.1

Factors controlling HONO mixing ratio levels
General observations in the time series

HONO is effectively scavenged by precipitation due to its
good water solubility with a Henry’s law constant of about
50 mol L−1 atm−1 (Sander, 1999). Precipitation was found
to structure the time series ranging from 13 of September
to 3 October on a time scale of about a week due to synoptic weather conditions (low and high pressure systems).
Although not precisely measurable (see Sect. 3.1) due to
large relative errors of both instruments during foggy conditions, HONO values were clearly lower at both heights
www.atmos-chem-phys.net/11/841/2011/
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during these wet periods. HONO/NOx ratios were below
2% at both heights because (due to lower Henry‘s law constants of NO (about 2×10−3 mol L−1 atm−1 ) and NO2 (1–
4×10−2 mol L−1 atm−1 ) (Sander, 1999)) NOx is not significantly influenced by precipitation scavenging or enhanced
deposition on wet surfaces. During the entire IOP, three
dry periods occurred between rain events. Dry periods were
characterized by steadily increasing nighttime HONO mixing ratios up to 500 ppt, while HONO mixing ratios dropped
during rain events to about 20 ppt. One of these dry periods (20–25 September) is shown in Figs. 2 and 3. Below
canopy measurements of HONO, NOx and HONO/NOx are
presented together with rain fall measurements in Fig. 2.
An overview graph for above canopy meteorological (wind
direction, friction velocity, temperature, relative humidity
and j (HONO)) and chemical (NO, NO2 , HONO and ozone)
measurements is given in Fig. 3. During the dry period winds
from south-west and south-east were dominating. Temperatures were increasing and daytime RH values were decreasing. The friction velocity (u∗ ), which is a measure for the
wind shear and thus wind generated turbulence, was calculated from eddy covariance measurements of horizontal and
vertical wind speed. During the dry period u∗ is lower (especially at night) than before and afterwards. Significant NO
values (at the above canopy level) were only measured during day. At the beginning of the dry period, HONO increased
continuously with a rate of about 2 ppt h−1 without a pronounced diel cycle, although the 20 September was a clearsky day with j (HONO) values of about 0.002 s−1 around
noon (see Fig. 3).
An increasing trend in both the time series of the HONO
mixing ratio and the HONO/NOx ratio is evident. To our
knowledge this type of accumulation behaviour was not reported so far, and it was not directly linked to an increase
of the precursor NO2 (Fig. 3). Although clarifying the reason for this is far beyond our applied measurement setup,
a mechanism that might explain these observations would be
the accumulation of (photo-) chemically formed or deposited
HONO at the surface and the subsequent release by increasing RH, according to a Langmuir-type surface mechanism
proposed by Trick (2004) due to enhanced adsorption of water molecules and subsequent release of HONO, as RH increases in the late afternoon. Additionally, HONO formation
due to photolysis of deposited HNO3 /nitrate as suggested by
Zhou et al. (2002a, b, 2003) might be an explanation, since
the precursor (“sticky” HNO3 ) is deposited efficiently to the
canopy (Wolff et al., 2010) and accumulates at the needle
surface (Zhou et al., 2002a).
3.2.2

S/Vground versus S/Vaerosol

The needle surface also constitutes the largest fraction of the
total ground surface. Therefore, we estimated the ground
surface from measurements of the projected plant surface
neglecting stem and understory contributions. The average
Atmos. Chem. Phys., 11, 841–855, 2011
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Fig. 2. Time series of HONO at 0.5 m above the forest floor (red line), NOx (grey dashed line) and HONO/NOx ratio (black dotted line)
from 18 (00:00 CET) to 26 (00:00 CET) September 2007 at the “Waldstein-Weidenbrunnen” research site. This dry period was delimited by
rain events marked with blue dots (half hourly values).

Fig. 3. The upper panel shows the wind direction above canopy (32 m) and the friction velocity (u∗ ) at the top of the canopy (21 m). In
the middle panel the trace gases (NO, NO2 , O3 and HONO) measured above the canopy (24.5 m) are presented. Time series of the HONO
photolysis frequency j (HONO) parameterized from the measured NO2 photolysis frequency at a height of 28 m (orange line and dots),
relative humidity and air temperature measured at the canopy top (21 m) from 18 (00:00 CET) to 26 (00:00 CET) September 2007 at the
“Waldstein-Weidenbrunnen” research site are presented in the lower panel.

