
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
7/

20
26

 9
:3

0:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
Vertical profiles o
aAtmospheric Chemistry Department, Max

55128, Germany. E-mail: john.crowley@mp
bInstitute for Atmospheric and Earth Syste

University of Helsinki, Helsinki, Finland
cStation for Measuring Ecosystem – Atmosph

Helsinki, Korkeakoski, 35500, Finland

Cite this: DOI: 10.1039/d5ea00153f

Received 19th November 2025
Accepted 10th February 2026

DOI: 10.1039/d5ea00153f

rsc.li/esatmospheres

© 2026 The Author(s). Published b
f NO3 reactivity within the surface
layer of a boreal forest
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The reaction of the nitrate radical (NO3) with biogenic volatile organic compounds (BVOC) in the

atmosphere is a significant source of secondary organic aerosols and can affect the reactive nitrogen

budget. Field studies dedicated to NO3-BVOC interaction on elevated platforms have highlighted vertical

variability in both NO3 and BVOC mixing ratios. While vertical profiles of NO3 in the upper parts of the

troposphere have been studied extensively, height-resolved measurements within the surface layer of

BVOC-dominated areas, such as forests, are scarce. During the “Biosphere-Atmosphere Interactions and

the Reactive Nitrogen Budget: Vertical Profiles of Key Species” (BAIRN-VIP) campaign, we measured

vertical profiles of (B)VOC-induced NO3 reactivity (kVOC) along with the NO3 precursors nitrogen dioxide

(NO2) and ozone (O3) at five heights below the canopy (1–16 m) as well as at one height above it (28 m)

in order to assess the vertical gradients of both NO3 and BVOCs in the boreal forest of Hyytiälä, Finland.

We find that the stability of the nocturnal boundary layer and decoupling of the sub-canopy flow are the

main drivers of the vertical gradients in kVOC. Steady-state calculations indicate that NO3 concentrations

on the order of pptv are found exclusively above the canopy during strongly decoupled nights, with

BVOCs as the only NO3 sink at heights above 4 m. During the day, BVOCs contribute, on average, 40–

60% to the loss of NO3 along the profile. Our results indicate that single-height field measurements of

NO3 are insufficient to explain nighttime oxidation chemistry under decoupled conditions.
Environmental signicance

The nocturnal oxidation of biogenic volatile organic compounds (BVOCs) by the nitrate radical (NO3) has an impact on the reactive nitrogen budget. Despite the
pronounced vertical gradients that these trace gases can exhibit at night, particularly within forested environments, height-resolved observations are scarce.
Here, we present measurements of BVOC-induced NO3 reactivity at several heights both above and below the canopy of a boreal forest. These observations
provide new insights into the fate and vertical distribution of the NO3 radical in this environment and further underscore the limitations and potential biases
associated with more common single-height measurements.
1 Introduction

With an estimated area of ca. 15 million km2, boreal forests
cover a large fraction of the Earth's surface and contribute
signicantly to the ∼1000 Tg year−1 of biogenic volatile organic
compounds (BVOCs), such as isoprene (2-methylbuta-1,3-diene,
C5H8) and monoterpenes (C10H16) that are released into the
atmosphere by vegetation.1,2 The oxidation of BVOCs in the
presence of nitric oxide (NO) and nitrogen dioxide (NO2) is
Planck Institute for Chemistry, Mainz
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a well-known source of surface ozone (O3)3 and has a crucial
impact on air quality and climate.4,5 The major initiators of
BVOC-oxidation in the troposphere are O3, the hydroxyl radical
(OH) and the nitrate radical (NO3).6,7 NO3, the focus of this
study, is produced from the sequential oxidation of NO and NO2

by O3 (R1, R2).8 The nitrate radical is in thermal equilibrium
with NO2 and dinitrogen pentoxide (N2O5, R3a and R3b) and is
present mainly at night, when it is not exposed to sunlight or
high levels of NO.9 The reaction with NO (R4) and photolysis
(R5a and R5b) are important sinks of NO3,10 both of which
reform NOx (=NO + NO2).

NO + O3 / NO2 + O2 (R1)

NO2 + O3 / NO3 + O2 (R2)
Environ. Sci.: Atmos.
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NO2 + NO3 + M / N2O5 + M (R3a)

N2O5 + M / NO3 + NO2 + M (R3b)

NO3 + NO / 2NO2 (R4)

NO3 + hv / NO + O2 (R5a)

NO3 + hv / NO2 + O (R5b)

The nitrate radical reacts with BVOCs (R6), leading to
a variety of oxidation products including organic nitrates (e.g.
RONO2) or nitric acid (HNO3),11 which may be transferred to
particulate matter or deposited on surfaces. Many studies
report signicant yields of both RONO2 and secondary organic
aerosol (SOA) from the NO3-initiated oxidation of BVOCs.12–18 In
contrast to R4, R5a and R5b, the reaction between NO3 and
BVOCs (R6) opens the possibility of irreversible NOx removal
from the gas-phase, e.g. via organic nitrate deposition.19,20

Reaction R6 is thus of particular interest to understand the
impact of BVOCs and NO3 on the NOx budget.

