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Agriculture provides people with food, but poses environmental challenges. Via comprehensive

observations on an agricultural land at Qvidja in Southern Finland, we were able to show that soil-

emitted compounds (mainly ammonia and amines), together with available sulfuric acid, form new

aerosol particles which then grow to climate-relevant sizes by the condensation of extremely low

volatile organic compounds originating from a side production of photosynthesis (compounds emitted

by ground and surrounding vegetation). We found that intensive local clustering events, with particle

formation rates at 3 nm about 5–10 times higher than typical rates in boreal forest environments, occur

on around 30% of all days. The requirements for these clustering events to occur were found to be clear

sky, a low wind speed to accumulate the emissions from local agricultural land, particularly ammonia,

the presence of low volatile organic compounds, and sufficient gaseous sulfuric acid. The local

clustering will then contribute to regional new particle formation. Since the agricultural land is much

more effective per surface area than the boreal forest in producing aerosol particles, these findings

provide insight into the participation of agricultural lands in climatic cooling, counteracting the climatic

warming effects of farming.
Environmental signicance statement

Agriculture is recognized for its undesirable effects on our climate due to greenhouse gas and ammonia emissions. However, agriculture remains the main
source of food to humankind. In this study, via comprehensive observations on an agricultural land at Qvidja in Southern Finland, we were able to show that
soil-emitted compounds, together with available sulfuric acid, form new aerosol particles, which then grow to climate-relevant sizes by the condensation of
extremely low volatile organic compounds originating from a side production of photosynthesis. We nd that agricultural land areas are more than 10 times
more efficient in producing growing aerosol particles than the adjacent boreal forest environment, and hence are expected to be several times more efficient in
eventually producing cloud condensation nuclei. Given the role of aerosols in cooling the climate, our ndings are of unique importance for implementation in
global models not yet accounting for the contribution of agricultural lands to the global aerosol budget. Finally, via introducing regenerative farming processes
to agricultural lands enabling them to become efficient carbon sinks, together with the capability of such lands of producing large aerosol particle concen-
trations, the recognition of agricultural lands as solely global warming contributors could change.
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Introduction

The global environmental grand challenges, including climate
change, food production, water supply and biodiversity, are
tightly linked to each other.1 Also, biogeochemical cycles of
carbon, nitrogen and water as well as the physics and chemistry
of atmospheric aerosols and atmospheric chemistry are inter-
linked.2 In order to overcome these grand challenges, we need
to understand these connections and interlinks. Modern
industrialized agriculture is thought to be on one hand crucial
for human food supply but at the same time, it poses challenges
for the climate due to greenhouse gas and ammonia emissions,
Environ. Sci.: Atmos., 2023, 3, 1195–1211 | 1195

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ea00065f&domain=pdf&date_stamp=2023-08-07
http://orcid.org/0000-0003-1105-9043
http://orcid.org/0000-0003-1990-6155
http://orcid.org/0000-0002-1881-9044
http://orcid.org/0000-0003-3040-3612
http://orcid.org/0000-0001-8819-0264
http://orcid.org/0000-0003-3464-7825
https://doi.org/10.1039/d3ea00065f
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ea00065f
https://pubs.rsc.org/en/journals/journal/EA
https://pubs.rsc.org/en/journals/journal/EA?issueid=EA003008


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 9

/7
/2

02
3 

12
:5

7:
19

 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
as well as for biodiversity due to monoculture.3 Therefore,
a shi in paradigm is needed in order to neutralize the harmful
climatic effects of agriculture.

Atmospheric aerosol particles, in addition to deteriorating
human health,4 have profound impacts on the Earth-
atmosphere continuum, including weather, climate, air
quality and ecosystems.5 Aerosol–radiation and aerosol–cloud
interactions give large contributions to uncertainties in climate
change predictions.5 The dominating number fraction of aero-
sol particles is formed via gas-to-particle conversion during
atmospheric new particle formation (NPF) events.6 These events
take place almost everywhere, from relatively clean environ-
ments like boreal forests to rather polluted environments like
low andmiddle incomemegacities.7–9NPF involves clustering of
precursor vapors, usually sulfuric acid stabilized with bases
(ammonia or amines), and subsequent growth by condensing
vapors, which are typically low volatile organic and inorganic
compounds.10 The critical cluster size regime of nucleation is
commonly considered to be in the range of 1.5–2 nm.11 From an
observational point of view, there is usually a burst of new
atmospheric clusters in the sub-3 nm size range, followed by
their subsequent growth to larger sizes.

The interactions and feedback between surface-emitted
gases and formed aerosol particles have been discussed by
Kulmala et al.,12 who proposed a continental biosphere–aero-
sol–cloud–climate (COBACC) feedback mechanism connecting
aerosol particles, photosynthesis, aerosol–radiation and aero-
sol–cloud interactions, and climate. Gross Primary Production
(GPP) which is the gross amount of carbon dioxide (CO2) xed
by primary producers through photosynthesis, is one of the
most important characteristics describing the ecosystem's
functionality. The overall activity of the primary producers,
mainly plants in terrestrial ecosystems, is inuenced by several
environmental factors, such as the temperature, local hydrology
and light in the form of photosynthetically active radiation
(PAR). Depending on soil properties, soil and crop management
practices, such as tilling, sowing, harvesting and fertilization,
can produce precursor gases that may have direct effects on
NPF.13 For instance, organic waste products, which are usually
applied to cropland as fertilizers, are found to be a major source
of NPF, based on chamber measurements.14 Similarly, land
management may promote or hinder primary production15 and
cause changes in the ecosystem functions that indirectly inu-
ence NPF or growth of the newly formed particles. While agri-
culture contributes to primary aerosol emissions, there are
currently no estimates of NPF or secondary organic aerosol
formation from gaseous precursors from agriculture.14 On
a global scale, agricultural lands cover approximately the same
area as forests,16,17 making their potential inuences on atmo-
spheric processes substantial. However, measurements inside
crop elds or agricultural lands remain rare,18–20 with limited
information on the vapors responsible for particle formation
and growth, making the importance of a large fraction of earth's
surface in aerosol formation unknown.

In this work, to assess the contribution of agricultural lands
to atmospheric processes including NPF events, we deployed
a comprehensive suite of instrumentation, including gas and
1196 | Environ. Sci.: Atmos., 2023, 3, 1195–1211
ux monitors, cluster composition measurement spectrometers
and particle size distribution spectrometers in Qvidja, Southern
Finland. The studied eld is a grassland, and the soil type is
clay, representing a typical northern hemisphere agricultural
land.21 Via these measurements, we investigate the precursors
driving the formation of the smallest particles, as well as the
conditions which inhibit their formation. In addition, we study
the composition and the role of regionally emitted organic
vapors in growing the freshly formed particles where they can
contribute to regional new particle formation. All in all, we show
that agricultural lands are capable of producing high particle
concentrations (and thus high cloud condensation nuclei
concentrations) compared with the boreal forest, and when
combined with their carbon sink potential, they are expected to
have a cooling effect on the climate that compensates for a big
fraction of the warming effect associated with agriculture.

