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The complex interplay between different processes (physical losses, chemical losses and entrainment)
defines the vertical gradient of many trace gases in forested environments. Despite this, height-resolved
measurements of trace gases within a forest canopy are scarce. We present measurements of Oz, PAN
(peroxy acetyl nitric anhydride, CH3;C(O)OONO,), and PAA (peroxy acetic acid, CHsC(O)OOH) at 6
heights between 1 and 28 m above and below the canopy at the SMEAR Il site in the Finnish boreal
forest. Through analysis of Oz, PAN, and PAA nocturnal time-series we derived their height-dependent
net loss rate coefficients. The net lifetimes of Oz, PAN and PAA were highly variable with values of 1.5-
42 h, 1.0-29 h, and 0.7-15 h, respectively, with the shortest lifetimes often measured at the lowest
heights. The relative loss rates of PAN or PAA compared to Oz (kpan/ko, and kpaa/ko,) varied between
1.0-3.0 (85% of the measurements) and 1.0-5.0 (78% of the measurements) with medians of 1.7 and 2.4,
respectively. The physical loss of Oz, PAN and PAA was the major loss process (>90%), with chemical

losses playing only a minor role. Entrainment significantly compensated for the physical and chemical
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Accepted 17th March 2026 losses and led to reduced net loss values of each trace gas, with exceptions encountered on a few

nights when the sub-canopy and above-canopy air masses were decoupled as a result of e.g. low wind
speed and friction velocity. Our vertical profiles of Os, PAN, and PAA reveal the complex interplay of
boundary layer dynamics and chemistry at this forested location.
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Environmental significance

O3 and PAN are centrally important trace gases in the atmosphere. The complex interplay between their physical losses, chemical losses and entrainment defines
their vertical gradient through ground level to above canopy in forested environments. We present measurements of O3, PAN, (and PAA) at 6 heights above and
below the canopy in the Finnish boreal forest. Through analysis of O3, PAN, and PAA nocturnal time-series at all 6 heights we show that entrainment and
physical losses are the dominant processes impacting the shape of the gradient, however, chemical loss processes become non-negligible close to the ground
due to soil emissions of NO.

photochemically in the troposphere and is an important compo-
nent of photochemical smog, a precursor for the hydroxyl radical

1 Introduction

This study focuses on the atmospheric chemistry of ozone (Os),
peroxy acetyl nitric anhydride (CH;C(O)OONO,, commonly known
as PAN), and peroxy acetic acid (CH;C(O)OOH, PAA) at nighttime
in a boreal forest. O; is a phytotoxic trace-gas which is generated
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(OH)* and an important oxidant of biogenic volatile organic
compounds (BVOCs).? PAN has been shown to be an important
source of NO, in remote areas (where few direct sources exist),
notably in the boundary layer, through long-range transport fol-
lowed by thermal decomposition.>” PAA formation is a sink of
peroxy acetyl radicals (CH3C(O)O,, PAN precursor) and HO,
(hydroxyl radicals (OH) + hydroperoxyl radicals (HO,)).

PAA measurements in forested (non-biomass burning
influenced) regions are limited to a few previous studies,*® with
data obtained at one height. Although O; and PAN have been
measured frequently in forested regions, the observations are
often limited to three measurement strategies; (1)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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concentration at one height within the canopy or sub-canopy,*®
(2) concentration at one height within the canopy/sub-canopy
and one above the tree tops' or (3) flux measurements con-
ducted above the tree tops.'*> While these approaches give
information about the chemistry and meteorology influencing
measurements at single heights, they do not provide a detailed
picture of gradients (and controlling factors) from the ground to
above the canopy.

Height dependent O; mixing ratios have previously been
measured at SMEAR II (Station for Measuring Ecosystem-
Atmosphere Relations II),**** though the data was restricted to
three heights between 4 and 17 m (the remaining heights were
above the tree tops)"” and were therefore blind to processes
taking place close to the surface. To explain nocturnal gradients
in O; (or other trace gases) the chemical and physical loss terms
(L) as well as the source term (S) from entrainment of above-
canopy O; rich air would have to be evaluated at different
heights when assuming horizontal homogeneity in the forest as
described in eqn (1), where keny, Kphys, and kepem are the
entrainment rate coefficient, the rate coefficient for physical
losses, and the chemical loss coefficient, respectively. [Clapove
and [C], are the concentrations of compound C above the
canopy and at height #. Entrainment and physical losses
(deposition) are discussed further below and chemical losses of
each molecule are described in detail together with the results.