NO3 + BVOC / products (e.g. RONO2, HNO3) (R6)

For the reasons outlined above, nearly all ambient NO3

measurements have been made at night. Close to the surface,
the NO3 mixing ratio and its variability can be strongly inu-
enced by the stability of the nocturnal boundary layer (NBL).9,21

When the ground cools due to the absence of insolation
at nighttime, buoyancy-induced convective mixing is dimin-
ished so that the NBL may stratify,22 resulting in strong
vertical gradients in NO3, which will remain obscure if
sampling is conducted at a single height. Most vertical proles
of NO3 reported so far were taken above the boundary layer or
in non-forested settings23–30 and height-resolved, nighttime
measurements of BVOCs, NO3 or the NO3 reactivity within
the rst tens of meters of the troposphere (the surface layer),
are scarce.10,31–33 In forested regions, surface layer meteorology
is distinctly complex and the trace gas composition above
the canopy can differ drastically from that below,33,34 especially
when the NBL is stratied e.g. in the absence of turbulence
induced by wind-shear.35–37 This can result in a decoupling
of the sub-canopy atmospheric ux from the above-canopy
region of the NBL, also known as the “nighttime (ux)
problem”.38

To gain deeper insight into the height dependent NO3-
chemistry in a forest environment, we measured vertical
proles of VOC-induced NO3 reactivity (k

VOC) along with mixing
ratios of NO, NO2, and O3 in the boreal forest at Hyytiälä (Fin-
land) over a period of ∼1 month in September 2024. This set of
measurements is used to derive height-dependent NO3 mixing
ratios via stationary-state calculations. As kVOC is mainly driven
by monoterpenes at this site and in other forests,10,39,40 these
measurements also provide insight into the vertical gradients of
BVOCs. A comparison between kVOC and non-speciated (total)
monoterpene mixing ratios is presented in Andersen et al.41 and
summarized briey in the SI (S1).
Environ. Sci.: Atmos.
2 Methods

The BAIRN-VIP campaign took place at the Station for
Measuring Forest Ecosystem–Atmosphere Relations II (SMEAR
II) in the boreal forest at Hyytiälä, Finland, in September 2024.
Hyytiälä forest is situated ca. 180 m above sea level and ca. 50
km northeast of Tampere (ca. 260 000 inhabitants), the nearest
city in this area. The site is thus only minimally inuenced by
anthropogenic activity. Hyytiälä forest is composed of Scots
pine (>60%), Norway spruce, aspen and birch with an average
tree-top height of ∼21 m.42,43 The understory is dominated by
lingonberry, bilberry, heather, wavy hair grass and mosses. We
installed our measurement container along with an automated
inlet system next to the permanent, 35 m tower in a small
clearing (ca. 420 m2).
2.1 Vertical prole measurements

Vertical proles were obtained along a diagonal between the
container and the tower (ca. 8 m distant) using a self-made,
winch-driven, pulley system (HOIST8, Pallit) and an inlet-
manifold equipped with rain protection and lters (PTFE, 2
mmpore size, Pall Corp.) to which the 30 m sampling lines (PFA,
1/4 inch outer diameter, Swagelok) of the instruments were
connected.41 A soware-controlled routine sequentially moved
the manifold between different sampling heights. Each cycle
included 7 minute measurement periods at 1 m, 2 m, 4 m, 8 m,
16 m, and 28 m. At the end of the 42 minute cycle, the manifold
returned directly to 1 m (in <1 min).
2.2 Meteorological data

The temperatures at 0.4 m, 1.5 m, 3.3 m, 5.8 m, 8.8 m, 16.8 m,
21.6 m and 27mweremeasured at the SMEAR II mast, ca. 130m
away from the container area. These temperatures (and gradi-
ents therein) were consistent with those measured at the tower
at heights of 2 m, 7 m, 12 m, 17 m, 22 m, 27 m and 32 m.41

At a height of 27 m on the mast, a sonic anemometer (Gill
HS-50) provided horizontal wind speed (U), standard deviation
in vertical wind speed (sw), the Obukhov length (L) and the
friction velocity (u*) which were used to calculate a decoupling
parameter describing the exchange of above and below canopy
air (see Section 3.2). This ancillary data is found in the SI
(Fig. S2).
2.3 NO3 reactivity

A ow-tube reactor coupled to a cavity ring-down spectrometer
(CRDS) was used to determine the VOC-induced NO3 reactivity
kVOC.44 The instrument features a thermostated (30 °C), Teon-
coated (FEPD-121, Chemours) glass reactor to synthesize NO3 in
situ via the oxidation of NO with O3 (R1, R2). The NO ow is 3–5
standard (STP) cm3 per minute (sccm) from a bottle containing
1 parts per million by volume (ppmv) NO in N2. O3 is generated
in a ow of 400 sccm synthetic air, which is passed through
a cuvette illuminated with a low-pressure Hg lamp (active
wavelength of 185 nm, Jelight, 78-2046-2). The ow is heated to
140 °C to dissociate N2O5 into NO3 and NO2 (R3b) and then
© 2026 The Author(s). Published by the Royal Society of Chemistry
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mixed with either synthetic air (zeroing mode) or ambient air.
Synthetic air was provided by a compressor coupled to a zero-air
generator (CAP180, Fuhr GmbH).