Materials and methods
Measurement sites

Qvidja site. The Qvidja farm in Parainen (southwest Fin-
land), referred to as Qvidja hereaer, is located near the coast of
Finland and comprises a permanent grassland, a small scale
crop production, as part of experimental work on organic
amendments, and pastures used for horse care. The measuring
station was established at the edge of the investigated grassland
area (60°17′43.8′′ N, 22°23′34.1′′ E). The exact location may be
seen from Fig. S1.† The largest city near the farm is Turku with
191 000 inhabitants, located about 25 km northwest inland.

Qvidja is a pilot farm for regenerative farming and agship
for Carbon Action platform, initiated by the owners I. Herlin
and S. Kankaanrinta. The farming soils of Qvidja are mostly clay
loams. These elds are now being upgraded with multi-species,
which keeps living roots alive all year because the soil is
covered. In the years 2019 and 2020, the grassland has had 9–14
pasture species. In an effort to restore natural processes to their
natural condition, existing grassland is supplemented with
a wide variety of grasses, forbs, legumes, herbs, and even woody
plants. Grazing pressure and rest periods are alsomanaged. The
growth season begins in late April and lasts until the end of
October. Precipitation ranges between 500 and 700 mm every
year. The growing season receives about 350 mm of precipita-
tion, but the majority of it arrives late in the season, making the
main production extremely dependent on soil water storage. See
Nevalainen et al.22 and Heimsch et al.15 for more details on soil
carbon sequestration and effects of carbon farming practices in
Qvidja.

Horses, cattle and sheep graze on Qvidja's lands. Animals are
necessary for biodiversity and farm-specic functionality, as
part of the eld-pasture ecosystem in Qvidja. Qvidja's elds are
only tilled if necessary, to help establish a healthier plant
community and biological function. Tillage is applied in an
appropriate way only to the very top layers of soil to save worms,
mycorrhizal fungi and other soil biology. Qvidja does not use
pesticides, herbicides, fungicides or insecticides. Fertilizing is
mainly organic, and in May it contained a mixture of side
products from industries of starch potato processing, biowaste
© 2023 The Author(s). Published by the Royal Society of Chemistry
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processing and ethanol production out of sawdust. This fertil-
izationmixture contained 70% (of dry weight) of organic matter,
1.3% of nitrogen, 0.2% of phosphorus, 3% of potassium and
0.4% of sulfur, as well as small amounts of calcium, magne-
sium, zinc, copper andmanganese. In 2019, approximately 4600
kg ha−1 of this mixture was applied to the eld on 8 May. On 26
June aer the rst harvest, 220 kg ha−1 of mineral fertilizers
were added. This fertilizer contained 23% of nitrogen, 10% of
phosphorus and 8% of potassium. The management activities,
during 2019, are summarized in Table S1.† The grass was har-
vested twice during the growing season of 2019: rst in June
(11.6.) and again in August (20.8.).

Regenerative agriculture practices have been recently
implemented at Qvidja and their long-term effects will be
assessed in future studies. These farming and grazing practices
can, among other benets, reverse climate change by rebuilding
soil organic matter and restoring degraded soil biodiversity
which results in both carbon drawdown and improves the water
cycle. Previously, dedicated studies at the site have shown that
the eld acts as a net carbon sink with a net carbon balance of
−86 ± 12 g cm−2 per year between 4th May 2019 and 3rd May
2020.15

SMEAR II station at Hyytiälä. The SMEAR II station (Station
for Measuring Ecosystem–Atmosphere Relations) is located in
Hyytiälä (61.1° N, 24.17° E; 181 m a.s.l.), Southern Finland and
compromises comprehensive observations of trace gases,
particle measurements and auxiliary measurements as early as
1995.23
Instrumentation

Particle and ion number size distributions. Aerosol particle
size distributions between 1 nm and 1 mm were obtained by
combining measurement from three instruments: Particle Size
Magnier (PSM24), Neutral cluster and Air Ion Spectrometer
(NAIS25) and Differential Mobility Particle Sizer (DMPS26). The
PSM activates and grows smallest particles up to 90 nm using
diethylene glycol as a working uid, aer which they are
counted using a Condensation Particle Counter (CPC).27 The
saturation ow rate of the PSM is varied to measure a particle
size distribution 1 nm and 3 nm. The kernel method was used
to invert the PSM data from counts to particle number size
distribution and then line loss corrections were applied.28

The NAIS measures the particle number size distribution
between 0.8 and 40 nm for atmospheric naturally charged
particles and between 2.5 and 42 nm for total (naturally charged
+ neutral particles). A home-built DMPS was used to measure
the particle number size distribution between 6 nm and 1 mm.
The DMPS is maintained and regularly calibrated for sizing
accuracy and total particle concentration following the standard
operation procedure byWiedensohler et al.29 On the other hand,
the NAIS requires a comparison to a reference instrument when
considering absolute particle concentrations. The NAIS is ex-
pected to overestimate the particle concentration by up to
a factor of 10 compared to the DMPS.30 Here, via comparing to
the DMPS (ratio of DMPS to NAIS) in the overlapping size range
6–42 nm, a correction factor for the NAIS can be derived. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
NAIS was found to overestimate the concentration by a factor 5,
which is the factor used to correct the NAIS concertation prior to
the combination of the size distributions from the three
instruments (Fig. S2†). The same instrumentation (NAIS and
DMPS) was also available in Hyytiälä and the data were
combined in the same way as in Qvidja for comparison.

Trace gases and uxes. At Qvidja, the net CO2 exchange
(NEE) was measured using the eddy covariance method.15 The
fast-response instruments for measuring uctuations of CO2

concentration and vertical wind speed were located in a mast at
a height of 2.3 m. Net half-hourly CO2 ux is obtained as
a covariance between variations of vertical wind and gas
concentration from high-frequency data. The obtained ux
typically represents a few hectares area upwind from the
measurement point. GPP was obtained from the measured NEE
by using simple temperature and radiation response functions.
First, an exponential temperature response function was tted
to NEE measurements during night (PAR <20 mmol m−2 s−1),
which represent ecosystem respiration, by using both soil and
air temperature. From that function, respiration was estimated
for each half-hour. Aer that, a radiation response function was
tted to measured NEE and calculated respiration, and by using
the tted parameters from that function, GPP could be solved
for each half-hour by using the measured PAR values. O3

concentrations were obtained from the Utö Atmospheric and
Marine Research Station of Finnish Meteorological Institute,
located on Utö Island (59° 46′50 N, 21° 22′23 E, 8 m a.s.l.) at the
outer edge of the Archipelago Sea, which is located ca. 80 km
southwest of Qvidja.31

Mass spectrometry measurements. In this study, two nitrate-
ion-based chemical ionization mass spectrometers were used to
measure gas molecules in Qvidja. One spectrometer was
coupled with a chemical ionization Eisele-type inlet that is
similar to one described by Eisele and Tanner32 (NO3

−-CIMS).
This instrument was calibrated with a general calibration
coefficient which is determined from calibration with sulfuric
acid, CH2SO4

= 5.02×109 cm−3 per normalized signal (cps cps−1;
cps, signies counts per second). The detailed description of the
instrument and calibration method can be found in Jokinen
et al.33 and Kurten et al.,34 respectively. The instrument was run
continuously from the beginning of April to the end of June
2019. Aer that period, we deployed another mass spectrometer
coupled with a Multi-scheme chemical IONization inlet (NO3

