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Abstract. A new, two-channel instrument for simultaneous
NO3 and N>Os monitoring was used to make the first com-
prehensive set of nocturnal NOy measurements (NO, NO»,
NOj3 and N, Os) at the Taunus Observatory, a rural mountain
site (Kleiner Feldberg) in South-western Germany. In May
2008, NO3 and N>Os5 mixing ratios were well above the in-
strumental detection limit (a few ppt) on all nights of the
campaign and were characterised by large variability. The
concentrations of NO3, N»Os and NO, were consistent with
the equilibrium constant, K5, defining the rates of formation
and thermal dissociation of N>Os. A steady-state lifetime
analysis is consistent with the loss of nocturnal NOy being
dominated by the reaction of NO3 with volatile organic com-
pounds in this forested region, with N,Os uptake to aerosols
of secondary importance. Analysis of a limited dataset ob-
tained at high relative humidity indicated that the loss of
N> Os by reaction with water vapour is less efficient (>factor
3) than derived using laboratory kinetic data. The fraction
of NOy present as NO3z and N»Os reached ~20% on some
nights, with night-time losses of NOx competing with day-
time losses.

1 Introduction

Daytime oxidation processes (e.g. of volatile organic trace
gases, VOC) are dominated by the photochemically gener-
ated hydroxyl radical (OH), which is present at much re-
duced levels during the night. At night-time, the nitrate rad-
ical, NOs, is considered the major initiator of oxidation of
certain classes of gas-phase organic compounds such as bio-
genic terpenes and dimethyl sulphide (Wayne et al., 1991).
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NO3 is formed predominantly in the reaction of NO, with
ozone (Reaction R1) and is converted to N»Os via further
reaction with NO; (Reaction R2a). Due to the thermal de-
composition of NpOs to NO; and NO3 (Reaction R2b), the
relative concentrations of NO3z and N, Os are closely linked
(Brown et al., 2003a) and are a strong function of tempera-
ture and [NO3].

NO; +03 — NO3+ 0 (R1)
NO; +NO3;+M — N,Os5 +M (R2a)
N>Os5+M — NO» +NO3 +M (R2b)

As a consequence of its rapid photolysis and reaction with
NO (Reaction R4), the NOs3 radical is absent or at signif-
icantly reduced concentration during the day and the rapid
equilibrium (Reactions R2a, R2b) ensures very low concen-
trations of N»Os also. Apart from regions impacted by strong
anthropogenic NO emissions or very close to the surface
where soil emissions of NO are important, NO is rapidly con-
verted to NO, via Reaction (R3) at night enabling a build up
of NO3 and N,Os. In rural areas NO,, NO3 and N;Os are
thus the only nocturnal nitrogen oxides apart from long lived,
reservoir species such as HNO3 or PAN.

NO+03 — NO;+0, (R3)
NO3 +NO — 2NO, (R4)

The lifetime of NO3 is then controlled mainly by its reactions
with certain VOCs, whereas N>Os (an acid anhydride) is lost
mainly by heterogeneous hydrolysis on aerosol surfaces to
result in aqueous phase nitrate formation:

NO3 4+ VOC — products (R5)

N,Os5 + aerosol — nitrate (R6)
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Close to ground level, dry deposition could also be important
for both NO3 and N;Os.

The sequential oxidation of NO to NO; to NO3 to N>Os
and finally to particulate nitrate thus represents a change
in the partitioning of nitrogen oxides between the NOy
(NO+NO») and NO, families, where NO, is the sum of all
nitrogen oxides (NOy) minus NOx. Note that N>Os con-
tributes twice to NOy as it contains two N-atoms. The het-
erogeneous loss of N2Os or NO3 also modifies the partition-
ing of NOy between the gas and particulate phases. Both
the modification of the NOx/NOy ratio and the oxidation of
VOCs by NO3 impact daytime photochemical rates.

Given sufficient time, a stationary state is reached for NO3
at night in which its production (the rate of which is given
by k1[NO;,][O3]) is approximately balanced by the sum of
direct losses and indirect loss via conversion to N>Os and
subsequent heterogeneous removal. The turnover lifetime of
NO3 in steady state, T3 (NO3), which is defined as the in-
verse of the sum of the direct and indirect loss frequencies
(tss (NO3)=1/(fair(NO3) + finair(NO3)), is given by:

7 (NOg)=— 3] 0

‘ k1[NO2]-[0O3]

In the absence of both light and NO the direct losses of NO3
are dominated by reactions with organic trace gases (Reac-
tion R5) so that, to a good approximation, f4;:(NO3) = X (k;
[VOC];) where k; is the rate coefficient for reaction of NO3
with a specific VOC of concentration [VOC]. The rate of in-
direct loss of NO3 via its conversion to N»Os depends on the
equilibrium constant (K») that defines the relative concentra-
tion of NO3 and N, Ojs for any given temperature and amount
of NO,.

L= [N2Os] _ ko
[NO2]-[NO3] k2

The frequency of indirect loss of NOj is thus given by
Sindir(NO3) = K2[NO2]( fhet + fhomo)- Where fhet is the loss
frequency for N»Os due to irreversible, heterogeneous up-
take to aerosol surfaces and fromo is the loss frequency of
N>Os due to gas-phase reaction with water vapour. Combin-
ing the definitions of f4;;(NO3) and fingir(NO3) with Eq. (1)
and ignoring loss of NO3 or N>O5 by dry deposition, we de-
rive (Geyer et al., 2001; Aldener et al., 2006):

1

Sfair(NO3) + findir (NO3)
1

~ Sfair(NO3) 4 K2 [NO2 ( fhet + fhomo)

For aerosol particles of diameter less than ~1 micron, fe; is
given by:

(@)

755 (NO3) ~

3

y-¢-A
4

“

fhet ~

where A is the aerosol surface area density (cm2 cm_3), c
is the mean molecular velocity of N2Os (23 500 cm sl at
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280K) and y is the dimensionless uptake coefficient. The
available kinetic data (Atkinson, 2004) indicates a gas-phase
reaction between N,Os and H,O which contains terms both
linear and quadratic in H,O concentration:

N>0s5+H,0 — 2HNO3 (R7a)

N,0s +2H,0 — 2HNO; + H,0 (R7b)

with k7,=2.5x 10722 ¢m?3 molecule™! s~! and k7v
=1.8x1073° [H,0]cm’ molecule™'s™!.  As [H,0]>
[N2Os], pseudo first-order kinetics are applicable so that

fromo = k7a[H20]+ k7 [H,0]? Q)

with the H,O concentration in units of molecule cm™3. Re-
cent field measurements (Brown et al., 2006, 2009) have cast
doubt on the accuracy of the laboratory studies, suggesting
that the reaction proceeds significantly slower (see later).

The relative importance of direct and indirect loss mecha-
nisms for NO3 depends on several factors including the con-
centrations of NO, and VOC:s, the available surface area (A)
and the temperature, which strongly influences K5, emission
rates of biogenic VOCs (Geyer and Platt, 2002) and avail-
able HyO-vapour. For this reason, the direct and indirect
loss mechanisms can show large regional and seasonal de-
pendencies, with NO3 lifetimes close to the surface varying
from minutes in areas impacted by anthropogenic or biogenic
emissions to hours in remote regions (Heintz et al., 1996; Al-
lan et al., 2000).

In this paper we describe the first deployment of a new,
two-channel optical cavity based instrument for detection of
NOj3 and N;Os, and also the first measurements of NO3 or
N>Os at the Taunus Observatory, a rural mountain site in
South-western Germany. Ancillary measurements of NO,
NO,, O3 and aerosol surface area enabled us to calculate
NO3 and N;Os lifetimes and assess some aspects of noctur-
nal chemistry at this site.