This mixture, typically containing 30–50 parts per trillion by
volume (pptv) of NO3, is directed through a Teon-coated ow-
tube thermostated to 20 °C, where the air resides for 11 s. The
effective reaction time was derived by calibrations in which
a known amount of NO is added to zero air every 2 h. Finally, the
air is sampled through the CRDS operated at 662 nm used to
quantify the NO3 exiting the owtube. Titration of the NO3 with
NO (R4) allows determination of the “cavity baseline”. The NO3

reactivity is inferred from the comparison of NO3 mixing ratios
in synthetic air to those in ambient air, whereby ambient air and
synthetic air are sequentially sampled for 20 min and 7 min,
respectively.

As detailed in Liebmann et al.,44 corrections are necessary via
numerical simulations using IUPAC-recommended rate coeffi-
cients45 and ambient measurements of NO, NO2, and O3. This
correction allows us to account for the impact of R1 to R5b, as
well as the wall loss of NO3, and to separate the total NO3

reactivity from that induced by VOCs (kVOC). To exclude bias
from ambient NO3 and N2O5, the air is sampled through an
uncoated 2 L glass ask for which the NO3 and N2O5 trans-
mission is zero. With the instrument operated at a ow rate of
3000 sccm, the combined ask and sampling line yielded an air
residence time of approximately 45 s. To account for R1 during
this period, ambient NO concentrations were corrected by
factors ranging from 0.3 to 1 prior to use in the numerical
simulations. A dynamic dilution system with synthetic air
enables the measurement of NO3 reactivities of up to ca. 2 s−1.
The lower limit of detection (LOD) during the campaign was
0.006 s−1 and was mainly driven by the (temperature-
dependent) stability of both the NO3 source and the cavity
system. The latter induces a measurement uncertainty of 21%.
The numerical simulation procedure introduces additional
uncertainty that depends on the ratio of ambient NOx to VOC
concentrations. On average, the total systematic measurement
uncertainty associated with kVOC was 36% during this
campaign.
2.4 NO, NO2 and O3

Measurements of both NO2 and NO were provided by chem-
iluminescence detection of NO (ECO Physics CLD 790 CR) and
photolytic conversion of NO2 to NO.46,47 Calibration of the
sensitivity was performed every 2–3 days using an NO standard
(5 ppmv in N2, Air Liquide) and the conversion efficiency of the
photolytic converter was determined 4 times during the
campaign and remained stable. The effect of quenching of the
NO2* uorescence by water (H2O) was investigated in post-
campaign laboratory experiments and accounted for using the
measured relative humidity and temperature during the
campaign. Background measurements were performed every 10
minutes by sampling through a pre-chamber while adding O3.
During this campaign, the LODs of NO and NO2 were 4.5 and 17
pptv with associated uncertainties of 4 and 5%, respectively. O3

mixing ratios (5% uncertainty, LOD of 2 ppbv) were measured
© 2026 The Author(s). Published by the Royal Society of Chemistry
with a commercial ozone monitor (2B Technologies, model 205)
equipped with a UV absorption cell. The NOx and O3 instru-
ments shared a common inlet line with a total sampling ow
rate of ∼10 000 sccm, corresponding to a residence time of
approximately 1.7 s, during which minor chemical losses due to
R1 may occur. Although larger corrections (up to ±20 pptv)
occurred occasionally during daytime, nighttime corrections
applied to NO and NO2 to account for R1 were generally small,
with 99% of NO corrections below 2 pptv and 97% of NO2

corrections within ±3 pptv, well below the instrumental LODs.
2.5 Photolysis frequencies

A spectral radiometer (Metcon GmbH) installed on top of the
tower at 38 m (i.e. above the tree-tops) measured the down-
welling actinic ux. The latter was converted to NO3 photolysis
frequencies (JNO3

) using evaluated cross-sections.45 No correc-
tions for upwelling radiation were made. In order to assess NO3

photolysis below the tree-tops, the J-values were scaled by the
ratio between two permanent photosynthetically active radia-
tion (PAR) measurements below (0.6 m) and above (35 m) the
canopy at the SMEAR II site. This approach takes advantage of
the fact that the NO3 radical is only photolysed by sunlight in
the PAR region.48 A comparison between the two PAR
measurements and the above-canopy NO3 photolysis rates
derived from our actinic ux measurements on the tower is
depicted in the SI (Fig. S3).
3 Results and discussion

An overview of the measurements during the BAIRN-VIP
campaign at different sampling heights (z) is depicted in
Fig. 1. The campaign took place in September 2024 during the
summer–autumn transition and this period is marked by mild
daytime temperatures of 285–297 K and nighttime tempera-
tures of 280–285 K close to the ground. Based on the NO3

photolysis frequencies, daylight was from 03:30 to 17:30 UTC
(6:30–20:30 local time; white periods), with maximum values of
JNO3

∼ 0.2 s−1 under clear conditions above the canopy. Based
on the comparison of PAR measurements above and below the
canopy (see Section 2.5 and Fig. S3), JNO3

is reduced on average
by a factor of ∼5 close to the ground within the forest.