−-
MION-CIMS)35 to cover the rest of the measurement campaign.
Rissanen et al.,35 Wang et al.,36 and Huang et al.37 described this
inlet in detail for its chemical ionization method, inlet design,
setup, and operation. The design of the MION inlet is highly
benecial for ion combinations, e.g., NO3

− and Br−, which
enables signicantly increased chemical information obtained
from different chemical ionization. In this study, we measure
oxygenated organic molecules (OOMs),38 sulfuric acid (H2SO4),33

iodic acid (HIO3),39 and methane sulfonic acid (MSA), which
work well with adduct-forming reagent ions (e.g., NO3

−). This
instrument was operated by the University of Helsinki fromMay
to December 2019, but it had not been working all the time due
to power failure and short circuits in the inlet caused by anion
accumulation from ammonium nitrate. The quantitative
Environ. Sci.: Atmos., 2023, 3, 1195–1211 | 1197
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measurements of this instrument rely on the inter comparison
of H2SO4 concentration with the pre-calibrated NO3

−-CIMS. As
shown in Fig. S3,† the linear t between NO3

−-CIMS and NO3
−-

MION-CIMS for the overlap time (13–23 June 2019) shows that
the H2SO4 calibration coefficient in NO3

−-MION-CIMS is
around three times larger than that of NO3

−-CIMS. This is likely
due to the different sensitivity between the two instruments.
Hence, we applied another sulfuric acid calibration coefficient,
CH2SO4

= 1.6×1010 cm−3 per normalized signal, to NO3
−-MION-

CIMS. CH2SO4
is applied to the normalized signals of HIO3, MSA,

and OOMs as a general calibration coefficient. Analogous to
H2SO4, we assume that HIO3, MSA, and OOMs have a collision-
limited charging efficiency when reacting with the nitrate ions
according to previous studies.40 Besides, we apply this calibra-
tion coefficient to all the conditions since it has been shown
that temperature or humidity does not change the charging
efficiency of these technologies signicantly.41 In Hyytiälä, the
sulfuric acid concentration was obtained using a nitrate-ion-
based chemical ionization mass spectrometer (NO3

−-CIMS), at
a 35 m mast, which was calibrated following the protocol
described by Kürten et al.34 to ensure comparability.

Measurement of NH3. Gaseous ammonia (NH3) concentra-
tions were monitored using an AiRRmonia NH3 analyzer. The
AiRRmonia was originally developed by ECN (Energy Research
Centre of the Netherlands, Petten, NL),42 and has been further
improved and commercialized by Mechatronics Instruments
(b.v., Hoorn, NL).43 The instrument uses a Teon membrane to
strip the NH3 from the airow into a deionized water ow, fol-
lowed by selective ionmembrane and conductivitymeasurement.
The instrument's detection limit is 0.1 mg m−3 (∼140 pptv).

Meteorology. Photosynthetically active radiation (PQS PAR
sensor, Kipp & Zonen B.V., Del, the Netherlands), global and
reected solar radiation (CMP3 radiometer, Kipp & Zonen), and
air temperature and relative humidity (Humicap HMP155,
Vaisala Oyj) were measured at a height of 1.8 m. The wind speed
(WS) was measured using a three-dimensional sonic anemom-
eter (uSonic-3 Scientic, METEK GmbH, Elmshorn, Germany)
at a height of 2.3 m.
Data analysis

Classication of local clustering and regional events. Days
during which a new mode of particles showing signs of growth
appears in the particle number size distribution are classied as
event days.44 This classication applies for the boreal forest
environment in Hyytiälä. In Qvidja, the distinction between
regional and local clustering NPF events is needed and depends
on both (1) the size during which the rst particles are formed
and (2) their observed growth to larger sizes in the particle
number size distribution data. Local clustering events are
observed in the smallest size bins (sub-3 nm),45 and hence from
near-measurement produced precursors (depending on the
condensation sink) and exhibit a ‘bump’ or ‘apple-type’ particle
number size distribution.44 Regional events are known to extend
over hundreds of kilometers.46 They are not necessarily
observed in the smallest size bins (sub-3 nm) as they could be
transported to the measurement location.45,47 They exhibit
1198 | Environ. Sci.: Atmos., 2023, 3, 1195–1211
a ‘banana-shaped’ particle number size distribution and are
sometimes observed to grow up to hundreds in nm.48 On some
days, local clustering events have limited growth where their
end diameter did not exceed a few tens of nm. On other days,
local clustering events merge with regional events and together
are observed to reach up to several hundreds in nm. In this
study, in Qvidja, days were classied (1) as ‘local clustering
events’ (LC) when a new growing mode starting from the sub-
3 nm range is observed, (2) as ‘regional event days’ (Reg) when
the growth of particles was observed but no new particles were
observed below the size of 10 nm, and (3) as ‘non-event days’
(NE) when neither new particles in the sub-10 nm range nor
a growing nucleation mode was observed. Examples of each of
these events are shown in Fig. 1 and S4.† Unclear cases were
classied as undened days and were excluded from further
analysis. In comparison, days in Hyytiälä were classied into
three categories only events, non-events and undened days. A
direct comparison between events observed in Qvidja and
Hyytiälä is presented in Fig. S5.† The frequency of events in
each of the two locations in shown in Fig. S6.†

Brightness parameter. The brightness parameter (P) is
dened by the fraction of the total solar radiation reaching the
measurement location aer being blocked by existing clouds.
The parameter is thus calculated as the ratio between measured
global radiation (GlobRad) and theoretical maximum (Theo-
Max) solar radiation at the top of the atmosphere:49

P ¼ GlobRad

TheoMax
(1)

The larger the P value, the fewer the clouds in the sky and
more radiation penetrates to the ground level. A complete
overcast condition is represented by P < 0.3 and clear-sky
conditions are represented by P > 0.7.

Particle growth rates. Particle apparent growth rates (GRs)
were calculated using the 50% appearance time method using
the charged particle number size distribution data measured by
the NAIS operated in negative mode.50,51 The 50% appearance
time method determines the GR of particles as the slope
between the diameter of the particles and the time at which
50% of the maximum concentration is reached. In this study,
the GRs for the size classes 1.5–3 nm, 3–7 nm and 7–30 nm were
calculated. In the cases when the upper diameter 30 nm is not
reached, the GR in the last size class is determined for the size
class 7-end diameter. In Qvidja, given the nature of local clus-
tering events, it was challenging and in some cases impossible
to obtain a GR with an acceptable error, and in other cases, we
expect the GR to be underestimated. The growth rates were used
in the formation rates' calculation in the next section.

Particle formation rates. Particle formation rates at 1.5 nm
(J1.5) were calculated using the balance equation described in
Kulmala et al.48 where the change in the concentration of
particles within a certain size bin (here 1.5–3 nm) depends on
the particle sources (NPF) and the available sinks (coagulation
and growth out of the size bin).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Unique and intense local clustering NPF events in Qvidja. Examples of regional NPF events (A) before, (B) and (C) after fertilization on May
08th and (D) after harvest on August 20th. Events in Qvidja are characterized by their intense particle formation, fast growth and long time span.
The events are also observed to start from the smallest size ranges indicative of local clustering.
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JDp ¼ dNDp

dt
þ CoagSDp$NDp þ GR

DDp

$NDp (2)

Dp represents the lower diameter of the bin (here 1.5 nm),
NDp is the particle number concentration inside the size bin
(1.5–3 nm), and GR is the growth rate of particles out of the bin
(GR 3–7 nm). DDp is the difference between the upper and lower
ends of the size bin of interest (here DDp = 1.5 nm). The GR is
calculated as described in the previous section. However,
during the events for which a GR could not be obtained given
the rapid growth of the particles or the interruption of the
growth, we used a median growth rate of all the events in the
same month to estimate the formation rate.52 To be consistent,
a similar approach was used for calculating particle formation
rates on non-event days. J3 and J6 were calculated in a similar
way to J1.5, using the size bins 3–6 nm and 6–10 nm, respectively.