2 Experimental
2.1 Site description

The measurements were made at the Taunus Observatory, lo-
cated at 50°13/25” N, 8°26'56” E and 825 m above sea level
at the summit of the “Kleiner Feldberg” a mountain in the
Taunus range in South-western Germany (Fig. 1). The area
directly around the observatory is mainly coniferous forest
(predominantly spruce). The hill top itself (50 m in radius)
has been cleared of trees for meteorological measurements
several times, the last time about half a century ago and only
a couple of willows and some birch trees remain between
the cleared area and the spruce trees. The direct vicinity of
the measurement containers is covered by shrubs and blue-
berry plants. Because of its elevation the station is known
for its quite remote character for central Germany with a
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Fig. 1. Upper: Topographic map indicating the location of the Taunus Observatory at the summit of the Kleiner Feldberg (from PhD thesis
of G. M. Handisides). Lower: Relation of site to local cites indicating predominant wind directions during the campaign.

few main roads and some small towns within 5 km. The ob-
servatory is impacted by pollution from the heavily popu-
lated Rhein-Main area (pop. ~2 million) including a dense
motorway system and large cities such as Frankfurt (pop.
~700000, 30km SE), Wiesbaden (pop. ~300000, 20 km
SW) and Mainz (pop. ~200 000, 25 km SSW). The area 50—
100 km north of Kleiner Feldberg is lightly populated and
devoid of major industry. Wind flow patterns are influenced
by the presence of two similar sized mountains: Altkonig
(798 m) and GroBer Feldberg (878 m) in the direct vicinity
(2.7km and 1.3 km distant, respectively). Previous measure-
ments have shown that highest CO levels at the Taunus Ob-
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servatory were associated with Easterly winds containing air
from the Frankfurt region which have been channelled be-
tween the GroBer Feldberg and Altkdnig mountains (Wetter,
1998) with highest levels of O3 arriving with wind from the
east to southeast during warm, sunny periods (Handisides,
2001). As well as the Taunus Observatory, the meteorolog-
ical garden of the German weather service (DWD) and the
measurement container of the State of Hessen environmental
agency (HLUG) are also located at the summit of the Kleiner
Feldberg.

Atmos. Chem. Phys., 10, 2795-2812, 2010



2798 J. N. Crowley et al.: Nocturnal nitrogen oxides at a rural mountain-site

1/4 inch PFA tubing to CLD

20 m® / min

Fig. 2. Two-channel NO3/N;Os instrument. The sample inlet was
a 1.4 m long Teflon coated glass tube (ID 104 mm). Gas was sam-
pled from the centre of the tube to the NO3/N,>O5 and NO/NO»/O3
instruments and exits close to the cavity mirrors as described in de-
tail by Schuster et al. (2009). The NOj3 cavity was made of PFA
tubing and fittings (thermal insulation not shown), the Ny O5+NO3
cavity was made of Teflon (FEP) coated glass (heating elements
and insulation not shown). NO=NO addition point for NO3 titra-
tion. F=PFA filter folder with 2 um PTFE filter. Ol=optical isola-
tor. BS=beam splitter (70% for NO3 cavity, 30% for NO3+N,Os5
channel). PMT=housing with photomultiplier and interference fil-
ter. M=Aluminium coated mirror. LD=Laser diode in temperature
controlled housing. CLD=chemiluminescence instrument for NO,
NO; and O3.

2.2 Instrumentation

The instruments were located in the upper container of a two-
container tower, with the inlet ~4.5 m above the ground. In
order to avoid trace gas losses (especially of NO3) the in-
let was constructed from a 1.4 m long, glass tube of internal
diameter 10.4cm, which was internally coated with a thin
film of Teflon (FEP 100a). An industrial fan attached to the
exit of the glass tube maintained a flow (at circa 700 Torr) of
~20m> min~! through the tube, resulting in residence times
of ~0.1s to the sampling line. 18Lmin~! air was sam-
pled (at 90° to the main flow) from the centre of the large
diameter tube via a short piece of 1/4” PFA-Teflon tubing
(~15cm) and a 2 um pore Teflon filter to the NO3/N,Os5 in-
strument. An ~4m length of !/4” PFA-Teflon tubing, sam-
pling at ~3 L/min from the centre of the inlet, transferred air
to the NO/NO,/O3 detector (see below). Physical character-
isation of the aerosol size distribution and aerosol number
concentration was performed via inlets from the same con-
tainer used for NO3 and N>Os5 measurements. Smaller par-
ticles were sampled through a 1 m long Tygon tube, which
was mounted horizontally straight out of the container win-
dow in order to keep sampling losses as small as possible.
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Larger particles were sampled via a vertical glass tube ex-
tending above the roof of the upper container. This inlet was
covered by a cap to prevent rain from entering.

2.2.1 NOj3 and N;O5 measurements

NO3 and N;Os mixing ratios were measured using a two-
channel, off axis cavity-ring-down system (OA-CRD). A sin-
gle channel prototype of this device was described recently
(Schuster et al., 2009) and took part in a major NO3/N>Os5
inter-comparison at an environmental chamber in 2007 (Apo-
daca et al., 2009; Dorn et al., 2010). The major modification
of the device for the present campaign was the introduction
of a second cavity to enable simultaneous measurement of
NO3 and N,Os. This is the first implementation of the two-
channel device in the field and it is therefore described in
some detail.

The instrument and inlet configuration is shown in Fig. 2.
The NO3 cavity (PFA tubing, resonator length 70 cm, volume
79 cm?) was operated close to ambient temperature, whereas
the summed concentration of NO3+N;Os was measured in
a Teflon coated Pyrex cavity (resonator length 70 cm, vol-
ume 165cm?) heated to 80°C. The heated cavity was lo-
cated behind a ~20cm section of Teflon coated glass tub-
ing heated to 85 °C to quantitatively convert N2Os to NOs3.
Laboratory tests showed that, at the given flow rate and resi-
dence time in the converter, this temperature was sufficient to
quantitatively dissociate N»Os. Note that the cavity tempera-
ture was cooler than in our prototype device, (Schuster et al.,
2009) which was operated at 95 °C. The flow rates through
the cavities were 10 L(std) min~! (NO3) and 8 L(std) min~!
(N205+NO3), resulting in residence times of ~0.4s and
0.8 s, respectively.

The light source used was a ~100 mW laser diode oper-
ated at 662 nm, close to the peak of the NO3 absorption spec-
trum. The laser current was modulated to broaden the laser-
spectral bandwidth and improve the signal/noise ratio of the
cavity emission, without loss of overlap with the broad NO3
spectrum (Schuster et al., 2009). Light exiting the cavity was
filtered by a 662 nm interference filter prior to detection by
a PMT. The pre-amplified PMT signal was digitised and av-
eraged with a 10 MHz, 12 bit USB scope (Picoscope 3424)
which was triggered at the laser modulation frequency of
100Hz. Typically 256 ring-down events were recorded to
result in a time resolution of ~3 s. The cavity loss due to ab-
sorption at 662 nm was calculated from the change in ring-
down constant in the presence of an absorber and converted
to a concentration of NO3 using the effective cross section
of NOj3 at the experimental temperature and the established
relation (Berden et al., 2000; Mazurenka et al., 2005)

Ak L
GN()3Cd

[NO3] = (6)

where [NOs] is the concentration of NO3 (molecule cm_3),
ke is the ring-down constant (a first-order rate coefficient
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with units of s™1), Akyq is the difference in the ring-down
decay constant with and without NO3, L is the distance be-
tween the cavity mirrors (70 cm), d is the length of the cav-
ity which is filled with absorber, ono3 is the effective ab-
sorption cross section of NO3 and c is the speed of light
~2.998x10'%cms~!). Temperature dependent values of
oNo3 have been determined by Yokelson et al. (1994) and
Osthoff et al. (2007). The parameterisations of Orphal et
al. (2003) and Osthoff et al. (2007) both give a value of
1.77%107'7 cm? molecule ™! at the peak of the 662 nm band
at 80 °C. This value was convoluted with the laser emission
profile to obtain effective cross sections as described previ-
ously (Schuster et al., 2009).

The ring-down constant in the absence of NO3 was derived
by adding ~10'% molecule cm™3 of NO (8 sccm of a 100 ppm
mixture of NO in Ny) to the air above the filter every 100s
for a period of ~20s (duty cycle of 80%). Slight drifts in
the ring-down constant over the course of an hour were then
removed from the dataset by fitting a polynomial to the ~36
titration points obtained in the presence of NO. Typically, for
the NO3 channel the standard deviation in the fit was ~1 ppt,
whereas for the sum channel it was ~2.5 ppt.

