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Long-term observations of coastal ecosystems and atmosphere are crucial for address-
ing global challenges like air pollution, water, energy, and food supply. Coastal environ-
ments are ecological hotspots acting as greenhouse gas sinks/sources, emitting volatile 
organic compounds (VOCs) and trace gases, and impacting marine aerosol formation. 
The Tvärminne Zoological Station (TZS) in the northern Baltic Sea has a long history 
of marine biology observations. In 2022, a comprehensive atmospheric observatory was 
established at TZS, leading to the creation of coastal-SMEAR (Station for Measuring Earth 
surface – Atmosphere Relations). Equipped with advanced instrumentation, the key aim of 
this station is to understand potential feedbacks between coastal ecosystems and the atmos-
phere. Initial results indicate that the sea-air exchange of aerosol precursor gases, VOCs 
and CO2 at the coast are highly dynamic, influenced by meteorological and biological con-
ditions. Establishing SMEAR stations in different coastal environments would greatly help 
to understand coastal ecosystem-atmosphere feedbacks.
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it could lead to more CH4 emissions (Fig. 1), 
offsetting the climate benefits and the overall 
capacity of oceans to act as carbon sink (Roth 
et al. 2023). While current conservation efforts 
emphasize long-term carbon storage, they often 
overlook key variables affecting radiative forc-
ing, such as short-lived climate forcers (SLCFs) 
like methane and volatile organic compounds 
(VOCs) (Szopa et al. 2021). The GHGs contrib-
ute to warming, while aerosols and their precur-
sors have a cooling effect, introducing uncer-
tainty in assessing human impacts on Earth's 
climate. Thus, we advocate for a more compre-
hensive approach that includes a synchronized 
study of marine and atmospheric parameters as a 
long-term approach to tackle climate crises. This 
approach involves setting up an atmospheric 
observatory that would enable us to obtain a 
comprehensive data on climate change induced 
changes to coastal environments. This involves 
the study of the feedback mechanisms and inte-
grated process understanding. These processes 
include, e.g., new particle formation (NPF), 
carbon fluxes and different feedbacks. University 
of Helsinki (UH) has decades-long experience 
of building permanent comprehensive scientific 
stations around the world i.e., Station for Meas-
uring Earth surface and Atmosphere Interactions 
(SMEAR), performing cutting-edge atmospheric 
science with state of art instruments alongside 
capacity building in forest and urban sites. UH 
has four such SMEAR stations in Finland (Hari 
et al. 1994, Hari and Kulmala 2005) and two in 
China (Liu et al. 2020). The observation stations 
at various locations are of prime importance for 
the global observation networks. For example, 
there are a number of organizations and research 
infrastructures using the data of the long-term 
measurements carried out at the SMEAR I — 
nature reserve in Värriö, SMEAR II — boreal 
forest in Hyytiälä, and SMEAR III — urban site 
in Helsinki. 

With the existing long-term marine ecosys-
tem observations at the Tvärminne Zoological 
Station (TZS), Finland, we decided to establish 
an atmospheric observatory at TZS, to create a 
comprehensive research observatory and data 
base for long-term observations of ecosystem-
atmosphere relations, i.e. a coastal-SMEAR. 
Our expectation is that the establishment of 

Introduction

Background — need for the coastal-
SMEAR

In a rapidly changing world, it is challeng-
ing to understand and adapt to the grand chal-
lenges that are evidently spread globally. The 
grand challenges are related to the availability 
of clean air, water, food, and energy as well as 
planetary health (https://www.wcrp-climate.org/
grand-challenges/). The intertwining nature of 
these challenges and their connection to global 
changes (Kulmala et al. 2015, Lappalainen et al. 
2022, Nolan et al. 2018, Laughner et al. 2021, 
Wang et al. 2023, IBPES https://www.ipbes.
net/nexus/media-release) calls for an integrated 
approach to multidisciplinary research and 
well-designed solutions (Kulmala et al. 2023a, 
Kulmala et al. 2021). Atmospheric interactions 
with the biosphere, lithosphere and hydro-
sphere govern many of these challenges. Thus, 
it becomes crucial to understand the atmospheric 
processes as, for example, aerosol-related pro-
cesses are the largest single source of uncertainty 
in quantifying human-caused changes in Earth’s 
radiative forcing (IPCC 2021). The coastal eco-
systems are significant for carbon capture and 
mitigation of climate change. To be able to 
understand these processes and address inter-
related grand challenges, we need continuous, 
comprehensive open data from the atmosphere 
and marine systems of the coastal realm.