The mixing ratios of NO and NO2 were mostly below 0.2 ppbv
and 1 ppbv, respectively, highlighting the remote location of the
SMEAR II site. Daytime ozone levels of 20–30 ppbv were oen
reached, with occasional peaks at 60 ppbv (predominantly in
the rst half of the campaign). During nights with strong
temperature inversion, when ground-level O3 approached
0 ppbv, NO mixing ratios of several tens of pptv were detected.
Vertical gradients in NO, NO2 and O3 were observed during
most nights, and may be explained in terms of nocturnal NO
soil emissions.49–51

The VOC-induced NO3 reactivity (k
VOC) showed a signicant

diel variation with a mean reactivity of 0.047 s−1 across all
heights during the day and higher values of 0.07 s−1 during the
night for z < 16 m. 0.07 s−1 corresponds, for example, to a-
pinene mixing ratios of 308 pptv and 456 pptv, respectively,
Environ. Sci.: Atmos.

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00153f


Fig. 1 Time series of VOC-induced NO3 reactivity (k
VOC, a), nitric oxide (NO, b, log-scale), nitrogen dioxide (NO2, c), ozone (O3, d), temperature

(T, e) and NO3 photolysis frequencies (JNO3
, f) during the BAIRN-VIP campaign. The data are colour-coded according to measurement height

(colour scale on the right). The nighttime periods are shaded grey. The highlighted periods A, B, and C mark nights with extreme, moderate
(typical condition for this campaign), and no temperature inversion, respectively.
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a major constituent of monoterpenes at this site.40 These
observations are in line with the ndings of Liebmann et al.,10

who measured mean daytime and nighttime kVOC values of 0.04
and 0.11 s−1, respectively, at a height of 8 m in September 2016
at the same site. Below, we examine the vertical gradients of
kVOC and its drivers in more detail.
3.1 Vertical gradients in kVOC

During BAIRN-VIP, we observed great night-to-night variability
in the vertical gradients of kVOC as well as signicant changes
within a single night. Zeroing as well as titration periods in the
measurements of kVOC resulted in data gaps in consecutive
prole measurements. In order to account for these disconti-
nuities, nocturnal kVOC data were averaged over bins of ca. 1–
2.5 h, ensuring that data from each height contributes similarly
to the overall vertical proles. The SI (S4) illustrates the evolu-
tion of the vertical kVOC prole for each night. Note that even
though we cannot rule out potential sampling losses of BVOCs,
they are reported to be small in PFA lines.52 Because all heights
were sampled through the same line, any residual losses are
Environ. Sci.: Atmos.
expected to affect all levels equally and therefore are not ex-
pected to inuence the observed vertical gradients signicantly.

To identify key drivers of the gradient in NO3 reactivity (i.e.
BVOCs and NO), we focus on case studies and compare three
different nights (marked by boxes in Fig. 1) with a “large”
temperature inversion (Sep 12–13, period A), a “moderate”
temperature inversion (Sep 20–21, period B) and “weak/no”
temperature inversion (Sep 13–14, period C). The median
vertical proles at different times during these three nights are
depicted in Fig. 2 (le panels). In addition, the NO3 reactivity
relative to that at 28 m at each sampling height is dened as f
(right panels):

f ðzÞ ¼ kVOCðzÞ
kVOCð28 mÞ (1)

Around 17:30 on the night of Sep 12–13 (Fig. 2a) there was
a “large” temperature inversion (DT = T27m − T0.4m z 3 K) that
diminished to ∼2 K as the night progressed. The rst two
proles (purple and blue lines) were very similar, with kVOC at
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Evolution of median vertical profiles of VOC-induced NO3 reactivity from nights with (a) strong (period A), (c) moderate (period B) and (e)
weak (period C) temperature inversion. The different time bins are coloured according to the legend that also includes the mean temperature
inversions (DT = T27m − T0.4 m). The shaded areas denote the 25th and 75th percentiles. Panels (b), (d) and (f) show the fractional changes in NO3

reactivity relative to 28 m (f, eqn (1)) for the corresponding night types. The dashed line marks zero gradient, i.e., f = 1.

© 2026 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos.
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Fig. 3 (a) Themean vertical gradient in VOC-induced NO3 reactivity (G, eqn (2)) plotted against the absolute temperature difference (DT= T27m−
T0.4m). The data is colour-coded by the mean friction velocity (u*) at 27 m. Linear regression to the data results in a Pearson correlation
coefficient (r) of 0.58. (b) Relationship between G and the decoupling parameter U (eqn (3)). The data is coloured by the mean, sub-canopy
potential temperature (q�), according to the scale on the right.
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ca. 0.1 s−1 between 1 m and 16 m, followed by a reduction to
0.007 s−1 at 28 m. As displayed in Fig. 2b, this corresponds to
a fractional change f of ∼16. During the fourth period (21:19–
00:25 UTC, yellow) f was ∼8–10. This decrease in f coincides
with the weaker temperature inversion (DT z 2 K). The
consistently high values of f together with the persistently
strong temperature gradient of 2−3 K, indicate decoupling of
the sub-canopy from the above-canopy level (see Section 3.2),
preventing air exchange between emission sources at the forest
oor, understory and overstory as previously observed in
forested environments.36,38,53,54