PAI (Plant Area Index) of this forest stand is 5 m2 m−2
(Staudt et al., 2010). This projected area can be converted
to a surface area by multiplying with π for wooden parts
(assuming they are round), which contribute about 20% (5–
35% (Gower et al., 1999)) to the PAI and by a factor of

Atmos. Chem. Phys., 11, 841–855, 2011

2.65 derived by Oren et al. (1986) to convert the projected
LAI (∼ 80% of PAI) to the geometric needle surface. From
that simple scheme we derive a total geometric surface of
the crown of 13.7 m2 m−2 (10.6 m2 m−2 needle surface
and 3.6 m2 m−2 wooden surface). From SODAR (SOund

www.atmos-chem-phys.net/11/841/2011/
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Detection And Ranging) measurements we inferred an average NBL (Nocturnal Boundary Layer) height of 120 m by a
steep change in reflectivity of the sound signal. Using this
value as an upper limit for the volume (1 m2 as base area),
and for a lower limit ground surface the geometric needle
surface of the canopy, we get a S/Vground of 0.1 m−1 , which
is an order of magnitude higher than e.g. reported by Yu et
al. (2009). However, Yu et al. (2009) took only the inverse of
the mixed layer height as S/Vground , not accounting for any
roughness of the surface. Especially, during nighttime the
boundary layer height represents an upper limit for the volume, because mixing is very limited within the stable thermally stratified NBL (Stull, 1988). Vogel et al. (2003) used a
value of 0.1 m−1 to model heterogeneous HONO production
in the lowest box of their model but increased S/V ground
to 0.3 m−1 , which matched the observations better. This is
consistent with our observations that (S/Vground ) 0.1 m−1 reflects a lower limit. In contrast, the S/Vground values given by
Lammel and Cape (1996) were an order of magnitude higher,
e.g., considering vegetation surfaces with 0.6–1.4 m−1 (for a
mixed layer height of 100 m). Additionally, we calculated
the aerosol surface from the measured aerosol number size
distributions and we found that S/Vaerosol was typically less
than 1% of S/Vground . Due to the different reactivity and gas
diffusivity for ground and aerosol surfaces a direct comparison of S/Vground and S/Vaerosol is complicated. Since we
measured close to surfaces and these surface areas are about
two orders of magnitude larger than the respective aerosol
surface for the whole mixed layer, we expect the contribution of aerosol surfaces to HONO formation to be of minor
importance in our study. This is in line with measurements
from Kleffmann et al. (2003) who found that gradients of
HONO were not related to gradients in S/Vaerosol .
A decrease of the boundary layer height increases
S/Vground . Hence, with the same surface more HONO is concentrated in a smaller volume. However, at the same time
turbulence is suppressed during these stable conditions. This
reduces the exchange between the atmosphere and the surface.
3.2.3

Nighttime HONO conversion frequencies

HONO nighttime conversion frequencies FHONO,night from
the heterogeneous disproportionation of NO2 (cf. Reaction R1+R2) can be estimated for the dry periods. Su et
al. (2008) discussed the problem of different scaling methods for HONO production and suggested to use a combined scaling approach of different quantities emitted close
to the ground like black carbon (HONO/BC) or carbon
monoxide (HONO/CO), and the “classical” HONO/NO2 or
HONO/NOx . The scaling was (originally) introduced to reduce influences from boundary layer processes such as dilution or vertical mixing. However, local sources of the scaling quantities will affect the ratio (Su et al., 2008). As discussed above, humid surfaces or precipitation will also alter
www.atmos-chem-phys.net/11/841/2011/
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the HONO/NOx ratio due to different solubilities as well as
the advection of NOx from road traffic during the morning
hours at our site. Due to the lack of carbon monoxide (CO)
and black carbon (BC) measurements we use the NOx scaling approach, which was used in many other studies (e.g.
Sjödin, 1988; Alicke et al., 2002; Kleffmann et al., 2003;).
The approach of Alicke et al. (2002) for inferring conversion
frequencies, taking a linear increase of HONO during nighttime divided by the average NO2 mixing ratio in this time
interval is most commonly used.
FHONO,night =

[HONO](t2 ) − [HONO](t1 )
(t2 − t1 )[NO2 ]night

(1)