By variation of the mirror purge gas flow whilst monitor-
ing the ring-down signal due to a constant flow of NO, into
the cavity (NO; also absorbs at 662 nm), we were able to cal-
culate a value of L/d of 1.01£0.03. Note that the ring-down
time constant, t, is equal to 1/k;4 and for a cavity free of
absorbing species was typically close to 80 us, indicating an
effective optical path length of ~25 km.

Loss of NOj to the filter was determined in the labora-
tory as described previously (Schuster et al., 2009) by flow-
ing NOs3 or N>Ojs (generated in the reaction of NO, with O3)
into the cavities with and without a filter in place. Repeated
tests resulted in a clean filter transmission of 90+3% for NO3
and 984+2% for N,Os. During the campaign, the filter was
usually changed at 1h intervals to prevent significant build
up of a reactive surface. We show later that leaving the fil-
ter for two hours did on one occasion result in loss of NOj3
transmission (but not N»Os).

The data also required correction for loss of NO3 during
transport through the cavities. This was achieved by carrying
out pre- and post-campaign experiments in the laboratory in
which a 11 SLM flow of air containing stable concentrations
of NpO5 and NO3 was passed through both cavities. By vary-
ing the relative flow rate through each cavity whilst main-
taining the total flow and thus NO3/N;Os concentration, the
residence time of gas in each cavity was varied. As described
previously (Schuster et al., 2009) an exponential dependence
of the NO3 signal on residence time was observed, allowing
loss terms of 0.25+0.05s~! (cold cavity) and 0.11£0.05s~!
(hot cavity) to be derived. Based on known cavity residence
times when sampling from the atmosphere, the corrections to
the field data for cavity losses were calculated as 11+£2% for
both channels.

www.atmos-chem-phys.net/10/2795/2010/

Other corrections that can be applied to the data result
from chemistry within the cavities. The addition of NO to
titrate NO3 whilst measuring the ring-down constant in the
absence of NOs (chemical zero) disturbs the equilibrium be-
tween NO3 and N,Os, and leads to N;Os dissociation to
NOs3. The magnitude of this effect (essentially an error in
the determination of the chemical zero) can be estimated in
a steady state analysis from the amount of N,Os, the cavity
temperature and the NO added as:

k—2[N>Os]

[NO3]extra - k4 [NO] @)
At a typical cavity temperature of 292K, k_, is ~0.0257!
and k4 is 3.6x 1071 cm3 molecule™!s™!. The extra NO;
formed in this process is ~0.2 ppt at N»Os mixing ratios of
200 ppt. As such N»Os mixing ratios were always associated
with NO3 mixing ratios of 20 ppt or more, this represents an
insignificant effect (sub percent).

In addition to titrating NOj3, the addition of NO can
lead to NO, formation via its reaction with ambient
03. As both NO; and O3 absorb weakly at 662nm,
(cross sections are ~2x 1072 cm? molecule™! for NO, and
1x 102! ¢cm? molecule™! for O3) this can also have an im-
pact on the retrieved chemical zero. The amount of NO,
formed during titration, 5[NO;], may be approximated by:

5[NO,] =[03] {1 _ exp<—k3-[N01.t)} )

where 7 is the cavity residence time (0.88 s in the N»O5+NO3
cavity and 0.44s in the NOj3 cavity). k3 is equal to
4.3x107 " cm? molecule ' s~! at 80°C (hot cavity) and
1.8x 107 cm? molecule ™! s~! at ~290 K (cold cavity). We
assume O3 is 80 ppb (the largest value measured in the cam-
paign). For the hot cavity 6NO»=3 ppb, and for the cold cav-
ity just 0.6 ppb. Given the values of the NO, and O3 cross
sections listed above, this represents an error of just 0.15 ppt
equivalents (N»Os5+NO3 cavity) and 0.03 ppt (NO3 cavity)
which are much lower than noise levels and fluctuations in
the chemical zero.

Although the cold cavity was heavily insulated, we mea-
sured temperatures within the cavity that were ~4-5°C
warmer than ambient. A warming of the cavity compared to
ambient air can potentially impact on the NO3 measurement
as a new equilibrium between N>Os and NO3 may be estab-
lished, leading to an overestimation of the true NO3 concen-
tration and also the NO3/N>Os ratio. As a first approxima-
tion, an upper limit to the size of this effect can be estimated
from the concentration of N,Os, the known dissociation rate
constant (k_») at the temperature of the cavity and the aver-
age residence time (¢) of N2Os in the cavity.

8[NO3]=[N20s]o(1—exp(—k_2t)) &)

At 290K (typical ambient temperatures were 280-285 K),
the thermal dissociation rate constant for N>Os is
1.4x107257!. The average residence time is taken as the
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time for gas to be transported half way between the T-piece
connector to the centre of the cavity and the exit and is
~0.26s. This estimation of the residence time takes into
account the fact that we “integrate” the NO3 concentration
over the entire cavity length. These values of k_» and ¢ re-
sult in ~0.4% conversion of the N,Os to NO3, which repre-
sents a maximum correction of 1.6 ppt for NO3 when N>Os5
was close to 400 ppt (the largest values measured in the cam-
paign). This calculation does not take into account the fact
that the formation and loss rates of N>Os are not de-coupled
at this temperature. As typical vales of NO, were 1-2 ppb
(~2-4x10'" molecule cm—3) the instantaneous first-order
constant for NpOs formation (ko [NO»]) is 2.5-5x 107251,
i.e. similar to its thermal dissociation rate constant. More
accurate correction factors were thus obtained by numerical
simulation (Curtis and Sweetenham, 1987) of the effect of a
5 °C temperature jump in NO,/NO3/N,O5 mixtures at equi-
librium and at similar concentrations to those measured in
the campaign. The results showed that the maximum change
in NO3 or the NO3/N,O5 ratio was ~1-1.5%. This effect
was considered too small to warrant correction to the data,
though it is worth noting that long cavity residence times and
larger temperature increases between ambient and cavity will
result in significant systematic overestimation of NO3 under
some conditions.

The random noise limited detection limits (3 s integration
per datapoint) were 1-2 ppt (NO3) and 4-5 ppt (N2O5). As
summarised by Schuster et al. (2009), when considering the
above and taking into account estimated errors in the NO3
cross section at both cavity temperatures we estimate the un-
certainty (20) to be £15% for NO3 and at least 2 ppt. For
the N,Os5 channel these values are +15% and at least 3 ppt.

2.2.2 NO, NO; and O3 measurements

The measurements of NO, NO; and O3 were based on the
chemiluminescence of the reaction between NO and O3
(Fontijn et al., 1970). The instrument is a modified com-
mercial Chemiluminescence Detector (CLD 790 SR) orig-
inally manufactured by ECO Physics (Duernten, Switzer-
land). The original instrument housed two CLD channels,
that were used for the detection of NO and NO,. The quanti-
tative detection of NO; is based on its photolytic conversion
(Blue Light Converter, Droplet Measurement Technologies,
Boulder, Co, USA) to NO, which was subsequently detected
in the CLD (Kley and McFarland, 1980). A third channel
was added for the measurements of O3 following the design
described by Ridley et al. (1992). In the present study data
were obtained at a time resolution of 2 s.

In-field calibrations for NO were made on a regular ba-
sis by adding a secondary standard (2 ppmv NO in Nj, Air
Liquide, Germany) diluted by zero air to a mixing ratio of
approximately 2 ppbv. The zero air, that was also used for
regular background measurements, was produced from syn-
thetic air (Air Liquide, Germany), that was additionally fil-
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tered through a catalytic air purifier (Pt/Pd) and charcoal and
“Purafil” (KMnO4/Al;03) cartridges. The secondary NO
standard used in the field was traced to a primary standard
(NIST, USA). The efficiency of the Blue Light Converter for
NO; measurements was determined by gas phase titration
of NO (from the secondary standard) using an excess of Os.
This procedure yielded a conversion efficiency of (46.642)%
over the campaign. The ozone channel was calibrated using
a commercial O3 calibrator (model TE49C, Thermo Instru-
ments, Germany).