The ocean acts as a carbon sink absorb-
ing about 31% of atmospheric CO2 emissions 
(Gruber et al. 2019). The subsequent ocean acid-
ification not only disturbs the ocean and coastal 
water chemistry, but it can influence the marine 
and coastal atmosphere as well, leading to a dis-
turbance in the ocean’s capacity to act as a sink. 
A healthy coastal water ecosystem can capture 
and store significant amounts of atmospheric 
carbon through the accumulation of vegetation 
and long-term sediment burial (Mcleod, E. et al. 
2011). However, some of the carbon is returned 
to the atmosphere as CH4 after undergoing 
metabolization (Al-Haj et al. 2020), creating an 
offset in the GHG sink estimate of these ecosys-
tems (Bastviken et al. 2011). Studies have shown 
that if a coastal ecosystem starts to degrade 
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Kaser et al. 2013). Most of the above-mentioned 
studies are focussed on the inorganic trace gases 
and BVOCs emitted from the terrestrial sources 
and their role in NPF. However, the role of emis-
sions from marine sources in NPF is largely 
unknown. Studies have shown that there is a 
strong marine biogenic influence on the marine 
aerosols (Anttila et al. 2010, Spracklen et al. 
2008). Secondary organic aerosol (SOA) over 
the marine regions can be formed by the oxida-
tion products of BVOCs (including halogen and 
sulphur-containing compounds) emitted by  e.g. 
phytoplankton, and these can form sulphuric 
acid (SA), methane sulphonic acid (MSA), oxy-
genated VOCs, iodic acid-sulphuric acid (IA-
SA) clusters, etc (Yassaa et al. 2008, Kim et al. 
2017 , He et al. 2021, He et al. 2023). 

Coastal NPF may lead to the formation of 
cloud condensation nuclei (Casan et al. 2025, 
Wollesen et al. 2024) but how much they would 
affect the radiation budget globally is a ques-
tion which is yet to be answered. Every year 
the Baltic Sea is extensively affected by the 
spring and summer phytoplankton blooms, sug-
gesting it could be a hot spot for VOC emis-
sions. The dearth of measurements of VOCs in 
the marine boundary layer has raised questions 

the coastal-SMEAR will produce findings that 
highlight the interconnectedness of the coastal 
biodiversity, atmospheric responses and climate 
change, emphasizing that effective conservation 
measures must address these aspects simultane-
ously. The new coastal atmospheric laboratory 
houses a comprehensive set of instrumentation 
to collect data to understand aerosol-climate 
feedback processes in the coastal environment.

An active atmospheric research focus is on 
how atmospheric particles (aerosols) are formed 
in the atmosphere. Various studies have been 
published on the role of sulphuric acid in new 
particle formation (NPF) in various regions of 
the world (Riipinen et al. 2007, Paasonen et 
al. 2010, Nieminen et al. 2014). Even gase-
ous organic compounds (Huang et al. 2021) 
play an important role in NPF as indicated 
by the field measurements in Hyytiälä. The 
global BVOC (Biogenic Volatile Organic 
Compounds) emissions are dominated by ter-
penes (isoprene (C5H8), 594 Tg C a−1, monoter-
penes (C10H16), 95 Tg C a−1, and sesquiterpenes 
(C15H24), 20 Tg C a−1 (Sindelarova et al. 2014), 
which are mainly emitted by vegetation and can 
be influenced by meteorological conditions, such 
as temperature and light (Guenther et al. 1995, 
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Fig. 1. Schematics showing the marine emissions, their sources and impact on atmospheric chemistry — concept 
of coastal SMEAR at Tvärminne (CoastClim).
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on how the marine environment is impacted 
or can impact the overlying atmosphere. VOC 
emissions at the interface between air and soil, 
snow or ocean play a major role in atmospheric 
oxidation processes, gas-particle transfer and the 
formation of SOA. Some VOCs produce low-
volatility vapours through the process of autoxi-
dation (Ehn et al. 2014), which rapidly forms 
highly oxygenated molecules (HOMs) that act 
as important precursor vapours leading to NPF 
(Fig. 1). Extensive studies have been performed 
for terrestrial VOC fluxes but much less atten-
tion has been given to the marine emissions of 
VOCs (Yu and Li 2021). Focussing our attention 
specifically to the Baltic Sea, the lacuna is that 
no studies have attempted to capture the season-
ality of the VOC emissions from the recurring 
blooms and how they impact aerosol formation. 
A recent study showed that when the air mass 
travelled over the water bodies surrounding Hel-
sinki, having higher residence times of the air 
mass over the cyanobacterial/algal blooms, the 
air mass was enriched with biogenic SA and/or 
IA initiating the formation of small clusters of 
particles at the measurement site (Thakur et al. 
2022).