dicj,

8= S — L= KenlClie — (ks [ + e [C),) (1)

above

The vertical mixing of air within the stable nighttime
boundary layer and also the development of temperature
inversions and the degree of coupling of the sub-canopy air with
that above are largely controlled by the friction velocity which is
related to the horizontal wind speed.**® At the SMEAR 1I site, it
has been shown that decoupling of above-canopy and sub-
canopy air at nighttime has a large impact on in-canopy, net
O; loss rates® highlighting the fact that entrainment has
a strong influence on the composition of sub-canopy air in
forested regions.

The uptake of a trace-gas to a surface (i.e. deposition) is
controlled both by the rate of transport to the surface (the
transport resistance) and its accommodation and further
degradation at the surface (the surface resistance) (see Sein-
feld,”® Section 16.4). While the transport resistance depends
largely on turbulence (i.e. vertical exchange rates) and is
essentially the same for all trace gases, the surface resistance
varies depending on what surface (soil, vegetation, water) it
deposits on. Deposition to vegetation occurs at the surface of
the leaf (cuticle) and through the stomata. The deposition
resistance to vegetation can therefore be split into the resistance
to deposit to the surface (cuticular resistance) and a combina-
tion of the stomatal resistance and the mesophyllic resistance
(resistance due to processes taking place inside the leaf, which
slow stomatal deposition down).>*** Cuticular uptake depends
on the surface characteristics of the leaf (leaf surface area, leaf
pubescence, waxes and exudates on the leaf surface, and leaf
wetness) as well as the chemical characteristics of the trace
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gas.”* O; deposition to foliage has previously been studied at the
SMEAR 1I site using flux measurements (eddy covariance and
gas-exchange enclosure) and modelling.>>*® Altimir et al*
showed that at a relative humidity lower than 70% (RH where
water films start to grow on leaves/needles) the predicted
stomatal O; deposition could explain the behaviour in
measured Oz deposition, however, when the relative humidity
was higher than 70% the prediction underestimated the
observed behaviour, which showed increasing non-stomatal
(cuticular) uptake with increasing relative humidity. Further-
more, in addition to deposition onto vegetation, trace gases can
also deposit onto soil, whose water content can modify the
surface resistance depending on whether the trace gas is
soluble. The solubility of a trace gas is described by the Henry's
law solubility constant and the degree of surface wetness can be
related to the relative humidity.>® For gases with intermediate
solubilities, we would therefore expect the surface resistance to
play a role and the rate of dry deposition to depend on relative
humidity.

In this study, we have conducted measurements at several
heights between 1 and 28 m (6 heights within the canopy and
sub-canopy, and 1 above the tree-tops) for three weeks at the
SMEAR 1I site at the Hyytidld Forest Station. Nighttime
measurements of Oz, PAN and PAA loss rates have been used to
investigate the height-dependent chemical and physical loss
terms as well as the role of entrainment of above canopy air in
controlling mixing ratios of these trace gases and their vertical
gradients. We only analyse nighttime measurements in order to
reduce the chemical complexity (in the absence of
photochemistry).

2 Methodology
2.1 Campaign description

The BAIRN-VIP (Biosphere-Atmosphere Interactions and the
Reactive Nitrogen Budget: Vertlcal Profiles of Key Species)
campaign took place at the SMEAR II site at the Hyytidld Forest
Station, Finland, between August 25th and September 27th
2024. The daytime temperatures decreased from a maximum
~25 °C at the beginning of the campaign to ~10-15 °C at the
end of the campaign. The first half of the campaign was
dominated by sunny and dry days although the relative
humidity reached 100% within the canopy on several nights,
which was a stark contrast to the second half, which was
cloudier with episodes of significant rainfall.