The detection limits (based on reproducibility of zero mea-
surements) for the NO and NO, measurements were 10 ppt
and 80 ppt, respectively for an integration period of 2s. The
total uncertainties (2 o) for the measurements of NO, NO»,
and O3z were determined to be 10%, 10% and 5%, respec-
tively, based on the reproducibility of in-field background
measurements, calibrations, the uncertainties of the stan-
dards and the conversion efficiency of the photolytic con-
verter.

2.2.3 Particle measurements

Aerosol number and size distribution was monitored using a
scanning mobility particle sizer (TSI 3936), consisting of an
electrostatic classifier with a 8°Kr source for particle equi-
librium charging and a long differential mobility analyser
(TSI3081) with a condensation particle counter (TSI 3025A)
for particle detection. The sheath flow inside the electrostatic
classifier was set to 6L min~! and the sample flow of the
ultra fine particle counter was set to its maximum value of
1.5Lmin~" (high flow). This set-up allowed particle detec-
tion within the size range between 9.8 and ~300nm in di-
ameter. Each size distribution measurement took 1355, i.e.
120's for up scan and 15 s for down scan. Four consecutive
measurements were averaged afterwards to obtain a smooth
result with a time resolution of ten minutes. In the absence
of information regarding composition, a particle density of
1.2gem™3 was assumed. Larger particles with a diameter
between 360 nm and 19 um were detected occasionally by an
aerosol particle sizer (APS, TSI 3321) using a sampling flow
rate of 1 Lmin~!. Typical night-time particle concentrations
as measured by the SMPS were 2000-5000 particle cm™3
with a bi-modal distribution (maxima at ~35 and 120 nm)
with most surface area (typically 10~® cm? cm~3) contained
in particles of radius ~200-250 nm. The APS particle mea-
surements only functioned sporadically and revealed low
concentrations of coarse particles (10—20 particle cm ™3, with
a mean diameter ~600nm). The APS measurements indi-
cate that particles measured by the SMPS account for at least
65% of the total aerosol surface area and generally close to
80%.
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Fig. 3. Trace gas and meteorological overview. Temperature, wind speed and relative humidity were taken measured by the German weather
service. Global radiation and wind direction were measured by the Hessen environmental agency (HLUG) who also monitored O3. The
HLUG O3 values have been scaled by a factor 0.82 to bring them into line with the MPI measurements.

2.2.4 Meteorological data

Atmospheric pressure and temperature, wind direction/speed
and relative humidity were available as 10 min averaged data
from the German weather service station (DWD), located
~20m away from the container. Global radiation was avail-
able from the local environmental agency station (HLUG)
as 30 min averaged data. These measurements were also lo-
cated just a few metres away. The HLUG also provided O3

www.atmos-chem-phys.net/10/2795/2010/

measurements (30 min averages) using a UV-absorption in-
strument (API 400).

3 Observations and analysis

The measurements were carried out in May 2008, with al-
most complete coverage for NO and NO, from the 9th until
the 20th. O3 was measured over the same period, but with a
break for instrument repair between the 14th and 15th. The
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Fig. 4. Data from 12th—13th as exemplary night-time dataset. Great variability in the NO3 and N>Os5 mixing ratios is apparent. The
approximate time of local sunrise and sunset may be obtained from the half-hourly measurements of global radiation at the site.

NO3/N20Os instrument was operated on one night prior to
and 6 nights within this period. The complete trace gas and
meteorological data set is displayed in Fig. 3. NO3/N;Os5
measurements typically started just before local sunset and
stopped after the signals had returned to baseline levels fol-
lowing sunrise. The early part of the campaign (up to 15
May) was characterised by easterly winds (12-25kmh~!)
cloud-free skies and daytime maximum temperatures up to
18 °C. Temperatures at night generally sunk to ~9-12°C
with relative humidities of 30—45% and no precipitation. Af-
ter 15 May, the wind direction was more variable with com-
ponents from the Southwest bringing clouds and rain. NO,
was present at concentrations of typically between 1 and
2 ppb at night, with excursions up to 4 ppb. Daytime mix-
ing ratios were generally less than 10 ppb. O3 was present
at levels between 30 and 75 ppb, with maximum mixing ra-
tios of ~55-75 ppb encountered in the late afternoon, which
usually decreased steadily (by 10-20 ppb) during the night.
The HLUG O3 mixing ratios have been multiplied by a fac-
tor 0.82 to bring them into line with the MPI measurements,
which are considered to be more reliable due to frequent cal-
ibration.

The high levels of night-time O3 ensured that NO lev-
els were low and usually close to the instrumental detec-
tion limit. The conditions were therefore conducive for NO3
chemistry (sufficient NOy and O3 to drive formation and no
NO) and both NO3 and N;O5 were detected on all nights
in which the instrument was operated, with maximum mix-
ing ratios of ~500ppt and 60 ppt observed for N»Os and
NOs3, respectively. A more detailed view is given in Fig. 4,
which displays data from one night only (12-13 May). On
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this night, NO3 and N>Os mixing ratios increased above
the detection limit shortly after local sunset (at ~21:00)
when both photolysis and NO levels were sufficiently re-
duced. The lifetime of NO in the presence of ~60 ppb of
O3 is only about 1 min, so that the slow decrease in NO af-
ter 19:00 simply reflects the decrease in light intensity and
the decreasing photolysis rate of NO,. Maximum values
of ~25 and 70ppt were reached by NO3 and N;Os, re-
spectively, both displaying great temporal variability, with
fluctuations of 15-20ppt (i.e. up to 50% signal modula-
tion) in one minute (see Fig. S1 of the supplementary in-
formation (http://www.atmos-chem-phys.net/10/2795/2010/
acp-10-2795-2010-supplement.pdf) for an example). The
short term variability (minutes) of NO3 and N;Os is typical
of a ground site (Brown et al., 2003b). A major contribu-
tor to the variability is expected to be sampling of air masses
that originate from different altitudes and which have expe-
rienced variable rates of loss to both gas-phase reactions and
reactions with surfaces including vegetation and architecture
between the emission region and the measurement site.

On a slightly longer time scale (10—15 min) there is evi-
dence for variability driven by fluctuations in the NOy mix-
ing ratio (e.g. between ~3 a.m. and 5 a.m. on the 13th)
which, together with O3, defines the production rate of NO3
and N,Os. At sunrise (~05:30 local time) both NO3 and
N,Os are rapidly depleted as Jno3 increases. The direct
photolysis of NO3 depletes N,Os via the equilibrium (R2a,
R2b) and also releases NO to further remove NO3. NO
is also generated in the photolysis of NO; at roughly the
same time, and both NO3 and N»>Os return to below de-
tection limit within 1h. During this period, NO; and NO
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(lower panel) and N> Oj5 (centre). The calculated NO, mixing ratios
(black line in upper panel with grey error bounds) used evaluated,
temperature dependent values of K (Sander et al., 2003).

are observed to increase by 450 ppt and 20 ppt, respectively.
The amount of NO» released from the degradation of NO3
and N»>Os can be estimated as 2x[N;O5]+[NOj3], which, for
the data in Fig. 4, amounts to ~140 ppt. This accounts for
only ~30% of the total increase in NOy directly after sun-
rise. The extra NOx observed cannot be from degradation of
the expected major long lived reservoir species (e.g. HNO3
and PAN). HONO photolysis may however play a role. As-
suming 300 ppt HONO at dawn and an approximate, aver-
age value of J-HONO ~1x10~%s~! (Kraus and Hofzuma-
haus, 1998) over a 40 min period would result in the release
of ~70ppt of NO. A further possibility is upslope winds
(caused by warming of the easterly side of the mountain as
the sun rose) bringing fresh NOx to the site. On one morning
(10 May) an excess release of NOx was not observed, and the
generated amounts of NO and NO, agreed with that released
from NO3 and N,Os. As 10 May 2008 was a Saturday, this
may indicate a weekend effect, with upslope winds bringing
less locally emitted pollution from early morning commuter
traffic.