There is still no reliable way of inferring HONO conversion
frequencies using objective criteria. Yu et al. (2009) used a
fixed time interval from 18:00 local time (LT) to midnight
(LT) to determine HONO conversion frequencies. This approach leads to a very large scatter in our conversion frequencies. In addition, it yields mainly negative conversion
frequencies in the lower height, because HONO increases already before sunset, thus starting at higher levels, and peak
mixing ratios are reached before midnight. We also tried an
approach different from the “classical” one, not using the
maximum HONO mixing ratio as end point but the maximum HONO/NOx ratio that can be regarded as the maximum
amount of HONO produced by NOx .
1. Evaluating individual increases of HONO by the “classical” approach, excluding advection events and other
disturbances: This approach could be used for evaluating data from five nights of the whole IOP (13–
25 September) and yielded a value of FHONO,night ±
σ = (1.1 ± 0.65)% h−1 for the measurements above the
canopy and a value of (0.75±0.45)% h−1 close to the
ground. The lower value for the lower height may
be caused by choosing the starting point after sunset,
whereas the first pronounced increase in HONO mixing
ratios occurs already in the hours before sunset. Thus,
the starting mixing ratio level is already higher at the
lower height, whereas the increase at the upper height
normally occurs later and is therefore completely captured. However, the influence of photochemistry has to
be excluded for a proper comparison of heterogeneous
production, and therefore we cannot use the data before sunset. The values of FHONO,night at both heights
agree within their standard deviation (variation over five
nights) and are consistent with literature values between
0.4% h−1 and 1.8% h−1 recently summarized by Su et
al. (2008). The value for the upper height also compares
quite well with a value of 1.4±0.4% h−1 reported by Yu
et al. (2009), which was not included in the comparison
by Su et al. (2008).
2. Evaluating the period from sunset to the maximum
HONO/NOx ratio: Conversion frequencies inferred by
Atmos. Chem. Phys., 11, 841–855, 2011
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Fig. 4. Relationships of HONO and NOx for the measurement height close to the forest floor (0.5 m) for the period 13–25 September at the
“Waldstein-Weidenbrunnen” research site. The upper graphs (a, b) show a better correlation of HONO/NOx to HONO than to 1/NOx , i.e.
variations in HONO/NOx are more likely explained by variations in HONO mixing ratios than by NOx values.

this approach are identical to the “classical” ones for
the conditions during our campaign. The values and
the variation of HONO/NOx ratios were mainly correlated to HONO mixing ratios (see Fig. 4a, b). Therefore, the HONO/NOx maxima occurred simultaneously
with the maximum HONO mixing ratios (Fig. 2). Additionally, HONO mixing ratios were nearly independent of its precursor NO2 (see Fig. 4c). A direct correlation could not be expected since the HONO formation rate dHONO/dt should correlate with NO2 instead
of HONO mixing ratios, due to first order formation of
HONO from NO2 . Nevertheless, assuming similar heterogeneous conversion rates, higher NO2 values should
cause higher HONO values and Fig. 4c should reflect
this trend. The lack of this trend was attributed to the
fact that in contrast to studies in urban areas low NO2
mixing ratios were prevailing. About 90% of the NO2
values were below 5 ppb and 70% of the values ranged
between 1 and 4 ppb, indicating quite constant NO2 levels. The highest HONO and HONO/NOx values typically occurred before or around midnight (see Fig. 2)
at moderate (2–5 ppb) NO2 mixing ratios, whereas the
highest NOx values occurred in the morning hours (advection from road traffic). The weak correlation of
HONO to NOx does not necessarily mean that NO2 is
not a precursor for HONO. We simply do not see a correlation, which is similar to results from another rural
forest site (Zhou et al., 2002a). This indicates that other
processes like deposition or re-emission are also important.
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Nevertheless, conversion frequencies, as summarized
above, are within the range of values reported in literature.
Referring to the different conditions and methods used in
these experiments, this range is narrow and might provide
some guidance for modelling studies.
3.3