Fig. 2c shows a night (period B in Fig. 1) in which there was
a “moderate” temperature inversion (DT ∼ 0.5 K) that persisted
until 02:00 UTC. The values of kVOC were between 0.03 s−1 and
0.07 s−1 and thus signicantly lower compared to period A with
a strong temperature inversion, possibly caused by a deeper
boundary layer and thus lower monoterpene mixing ratios than
in period A. Most of the proles feature a local maximum kVOC

at a height of 2 m, which was observed on various other nights
during the campaign (e.g. Sep 1–2, 14−15, 18−19, 23−24,
25−26, see SI S4). This feature can likely be attributed to two
interacting processes: since the inlet system was set up in
a clearing with a gravel surface, measurements made at 1mmay
be inuenced by different losses to and emissions from this
surface compared to the understory of the surrounding forest at
2 m. In addition, Alekseychik et al.53 reported the frequent
presence of a drainage ow limited to the rst few meters above
ground level at this site. Its impact may be strongest closest to
the surface, where coupling to the ground, deposition and near-
surface advection are maximal, leading to greater decrease of
kVOC at 1 m than at 2 m. As presented in Fig. 2d, f varied between
1.5 and 2.2 until 01:51 UTC. Between 02:13 and 03:30 UTC,
when the temperature gradient diminished, f decreased to 1.2
with the exception of the peak at 2 m.

The rainy night of Sep 13–14 (period C in Fig. 1) followed
a rainy day, as reected in less intense solar radiation (Fig. 1f),
and no temperature inversion was apparent throughout the
Environ. Sci.: Atmos.
whole night. The vertical proles of kVOC are relatively at on
this night (Fig. 2e) with values between 0.04 and 0.06 s−1, which
are comparable to those observed in period B. The fractional
change f (Fig. 2f) never exceeded 1.5 in period C, and between
22:27 and 00:26 UTC, f was close to 1.
3.2 Impact of atmospheric stability

The three case studies depicted in Fig. 2 show that the vertical
proles of atmospheric trace gases in the lowermost atmo-
sphere are closely linked to temperature inversions. We have
therefore examined the correlation between the temperature
inversion and the vertical gradients in kVOC. To do this, we
dene the mean of f (i.e. �f ) for all sampling heights z < 28 m as
the relative vertical gradient strength G of an averaged vertical
prole:

G = �f (z), z < 28 m (2)

With this approach we account for the fact that the
maximum value of f is not always at the same height and that
while some proles show a fairly continuous decrease in kVOC

with increasing height (e.g. period B, Fig. 2d), others do not (e.g.
period A, Fig. 2b). To avoid distortion in the statistics, we omit
nights lacking complete vertical proles from the analysis.
Fig. 3a plots G against the absolute temperature difference
between 27m and 0.4 m (DT). Extremely strong gradients with G

> 5 occurred on the nights of Sep 12–13 (period A) and Sep
(15−16), which are both characterized by strong temperature
inversions (DT > 2 K and >5 K, respectively). During nights with
no or only a moderate temperature inversion (DT < 2 K), G
increases with DT, albeit with considerable scatter. A Pearson
correlation analysis yields a correlation coefficient r of 0.58,
which suggests that a signicant fraction of the data scales
linearly. The two nights with both high G and strong tempera-
ture inversion clearly do not follow this linear trend, implying
that DT, serving as a measure for the local static stability of the
nocturnal boundary layer, is not sufficient to evaluate the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Median diel cycles in VOC-induced NO3 reactivity (kVOC)
plotted against sampling height and separated by the decoupling
parameter U with U > 0.43 (upper panel) and U < 0.43 (lower panel).
The highest NO3 reactivities (light blue areas) are observed at the
lowest heights under decoupling conditions (lower panel). The black
vertical lines symbolise sunrise (03:00 UTC) and sunset (17:30 UTC)
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overall stability. As mentioned above, from challenges
encountered in the data evaluation of eddy ux measurements,
it is well known that sub-canopy decoupling predominantly
occurs during nights with stable stratication and low wind
speeds.35 This phenomenon has been observed at the SMEAR II
site in previous studies.53,55–57

A common indicator for dynamic stability and decoupling
used in the evaluation of ux measurements is a site-specic
threshold value of the friction velocity (u*),58,59 which is,
however, not necessarily applicable to all forested environ-
ments.60,61 Colour-coding the data in Fig. 3a by u* reveals that
the two nights with high G (Sep 12–13 and Sep 15–16) are
characterised by extremely low friction velocities above the
canopy (blue points) and that higher friction velocities corre-
spond to lower values of G and DT. A similar relationship
between wind-induced mixing and vertical gradients of other
species, such as O3, has been reported in other forested envi-
ronments.62,63 However, using a friction velocity measured
above the tree tops to evaluate the atmospheric stability of the
sub-canopy may be problematic.64

Recently, Peltola et al.55 introduced a universal meteorolog-
ical decoupling parameter U, which takes forces opposing
vertical mixing, such as buoyancy and canopy drag, into
account. As explained in Peltola et al.55 and Peltola et al.,43

a temperature prole throughout the surface layer of the forest
and the data set provided by an anemometer above the canopy
(see Section 2.2) is sufficient to calculate an absolute critical
vertical wind speed (jwe,crit(z)j) that is necessary to move an air
parcel from a measurement height z above the canopy to the
ground. The stability parameter U is dened as the ratio
between this critical wind speed and the standard deviation in
vertical wind speed (sw(z)) as provided by the anemometer:

U ¼ swðzÞ
�
�we;critðzÞ

�
�

(3)

In the SI (S2), we summarize the approach to derive jwe,crit(z)j
by Peltola et al.,43 who calculated this parameter using data at
several measurement sites, including SMEAR II. They found
that the sub-canopy starts to be weakly decoupled when U <
0.59. Assuming a Gaussian distribution of vertical wind speed
uctuations, the sub-canopy is clearly decoupled if U < 0.43.55

Plotting G against U (Fig. 3b) conrms that, on the two excep-
tional nights with the highest gradients in kVOC (Sep 12–13 and
Sep 15–16), the in-canopy ow is strongly decoupled from the
above-canopy ow as reected in extremely low values of U

(0.007–0.15). G steeply decreases as U increases from ∼0 to 0.2.
Strong gradients (G > 3) were never observed when U exceeded
the threshold value for weak decoupling of 0.43 (dashed line in
Fig. 3b). In the regime of U > 0.43, corresponding to conditions
intermediate between weak decoupling and coupling, G main-
tained a mean value of approximately 1.5. On the night of Sep
13–14 (period C), with its characteristically weak gradients (G ∼
1.2), U approaches innity, i.e. unstable stratication due to DT
< 0 as discussed in the previous section. It is important to note
that the universal threshold values reported by Peltola et al.43
© 2026 The Author(s). Published by the Royal Society of Chemistry
may not be entirely suitable for our study, as we based our
analysis on their mean leaf-area-index (LAI) of the Hyytiälä
forest, but our measurements were taken in a clearing.

Fig. 3a and b strongly suggest that the meteorological
stability of the lowermost atmosphere is an important driver of
the gradient in kVOC. However, even though the nights of Sep
12–13 and Sep 15–16 are qualitatively comparable, they show
different G, despite having similar U. This emphasises the fact
that other parameters may also affect G, including the emis-
sions of trees, shrubs and soils. Since the monoterpene emis-
sion rates are temperature-dependent,65 we colour-coded the
data in Fig. 3b by the mean potential temperature in the sub-
canopy (q�, z < 28 m). The lower value of G on Sep 15–16,
compared to Sep 12–13, is seen to be accompanied by a lower
temperature and therefore lower monoterpene emission rates.

In summary, Fig. 3 indicates that vertical gradients in kVOC

(or biogenic emissions) are mainly driven by surface layer
stability, here quantied with U. However, the abundance of
BVOCs is not only affected by their reaction with atmospheric
oxidants (O3, NO3, OH) and the stability of the surface layer, but
also by plant physiology.
3.3 Diel variability of vertical proles

According to the results presented in Fig. 3b, nights can be
classied into two regimes based on their nocturnal mean U:
values exceeding 0.43 denote coupled conditions, whereas
values below this threshold indicate decoupled conditions.
Using this classication, we compare the vertical diel cycles of
kVOC in Fig. 4. Note that data from the day preceeding the night
for which U was determined was used to generate the median
and the dashed black lines the tree top.

Environ. Sci.: Atmos.
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value kVOC through the diel cycle. Furthermore, all nights shown
in Fig. 1, including those without a complete vertical prole,
were included in the analysis.

During nights with a coupled sub-canopy (upper panel in
Fig. 4), only weak gradients were observed during the rst half
of the night between 17:30 and 22:00 UTC, with kVOC reaching
values ∼0.05 s−1 close to the ground and decreasing to 0.03 s−1

above the canopy. Further into the night, the gradient dimin-
ished between 22:00 and 03:00 UTC and ground-level kVOC

decreased to ∼0.04 s−1. During the daytime, only weak vertical
gradients (G) were observed until the late aernoon/early
evening (15:00 UTC). This is consistent with an occasional
daytime decoupling (as reected in our calculated values of U)
and a recent publication dealing with U at this site.43 In order to
avoid distortion of the statistics, daytime data impacted by local
traffic and forestry activities as characterized by short-lived NOx

peaks were removed from the analysis.
Similarly, no strong vertical gradients (except during the

dusk and dawn periods) occurred on the days preceding nights
with a decoupled sub-canopy (Fig. 4, lower panel). In stark
contrast to coupled conditions, very strong gradients were
Fig. 5 Median vertical profiles at nighttime of (a) overall NO3 loss rate
production rate (P) and (d) steady–steadymixing ratios of NO3 ([NO3]ss) d
sub-canopy. The parameters were calculated with eqn (4) and (5). The 2

Environ. Sci.: Atmos.
observed throughout the whole night. Sub-canopy reactivities
were typically between 0.06 and 0.1 s−1, whereas above-canopy
values of kVOC predominantly range from <0.006 s−1 to 0.02 s−1.
3.4 The fate of the nitrate radical

We now further examine the impact of these two states, i.e.
coupled and decoupled sub-canopy, on the abundance of the
nitrate radical. As no height-dependent NO3 measurements
were available, we deduce NO3 mixing ratios from a stationary-
state approximation from the production (P) and loss (L)
terms33,66–69 whereby:

½NO3�ssz
P

L
z

k2½NO2�½O3�
kVOC þ k4½NO� þ JNO3

þ khet
(4)

and the terms in square parentheses are concentrations. k2 is
the rate coefficient for the reaction between O3 and NO2, k

VOC is
the measured rst-order loss coefficient, caused by reaction
with VOCs, k4 is the rate coefficient for the reaction between
NO3 and NO, JNO3

is the NO3 photolysis frequency, and khet
represents heterogeneous losses. As outlined in the SI (S5), khet
coefficients (L), (b) fractional contribution of kVOC to L (FVOC), (c) NO3

uring nights with coupled (orange squares) and decoupled (blue circles)
5th and 75th percentiles are shown by the shaded areas.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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is negligible for this environment. To assess the fractional
contribution FVOC of VOC-induced NO3 loss to the total loss
term L, we use eqn (5):

FVOC ¼ kVOC

L
(5)

As stated in the introduction, this NO3 loss path is of particular
interest, as it may efficiently remove NOx from the gas phase.