An overview of the layout of the instruments operated by the
Max Planck Institute is shown in Fig. 1. Photolysis frequencies,
nitrate radicals (NO;) and nitrogen pentoxide (N,Os) were
measured from a container on top of a 35 m tower located in
a clearing. The forest surrounding the clearing is dominated by
Scots pine trees with a tree-top around 20-22 m."*” The sum of
monoterpenes was measured by the University of Helsinki at
the top of the tower at 36 m and speciated monoterpenes were
measured by the Helmholtz-Centre for Environmental Research
(UFZ) at the same height for 48 hours during the campaign.
Temperature and humidity sensors were attached to the tower
at 7 different heights between 2 and 32 m (see caption for
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Fig.1 Schematic showing the instrument and inlet locations during BAIRN-VIP. The inlet heights were 1, 2, 4, 6, 8, 16 and 28 m. The approximate,
average tree-top height was ~20-22 m. The stationary, temperature and relative humidity (RH) sensors were at heights of 2, 7, 12, 17, 22, 27 and

32 m agl.

details) and augmented the measurements of the same
parameters at 11 heights between 0.4 and 125 m on the 128 m
mast in the forest which are operated continuously throughout
the year. O3, nitrogen dioxide (NO,), NO, (NO, + NO (nitrogen
oxide)), the sum of nitrogen containing species (3 NO),
particulate nitrate (pNO;), and total solar radiation were
measured at 3-6 m above the ground from the top of a container
located directly next to the tower. Vertical gradient measure-
ments within the clearing were obtained using an automated
pulley system which varied the height of a set of inlets attached
(via ~35 m of 1/4-inch (outer diameter) PFA tubing) to instru-
ments measuring NO, NO,, O3, NO; reactivity, PAN, PAA, NO,,
the sum of peroxy nitric anhydrides (3> _PANs), and the sum of
alkyl nitrates (> ANs). Between September 6th and 17th 2024,

498 | Environ. Sci.: Atmos., 2026, 6, 496-514

the inlets cycled between 6 heights (1, 2, 4, 8, 16, and 28 m) for
7 min at each height. From September 17th until the end of the
campaign measurements at 6 m were added to the cycle and the
time at each height was reduced to 6 min to maintain the total
cycle time of 42 minutes excluding time to change height. The
pulley automation was occasionally deactivated to examine the
time evolution of trace gases at a single height over a longer
period. The measurements used in this study are described in
detail in Section 2.2.

2.2 Measurements

2.2.1 Fixed height measurements. O; was measured at
a fixed height of approximately 5 m (on top of the container)
with a commercial instrument (2B Technologies model 205)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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using UV absorption at ~254 nm. The limit of detection (LOD) is
2 ppbv (part per billion by volume) for 10 s averaging time.

Temperature and relative humidity were recorded by
a commercial weather station (DNT000008) and additional
portable sensors which were attached to the tower at 2, 7,12, 17,
22,27, and 32 m above the ground. An additional sensor, which
measures temperature, relative humidity, and pressure, was
attached 50 cm above the inlets on the pulley system. Temper-
ature and relative humidity were additionally measured on the
128 m mast inside the forest (part of the SMEAR II dataset) at
0.4,1.5,3.3, 5.8, 8.8, 12.5, 16.8, 21.6, 27.0, 67.2, and 125 m, and
wind speed was measured at 8.4, 16.8, 33.6, 67.2, and 125 m
using 2D ultrasonic anemometers. It should be noted that the
heights on the mast and the tower are not directly equivalent as
the elevation of the ground differs by a few meters. Time series
of the temperature and relative humidity measurements on the
tower and mast are plotted in Fig. S1 and S2 and agree well for
similar heights.

A spectral radiometer (Metcon Gmbh) was installed at 38 m
(on top of the tower) to measure the actinic flux, which was used
to calculate photolysis frequencies as described elsewhere.”®
Total solar radiation was measured at 5 m by the commercial
weather station described above. The NO, photolysis frequency
(Jno,) at 38 m was used to calculate a value at 5 m by scaling to
the ratio of total solar radiation at 5 m and Jyo, when both
sensors were in direct sunlight.