The blue, vertical lines indicate at which times the Teflon
filter was changed. Filter changing was conducted manually,
and took ~1-2 min. On this night, there was no evidence for
loss of N»Os or NOs3 on the filter, which would have been
observable as an increase in the NO3 or N, Os signal directly
after filter changing.

3.1 Equilibrium between NO;, NO3 and N,Os

According to Reactions (R2a) and (R2b), the relative concen-
trations of NO3 and N;Os should be controlled by the tem-
perature dependent equilibrium constant (K>) and the con-
centration of NO,. The time for a chemical system to relax
to equilibrium is the sum of the inverse forward and back rate
constants, i.e., with NO; in large excess over NO3:
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At pressures close to 1bar, the rate constant for the for-
ward reaction (k) is circa 1072 cm?® molecule ! s~!, which
when combined with typical NO; concentrations of 1.5 ppb
(~4x10'9 molecule cm™3), gives a first-order N>Os5 forma-
tion rate constant of 0.04 s, The thermal dissociation rate
constant for NyOs (k_») is 0.0064s~! at the average night-
time temperature of 1141.5°C. This results in a relaxation
time to thermal equilibrium of ~100s and implies that, in
the absence of very local sources or sinks of NO3 or N;Os,
these species should be in thermal equilibrium. Qualitative
confirmation of this could be observed during measurements
as even rapid changes in NO3 and N»>Os (see discussion of
variability above) closely tracked each other.

Whether equilibrium was acquired could be tested by
making a point-by-point comparison of the measured
NO;, mixing ratio (interpolated onto the same time grid
as the NO3/N,Os data) with that calculated from the
NO3 and N;Os observations, the temperature and the
literature value for K, (T'), which is recommended as
K>=3.0x10"2"exp(10990/T) (Sander et al., 2006). The re-
sults are shown for the night 8-9 June in Fig. 5. As data
filter, only NO3 mixing ratios greater than 7 ppt were consid-
ered. The black data points in the upper panel of Fig. 5 are
the calculated NO; mixing ratios (NO;-calc). The grey data
points were calculated using the upper and lower bounds of
the propagated overall uncertainty in NO;-calc, which arises
from uncertainty in the NO3 and N,Os mixing ratios and the
uncertainty in K, at 285K (factor of 1.3). The red line is
the CLD measurement of NO,. There is good agreement
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between the measured and calculated NO, mixing ratios on
this night, with the major features in NO; around midnight,
when variations between 0.5 and 3 ppb are nicely captured.

From expression (2), a plot of the product of the NO,
and NO3 mixing ratios versus the N»>Os mixing ratio should
be a straight line with the slope equal to K;. Such a plot
is shown (Fig. 6) for the same dataset (night 8-9 June,
01:00-03:00, NO3 > 7 ppt). The measured NO;, mixing ra-
tio was converted to a concentration so that the slope is
an equilibrium constant in the usual units of inverse con-
centration (cm3 molecule™!).  The temperature for each
NO3/N,05/NO; datapoint varied from ~284 to 287 K during
the night (see colour scale). Even though the difference be-
tween maximum and minimum temperature was only ~3 K,
it is apparent that the data points obtained at the coolest tem-
peratures result in the largest slope (largest values of K»), re-
flecting the strong temperature dependence in K;. The solid
black lines represent the expected slopes at the extremes of
the small temperature range covered, and should therefore
encompass all the data. The dotted black lines use the values
of K, at the outer bounds of the recommended uncertainty
in this parameter. Essentially all of the data is encompassed
by the dotted lines. The relevant temperature for calculating
the equilibrium constant is not necessarily that at the inlet,
but that experienced by the air mass during the last ~100s
(approximate relaxation time to equilibrium for the condi-
tions at the Kleiner Feldberg) prior to entering the inlet. As
our temperatures are those measured by the German weather
service station ~20 m distant from our inlet this represents a
source of uncertainty in our calculations. In this context, the
night-time temperatures reported by the local environmen-
tal agency (HLUG) are ~0.5 °C lower than reported by the
DWD.

Nonetheless, by selecting data within small tem-
perature windows we were able to derive values of
K>=1.95x10"19cm3 molecule™! (284 > T > 283K, av-
erage temperature 284.3K) and Kp=1.44x10""9cm?® at
molecule™! (287 > T > 286 average temperature 286.8 K)
with a proportional fit to the data. The uncertainty associ-
ated with these values of K, derived from the field data are
related to uncertainty in the NO3, NoOs and NO, measure-
ments, which propagate to a value of ~23%. and, more sig-
nificantly, are impacted by the unknown temperature history
of the air mass directly before sampling (see above). The
statistical errors associated with the fit were less than 1%.

The values of K, listed above are in very close agree-
ment (within 2%) with recent measurements made in the
field using simultaneous detection of NO,, NO3 and N»Os
(Osthoff et al., 2007). They also agree (within 7%) with
literature evaluations (Sander et al., 2003) of 1.89 and
1.35% 1071 cm3 molecule ™! at these respective tempera-
tures. We note that a later evaluation by the same panel
and using the same database (Sander et al., 2006) results in
slightly worse, but, given the uncertainties involved, accept-
able, agreement.
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Fig. 7. Determination of the equilibrium constant, K» throughout
the campaign plotted versus temperature. Data were selected so that
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The black line is taken from the analysis of Osthoff et al. (2007),
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et al. (2006), Osthoff2007 = Osthoff et al. (2007).

In Fig. 7, we present equilibrium constants calculated from
measured mixing ratios of NO;, NO3 and N,Os for each
night of the campaign. To avoid systematic error at low mix-
ing ratios, data were selected so that the NO3 mixing ratio
was always greater than 5 ppt.

The temperature dependent values of K7 thus calculated
are compared with evaluations (JPL, 2003, 2006) and recent
field determinations (Osthoff et al., 2007). Despite signif-
icant scatter in the data is it apparent that, even when ne-
glecting the 30% overall error in our measurements of NO3
and N, Os, the calculated values of K» are consistent with the
recommended values, with slightly better agreement with the
field data of Osthoff et al. (2007).

To date, there have been only a few simultaneous mea-
surements of NO,, NO3 and N,Os. Our data at the Kleiner
Feldberg support observations (Brown et al., 2003b; Aldener
et al., 2006; Osthoff et al., 2007) that thermal equilibrium
exists at night between these three trace gases under most
conditions, the possible exception being at low temperatures.
Our data may also be considered to provide confirmation of
the laboratory derived equilibrium constant K, which has
usually been obtained by measuring individual rate constants
for the forward and backward processes (Reactions R2a and
R2b) via pseudo first-order analysis rather than measurement
of equilibrium concentrations, which is difficult to achieve in
laboratory set-ups with reactive surfaces. The notable excep-
tion to this being the work of Osthoff et al. (2007), in a well
characterised, multi-channel cavity apparatus, whose labora-
tory derived equilibrium constants agree very well with ours
(within 6%).
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Conversely, assuming that the laboratory derived equilib-
rium constant is accurately known, we can conclude that our
two-channel set-up for NO3 and N>Oj5 (used for the first time
in this campaign) and the associated data correction proce-
dure can accurately measure ambient NO3 and N»Os mixing
ratios. Poor agreement between calculated NO; concentra-
tions (via NO3, N,O5 and K3) and those measured directly
were however occasionally observed. This occurred when
NO3 was reactively lost at an aged Teflon filter, resulting
in falsification of the NpOs5/NO3 ratio and subsequent over-
estimation of the NO, concentration. Although small, post
filter-change discontinuities in the NO3 signals were usually
concealed by their large variability, they were clearly evident
in the calculated NO, mixing ratio as short term variabil-
ity in NO3 and N>Os5 were closely matched and thus can-
celled. Evidence for NOj filter loss was seen in the dataset
from the 9th—10th when filter changes were performed only
every two hours. Similarly, on one night (13—14 May) the
high-volume flow inlet was replaced by a 3/8” PFA tube of
~550cm length. This resulted in a ~30% increase in the
calculated, equilibrium amount of NO, over a period when
NO; was actually stable, indicating that ~30% of the NO3
had been lost in the inlet. Note that the residence time in
the 550 cm length of tubing was ~0.9s. Loss of ~30% of
the NOj3 is thus broadly consistent with the loss rate coeffi-
cient of 0.25s~! in PFA tubing reported in the experimental
section.