HONO mixing ratio differences and coupling
regimes

The investigation of the coupling regimes of the forest to the
air layer above the canopy, as well as the coupling inside the
forest is crucial to study the surface-atmosphere exchange
of trace gases. The shaded and more humid subcanopy featured different environmental conditions than the atmosphere
above the canopy, where the humidity was lower and photochemistry was more active. Vertical mixing processes link
these two environments. As an indicator for the effectiveness of vertical mixing, the detection of coherent structures
was used. Thomas and Foken (2007) state that the strong
vertical motion typically associated with coherent structures
enables them to penetrate deeply into the canopy forcing an
exchange of air between different regions of the canopy. The
residence time of air is therefore assumed to be controlled
by the arrival frequency of coherent structures and limits
the time available for physical, chemical and photochemical transformation of constituents within the canopy. Coherent structures are well organized in contrast to the randomlike distributed turbulence (Holmes et al., 1996). They cause
typical ramp like structures in time series of e.g. CO2 and
H2 O and can thus be separated from random-like turbulence,
e.g. with a wavelet tool (Thomas and Foken, 2005). A more
www.atmos-chem-phys.net/11/841/2011/
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Fig. 5. Box-and-whisker plot for coupling regimes (red open
bars) and HONO mixing ratio differences (grey filled bars) for
the five-day dry period 20–25 September 2007 at the “WaldsteinWeidenbrunnen” research site. Wa (Wave motion ∼ no turbulent
exchange), Dc (decoupled canopy ∼ whole canopy decoupled from
the air layer above), Ds (decoupled subcanopy ∼ only subcanopy
decoupled), Cs (coupled by sweeps ∼ canopy and subcanopy coupled by sweep motion) and C (fully coupled canopy). The upper panel shows the specific humidity difference between 21 m and
the forest floor for comparison. The upper end of the boxes represents the 75th percentile, the lower end the 25th percentile and
the line within the boxes the median. Whiskers denote the 10th
(lower whisker) and 90th (upper whisker) percentiles. Outliers are
marked as points (HONO difference) or squares (coupling regimes).
If only whiskers appear, there are no other values between the values marked by the whiskers. For the boxes at 10:00 and 14:00 the
median falls in line with the lower end of the boxes (Ds).

detailed analysis of sensible heat exchange provides information about the portion of the canopy controlled by coherent
exchange (exchange regimes). Thomas and Foken (2007) defined five different coupling regimes:
Wave motion (Wa). The flow above the canopy is dominated by linear wave motion rather than by turbulence, and
therefore decoupled from the subcanopy and the canopy.
Decoupled canopy (Dc). The air above the canopy is decoupled from the canopy, because there is no transfer of energy and matter into and out of the canopy by coherent structures.
Decoupled subcanopy (Ds). The layer above the canopy is
coupled to the canopy, but decoupled from the subcanopy.
Coupled sub canopy by sweeps (Cs). The coherent exchange between the canopy air and the subcanopy is forced
by strong sweep motion of coherent structures only.
Fully coupled canopy (C). The layer above the canopy, the
canopy and the sub canopy are in a fully coupled state.
The detailed analysis of the coherent exchange and the
coupling regimes for this particular experiment is given in
Serafimovich et al. (2010).

www.atmos-chem-phys.net/11/841/2011/
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Fig. 6. HONO mixing ratio differences (grey bars, 10 min averages) and lifetime ratios (below to above canopy) (red bars, 30 min
averages) for the five-day dry period 20–25 September 2007 at the
“Waldstein-Weidenbrunnen” research site. The upper end of the
boxes represents the 75th percentile, the lower end the 25th percentile and the line within the boxes the median.