A Vocus PTR-TOF (proton transfer reaction - time of flight)
mass spectrometer (Tofwerk 2R) was used to measure the sum
of monoterpenes (>_MT) at 36 m during the campaign. Blank
measurements and calibrations, using a National Physical
Laboratory (NPL) 20 component PTR-MS standard, were per-
formed 7 times per day during the measurement period.
Speciated monoterpenes were only measured for 48 hours of the
campaign (September 10-12th) by sampling for 4 hours onto
Bio-Monitoring sorbent tubes followed by analysis with thermal
desorption-gas chromatography-mass spectrometry (TD-GC-
MS) as described by Rynek et al.*®

2.2.2 Vertical gradient measurements. Vertical gradients of
O3 were measured with a second commercial instrument (2B
Technologies model 205) using UV absorption at ~254 nm,
which also has a LOD of 2 ppbv for 10 s averaging time.
Timeseries of the measured Oj; at different heights are plotted
in Fig. S3. The O; measurement on the pulley has been
compared (Fig. S4) to those measured on top of the container,
when the pulley instrument was measuring at 4-6 m. The O;
mixing ratios generally agreed well with each other throughout
the campaign (slope of 1.03), which also indicates that losses of
O; throughout the 35 m inlet line are negligible. In addition, the
two instruments were cross calibrated in the laboratory, and the
one on the container was compared to O; measurements using
a 1.2 m absorption cell with a 254 nm light source (low pressure
mercury lamp).

NO and NO, were measured using a two-channel chem-
iluminescence instrument with a modified blue light converter
(BLC, Droplet Measurement Technologies 2005) for detection of
NO, as described in Nussbaumer et al.*>* The sensitivity of each
channel was calibrated every 2-3 days, and the conversion

© 2026 The Author(s). Published by the Royal Society of Chemistry
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efficiency of the BLC (33 & 1.5%) was calibrated 4 times during
the campaign and remained stable. The sensitivity of the
instrument was corrected for fluorescence quenching by water
vapour using a calibration performed in the laboratory in which
the relative humidity was systematically varied between 0 and
100%. The LOD of NO was calculated as 3¢ of the zero
measurements to be 4.5 pptv (parts per trillion by volume) for
1 min averaging time, and the total measurement uncertainty
(TMU) was 4.5 pptv + 4%. For NO, the LOD was calculated as
a combination of the 3¢ of the zero measurements for both
channels and converted into NO, using the conversion effi-
ciency, resulting in 17 pptv and a TMU of 17 pptv + 5%.

The ambient reactivity of NO; towards biogenic volatile
organic compounds (BVOCs) was quantified by a cavity ring-
down spectroscopy (CRDS) measurement (at 662 nm) of
synthetic NO; when mixed with either synthetic or ambient air
in a flow-tube.** A numerical simulation procedure, which e.g.
takes reactions of NO; with NO, and reversible formation of
N,Os into account and has been described in detail by Lieb-
mann et al,* was used to correct the measurements for
competing reactions taking place inside the flow-tube in order
to extract the VOC contribution to the measured NOj;
consumption. The average LOD during the campaign was 0.006
s'. A detailed analysis of the NO; reactivity data from the
campaign is given in Dewald et al.**

PAN and PAA were measured using an Iodide Chemical
Ionisation Mass Spectrometer (I-CIMS). Briefly, the original
instrument was developed at Georgia Tech by THS and is the
same as that described in Phillips et al.,” amended for aircraft
use as described in Dorich et al.*>* and with the I” ions generated
using a VUV photoionization source (Heraeus, Type PKS106)
instead of polonium.** Both PAN and PAA were detected as
CH;C(0)O™ atm/z 59. PAN is thermally decomposed (at ca. 150 °
C) to CH3C(0)O, and NO, in a heated PFA inlet (R1) before
CH;3C(0)0O, reacts with 1™ in the ion-molecule-reactor (IMR) to
generate CH;C(O)O™ (R2). PAA is directly converted into
CH;C(0O)O™ by reaction with the I" ions in the IMR (R3).

CH;C(0)OONO; + A — CH;C(0)00 + NO, (R1)
CH;C(0)0, + I~ — CHC(0)0~ + 10 (R2)
CH;C(O)OOH + I~ — CH;C(0)0~ + HOI (R3)

A datapoint at m/z 59 was obtained every ca. 8 seconds. To
separate the signals from PAN and PAA at m/z 59, NO was added
periodically (3 min of PAN measurements followed by 3 min of
PAA measurements) to the heated inlet removing the CH;C(O)
0, generated from the thermal decomposition of PAN (R1) and
thereby removing the sensitivity to PAN. The signal due to PAA
at each height was determined as the average of all the
measurements at one height during a measurement cycle where
PAN was titrated, while the signal due to PAN was determined
by subtracting the median titrated signal (from PAA plus any
background signal) at a given height from the untitrated signal
measured at the same height during a measurement cycle

Environ. Sci.. Atmos., 2026, 6, 496-514 | 499
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before taking an average. The background signal was measured
every 70 minutes and interpolated.