3.2 NOj3 and N;Os lifetimes and loss rates

The NOj3 turnover lifetime (see Eq. 3) at the Taunus Observa-
tory was highly variable with maximum values of ~1500s.
Generally, the NOj3 lifetime was longest after ~03:00 follow-
ing a slow increase from dusk. This is most apparent (Fig. 8)
on the nights of the 9th, 12th and 13th, in which the lifetime
directly after dusk (at ~20:00) remained under ~200 s for the
next ~3 h. Figure 8 also shows the instantaneous NO3 pro-
duction (k1 [NO2][O3]) rates during each night (red lines),
which were typically between 100 and 300 ppt/h and fairly
constant but with some excursions to larger values due to in-
fluxes of NO».

Recall that the NOs lifetime is determined by both direct
losses (e.g. gas- phase reaction with biogenic organics) and
indirect loss processes involving N2Os. The slow increase
in NOj3 lifetime after dusk may thus have been due to ei-
ther a decrease in gas-phase reactivity after dusk or due to
a decrease in surface area or reactivity of aerosol. As the
NO levels were reduced to below the detection limit in just a
few minutes after dusk, the slow rate of build up of NO3 and
N>Os5 was not due to a reduction in its concentration during
this period. Alternatively, an increase in lifetime could also
be related to a stabilisation of the lower atmosphere by adi-
abatic cooling, which would reduce turbulence and thus dry
deposition rates. However, the observation on most nights

www.atmos-chem-phys.net/10/2795/2010/

of the campaign of a clear increase in wind speed following
sunset, does not support this possibility.

Before examining aspects of the NOj3 lifetime in
more detail it is worthwhile establishing whether
a stationary state analysis was applicable for this
dataset. Stationary state is formally achieved when
the rate of change of NOsz and N;Os; are zero, i.e.
dNOs3/dt=k1[NO2][O3]+k_2[N205]—k2[NO2][O3]- fdir
(NO3)[NO3]=0 and szOS/dt=k2 [NOz][NO3 ]—k_z[Nzos]
—(/het + fhomo)[N205]=0. The approximate time to acquire
stationary state thus depends on the production and loss rates
of both NO3 and N,Os.

Time dependent values of dNO3/dt and dN,Os/dt were
determined by numerical simulation in a manner similar to
that described by Brown et al. (2003a). Input parameters to
the simulations were the measured NO, and O3z concentra-
tions and temperature dependent kinetic expressions for Re-
actions (R1), (R2) (together defining the production rates of
NOj3 and N,Os) and variable first order loss terms for re-
moval of NO3 and N,Os. The first-order loss terms for NO3
and N2Os (f4ir(NO3), fhets fhomo) Were adjusted until the
simulated NO3 and N, O5 mixing ratios were similar to those
measured. In conjunction with NO3z and N,Os lifetimes of
the order of minutes, the relatively warm night-time temper-
atures and low NO; concentrations at the Kleiner Feldberg
in May, meant that stationary state was achieved within 1—
2 h after dusk. Given the distance to local emission regions
(see above) and wind speeds of between 10 and 20 km/h this
suggest that a steady state analysis was appropriate.

The slow increase in NOj3 lifetime early in the night could
have been caused by a reduction in the mixing ratio of bio-
genic trace gases in the hours following dusk. Using rate co-
efficients of 7.0x 10713 and 6.2x10~!2 cm? molecule~! s~!
for reaction of NO3 with isoprene and o-pinene, respectively
(IUPAC, 2009) and initially ignoring indirect loss processes,
we calculate that a NOj lifetime of ~100s would be asso-
ciated with isoprene levels of 0.60 ppb or «-pinene levels of
~68 ppt. Emissions of biogenic organics are temperature and
light-intensity dependent (Fehsenfeld et al., 1992) and the
levels mentioned above would appear reasonable for moder-
ate, spring-time emissions of biogenic organics in a forested
area.

As we did not take measurements of organic compounds
during the campaign we have no data which confirm efficient
removal of NOs by e.g. isoprene or a-pinene. There appear
to be no published datasets on measurements of gas-phase
biogenic trace gases at the Kleiner Feldberg, though some
data taken with a proton transfer mass spectrometer over a
4 day period in June of 2005 confirmed the expected pres-
ence of isoprene and terpenes in this forested area (V. Sinha
and J. Williams, personal communication, 2009). Further-
more, these datasets indicate that both isoprene and terpene
concentrations decreased slowly after sundown, only return-
ing to baseline levels in the early hours of the next morning.
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Fig. 8. NOj3 turn-over lifetimes and production rates (red lines) on each night of the campaign.

This observation is thus consistent with the observed slow
increase in NOj lifetimes over the same period.

A further indication for the presence of biogenic volatile
organic compounds (VOCs) is the observation of new parti-
cle formation at the Kleiner Feldberg; indeed April-May was
the most intense nucleation period during 2008. New parti-
cle formation took place during the measurement period on
the following days: 8-13 and 15 May (day-time events) as
well as during the evening of the 7 and 14 May (night-time
events). Temperatures were moderately high and the noc-
turnal boundary layer rather shallow to facilitate accumula-
tion of emitted VOCs. From the 15th onward the relative
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humidity increased substantially causing drizzle or rain and
prevented the occurrence of nucleation. During this time the
vegetation experienced reduced drought stress resulting (pre-
sumably) in lower emission rates. At the same time aerosol
mass and surface area declined because of wash out from the
atmosphere. In the absence of simultaneous measurements
of biogenics or other reactive traces gases (e.g. unsaturated
hydrocarbons) that could react with NO3, the above discus-
sion about the main NOj3 loss reactions remains speculative.

On the last two days of the campaign, the NOj3 lifetime
did not show a slow increase to a maximum value, but had
already reached ~300—400 s by 23:00 h (Fig. 8). As shown in
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Fig. 3, the last two days were meteorologically distinct from
the first 4 as the wind direction changed to southwest, bring-
ing cloud cover, lower temperatures and later in the night,
rain and fog. The longer lifetime of NOj3 early on these
nights was presumably related to reduced biogenic emis-
sions. The periodic strong reductions in lifetime on the night
15-16 May was coincident with precipitation at the site, pre-
sumably resulting in loss of N, O5 on large droplets (not mon-
itored as the aerosol cut off was ~0.5 um) or deposition to
moist surfaces. Further, indirect processes leading to a re-
duction in the NOs lifetime are the loss of N»Os on aerosol
surface and with HO vapour. By inverting expression (3)
we obtain:

fss(NO3) %fdir‘i‘Keq[NOZ] (fhet + Sfhomo) (1)