Coagulation and condensation sink. The coagulation sink
(CoagS) describes the rate at which freshly formed particles of
a certain diameter Dp are lost to pre-existing particles as
follows:

CoagSDp ¼
ð
K
�
Dp;Dp

0�
n
�
Dp

0�
dDp

0
y

XDp
0¼max

Dp¼Dp

K
�
Dp;Dp

0�
NDp

0

(3)
© 2023 The Author(s). Published by the Royal Society of Chemistry
Here, K (Dp, Dp′) is the coagulation coefficient of particles of
diameters Dp and Dp′, representing particles inside the size bin
of JDp and those of pre-existing particles, respectively. NDp′ is the
number concentration of the pre-existing particles.

The condensation sink, CS, is the rate at which gaseous
precursors are lost to pre-existing particles.

CS ¼ 2pD
X
i

bMiDp;iNi (4)

Here, Dp and N are the particle diameter and its corre-
sponding number concentration, respectively. bM is the transi-
tional regime correction factor. D is the diffusion coefficient of
precursor vapor, here H2SO4 and is calculated as per Fuller
et al.:53

DðH2SO4 ;airÞ ¼
0:001 � T1:75 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

MH2SO4

þ 1

Mair

s

Patm � � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VH2SO4

3
p þ ffiffiffiffiffiffiffiffi

Vair
3
p �2 (5)

Here, T is the measured temperature, M is the molar mass,
Patm is the atmospheric pressure, and V is the diffusion volume.

Volatility basis set. For determining an approximate vola-
tility of the individual organic products measured on site, we
rely on a previous combination of semi-empirical methods,
Environ. Sci.: Atmos., 2023, 3, 1195–1211 | 1199
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theoretical model calculations and parametrization to derive
the volatility of oxygenated organic compounds measured at
Qvidja. Similar to Stolzenburg et al.54 and Simon et al.,40 we use
the two-dimensional volatility basis set (2D VBS) introduced by
Donahue et al.,55 which uses the molecular composition of
a molecule and its known volatility from parameterizing the
saturation vapor pressure of an unknownmolecule according to
its mass and oxidation state.56 The estimated volatility of an
individual molecule can be derived as proposed by Mohr et al.57

and adjusted by Stolzenburg et al.:58

log10C
*
i ð300 KÞ�mg m�3� ¼ �

n0C � niC
�� bc �

�
niO � 3niN

�
� bO;mon=dim � 2� niC � �

niO � 3niN
�

niC þ ðniO � 3niNÞ
� bCO � niN � bN

(6)

Here, niC, niO and niN represent the number of carbons,
oxygens and nitrogens in the organic molecule i, respectively.
n0C= 25, bC = 0.475, bCO = −0.3 and bN = 2.5, bO,mon. = 1.4 and
bO,dim. = 1.17.

The volatility at ambient temperature, T (in Kelvins), can be
calculated using the Clausius–Clapeyron equation:

log10C
*
i ðTÞ�mg m�3� ¼ log10C

*
i ð300 KÞ þ DHvap

i

R lnð10Þ �
�

1

300
� 1

T

�
(7)

where DHvap
i is the evaporation enthalpy and can be approxi-

mated according to Donahue et al.59 as:

DHvap
i

�
kJ mol�1

� ¼ �5:7� log10C
*
i ð300 KÞ þ 129 (8)

The volatility classes are distributed as follows:
SVOCs (Semi-Volatile Organic Compounds): 0.3 mg m−3 < C*

(T) < 300 mg m−3.
LVOCs (Low Volatility Organic Compounds): 3 × 10−5 < C*

(T) < 0.3 mg m−3.
ELVOCs (Extremely low volatility organic compounds): 3 ×

10−9 < C* (T) < 3 × 10−5 mg m−3.
ULVOCs (Ultra-low volatility organic compounds): C* (T)# 3

× 10−9 mg m−3.
In this study, due to their low observed concentrations, the

concentration of ELVOCs also included the concentration of
ULVOC, i.e., ELVOCs: C* (T) # 3 × 10−5 mg m−3.
Results
NPF at an agricultural land

At this measurement site, although located close to a forest,
NPF events were rather unique. Some NPF days were charac-
terized by a burst of particles, similar to a bump or ‘apple-type’
events indicative of local NPF events,44,45 and such bursts were
observed starting from the smallest diameters, here 1.2 nm
(Fig. 1). Interestingly, NPF events previously observed within
agricultural lands at other locations did not show similar
features18,19 and exhibited ‘banana-type’ size distributions. In
1200 | Environ. Sci.: Atmos., 2023, 3, 1195–1211
the aforementioned studies, as the particle size distributions
below 5 nm were not measured, due to instrument limitations,
one could not rule out that these events are transported rather
than locally formed due to agricultural emissions. In Qvidja, the
clustering continued between 1 and 6 hours, and the formed
clusters grew in diameter up to 20 nm at our measurement site.
Hereaer, these ‘apple-type’ NPF events are referred to as local
clustering events. Such clustering events are indicative of
a nearby hot spot of NPF precursors, causing intense yet local
formation and early growth of new aerosol particles, reported
earlier in some coastal and polar environments.39,60–62 At Qvidja,
local clustering constituted 33% of the measurement period
(spring and autumn 2019) (Fig. S6†), with the highest frequency
in May.

Local events in Qvidja were observed in both spring and
autumn regardless of fertilization or harvesting (Fig. 1). On
some days, local clustering events had limited growth where
their end diameter did not exceed a few tens of nm. But on most
of the days, local clustering events merge with regional events
and together are observed to reach up to several hundreds
in nm. Alternatively, regional events were observed on some
days, and also during both spring and autumn, without the
occurrence of local clustering (Fig. S4†). In Fig. S5,† NPF events
inMay are shown for both Qvidja and Hyytiälä. The frequency of
events in each of the two locations in shown in Fig. S6.† Inter-
estingly, although the sulfuric acid concentrations are similar
in both Qvidja and Hyytiälä, see Fig. S7,† the intensity and the
duration of the events vary substantially in both locations.
Additionally, the starting diameter of the events in Qvidja is
smaller, down to 1.2 nm, than those in Hyytiälä, leading to
a similar conclusion to that described above, that those
measured in Qvidja are rather local clustering events, compared
to the events in Hyytiälä which are transported to the
measurement location. We here note that ‘transported events’
are regional events arriving to the measurement location via
vertical or horizontal transport.45 It is important to note that the
ammonia concentrations in Hyytiälä (50–150 pptv)63 are several
orders of magnitude lower than those measured in Qvidja (100–
10 000 pptv). In the following sections, we investigate the vapors
and factors promoting and inhibiting local clustering events in
Qvidja.
Precursor vapors driving local clustering and growth