The diel cycle of HONO mixing ratio differences (above
canopy minus below canopy) shown in Figs. 5 and 6 can be
subdivided into four typical periods:
1. Early night (17:30–21:00 CET): There was no photolytic sink (sunset at 17:30 CET), but also no turbulent
exchange (Wa). These were from a micrometeorological perspective the most stable conditions during the
day, with a complete decoupling of the forest from the
layer above the canopy (Wa, Dc). Due to the increasing nighttime values in the dry period, absolute HONO
differences increased as well and induced a higher variability at nighttime (Fig. 5). Mixing ratio differences
of up to minus 170 ppt were measured. The higher
HONO mixing ratios close to the forest floor in the early
night can be explained by formation of HONO at the
ground surface and accumulation in the trunk space,
since the exchange with the layer above the canopy
was very limited due to the decoupling of the forest.
Above the canopy, mixing ratios increased at a lower
rate or were fairly constant during this period, resulting in negative mixing ratio differences. The increasing differences could be observed similarly in the specific humidity (Fig. 5), which was not affected by photolysis or chemical reactions. The sign of the HONO
mixing ratio differences changed during the early night
at about 21:00 CET, when mixing ratios above canopy
rose quickly and exceeded the values measured near the
ground. This effect was more pronounced at the end of
the dry period, when nighttime maximum values were
much higher than during the first two days after the rain
event.
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Fig. 7. Simultaneous HONO time series at 0.5 m (lower graph, circles and lines) and 24.5 m (upper graph, circles and lines), overlaid with
a contour plot of the vertical profile of measured RH (colour-coded 50–92%) for 23 September 2007 at the “Waldstein-Weidenbrunnen”
research site. Missing values in the HONO measurements are due to zero air measurements. Sunrise and sunset (inferred from j (NO2 ) as
a proxy for j (HONO) and global radiation measurements) are marked as vertical (orange) lines. The upper panel shows the mixing ratio
differences between 24.5 m and 0.5 m (1HONO) and the coupling regimes in the forest.

2. Late night to early morning (21:00–06:30 CET): Increasing mixing ratios above the canopy, exceeding the
values below the canopy caused positive mixing ratio
differences (max. ∼240 ppt). The main contribution to
the large positive differences originates from the last
two days (of the dry period) when mixing ratios where
highest. On the 23rd this increase can be attributed to an
air mass change (see Sect. 3.4). On the 24th wind direction changes but other than on the 23rd other trace gases
exhibit no significant change. In addition to these two
extreme values, HONO and HONO/NOx are predominantly higher above the canopy all the time from 21:00
to sunrise. We see a relation to RH but can only speculate about the reasons, which might be e.g., a mechanism similar to that proposed by Trick (2004). On the
other hand, at nighttime the HONO lifetime is only limited by deposition and thus quite long. Thus, advection
may also be a possible explanation. To distinguish between advection and local emission more measurements
and an adequate modelling approach would be required.
3. Early morning to noon (06:30–13:00 CET): HONO
mixing ratios decreased at both heights due to photolysis. The mixing ratio differences were close to
zero (within the uncertainty of both instruments, see
Sect. 3.1), although photolytic lifetimes differed by a
factor of 10–25 (median values) between both heights
Atmos. Chem. Phys., 11, 841–855, 2011

(Fig. 6). Around noon of clear-sky days, lifetimes were
about 10 min above and 100–250 min below the canopy.
If no exchange between both heights had occurred, a
steep mixing ratio gradient should be observed. However, coupling of all forest compartments to the layer
above the canopy was achieved during this period, as indicated by the dominance of C and Cs coupling regimes
with Ds intermissions (Fig. 5). Hence, effective mixing has offset the differences in HONO lifetimes due to
photolysis (Fig. 6).
4. Afternoon (13:00–17:30 CET): When decoupling of the
subcanopy (Ds) became the predominant regime in the
early afternoon (13:00 CET) and HONO lifetime ratios
increased to a factor of 25–40 (median values), we always measured negative mixing ratio differences with
a surprisingly low variation over the entire dry period
(Figs. 5 and 6).
The HONO/NOx vertical differences (not shown) have a
similar diel cycle (see Figs. 5 and 6), as variations were
mainly caused by the HONO mixing ratios (see Sect. 3.2).
Differences were in the range of −6% (evening) to + 5%
(at night) and around zero from early morning to noon (very
similar to HONO itself). Therefore, changes in the HONO
mixing ratio differences can be attributed to changes in
source or sink processes leading to higher (or lower) values
in relation to NOx values. Under conditions with virtually
www.atmos-chem-phys.net/11/841/2011/

M. Sörgel et al.: Influence of turbulent exchange on mixing ratio differences
no turbulent exchange of the forest with the layer above
canopy (Dc and Wa regimes), which occurred in the late afternoon/early night, we found systematically higher values
below canopy. This is an indication that HONO was formed
and/or released at the ground.
The diel cycle of the mixing ratio differences can be explained by differences in source and sink processes throughout the canopy, whereas the magnitude of these mixing ratio
differences is determined by the exchange conditions as derived from the coherent structures.
3.4