The relative importance of direct (gas-phase) and indirect
(gas-phase and heterogeneous) losses of NOj3 are displayed
for the nights of 13 and 16 May in Fig. 9. The heteroge-
neous loss rate of NoOs ( frer) Was calculated from the mea-
sured aerosol surface area using expression (4) and scaled by
K>[NO;] and is presented in Fig. 9 (blue line). The value
used for the uptake coefficient, y, was 0.01, which is within
the very large range of values derived from field observa-
tions. For example, low values of 0.5-6x 1072 have been re-
ported by Brown et al. (2009) in aircraft measurements over
Texas, which are consistent with ~3 x 10~> reported by Allan
et al. (1999); Ambrose et al. (2007) in marine air masses but
much lower than values of 0.02-0.03 (Aldener et al., 2006;
Ambrose et al., 2007) also obtained in marine environments.
The uptake coefficient used is also smaller by a factor ~3
than measured for loss of N»Os to dilute HySOy4 aerosol in
the laboratory (Hallquist et al., 2000), though further labo-
ratory studies have shown that the presence of organics can
reduce this number significantly (Folkers et al., 2003). Al-
though no aerosol composition data is available, some indi-
cation for the type of aerosol encountered at the Taunus Ob-
servatory was obtained by observing loss of NO3 on an aged
Teflon filter. In this case, an increase in NO3 mixing ratio
was seen directly after a filter change but was not accompa-
nied by an increase in N»Os. This implies that the aerosol
gathered on the filter contained a large organic fraction pro-
viding a reactive surface for NO3 but one that did not sup-
port efficient hydrolysis of NpOs. On the 13 May, it is clear
from Fig. 9 that heterogeneous loss of N,O5 would have con-
tributed only insignificantly to NO3 removal even if y=0.03
had been used in the calculation. A similar picture emerges
for the other nights before the 15th when the wind direction
was predominantly Easterly and daytime temperatures were
highest. In this period, the calculated maximum NO3 loss
rates due to heterogeneous loss of NpOs were between 1.5
and 6x10™*s~! at the end of the night when the NO; life-
time was longest. Even then, the heterogeneous loss of N>Os
contributed between only 7 and 28%. When averaged over
the whole night, this number becomes insignificantly small.
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Fig. 9. Measured NO3 turnover loss frequencies (black datapoints)
and calculated loss frequencies due to direct and indirect loss pro-
cesses on two different nights. Grey line (upper panel only): Hy-
pothetical (direct) loss of NO3 due to reaction with VOC. Blue
line: Indirect loss due to NpOs uptake to aerosol (fheK2[NO2]).
Red line: Indirect loss due to reaction of NpOs with water vapour

(fhomoKZ[NOZ])-

The frequency of NOj3 loss from stationary state caused
by the homogeneous reaction of N,Os with water vapour
(fhomo K2[NO2]) was initially calculated using the rate co-
efficients (k7, and k7y,) preferred by IUPAC (Atkinson et al.,
2004), with H,O vapour concentrations calculated from the
RH and temperature/pressure measurements of the DWD.
The loss of NOs via this indirect route contributes to its over-
all loss only later in the night when the overall reactivity of
the air has decreased.

Note that the indirect losses of NO3 via homogeneous and
heterogeneous N,Os reactions are constrained by measure-
ments of HyO vapour and aerosol surface area which do
not show a significant trend during the night. Unless the
aerosol composition changes greatly during the night (being
initially much more reactive than defined by the uptake co-
efficient above and subsequently becoming increasingly less
reactive towards N»Os), indirect losses are unlikely to have
caused the reduction in reactivity (factor of 10) observed af-
ter dusk. In order to reproduce the time dependence of the
NO3 turnover lifetime on the night 12-13 May, fg4i:(NO3)
was calculated for an initial total reactivity (at dusk) equal
to about 200 ppt a-pinene equivalents, which was reduced
during the night to ~10 ppt (at 03:00) in a quasi-exponential
manner, thus increasing the lifetime from ~50s at 21:00 on
13 May to ~1000s at 03:00 the next morning (grey line,
Fig. 9).

For the night 16-17 May a slightly different picture
emerges. On this night the NO3 turn-over lifetime was
longer, a result of a decrease in the concentration of VOC and
aerosol surface area following a rainy period. Under these
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conditions and with an increase in RH to close to 100% the
reaction of N,Os with HyO gains importance and, at 02:00
on the 17th would account for the entire reactivity of the
NO3/N,Os system, i.e. fhomoKz[N02]~(tss(N03))_1 if the
TUPAC values were used.

The NOj3 losses can be separated into direct and indirect
routes by using the fact that the NO3 turnover lifetime de-
pends non-linearly on the NO, concentration if N,Os losses
are significant. This is apparent from expression (3), which
has been utilised previously to extract e.g. the N»Os hydroly-
sis contribution to NO3 loss (Heintz et al., 1996; Geyer et al.,
2001; Aldener et al., 2006; Brown et al., 2006, 2009). Plot-
ting the inverse of the NOs life-time versus K7[NO,] (with
[NO,] in units of molecule cm~3) should give a straight line
with slope equal to the N>Os loss rate constant, fingir(NO3)
and intercept equal to the NO3 loss rate constant fgi:(NO3).
This analysis requires selection of data in which fg;(NO3)
and fingir(NO3) are relatively constant, but for which there
is sufficient variation in NO; to separate the direct and indi-
rect NOs3 loss terms. On most nights this analysis resulted
in strongly curved plots due to the slowly changing lifetime
of NOj3 due to reaction with biogenic organics (see above).
By selection of a small portion of the data (01:00 to 03:00)
on the night of the 16-17 May in which significant vari-
ation on NO;, was observed, a linear relationship was ob-
tained (Fig. 10) with a slope ( fingir(NO3)) very close to zero
(54+5x107%s~1) and intercept of f4;;(NO3)=1.6x10"3s~!
(red line). Setting N»O5 loss to aerosol to zero ( fpet=0), we
take the literature data for k7, and k7, and the water vapour
concentration of 2.8x10'7 moleculecm™ to calculate a
value of fhomo=2><10_4 s~! for this period. As shown in
Fig. 10 (black line), this value clearly overestimates the true
contribution of indirect losses by at least a factor of 3-
4. Reaction (R7b) dominated the homogeneous gas-phase
loss of N»Os during the whole campaign with the ratio
k75[H201%/k7,[H,0] as large as ~2.5 at RH=100%. Reac-
tion (R7a) is more important only when RH was less than
~30%.

This analysis has thus far ignored loss of N;O5 (or NO3)
by dry deposition. Aldener et al. (2006) used a N,Os depo-
sition velocity (Vgep) of 1cm s~! to calculate the contribu-
tion of dry deposition to the total loss of NpOs. This value
was based on estimates for HNOj3 and is not necessarily ac-
curate. Adopting the same value and assuming a boundary
layer height of 100 m would result in a frequency for dry de-
position of N»Os of 1x10~*s~!, which when multiplied by
k2[NO3] (usually close to 10) would result in a significant
fraction of NOj3 loss throughout the campaign. There are
however many uncertainties associated with this calculation
as neither the true value of Vyep nor the boundary layer height
are known. In addition this calculation ignores the strong ver-
tical stratification often seen in the nocturnal boundary layer
(Brown et al., 2007). The true factor by which k7 is overes-
timated is thus most probably larger than 3—4 as N>Os loss
by dry deposition would serve to increase it further. One
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Fig. 10. Separation of direct and indirect loss of NO3 on the night
16-17 May. The red solid line is the fitted value indicating close to
zero indirect loss of NO3. The black line was obtained by setting
heterogeneous N Os loss to zero and accounting only for reaction
with water vapour. The blue line represents equivalency of the direct
and indirect losses of NO3 (intercept = slope = 1.6 x 10~3s~1). The
difference in slope between this and the red line serves to indicate
the dominance of direct loss over indirect loss.

caveat to this approach is, however, the assumption that there
is no correlation between NO; mixing ratios and the ma-
jor sink process(es) for NO3 and N, Os, which is difficult to
prove. The result is however consistent with the conclusions
of Brown et al. (2006, 2009), who used airborne measure-
ments of NO3 and N»Os to indicate that k; may be up to a
factor 10 smaller than derived from laboratory data.

The blue line in Fig. 10 is the slope expected for equiva-
lent direct and indirect losses of NO3 and indicates that, for
this limited dataset, NpOs destruction plays only a minor role
in controlling the NOj3 lifetime. This conclusion is broadly
consistent with other measurements at continental, forested
sites in Germany, where NO3 has been found to be removed
mainly by reaction with monoterpenes emitted by coniferous
trees (Geyer and Platt, 2002).

3.3 NOy partitioning and daytime versus night-time
loss of NOy

The conversion of NO> to NO3 and N,Os followed by re-
active losses either with gas-phase species or with aerosols
and other surfaces represents a conversion of gas-phase NOy
trace gases to NOz in both gas and particle phases. In the
absence of NO, the fraction of nitrogen oxides ('), which is
present in reactive form (i.e. as NO3 or N>Os) at night can
be simply expressed as:

_ [NO3]+2[N;0s]
[NO3]+2[N205]+[NO2]

12)

This expression ignores longer lived NOy reservoir species
such as HNOj3, PAN or halogenated nitrogen oxides, which,
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Fig. 11. Fraction (F) of night-time NOx as NO3 and N;Os on
two meteorologically distinct campaign nights. 13th—14th: warm
preceding day and wind from the east. 15th—16th: Wind from the
southeast accompanied by rain. The solid red line is the integrated
NOx loss during the night 13—14 May.

unlike NO3 and N, Os are not in rapid equilibrium with NO».
The contribution of NO3 and N>Os to NOy (which would
include trace gases such as HNO3 and PAN) is, of course
smaller.