The PAN signal was converted to a mixing ratio by reference to
calibrations performed approximately every 70 minutes for 5
minutes using a C"-acetone-based, photochemical, calibration
source.** C'3-PAN, which was detected at m/z 61, was preferred to
C">-PAN as previously used to avoid memory effects on m/z 59. The
time-dependent PAN sensitivity was derived from interpolating
between calibrations. A gradual decrease in the sensitivity was
observed during the campaign, however, only very small variations
were observed between individual calibrations.

The I-CIMS sensitivity to PAA was determined 3 times during
the campaign by bubbling (for ~50-160 min) a flow of PAA from
a diffusion source containing 37% PAA in acetic acid through
a solution of acidified (2.5 x 10~° M H,S0,) potassium iodide
(K1, 0.3 mol L") and simultaneously to the inlet of the I-CIMS.
PAA oxidises I to I3~ ((R4) and (R5)) which, after transfer from
the bubbler to a 3 cm UV-cuvette, was quantified by its optical
absorption in the wavelength range ~280 to 400 nm using the
extinction coefficients reported by Awtrey and Connick.*” A
separate set of laboratory experiments, in which a known
amount of iodine was stoichiometrically converted (via reaction
with iodide) to I3~ confirmed the accuracy of the spectrum of
Awtrey and Connick.*”

CH;C(O)OOH + 21~ + 2H* — CH;C(O)OH + L, + H,O (R4)

L+1" =15 (R5)

This calibration procedure assumes that only PAA oxidises I~

to I;” and that the scavenging efficiency of the bubbler was

100%. A potential further oxidant for I" is hydrogen peroxide

(H,0,) which is present in the PAA sample manufactured by
mixing H,0, with acetic acid (CH3C(O)OH):

CH;C(O)OH + H,0, = H,0 + CH;C(O)OOH (R6)

Previous work from this laboratory has shown that the head-
space above the PAA samples used contains only ~1% H,0,
compared to PAA, reflecting its lower vapour pressure.*® Exper-
iments in which two bubblers in series were used revealed no
measurable signal from I3~ in the second bubbler, indicating
that the scavenging efficiency was >95%. The reproducibility of
the 3 calibrations performed during the campaign was within
6% (1 standard deviation, o).

The PAA sensitivity in the I-CIMS has been shown to be
highly humidity dependent” with decreasing sensitivity with
increasing humidity. Corrections were therefore applied using
the relative humidity, temperature and pressure measurements
from the pulley system. Timeseries of the measured PAN and
PAA at different heights are plotted in Fig. S5 and S6. Neither
PAN nor PAA have irreversible losses to PFA tubing, so we do not
expect any losses through the sampling lines.

2.3 Atmospheric stability calculations

Atmospheric stability for the SMEAR II site has previously been
studied by Peltola et al,”” who defined a universal
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meteorological decoupling parameter Q, which can be used to
identify periods when the sub-canopy flow is decoupled from
the rest of the surface layer above the tree tops. When Q > 0.59,
the sub-canopy flow is coupled and entrainment from above
occurs.'” For 0.59 > Q > 0.43, the sub-canopy is weakly decou-
pled, which can lead to a reduction in entrainment. And when Q
<0.43, the sub-canopy is clearly decoupled from above resulting
in a strong reduction in entrainment. A detailed description of
how @ was calculated for BAIRN-VIP using meteorological
measurements from the 128 m mast is given in Dewald et al.**
and will not be repeated here.

3 Results and discussion

During the BAIRN-VIP campaign a total of 33 vertical gradients
(1-28 m) of O3, PAN and PAA were measured throughout the
diel-cycle. The vertical gradients of all the trace gases discussed
here displayed great variability, with different gradients ob-
tained at day and at night, as well as between different nights
and also during different periods of the same night. Large
variations in O; gradients have been observed at this site for
many years," but this is to our knowledge the first time for PAN
and PAA.

Fig. 2 shows examples of vertical gradients at the beginning
and end of three different nights. On the night from the 10-11th
September, Oz, PAN and PAA (panels A, B, and C) display no or
only weak vertical gradients at the beginning of the night
(orange circles and solid lines) which switch to stronger vertical
gradients (orange/red triangles and dashed lines) at the end of
the night. This transition is accompanied by a change in the
absolute values of the vertical gradients of temperature and
relative humidity (panels D and E).