Sulfuric acid, due to its low volatility, is found to be the main
driver of clustering and NPF in many environments around the
world,64 especially when stabilizing vapors such as ammonia
and amines are readily available.10 This appears to be the case in
our studied agricultural land. The daytime (7:00–16:00 LT)
median concentration of H2SO4 during our measurement
period in spring was 1 × 106 cm−3 with a maximum of 1 × 107

cm−3 (Fig. 2). This concentration level lies within the range of
sulfuric acid concentrations observed in such rural and semi-
urban environments,65 where H2SO4–NH3, in the presence of
organic vapors, explains the NPF rates.66–68 On days with local
clustering observed at Qvidja, the median H2SO4 concentration
(2.1 × 106 cm−3) was more than 2 times higher than that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Violin distribution plots showing the availability of different precursor vapors: (A) sulfuric acid, H2SO4, (B) ammonia, NH3, (C) iodic acid,
HIO3 and (D)methanesulfonic acid, MSA, on local clustering event days, regional new particle formation event days and non-event days. The data
include spring (April and May) 7:00–16:00 LT. Violin plots are a combination of boxplots and a kernel distribution function on each side of the
boxplots. Thewhite circles define themedian of the distribution and the lower and upper edges on the inner grey boxes refer to the 25th and 75th
percentiles, respectively. Compared to both regional events and non-event days, the concentrations of H2SO4 and NH3 are substantially higher
on local clustering event days, explaining the occurrence of clustering events.
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observed on days with only regional NPF ([H2SO4]Reg= 9.8× 105

cm−3) and 1.4 times higher than that on non-event days
([H2SO4]NE = 1.5 × 106 cm−3) (Fig. 2). This higher H2SO4

concentration can be attributed to a higher brightness param-
eter or clear-sky conditions favoring clustering,49 while the
effect of the condensation sink (CS) is expected to be minute
given the similarly low CS value on both cluster event and non-
event days (Fig. S8†). A similar conclusion has been drawn from
other studies over agricultural lands, where the CS does not
appear to be the sole factor responsible for explaining the
absence of NPF on some days.18–20

Additionally, the median NH3 concentration was approxi-
mately one order of magnitude higher on days with local clus-
tering (1.21 ppbv) compared with days when no such clustering
is observed ([NH3]Reg = 0.23 ppbv and [NH3]NE = 0.57) (Fig. 2).
These signicantly lower NH3 concentrations, together with
lower H2SO4 concentrations, could explain the overall absence
of clustering on regional NPF and non-event days. At Qvidja,
ammonia is released from the horse stable and cow farm.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fertilization occurred on two instances throughout our
measurement period, affecting the NH3 concentration without
showing an immediate effect on the clustering frequency or
intensity (Fig. S9†), which signies that NH3 might not be the
determining factor of particle formation intensity.

In order to understand the mechanism behind particle
formation in Qvidja, we rst quantify the intensity of NPF,
which can be described by the rate at which newly formed
particles enter a certain size range, in our case 1.5–3 nm
(Fig. S10†), relevant for clustering. Although the median
formation rate of 1.5 nm particles, J1.5, was 0.15 cm−3 s−1 at
Qvidja, J1.5 reached hourly average values as high as 70 cm−3 s−1

(e.g., April 20, 2019 and May 22, 2019) – much higher than the
formation rates observed in boreal forest environments and
comparable to those observed in urban environments.69 In
Fig. 3, we plot the particle formation rate J1.5 as a function of
H2SO4 monomer concentration. Although we observe higher
particle formation rates at higher sulfuric acid concentration,
the data points show quite a spread indicating the possibility of
Environ. Sci.: Atmos., 2023, 3, 1195–1211 | 1201
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Fig. 3 Particle formation rate (J1.5) as a function of H2SO4 concen-
tration, daily averages (12:00–16:00 LT) – squares, colored with
ambient temperature (average temperature is 13 °C). Parametrization
based on chamber measurements of H2SO4 + NH3 (2 ppbv) ammonia
at 5 °C (solid red line) and 20 °C (dotted red line) is shown.70 Similarly,
parametrization based on chamber measurements of H2SO4 +
dimethylamine (DMA – 4pptv) at 5 °C (solid magenta line) and 20 °C
(dotted magenta line) is shown.70 Green triangles are H2SO4 + NH3

(0.1–1 ppbv) at 5 °C in the presence of constant monoterpenes (a-
pinene and D-3-carene) and NOx from Lehtipalo et al.67 Black triangles
are H2SO4 + NH3 (1–2 ppbv) in the presence of anthropogenic
organics.70 Filled translucent points in the background are atmospheric
measurements from the boreal forest (green), rural locations90,91 (pink)
and polluted environments (gray).92 The measured particle formation
rates from Qvidja are at 1.5 nm, while those from chamber measure-
ments are measured at 1.7 nm 51 and extrapolated to 1.5 nm using the
Kerminen and Kulmala equation.93 The particle formation rates from
atmospheric observations are also reported at 1.5 nm.
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multiple formation pathways or the involvement of additional
vapors besides H2SO4. In addition, while the temperature does
not seem to affect the relationship between sulfuric acid
concentration and the particle formation rate, it inuences the
concentrations of OOMs and therefore the capability of the
particles to grow to larger diameters. For instance, if we focus
on the data points (Fig. 3) with average temperatures close to 5 °
C, we nd that these points fall far above the ternary sulfuric
acid–NH3 nucleation line at 5 °C but below the ternary sulfuric
acid–DMA nucleation line at 5 °C. This observation draws two
conclusions, (1) sulfuric acid–NH3 alone cannot explain the
observed nucleation rates, and (2) the role of DMA is not evident
(e.g., too low concentration of DMA in Qvidja). Nevertheless, the
data points from Qvidja fall on the same line of data points
obtained from chamber experiments where H2SO4, NH3 and
OOMs were involved in the particle formation.67,70 Such an
observation suggests the role of OOMs in supporting the
sulfuric acid–NH3 nucleation. A similar conclusion can be
drawn also for the data points from Qvidja at higher tempera-
tures, where sulfuric acid–NH3 alone cannot explain the
nucleation rates, but the points still fall below the sulfuric acid–
1202 | Environ. Sci.: Atmos., 2023, 3, 1195–1211
DMA line, which conrms that the nucleation is weaker than
sulfuric acid–DMA, at least at 4 pptv. When compared to other
measurement locations, Qvidja seems to fall at the interface
between the rural and the boreal forest environments. This does
not come as a surprise given the nature of Qvidja's location
which is an agricultural land surrounded by boreal forests. Such
an observation could point towards a synergistic role of the
agricultural land and forest in particle formation, i.e., H2SO4,
NH3 and OOMs were involved in the particle formation. In
Fig. 4A we plot J1.5 as a function of [H2SO4]