The partitioning of NOy to NO3 and N, Os is favoured by
large O3 concentrations (which increases the NO, oxidation
rate) and low losses of NO3 and N,Os. Figure 11 displays the
variation of F on the nights of 13 and 15 May. The amount
of reactive nocturnal nitrogen oxides partitioned as NO3 and
N»Os is initially negligible as the NO3 and N,Os lifetimes
are short. Only later do NO3 and N,Os reach appreciable
concentrations, with F' reaching a maximum value of ~20%
on 13 and ~15% on 15 May. The slow build up to larger
values of F' is due to the small rate coefficient for NO>+0Oj3
(~2x10717 cm? molecule ™! s~! at 295 K) resulting in NO,
half lives in the order of hours at 70 ppb O3 and also due to
a slow decline in reactivity of NO3 in the early part of the
night.

The integrated loss of NO (calculated from the NO; and
O3 concentrations and the rate coefficient k;) is also dis-
played for the night of 13—14 May in this figure. By the end
of the night, about 1.5 ppb of NO, have been converted via
NO3 and N, Os to gas-phase and particle phase products.

NO3 and N>Os5 remaining at the end of the night are
rapidly converted photolytically/thermally back to NO» (and,
less importantly, NO) at dawn, hence the rapid reduction in
F at circa 06:00 on the 14th. On this particular night the
nocturnal mean value of F was ~9%. The same value was
obtained as average over all nights of the campaign on which
there was no precipitation. The average value of F was only
~3% on the night 15th—16th, presumably due to efficient loss
of N»Os5 on aqueous surfaces. As the lifetimes of NO3 and
N>Os5 were much shorter than the duration of the night, and
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only a small fraction of NO, that has been converted to NO3
and N, Os5 is converted back to NO, at dawn, we can assume
that all NO, which was oxidised by O3 at night represents
an irreversible loss of NOy to either organic or inorganic ni-
trates. In this case, the loss rate of NOy (Lnox) iS given by:

Lnox &~ n-k1[NOz][O3] (13)

where the factor n is 1 if NO3 is lost only directly (e.g. by re-
action with VOC) and is 2 if NO3 is lost indirectly via N»Os
formation and reaction as two NO; are required to make each
N,0Os5 molecule. For the present campaign we have shown
that NOj3 is lost predominantly by direct routes, so that n
should be close to 1.

The daytime loss of NOy is dominated by reaction of NO,
with the OH radical

OH +NO, — HNO; (R8)

with the rate of loss of NO; via this route approximately
given by kg[OH][NO3], which is also the production rate of
HNOs3. At the pressure and temperatures prevalent during the
campaign, kg has a value of ~1x 10~ cm? molecule ™! s~!.
There appears to be only one set of measurements HNO3
mixing ratios at the Taunus Observatory, in which values of
~0.1-1 ppb were reported in November of 1990 (Fuzzi et al.,
1994).

As no OH measurements were made during the cam-
paign, its concentration was calculated using the parame-
terisation of Ehhalt and Rohrer (2000). Approximate, time
dependent values of Jno> were calculated from the mea-
sured global radiation using the parameterisation of Trebs et
al. (2009). Joip was calculated from Jno2 using relative (so-
lar zenith angle dependent) values taken from the 4.1 version
of the NCAR-TUV model (http://cprm.acd.ucar.edu/Models/
TUV/Interactive_TUV/). Maximum peak values for Joip
and Jyoz thus derived were 4x1072s~! and 9x 1073571,
respectively, which resulted in peak OH concentrations of
>1x107 molecule cm™3 during the early part of the cam-
paign, decreasing to ~5x 10° molecule cm™3 during the last
days of the campaign when insolation was reduced by clouds.
The present measurements of relatively large O3 mixing ra-
tios and previous measurements of peroxy radical mixing ra-
tios of several 10s of pptv in June in previous years at the site
(Handisides, 2001) indicate an active photochemistry and
imply that these OH concentrations are reasonable. They are
also consistent with daytime measurements of OH at another
forested mountain site under very similar levels of insolation
and with comparable levels of O3 (Handisides et al., 2003).

Figure 12 displays calculated rates of NO, loss (in
ppb/hour) via both reaction with OH and with O3. during
a period of 7 days of the campaign. Night-time losses via
reaction of NO,+O3 are calculated only when global radia-
tion was less than 20 W m~2 and NO, photolysis should be
insignificant. At the beginning of the campaign, when in-
solation was high, daytime NO; losses (0.2—1 ppb per hour)
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Fig. 12. Daytime (kop+N02[OH][NO;], in red) versus night-time
(ko3+N02[03][NO3], in black) loss rates (ppb/h) of NOx at the
Taunus Observatorium in May 2008.

dominated (by a factor of ~2-3) over night-time losses. This
picture changes for the last days of the campaign, where
day and night-time losses were approximately equal at about
0.2 ppb per hour. The simple calculations above show that,
at the surface, day- and night-time losses of NOy are simi-
lar. However, as the ratio of night-time to day-time losses
depends on insolation at the site, night-time losses will be
favoured still more in the colder months as O3 photolysis
and OH production rate drop significantly. The fact that the
night-time boundary layer is shallower than in the daytime
will however have the converse effect and favour daytime ox-
idation. We can conclude that night-time loss of NOy due to
NO3 (and N,Os) formation is comparable to daytime loss
driven by OH at the Taunus Observatory, confirming specu-
lation that nitrate driven acidity in cloud water at the Kleiner
Feldberg could be caused either by HNO3; or N>Os uptake
(Fuzzi et al., 1994). As vertical profiles of NO,/O3 etc were
not measured, our conclusion applies only to the surface.

Although no VOCs were measured during the cam-
paign, the persistently high night-time mixing ratios of
NO3 indicate an important role for the oxidation of VOCs
at the site. An average daytime OH concentrations of
~4x10° moleculecm™ and an average night-time mixing
ratio of 10 pptv for NO3 result in a concentration ratio that
favours NO3 by a factor of ~60. The ratios of rate coeffi-
cients (kog/kno3) for reaction of OH and NOj3 with isoprene
and several monoterpenes favour OH and may be calculated
from reviewed kinetic data (Atkinson and Arey, 2003) as:
isoprene (147), «-pinene (8.5), limonene (13.4), sabinene
(11.7). These numbers indicate that whereas NO3 will con-
tribute significantly to isoprene removal, it would dominate
for the mono-terpenes listed above. The simple calculation
does not take the diurnal changes in VOC emission rates mix-
ing ratios into account and a more detailed understanding of
the relative importance of daytime versus night-time removal
of boundary layer NOy and the fate of reactive VOCs at this
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site would require diel measurements of both the major oxi-
dants (OH and NO3) and the VOCs.

4 Conclusions

A complete set of nocturnal nitrogen oxides, O3 and aerosol
surface area was measured for the first time at the Taunus
Observatory. The measurements provided both a test of the
new NO3/N>Os instrument and delivered valuable informa-
tion concerning night-time oxidation at the site. Both NO3
and N;Os were present above the detection limits on all
nights and the relative concentrations were in accord with
the temperature, NO; and the equilibrium constant for N, Os
formation and thermal dissociation. The major sink of NOy
was inferred to be direct loss of NO3 by reaction with bio-
genic hydrocarbons and nocturnal chemistry at this site was
shown to contribute significantly both to the conversion of
NOy to NOy and likely to the oxidation of biogenic VOCs.
A steady state analysis was used to estimate direct and indi-
rect losses of NO3 and N»>Os and revealed shortcomings in
the laboratory derived kinetics of the reaction of N»Os with
water-vapour.
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