3.4.1 Nighttime (17:30–03:30 UTC). The median vertical
proles of [NO3]ss, P, L and FVOC at nighttime are displayed in
Fig. 5. All campaign data were included, the orange squares are
data obtained when the sub-canopy was coupled (U > 0.43), the
blue circles are data obtained when the sub-canopy was
decoupled (U < 0.43). During nights with coupled sub-canopy,
only weak vertical gradients in L are observed (Fig. 5a, orange
squares). Within the rst 4−8 m above the ground-level, L
decreased from ca. 0.05 s−1 to 0.03 s−1 and did not show any
clear vertical variability above the tree-tops. This implies an
average vertical gradient strength G of ca. 1.66 during coupled
phases, which is in line with Fig. 3b. The vertical proles of L
during nights with a decoupled sub-canopy (Fig. 5a, blue
circles) are in stark contrast to the observations during coupled
conditions: L decreases continuously from 0.1 s−1 at 1 m to 0.02
s−1 at 28 m, with the greatest difference between 16m and 28m.
Within the sub-canopy, L is higher during decoupled nights
than during coupled ones. This opposing behaviour is reected
in the classication based on the decoupling parameter U and
conrms that with intensifying vertical decoupling, BVOCs
(and, at the lowest heights, also NO) accumulate in the sub-
canopy. At the same time, reactions with VOCs are the only
signicant contributor to L during both types of night, with FVOC

approaching 1 at sampling heights z > 2−4 m (Fig. 5b). As
a consequence, L drastically decreases above the canopy under
decoupled conditions. Values of FVOC that are less than 1 imply
the presence of NO, which contributes less than 10% to L at
sampling heights close to the ground (1−2 m) during coupled
conditions (Fig. 5b). Under decoupled conditions, the NO
contributions may increase to 25% at heights <4 m, which is
related to low-level sources of NO such as soil and foliar
surfaces.51,70,71 NO mixing ratios above 4 m were limited by its
reaction with O3, and oen at the detection limit of the
measurement device.

During coupled nights, the NO3 production rate P (Fig. 5c,
orange squares) features only little vertical variability and
increases from 0.003 to 0.004 pptv s−1 (i.e. by a factor of only
1.33). In contrast, under decoupled conditions, P increases from
0.0016 to 0.0032 pptv s−1 going from 1 m to 16 m within the
canopy and sharply increases to 0.01 pptv s−1 at 28 m, which is
well above the tree-tops. During decoupled nights P is smaller
than under coupled conditions, which is related to lower O3

mixing ratios resulting from higher deposition losses within
a shallow boundary layer close to the ground.72,73 Note that P in
Fig. 5c is affected by the vertical gradients in both O3 and NO2,
which are determined by boundary layer dynamics, heteroge-
neous processes and chemistry.49,62,71 A detailed analysis of the
vertical variability in NO, NO2 and O3 is beyond the scope of this
work.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In summary, during both types of nights, the vertical prole
of L is inverted compared to that of P. While the gradients are
weak and mostly restricted to the ground and lower understory
region (1–4 m) during coupled nights, much stronger and more
continuous gradients with a distinct augmentation between the
central overstory (16 m) and the above-canopy region (28 m)
appear to be the signature feature of decoupled nights.

These differences also become evident in NO3 mixing ratios
(Fig. 5d) deduced from eqn (4). Due to the lower values of L and
higher values of P in the sub-canopy during coupled conditions,
[NO3]ss (0.05–0.1 pptv) was signicantly higher than in the
decoupled sub-canopy ([NO3]ss = 0.01–0.05 pptv). The median
[NO3]ss increases sharply to ca. 0.5 pptv above the canopy at 28
m under decoupled conditions. Generally, the high BVOC
mixing ratios, as reected in high values of kVOC together with
the absence of strong (anthropogenic) NO2 sources, lead to low
NO3 mixing ratios at this site. On exceptional (strongly decou-
pled) nights with U < 0.01, for example during the night of Sep
5–6, steady-state NO3 mixing ratios of up to 8 pptv were calcu-
lated at 28 m. This is readily understood as, under decoupled
conditions, BVOCs are constrained to lower heights (<21 m)
whereas O3 and NO2 (and thus values of P) increase. This was
conrmed by a direct NO3 measurement (CRDS) of several tens
of pptv of NO3 on top of the neighbouring tower at 36 m, which
will be reported elsewhere.