2 × [NH3]/CS repre-
senting the rst cluster made of H2SO4 and NH3. A positive
correlation is seen especially for the data points with J1.5
exceeding 0.1 cm−3 s−1 while the J1.5 does not show any
apparent dependence on the OOM concentration. Previous
studies have shown that particle formation from OOMs is slow
compared to H2SO4 and NH3, while the addition of OOMs to the
system of H2SO4 and NH3 enhances the particle formation rate
by strengthening the attachment between the molecules in this
size range.67 Some of the data points of Qvidja fall close to the
parametrized H2SO4 + dimethylamine line (Fig. 3), which could
signify a contribution of amines in particle formation, yet direct
amine measurements at the location were not performed given
the instrument limitations. In order to rule out the contribution
of amines, we calculated the theoretical steady-state H2SO4

dimer concentration based on a 1.8 pptv amine (and 5 pptv)
concentration following the method presented by Cai et al.71

and compared it to the measured dimer concentration (Fig. 4B).
Most of our measurements fall below the 1.8 pptv (and 5 pptv)
amine line, providing evidence that H2SO4 in Qvidja is not
clustered to amines, making NH3 (present in substantially high
concentrations of up to 10 ppbv) the most plausible base
stabilizing H2SO4. Only 8% of the data points fall on or above
the amine line during these days, so the amine contribution to
nucleation cannot be ruled out completely. However, data
points that fall closer to the amine line are marked by higher
OOM concentrations, which suggests a potential role of
organics in xing H2SO4. It is worth mentioning here that while
observations of gas phase amines over agricultural lands
remain missing, measurements of very high concentrations of
amines from livestock discharge have been reported.72 Kürten
et al.73 estimated a concentration of different amines to range
between 1 and 5 pptv in a rural area in Germany located around
1 km from a dairy farm and dairy producing factory. Interest-
ingly, in the boreal forest environment in Hyytiälä, the
concentrations of DMA measured during spring were in
a similar range between the detection limit and 4.1 pptv but
were attributed to biogenic sources.74 Although higher concen-
trations of amines would be expected in urban areas given the
abundance of industry and traffic, the concentrations of amines
in Beijing71 and other urban locations were within the same
range as observed in rural and semirural locations, see
Hemmilä et al.74 and references therein. Therefore, we expect
the DMA concentration in Qvidja to fall in the same range as the
aforementioned studies (1–5 pptv).

Finally, to eliminate the possibility of the contribution of
other clustering mechanisms, given the proximity of the Qvidja
farm to the coast (Fig. S1†), we examined the concentrations of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanism of new particle formation at Qvidja. (A) Correlation between the particle formation rate at 1.5 nm and precursor concen-
trations [H2SO4]

2 × NH3/CS representing the first cluster made of H2SO4 and NH3 in spring in Qvidja, daily averages (12:00–16:00 LT). (B)
Measured sulfuric acid dimer as a function of its theoretically calculated concentration, daily averages (12:00–16:00 LT). Pink lines are theoretical
expectation of sulfuric acid dimer in the presence of 1.8 pptv amines (solid line) and 5 pptv (dashed line), described in Cai et al.,71 and markers are
colored by oxygenated organic molecule concentration (OOM).
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iodic acid (HIO3) and methane sulfonic acid (MSA). Although
the concentrations of both acids were higher on days when
clustering was observed than on the other days (Fig. 2), the
overall concentrations of these acids (median HIO3 = 4.6 × 105

cm−3 and median MSA = 2.7 × 105 cm−3) were too low to
explain the observed cluster formation rates based on our
current understanding.39 In addition, we found no correlation
between the particle formation rate J1.5 and either acids, con-
rming that they do not participate in particle formation in
Qvidja.

Altogether, the results suggest a synergistic role of H2SO4,
NH3 and OOMs in particle formation in Qvidja, and therefore,
a synergy between regional emissions (SO2 and thus H2SO4), soil
emissions (NH3) and plants (OOMs) is needed to form particles
and grow them to climate relevant sizes (discussed in the next
sections).
Why do we not observe clustering on every sunny day?

Although it is conrmed that clustering events at Qvidja were
driven by H2SO4 which was abundant on clear-sky days, we did
not observe an event on every sunny day (Fig. 5A). This obser-
vation endorses that there must be another factor playing a role
in determining the occurrence of local clustering events at
Qvidja. Here, the wind speed (WS) appears to play a crucial role.
When the WS exceeded 3.5 m s−1, no local clustering was
observed. This is consistent with Fig. 5B, which shows a clear
divergence of theWS between days when a local clustering event
is observed and when not. A highWS plausibly dilutes precursor
vapors needed for clustering. Fig. 5C shows further that the
probability of having a clustering event is highest in the lower
right corner which corresponds to sufficient H2SO4 and lowWS.
In other words, only when sufficient H2SO4 is available, a low
wind speed ensures stagnation and thus the availability of
locally emitted NH3 and organic compounds permitting the
participation of the agricultural land in the cluster stabilization
and growth process.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Role of organics in particle formation and growth in Qvidja

The role of organics in forming and growing particles in an
atmospheric setting remains challenging given the multiple
emitted vapors and various oxidation mechanisms resulting in
thousands if not millions of compounds oating in the air.
However, organic molecules have been shown to grow the
freshly formed particles, and the lower the volatility of the
available vapor the higher its contribution is in growing parti-
cles of smaller sizes.53,57

In Qvidja, the particle growth rates were remarkably high,
and in some cases too high to be quantied (Fig. 1). What is
most interesting is that the GR does not drop substantially with
increasing diameter.75 For instance, the GR on May 13th (1st
peak – Fig. 1B) is estimated to be 6.3 nm h−1 for the sub-3 nm
particles and 5.7 nm h−1 for the particles between 3 and 7 nm.
Meanwhile the GR on May 16th (Fig. 1C) is estimated to exceed
9.3 nm h−1 for the sub-3 nm particles and 9.6 nm h−1 for the 3–
7 nm particles. We note that the GR calculations are subject to
high uncertainties for Qvidja, given the extremely high GR
compared to other locations globally.69,76 Such a GR cannot be
explained by the available H2SO4 concentrations, which high-
lights the importance of organics for particle growth. We note
that the growth rate in the sub 3 nm size range has not been
previously reported for any agricultural land, and therefore we
cannot directly compare our observations to other locations.
However, the GR of particles exceeding 5 nm measured in
a French agricultural land is comparable to our observations;19

however, the authors of the aforementioned study could not
rule out the contribution of anthropogenic emission from the
Paris city center ∼25 km from the measurement location. This
makes our study location unique as it is subject to mainly
biogenic emissions from plants and surrounding forests.