Case study: 23 September

In order to exemplify the interplay of different HONO source
and sink processes, Fig. 7 shows a contour plot of RH and the
HONO mixing ratios measured at 0.5 and 24.5 m above the
ground on 23 September.
From midnight to 06:30 CET, HONO mixing ratios
were typically higher above the canopy than below. The
HONO/NOx ratios were between 6 and 10% at both heights.
We found a positive correlation (r 2 = 0.78) with RH at
24.5 m but no correlation at the lower height (r 2 = 0.07) during the same time period. This might be attributed to higher
RHs up to 90% at the ground, representing a transition to a
completely wetted vegetation surface (i.e. formation of epicuticular water films) above 90% RH (Burkhardt and Eiden,
1994; Klemm et al., 1998; Lammel, 1999) thus leading to
HONO uptake.
During the first two hours after sunrise (06:30–
08:30 CET), HONO mixing ratios decreased continuously
with a rate of 60 ppt h−1 above the canopy and with
40 ppt h−1 close to the forest floor. If only photolysis was
active, the calculated loss rate (i.e., j (HONO)×[HONO])
above the canopy would be faster (76 ppt h−1 ) than observed.
Below the canopy, the calculated loss rate would be much
slower (5.5 ppt h−1 ) due to shading. This discrepancy can be
explained by vertical mixing. Downward mixing of HONOdepleted air from aloft resulted in a much faster loss rate below the canopy than calculated from photolysis alone. The
overall HONO loss is expected to be faster than the photolytic loss alone since the mixed layer growth in the morning contributes to a decrease of near surface HONO that was
trapped in the thermodynamically stable NBL.
From 08:30 CET until noontime, slightly decreasing
HONO mixing ratios (10–15 ppt h−1 most likely due to photolysis and mixing) were accompanied by a fast decrease of
RH by 6% h−1 due to surface heating, causing rising surface
temperatures. Therefore both measured variables were well
correlated, but the correlation was mainly driven by radiation. Even though HONO lifetimes above and below canopy
differ by a factor of 10 to 25 (median values) in the morning
(Fig. 6), the difference in HONO mixing ratios is less than
5 ppt (Fig. 7 upper panel) from 10:00 to 12:00 CET, which is
within the uncertainty of both instruments. This can be exwww.atmos-chem-phys.net/11/841/2011/
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plained by vertical exchange, taking place within the HONO
lifetime above canopy.
Just after noontime, we observed a pronounced increase
of HONO mixing ratios and of HONO/NOx ratios at both
heights, with a simultaneous increase of RH by 10%. These
patterns were most likely caused by passing clouds, increasing the HONO lifetime by a factor of three (from 9 min to
26 min above canopy, see Fig. 3), but were also related to a
change in wind direction.
After the noontime peak, HONO mixing ratios decreased
again at both heights but with a lower rate below canopy
due to the 10 times lower photolysis frequencies. Further
increases of lifetime ratios in the afternoon from 25 to 40
may have contributed to the increasing differences. While
these differences were counter-balanced by effective vertical mixing, as indicated by a predominantly full coupling of
the forest to the air layer above the canopy (C, Cs) in the
morning hours, in the afternoon the HONO mixing ratio differences were maintained due to a lack of effective vertical
mixing in the decoupled subcanopy (Ds) regime. Thus, only
during periods when the subcanopy or even the whole forest
are decoupled from the layer above the canopy, the different
loss and production processes acting close to the forest floor
and in the upper canopy become obvious. We propose a combination of lifetime differences due to shading of the canopy
and the intensity of vertical mixing to explain the observed
mixing ratio differences during daytime.
About two hours before sunset, HONO mixing ratios
started to increase at both measurement heights. Above
canopy, an increase rate of 40 ppt h−1 led to a slightly higher
level of HONO mixing ratios of 70±16 ppt, whereas close to
the forest floor, an increase rate of about 90 ppt h−1 resulted
in a higher and nearly constant level of about 200±20 ppt.
The steep increase in HONO mixing ratios at the ground coincided with an obvious RH increase below canopy, which is
not as pronounced as above canopy.
After sunset, photolysis no longer affects the atmospheric
lifetime of HONO. Thus, the occurrence of different HONO
mixing ratios and at the same time different HONO/NOx ratios (about 5% higher below canopy) at the two measuring
heights provide evidence for different HONO-source processes throughout the canopy. The slight increase above the
canopy and the strong increase below canopy in the absence
of solar radiation and turbulent exchange with the air layer
above canopy (Wa) give a strong indication that HONO was
formed and released at the ground. We found a good correlation (r 2 = 0.74) of HONO and RH for the whole period
from 16:00 to 20:30 CET close to the forest floor due to accumulation of HONO and humidity below the canopy after
decoupling of the forest. Above the canopy the correlation
coefficient is very weak (r 2 = 0.3).
Between 20:30 and 21:00 CET a steep increase of HONO
mixing ratios was observed. This event is considered to be
dominated by an air mass change and not by local HONO
production or release, although there are no clear signals in
Atmos. Chem. Phys., 11, 841–855, 2011
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wind speed or direction. But almost all quantities (except
NO) changed substantially (see Fig. 3). For example, ozone
mixing ratios dropped by about 20 ppb (at 24.5 m), RH increased by 16% from 20:30 to 22:00 CET and NOx increased
from about 2 ppb to 4.5 ppb, which could not be explained by
local chemistry alone. Maximum HONO mixing ratios were
reached at 21:30 CET with 480 ppt above and 340 ppt below
the canopy. This resulted in HONO/NOx ratios of up to 18%
above the canopy.
After 21:00 CET, the HONO mixing ratios decreased
again at both heights while RH continued to increase. Thus,
a negative RH dependence was observed with coefficients
of determination of 0.9 at 24.5 m height (RH = 78–85%) and
0.94 at 0.5 m height (RH = 88–93%). The slopes are nearly
identical but the humidity range is very different. Therefore,
it is speculative at best to draw any conclusions about the
underlying physical or chemical processes. Although we often found a good correlation of HONO and RH, we could
not infer a simple relationship between RH and HONO mixing ratios. One reason for this is that both quantities exhibited a diel cycle that was affected by different (independent)
environmental factors, e.g. radiation. HONO was formed
near the ground and accumulated during nighttime, whereas
RH increased due to cooling of the surface and evaporation
still occurring in the afternoon and subsequent accumulation. During daytime HONO was photolyzed, whereas RH
decreased due to surface heating although evaporation is enhanced. HONO and RH both decreased during daytime due
to dilution by mixing with dryer and HONO depleted air
from aloft. The only obvious relation are declining HONO
mixing ratios at RHs above 95% as already observed by Yu
et al. (2009).