3.4.2 Daytime (03:30–17:30 UTC). Fig. 6a shows the
campaign-averaged vertical proles of [NO3]ss, P and L during
the day. For heights above the canopy, JNO3

was taken from
actinic ux measurements at 38 m. For heights lower than the
tree-tops, JNO3

was derived from the ratio of PAR measurement
close to the ground and above the canopy and scaling to JNO3

at
38 m (see Section 2.5 and S3). As discussed by Bohn,74 the
vertical variability in photolysis frequencies is less of an issue if
the vertical mixing time (sm) is shorter than the (photo)chemical
lifetime (sc) of a species. The chemical lifetime of the nitrate
radical is 1/L, i.e. sc equals approximately 11 s at daytime. The
mixing time can be approximated by z/u*,64 which using the
daytime, campaign median value of u* (at 27 m) of 0.46 m s−1,
results in a mixing time of approximately one minute. However,
it should be kept in mind that the above-canopy measurement
of the friction velocity does not necessarily represent the
conditions below the canopy.

When taking the difference in JNO3
above and below canopy

into account, the total NO3 loss term (the green line in Fig. 6a,
top axis), shows only a weak vertical gradient during the day
with L equal to 0.091 s−1 at 1 m and 0.086 s−1 at 28 m. Fig. 6b
depicts the fractional contributions (F) of VOCs, NO and
photolysis to L and shows that, while L exhibits no signicant
gradient, the different contributing loss processes do. Below the
canopy (z < 28 m), the main loss pathway of NO3 is reaction with
VOCs (∼60%), with photolysis and NO each contributing∼20%.
Above the canopy, the contribution of NO remains at ca. 20%,
whereas both photolysis and VOCs each account for 40%. This
is due to both the increase in JNO3

and the decrease (by 66%) in
kVOC above the canopy top. This gradient is not caused solely by
reduced vertical mixing (the threshold value of G ∼ 1.5, applies
to both coupled nights and daytime, see Fig. 3b) but may result
Environ. Sci.: Atmos.
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Fig. 6 (a) Campaign-average (median) vertical profiles of overall NO3 loss rate coefficients (L, green triangles, denominator in eqn (4)), NO3

production rate (P, orange squares) and steady–steady mixing ratios of NO3 ([NO3]ss, grey-blue circles) during the day. (b) Median fractional
contributions (F) by photolysis (blue circles), NO (green triangles) and VOCs (orange squares) to daytime L. In both panels, the 25th and 75th
percentiles are shown by shaded areas.
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from changes in the proximity to direct BVOC sources,75,76

higher OH concentrations77 or a lower surface area for
deposition.

The production rate P (Fig. 6a, orange squares, top axis) is
only 0.004 pptv s−1 below the canopy but doubles to 0.008 pptv
s−1 above the canopy. Daytime values of P are similar to those
during decoupled nights, which is related to different factors
controlling the NO2 mixing ratios. During decoupled nights,
NO2 in the sub-canopy is lost to surfaces,39,49,78 whereas above
the canopy during the day NO2 is rapidly photolysed.74

Daytime, steady-state NO3 mixing ratios (eqn (4)) are very low
(Fig. 6a, grey-blue circles, bottom axis) and below the present-
day limit of detection for e.g. CRDS instruments.6 There is
a slight increase within the rst 4 m from 0.04 pptv to 0.065 pptv
due to an increase in P and a decrease in L. While VOCs
represent the primary sink of NO3, such low NO3 mixing ratios
would contribute only marginally to the daytime oxidation of
BVOCs, which is dominated by reactions with OH and O3. Using
IUPAC recommended rate coefficients45 and typical midday
levels of O3 (ca. 31 ppbv) and OH (2.7 × 106 molecule cm−3 as
inferred from UV-B radiation according to Hellén et al.40), only
2.7% of a-pinene oxidation is initiated by the NO3 radical.
However, the NO3-initiated oxidation of monoterpenes can still
signicantly contribute to the formation of organic nitrates
when the corresponding yields are taken into account.18

4 Summary and conclusions

Vertical proles of VOC-induced NO3 reactivity below and above
the canopy were measured in September 2024 during the
summer–autumn transition in the boreal forest of Hyytiälä,
Finland. The surface layer stability, as represented by the
decoupling parameter (U), was found to have a central impact
on the vertical inter-canopy gradients (G) in kVOC. In general,
extremely strong gradients (G > 3) go hand in hand with
Environ. Sci.: Atmos.
exceptionally strong decoupling of the sub-canopy (U < 0.2)
from the rest of the nocturnal boundary layer. Even under
coupled conditions (U > 0.43), which typically prevail during
most of the daytime or overcast nights, G generally attained
values between 1.2 and 1.6.

Steady-state calculated mixing ratios of NO3 exceed 0.5 pptv
only above the canopy (28 m) during highly decoupled nights (U
z 0). VOCs are the major sink of NO3 throughout the surface
layer during the night, and on average contribute 40–60% to
daytime NO3 losses. Due to the low abundance of NOx and low
NO3 production rates, the contribution of NO3 to the daytime
oxidation of VOCs remains minor, though.

This work highlights the importance of measuring vertical
gradients of key trace gases and radicals in understanding the
chemistry of both the nocturnal surface layer, where tempera-
ture inversions and vertical gradients are highly variable, but
also the sub-canopy daytime boundary layer close to the ground
in forested regions.
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