In Fig. 6 and S11,† we display mass defect plots and the
volatility distribution set from a local clustering event day and
a non-event day. A comparison between the volatility distribu-
tion of molecules as well as their carbon and oxygen content is
Environ. Sci.: Atmos., 2023, 3, 1195–1211 | 1203
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Fig. 5 Role of meteorology in clustering in Qvidja. (A) Particle number size distribution of consecutive clustering events in Qvidja. The sun and
clouds on the upper x-axis refer to whether each of these days is classified as a sunny or cloudy day based on the median brightness parameter
between 9:00 and 12:00. If P > 0.7, the day is classified as sunny, and hence a sun is displayed. A time series of the wind speed is shown as the solid
black line, on the right axis. (B) Violin distribution plots showing the wind speed in spring 2019 (7:00–16:00 LT) on cluster event days, regional
new particle formation event days and non-event days. Violin plots are a combination of boxplots and a kernel distribution function on each side
of the boxplots. The white circles define the median of the distribution and the lower and upper edges on the inner grey boxes refer to the 25th
and 75th percentiles, respectively. (C) Clustering event probability distribution based on the wind speed (WS) and H2SO4 concentrations. Marker
size indicates the number of days included in the probability calculation within every cell. The highest probability of a clustering event is on the
bottom right corner of the figure combining a low wind speed and high H2SO4 concentration. The figure shows the necessity of sufficient solar
radiation (clear sky conditions), and hence sufficient H2SO4 concentration (>1 × 106 cm−3) as well as a low wind speed preventing dilution of
locally emitted precursors (here NH3, see Fig. 1 and 2) for the occurrence of clustering events in Qvidja. Note that fertilizers were added to the
field on May 8th which disturbed the measurements and the day is excluded from further analysis.
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also shown. Most of the molecules appear to contain 5
(isoprene-backbone) or 10 (monoterpene-backbone) carbon
atoms; although given the surrounding boreal forest environ-
ment, one would expect a dominance of monoterpenes over
isoprene.77 However, croplands are expected to emit isoprene,78

leading to a higher isoprene to monoterpene concentration
ratios compared with the boreal forest environment.79 During
both the event and non-event days, the distribution of the
number of carbons remains similar, and thus no variation in
the emission type is expected. Additionally, we do not observe
a clear enhancement of OOM concentrations on local event days
compared to non-events, as the former are mostly affected by
temperature and GPP (Fig. S10†). However, a higher degree of
oxygenation represented by higher oxygen numbers and a shi
towards a lower volatility is observed on the clustering event
1204 | Environ. Sci.: Atmos., 2023, 3, 1195–1211
day, compared with a non-event day (Fig. 6). Such an observa-
tion could be related to a higher photo-oxidation of available
vapors, as the brightness parameter on the cluster event day
(P9:00–18:00 = 0.95) is a factor of 1.2 higher than on the non-event
day (P9:00–18:00 = 0.78), and the CS is similar in both cases
(CS9:00–18:00 = 0.003 s−1). Another explanation could be related
to the wind speed. The WS is a factor of 2.7 lower of the cluster
event (WS9:00–18:00 = 1.9 m s−1) day compared to the non-event
day (WS9:00–18:00 = 5.7 m s−1). Although OOMs are of regional
scale, a slower wind speed allows for stagnation and is expected
to accumulate vapors80 facilitating BVOC oxidation by
increasing the production rate of oxidation products as more
BVOCs are expected in a smaller volume mixed layer.

Moreover, the relationship between particle growth rates and
OOMs remains challenging given the measurement limitations
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Chemical composition and volatility distribution of molecules in Qvidja. Mass defect plots showing the volatility distribution of molecules
measured on a (A) local clustering event day on May 15th, 2019 and on a (B) non-event day on May 6th, 2019. Mass defect plots showing the
number of oxygen atoms per molecule measured on a (C) local clustering event day on May 15th, 2019 and on a (D) non-event day on May 6th,
2019. Amass defect plot is composed of plotting themass defect (difference between the exact mass and integer mass) versus m/z of gas-phase
OOMs measured with the nitrate anion CI-APi-TOF. For clarity, only signals of organics are displayed in the plot. Each circle represents
a particular molecular composition. The size of themarker is proportional to the concentration of eachmoleculemeasured by the nitrate CI-APi-
TOF.

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 9

/7
/2

02
3 

12
:5

7:
19

 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
of both the fast growth rates and some of the OOMs. However,
we do observe during May a positive correlation between
extremely low volatility (ELVOC) OOMs and the particle number
Fig. 7 Contribution of low volatility organics to particle growth. (A) Pa
extremely low volatility organic compounds, color-coded with ammon
a function of extremely low volatility organic compounds, color-codedw
to the ELVOC concentrations, and the hourly averages are shown in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
concentrations of the growing mode (3–6 nm), especially at
higher NH3 concentrations (Fig. 7A). This signies the syner-
gistic role of the agricultural land (NH3) and vegetation (organic
rticle number concentration in the size bin 3–6 nm as a function of
ia concentration during May 2019 and (B) particle mode diameter as
ith temperature during May 2019. In both (A) and (B) the data are binned
background.
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vapors) in particle formation and growth. Besides, the role of
organics on a regional scale is highlighted in Fig. 7B, where
a correlation between ELVOCs and the mode diameter of the
growing particles is shown. At higher temperatures, higher
concentrations of ELVOCs allow for particles to grow to larger
sizes, amplifying their climatic effects. In Qvidja, the observed
OOM concentrations cannot explain themeasured growth rates,
e.g., similar to what has been observed in Hyytiälä57 or from
chamber experiments;53 yet, the concentration of ELVOCs was
signicantly higher on days when particles exceeded 40 nm in
Fig. 8 New particle formation at an agricultural land and in the boreal fo
and in Hyytiälä (dashed lines) at different sizes. (B) Number concentratio
lines) at different sizes (J3 and J6 refer to particle formation rates at 3 and
Ratios of number concentrations at different sizes. (E) The annual produc
ratio of daily and annual production of particles in different size ranges at Q
per cm3 per day and more than 20 times more particles per cm3 per year
be capable to grow to climate relevant diameters and to contribute to r

1206 | Environ. Sci.: Atmos., 2023, 3, 1195–1211
diameter. Such an observation suggests a vital role of
condensable OOMs in particle growth, even on a regional scale.

Climatic importance of aerosol particle production associated
with agricultural lands

In order to assess the climatic importance of agricultural lands
via their production of new aerosol particles, we compare the
general character of the particle formation process observed in
Qvidja to that observed at the well-studied SMEAR (Station for
Measuring Ecosystem–Atmosphere Relations) II station, located
rest. (A) Particle formation rates during event days in Qvidja (solid lines)
n of particle ‘event’ days in Qvidja (solid lines) and in Hyytiälä (dashed
6 nm, respectively). (C) Ratios of formation rates at different sizes. (D)
tion of particles in different size ranges in Qvidja and in Hyytiälä. (F) the
vidja to Hyytiälä. The grassland produces up to 15 timesmore particles

in the size ranges between 3 and 10 nm. These particles have shown to
egional NPF and cloud condensation nuclei budgets.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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about 200 km from Qvidja inside a boreal forest environment in
Hyytiälä (Fig. S1†). Boreal forests, by producing new aerosol
particles and making them to grow in size, have been shown to
be a large source of cloud condensation nuclei (CCN) ranging
from regional to even larger scales,81–83 and this CCN production
causes a cooling effect on climate via aerosol–cloud
interactions.82,84–86

Fig. 8 compares the diurnal behavior of particle formation
rates and resulting particle number concentrations between
Qvidja and Hyytiälä during days with clustering and NPF days,
as well as both daily and annual budgets of the produced
particles in different size ranges. We may see substantially
higher formation rates of both 3 and 6 nm particles in Qvidja
(Fig. 8A), both exceeding the corresponding formation rates in
Hyytiälä by a factor between about 10 and 20 during the day-
time with the most intense NPF (Fig. 8C). The number
concentrations of 3–6 nm and 6–10 nm particles reach median
values of about 3000 and 2000 cm−3, respectively, in Qvidja,
while the corresponding values are both about 500 cm−3 in
Hyytiälä (Fig. 8B). Over the course of the day, number concen-
trations of 3–6 nm and 6–10 nm particles observed in Qvidja
exceed those in Hyytiälä between factors of about 3 and 15
(Fig. 8D). On a daily and an annual basis, and when taking into
account the frequency of clustering in Qvidja (33%), these
processes produce between about 10 and 20 times more parti-
cles compared with NPF events in Hyytiälä (frequency ∼25%)
(Fig. 8E and F, S6†), and this enhancement can be observed up
to the size range of 10–15 nm.