For the nights 8-9th September (blue) and 15-16th
September (grey) large temperature inversions (panel D) can be
observed from the beginning (circles and solid lines) of the
night, which results in gradients in O3, PAN, and PAA (panels A,
B, and C). The height of the temperature inversions is very
different between the two nights (around 3-4 m for the 8-9th
and around 15 m for the 15-16th), resulting in contrasting
vertical gradients for the three trace-gases. The height of the
temperature inversion remained the same throughout the
night, however, the magnitude (i.e. the temperature difference
between 1 and 28 m) changed. While the relative humidity
profiles (panel E) for the 15-16th are similar at the beginning
(circles and solid line) and end (triangles and dashed line) of the
night, a large change was observed for the 8-9th, which might
explain why the change in vertical gradient of O;, PAN and PAA
during the night is different. Temperature inversions and
strong gradients in relative humidity such as those observed on
the 15-16th can suggest that the atmosphere was very stable,
which could lead to a significant reduction in entrainment from
above the tree tops. The impact of entrainment, chemical and
physical losses on the total observed loss coefficients (i.e. life-
times) of O3, PAN, and PAA at different heights will be discussed
in detail in Sections 3.3-3.5.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Examples of individual vertical gradients (each taking ~43 minutes to obtain in which the trace gas inlets were moved from 1 m to 28 m) at
the beginning (circles, solid lines) and end (triangles, dashed lines) of three different nights (8/9/24-9/9/24 - blue, 10/9/24-11/9/24 - orange/
red, 15/9/24-16/9/24 — grey) of Oz (A), PAN (B), PAA (C), temperature (D), relative humidity (RH) (E), and wind speed (F). Note that local time is UTC
+ 3. The circles and triangles show the median at each height during the measurement cycle and the error bars and shading show the 25th and
75th quantile. Note that the height scale for wind speed differs from the other panels to show the significant difference in wind speed above the

canopy between different nights.

3.1 Observed loss coefficients (lifetimes) of O3, PAN, and
PAA at nighttime

We define meteorological conditions as stationary during
periods when (1) the value of the decoupling constant Q does
not vary more than 0.25 from its median and (2) it does not
move between decoupled and coupled conditions (see above).
In these periods, the rate of entrainment of air from above the
tree tops can be assumed to be constant and the observed (net)
loss coefficients of Oz, PAN, and PAA at nighttime can be
determined by fitting time dependent mixing ratios at one
height to a first-order exponential decay as described in eqn (2):

[C], = [Co x e« )

where [C], and [C]; are the mixing ratios of O3, PAN or PAA at
time 0 and ¢, respectively, and k. is the corresponding loss
coefficient.

At low levels of solar irradiance PAA is lost predominantly by
deposition to surfaces while both O; and PAN are additionally
removed (thermo)chemically (see below). In this analysis, we
consider only measurements, in which the O; production from

© 2026 The Author(s). Published by the Royal Society of Chemistry

NO, photolysis is small compared to the observed O; loss
(nighttime and in exceptional cases the couple of hours before
sunset where the canopy is out of direct sunlight and the sub-
canopy is extremely decoupled from above) to avoid the
impact of photochemical production or loss. The nighttime
production of PAN from NO; + isoprene, is considered negli-
gible. We therefore assume that the only source of O;, PAN and
PAA that occurs at nighttime within the canopy is entrainment
from air above the tree tops. For O; we must also consider
reactions with NO (presumably released from the soil (e.g
Pilegaard*’)), NO, and unsaturated biogenic trace gases emitted
by the biosphere. NO emissions from the soil resulted in NO
mixing ratios up to 5-20 pptv at 1-4 m and approximately 0 pptv
at 8-28 m. For PAN, the major, chemical loss process is its
thermal dissociation to NO, and the acetyl peroxy radical
(CH3C(0)0,) followed by reactions of CH3;C(0)O, with NO and
other peroxy radicals that prevent the reformation of PAN.