ing periods when they were not overcome by turbulent mixing. For example, rising mixing ratios close to the forest floor
in the late afternoon and early night, when the forest canopy
was decoupled from the air layer above, provided a clear indication of HONO formation at the ground surface. Higher
mixing ratios above the forest canopy in the late night until the morning were in some cases due to advection above
the forest, which did only partly penetrate the canopy. In the
morning, vertical exchange was most efficient and thus differences in HONO mixing ratios varied around zero despite
large differences of photolysis frequencies (factor of 10–25)
below and above the canopy.
Moreover, we observed a build-up of HONO during dry
periods that was not related to a build-up of its precursor
NO2 . We could not infer a simple relationship between RH
and HONO mixing ratios. This study particularly demonstrated the strong effect of turbulent vertical transport and
the influence of humidity conditions on HONO mixing ratios
within and above the forest canopy. Nevertheless, in order
to further untangle and quantify all different HONO sources
and sinks, additional measurements both in the laboratory
and in the field are required.
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Conclusions

For the first time, we have measured HONO mixing ratios simultaneously at two heights within and above a forest
canopy using interference-corrected wet chemical analyzers
(two LOPAP instruments). The instruments agreed within
12% (2σ ) during side-by-side measurements under fair and
relatively dry weather periods, allowing for a detailed interpretation of the measured mixing ratio differences. The measured HONO mixing ratios were influenced by a combination of several processes, such as (a) available surface area
for heterogeneous formation, (b) co-deposition of species related to HONO formation, (c) HONO desorption from the
surface and interaction with RH and (d) turbulent exchange
of air masses between the forest and the atmosphere above
(coupling).
The combination of micrometeorological and chemical
measurements allowed us to explain the diel variations of the
HONO mixing ratio differences measured below and above a
spruce forest canopy. Differences of source or sink processes
between above and below canopy became obvious only durAtmos. Chem. Phys., 11, 841–855, 2011
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