In a boreal forest environment, the growth of newly formed
particles up to CCN sizes has been observed to take place over
time scales of roughly 1 to 3 days of air mass transport.83,85

Although it remains impossible to directly measure CCN
production associated with clustering events observed at
Qvidja, there are several indirect lines of evidence to suggest
that a big fraction of the particles formed at Qvidja will even-
tually reach CCN sizes downwind this site. First, the observed
particle growth rates between boreal forests and other rural
environments tend to be relatively similar.7,76 This and the fact
that Qvidja is surrounded mainly by forests at larger scales over
the land area indicate that the estimated CCN growth time scale
of 1–3 days for boreal forests also applies for particles produced
at Qvidja. Second, the main atmospheric sink of newly formed
aerosol particles is usually their coagulation scavenging by
larger, pre-existing aerosol particles.87,88 The strength of this
sink decreases considerably in moderately polluted environ-
ments as the growing particles reach sizes larger than about 10–
20 nm. Third, typical overall lifetime of sub-CCN size aerosol
particles in the planetary boundary layer are about 1–2 days,89

i.e., comparable to what it takes for newly formed particle to
grow into CCN sizes.

Conclusions

Previous studies at Qvidja have shown the capability of agricul-
tural grassland with improved farming practices to act as a carbon
sink.15 This, together with the results of our study, shows that
such farming practices and agricultural grasslands as a whole
© 2023 The Author(s). Published by the Royal Society of Chemistry
have the capacity to act as an effective neutralizer for a changing
climate. The local clustering in agricultural elds contributes to
regional NPF per square meter of land ca. 15–20 times more than
a corresponding area of boreal forests (Fig. 8). We found that
locally emitted ammonia stabilizes regionally available sulfuric
acid, leading to NPF events with intensities ca. 15–20 times higher
than those measured in neighboring boreal forest environments.
Clear sky conditions ensure sufficient H2SO4 concentrations (>1
× 106 cm−3), while a low wind speed (<3.5 m s−1) ensures the
contribution of NH3 emitted from the grassland. Once aerosol
particles are formed, low volatility organic compounds, here
ELVOC, contribute to the growth of particles to CCN and accu-
mulation mode sizes, so that they can inuence the radiative
forcing balance. Such observations provide insights into the
possibility of agricultural elds to have pro-environmental char-
acteristics, as opposed to previous understanding of being solely
greenhouse gas emitters and thereby climate harming.

During the measurement campaign, we observed unique
‘local clustering’NPF events which do not resemble the regional
NPF events observed over the past 25 years in the boreal forest
in Finland. Although sufficient sulfuric acid is needed to initiate
NPF in Qvidja, the local clustering events do not occur at
a specic time of the day, in comparison to other locations
where NPF events tend to start concurrent with sunrise when
the concentrations of low volatility gaseous precursors increase
most rapidly due to active photochemistry. Local clustering with
regional NPF events (‘banana-like’ events) are also observed in
Qvidja. Our aim is to understand the drivers behind these
different types of NPF events, their precursor sources, and the
chemistry behind them.

If generally applicable, the above analysis indicates that
compared with boreal forests alone, agricultural land areas are
10–20 times more efficient in producing growing aerosol
particles and probably several times more efficient in eventually
producing new CCN. Globally, agriculture occupies more than
37% of Earth's land area while forests contribute to 30.7%.17

This situation is expected to change by 2050 with a retreat of
agriculture land use in Europe.16 NPF events are found to
contribute substantially to the global particle number concen-
tration budget as well as affecting human health and further-
more to cloud condensation nuclei concentrations. Therefore,
our observation of 15 times higher contribution to NPF of
agricultural land, compared to boreal forests, is yet unac-
counted for in global models; including it as a source for the
global tropospheric particle number budget is a priority for
determining and quantifying the potential for cooling pre-
sented by agriculture.
Author contributions

Conceptualization of the study: L. D., V.-M. K., and M. K.
Measurements: M. O. K., J. S., M. O. L., Y. W., L. H., J. D.,
and M. L. Data analyses: L. D., M. O. K., J. S., and M. O. L.
Results interpretation: L. D., J. S., M. D., V.-M. K., T. P., and M.
K. Writing–original dra: L. D. Writing–review & editing: V.-M.
K. and M. K. Commenting: all.
Environ. Sci.: Atmos., 2023, 3, 1195–1211 | 1207

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ea00065f


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 9

/7
/2

02
3 

12
:5

7:
19

 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
Conflicts of interest

There are no conicts to declare.

Acknowledgements

This publication has been produced within the framework of the
EMME-CARE project, which has received funding from the Euro-
pean Union's Horizon 2020 Research and Innovation Programme
(under grant agreement no. 856612) and the Government of
Cyprus. The sole responsibility of this publication lies with the
author. The European Union is not responsible for any use that
may be made of the information contained therein. We acknowl-
edge the following projects: ACCC Flagship funded by the
Academy of Finland (grant numbers 337549 and 337551), Academy
professorship funded by the Academy of Finland (grant no.
302958), and Academy of Finland projects no. 1325656, 316114,
325647 and 326437. “Quantifying carbon sink, CarbonSink+ and
their interaction with air quality” INAR project funded by Jane and
Aatos Erkko Foundation, European Research Council (ERC)
project ATM-GTP contract no. 742206, Academy of Finland infra-
structure funding (grant no. 273010), and the Condenz project
(grant no. 326437). We thank the following scientists for fruitful
discussions: Dominik Stolzenburg, Petri Keronen, Jun Yee Tham,
Janne Lampilahti, Nina Sarnela, Lauri Ahonen, Pasi Aalto, Pekka
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L. Dada, M. Lampimäki, Y. Wu, A. Lohila, J. Duplissy,
M. Sipilä, T. Petäjä, M. Kulmala and M. Dal Maso, Atmos.
Chem. Phys., 2022, 22, 8097–8115.

21 C. Ballabio, P. Panagos and L. Monatanarella, Geoderma,
2016, 261, 110–123.

22 O. Nevalainen, O. Niemitalo, I. Fer, A. Juntunen, T. Mattila,
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A. Bergen, F. Bianchi, S. Bräkling, S. Brilke, L. Caudillo,
D. Chen, B. Chu, A. Dias, D. C. Draper, J. Duplissy, I. El-
Haddad, H. Finkenzeller, C. Frege, L. Gonzalez-Carracedo,
H. Gordon, M. Granzin, J. Hakala, V. Hoauer,
C. R. Hoyle, C. Kim, W. Kong, H. Lamkaddam, C. P. Lee,
K. Lehtipalo, M. Leiminger, H. Mai, H. E. Manninen,
G. Marie, R. Marten, B. Mentler, U. Molteni, L. Nichman,
W. Nie, A. Ojdanic, A. Onnela, E. Partoll, T. Petäjä,
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