On the night starting on September 9th the pulley system
was inoperative and the nights starting on September 13th and
14th were dominated by rain. Loss rate coefficients for Oz, PAN
and PAA were therefore derived from data collected on the
nights starting on September 7th, 8th, 10th, 11th, and 16-24th
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Fig. 3 Panel (A), (C), and (E) show examples of nighttime measurements of Oz, PAN and PAA, respectively, at heights of 4 m (blue circles) and 28
m (red triangles). Each datapoint is the average of one measurement cycle, and the error bars are +1¢. Local time is UTC + 3. The fits are
described by egn (2) and the resulting loss coefficients for the six measurement heights are plotted in panels (B), (D), and (F), where the error bars

are 1o uncertainties on the fit.

as well as during the evenings of the nights starting on
September 12th and 15th, where the majority of the loss took
place before sunset, however, the photochemical production of
0; was low within the sub-canopy (=1 ppbv h™" based on scaled
NO, photolysis rates at 5 m and measured NO, mixing ratios)
and the sub-canopy was extremely decoupled from above
(median Q < 0.15). Measurements of Oz, PAN, and PAA are used
in the analysis only if they are significantly different from 0. For
O; the limit is conservatively set to 2 ppbv. For PAN, data were

502 | Environ. Sci.: Atmos., 2026, 6, 496-514

used when the uncalibrated average PAN + PAA signal exceeded
the average PAA signal + 1¢ of the PAA signal. For PAA data were
used when the average PAA signal exceeded the average back-
ground signal + 1o of the background signal.

Fig. 3 shows exponential fits weighted by the standard
deviation (10) of the measurements from two different heights
for O; (A), PAN (C), and PAA (E): the loss coefficients for all six
heights measured on this night are plotted against height in
panels B, D, and F. The fits to the data began at the highest

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mixing ratios observed followed by a decrease in mixing ratios,
where Q remained within the boundaries defined above. The
fitted exponentials were only used for further analysis if at least
3 data points were available at each height and the uncertainty
(10) was less than the fit value of the loss coefficient. The night
of September 24-25th was chosen as an example since all three
trace gases have good fits for the majority of the heights
sampled.

The net loss coefficients obtained throughout the campaign
and across all heights were highly variable with values of 0.65-
19.0 x 10~ s~ for O (66 individual values), 0.94-27.1 x 10>
s~ ' for PAN (45 individual values) and 1.82-37.6 x 10> s~ for
PAA (47 individual values), resulting in (net) lifetimes of 1.5-
42 h, 1.0-29 h, and 0.7-15 h, respectively. The drivers of the
large variability in the net loss terms are discussed in Sections
3.3-3.5. The loss coefficients measured in this study generally
agree well with those from other studies conducted in forested
regions: previous measurements are summarized in Table 1.
Crowley et al.® determined the loss coefficients for the same
trace gases to be 0.93 x 107> s~ " for O3, 2.3 x 10> s~ for PAN,
and 5.2 x 107" s for PAA for the same site based on average
diel profiles. Shepson et al.® determined the net loss coefficients
for O3 and PAN on a single night to be 2.99 x 107> s~ ' and 8.64
x 107° s, respectively, in a Canadian mixed deciduous/
coniferous forest. And Andersen et al.'® determined the net
loss coefficient for Oz in a French mixed deciduous/coniferous
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1

forest to vary from 1.8-30.0 x 10> s ! over a month of

summertime measurements.

3.2 Relative rate

Shepson et al.® determined the ratio ko /kpan for the loss of O,
and PAN in three rural sites in Canada using the “relative rate
method”, which is well-established for determining rate coef-
ficients in the laboratory. Generally, by plotting the loss of one
molecule (reactant) relative to another molecule (reference), the
ratio of the rate coefficients kieactant/Kreference 1S Obtained as the
slope of the plot as shown in eqn (3), where [reactant]o,
[reactant],, [reference],, and [reference], are the concentrations
of the reactant and reference at time 0 and ¢, and k;eactant and
Kreference are the rate coefficients of the reactant and reference,
respectively.

ln([reactant]0> _ Kreactant wIn <[reference}0)

[reactant], [reference],

— (3)
Here we use the relative rate method to allow us to determine
kpan'ko, and kpaa/ko, on nights where the observed loss does not
strictly follow exponential behaviour due to less stationary
meteorological conditions.

Fig. 4 shows all the relative rate analyses at heights of 1, 2, 4,
8, 16, and 28 m during the BAIRN-VIP campaign for which >
was higher than 0.8 and at least 3 datapoints available for the
fit. Shepson et al.® used r* > 0.7, however, as we do not see
a significant reduction in usable fits by using 0.8 (82 and 74 fits

Table 1 Overview of measured nighttime loss coefficients and deposition velocities of Oz (not exhaustive), PAN, and PAA to relevant surfaces

Location Surface Loss coefficient (k) Deposition velocity (V4(X)) Reference

X =0;

Laboratory Grass 0.47-0.55 cm s~ ' Garland and Penkett*!
Laboratory Soil 1.6 cm s ¢ Garland and Penkett*!
Laboratory Alfalfa canopy 1.7cms ! Hill*?

Dorset, Canada Deciduous/coniferous forest 2.99 x 1077 57" 0.19 cm s~ Shepson et al.®

Rambouillet, France
Hyytiéld, Finland
Hyytiéld, Finland
Hyytidla, Finland
Global modelling

X = PAN

Laboratory
Laboratory
Laboratory

Dorset, Canada
Germany

North Carolina, USA
California, USA
Hyytiéld, Finland
Hyytidla, Finland

X = PAA
Hyytiéld, Finland
Hyytidld, Finland

Deciduous/coniferous forest
Coniferous forest
Coniferous forest
Coniferous forest
Coniferous forest

Grass

Soil

Alfalfa canopy
Deciduous/coniferous forest
Corn field

Loblolly pine plantation
Ponderosa pine forest
Coniferous forest
Coniferous forest

Coniferous forest
Coniferous forest

1.8-30.0 x 10> s~ *

0.93 x 107 ° 5710
5 1

0.65-19.0 x 10 s

8.64 x 10 ° s ¢

2.3 x10 %7
0.94-27.1 x 10 ° s !

5.2 x 107° 7P
1.82-37.6 x 10 ° s !

0.018-0.3 cm s~ ¢
0.05-0.15 cm s~ ' (winter)
0.093 cm s~ *¢
0.11 £ 0.05cm s~
~0.2 cm s~ (September)

1d

0.14-0.26 cm s~

0.21-0.30 cm s~ *¢
0.75cms !
0.54cm s
0.54 + 0.94 cm s~ *
0.2-0.6 cm s™*
0.05-0.2 cm s~
0.23cms !
0.15 + 0.05 cm s~

1

1

d

0.52 cm 8¢

0.20 £ 0.11 cm s ¢

Andersen et al.*®

Keronen et al.*®
Crowley et al.®
This study
Hardacre et al.*®

Garland and Penkett*!

Garland and Penkett*!
Hill*?

Shepson et al.’
Schrimpf et al.**
Turnipseed et al.'>
Wolfe et al.™

Crowley et al.®

This study

Crowley et al.®
This study

“ Assumes no entrainment and a boundary layer height of 20 m. ® Determined from an average diel profile of the campaign. ¢ Calculated assuming
the same boundary layer height used for PAN (200 m). ¢ Calculated using measurements from two nights, where the sub-canopy was strongly
decoupled and a decoupled layer height of 20 m. ¢ Increasing values were observed with increasing humidity.
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Fig. 4 Relative rates of PAN (blue) or PAA (orange) versus O for individual nights at 1, 2, 4, 8, 16, and 28 m during the BAIRN-VIP campaign. Only
data where r? > 0.8 is represented in this figure (see Section 3.2 for more details). A different symbol is used for each night.

when using 7* > 0.7 and r* > 0.8, respectively) and the slope of
plotting the ratios determined using relative rate versus the
ratios of the rate coefficients determined using first order
decays in Section 3.1 (Fig. 5A) is identical whether we use > > 0.7
(slope = 1.01 + 0.04) or 7* > 0.8 (slope = 1.01 + 0.04), we have
chosen 0.8.

There are significantly fewer good fits at 1-4 m (25)
compared to 8-28 m (49) (Fig. 4), possibly due to more rapid loss
rates near the ground, leaving fewer measurements above the
LODs of the instruments. kpan/ko, varied from 0.56-8.40 with
a median of 1.7 when using the relative rate method, however,
the three measurements with ratios above 3 (marked with
dashed lines in the frequency distribution in Fig. 5B) are all
from the night starting on the 20th of September, where we
observed no significant temperature inversion (<0.2 °C betwee