The datasets like VOCs, aerosol size distribu-
tions and GHGs generated at the station using 
state of art instrumentation to analyse feedback 
processes and provide clarity on the total impact 
of the coastal ecosystem on carbon uptake and 
aerosol formation. Modelling studies can uti-
lize this data to assess surface and cloud albe-
dos in the long run, enabling quantification of 
the CarbonSink+, a concept introduced by Kul-
mala et al. (2020). The concept of CarbonSink+ 
combines the effects of CO2 fertilization and 
aerosol-induced diffuse radiation enhancement 
on photosynthesis which is then responsible for 
influencing ecosystem (in this case the marine 
ecosystem) carbon uptake. Interactions between 
aerosol particles and ecosystem similar to Car-
bonSink+ are yet to be understood in the coastal 
zone. The measurement systems at the  station 
enables comprehensive monitoring of marine 
emissions — such as VOCs, dimethyl sulphide 
(DMS), and greenhouse gases — and their role 
in aerosol formation and modification of the 
atmospheric radiative budget. By simultane-
ously measuring atmospheric parameters, water 

chemistry, and coastal biological activity, we 
aim to understand how environmental changes, 
including rising sea surface and air temperatures 
and thereafter eutrophication, influence marine 
biogeochemical processes. Understanding these 
marine biogeochemical processes better directs 
us to gain insight into the Charlson-Lovelock-
Andreae-Warren (CLAW, Charlson et al. 1987) 
and Continental-Biosphere-Atmosphere-Clouds-
Climate feedback, COBACC (Kulmala et al. 
2004, 2014) hypothesis. The CLAW hypothesis 
proposes a climate feedback loop linking phyto-
plankton activity to cloud formation whereas the 
COBACC (Continental-Biosphere-Atmosphere-
Clouds-Climate) feedback loop puts forward a 
hypothesis that increased CO2 level leads to 
more efficient photosynthesis, and more active 
plants emitting BVOCs, which then contribute 
to formation and growth of atmospheric aerosol 
particles, influencing solar radiation and pho-
tosynthesis, and feedback on the carbon sink 
(and CO2) via the diffuse radiation fertiliza-
tion effect. Specifically, we are examining how 
warming and eutrophication in the Baltic Sea 
may stimulate phytoplankton and cyanobacte-
rial blooms, thereby increasing DMS emissions. 
Once released, DMS is oxidized in the atmos-
phere to sulphur dioxide (SO₂) and subsequently 
to sulphate aerosols, which can act as cloud con-
densation nuclei (CCN). These CCN influence 
cloud albedo and, consequently, Earth's radia-
tive balance. Despite evidence supporting com-
ponents of the DMS–CCN–cloud albedo feed-
back mechanism, a complete, globally validated 
framework remains lacking (Ayers and Cainey, 
2007). The coastal SMEAR station provides 
an essential platform to observe and quantify 
these processes in a real-world coastal environ-
ment, offering valuable data to assess and refine 
the CLAW hypothesis and examine COBACC 
hypothesis under increasing emissions from the 
sea, with changing climate scenarios. Further-
more, significant gaps and contradictions persist, 
including a lack of quantitative understanding of 
new particle formation processes in the marine 
atmospheric boundary layer. 

Thus, to understand the greenhouse gas 
sources and sinks in coastal area, sea to air emis-
sion processes of trace gases, their oxidation 
and their role in aerosol formation, the feedback 
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loops and integration we have set up a perma-
nent atmospheric laboratory at the Tvärminne 
Zoological Station (TZS) on the Finnish coast 
of the Baltic Sea in 2022, within the umbrella 
of "CoastClim" (Centre for Coastal Ecosystem 
and Climate Change Research, https://coastclim.
org), which is a collaboration between the Uni-
versity of Helsinki and Stockholm University. 
The location, infrastructure and instruments of 
the coastal-SMEAR are explained in the follow-
ing section, while examples of some preliminary 
results from coastal-SMEAR are discussed in the 
Results section.

Material and methods

Location and facilities

The atmospheric observatory is hosted by the 
Tvärminne Zoological Station (TZS, University 
of Helsinki). TZS is located in Tvärminne on 
the Hanko peninsula, often marked as the north-
ern point of the line separating the Baltic Sea 
proper from the Gulf of Finland  (Alenius et al. 
1998, Fig. 2). Established in 1902, TZS serves 
as a pivotal site for studying long-term envi-
ronmental change (Goebeler et al 2022). This 

site has a brackish seawater environment (salin-
ity approx. 6g kg–1 of water), with expansive 
archipelagos comprised by diverse habitats that 
offer a prime depiction of the Baltic Sea eco-
system and serves as a valuable point of refer-
ence for comparing coastal ecosystems across 
Europe. TZS has a fully equipped marine labora-
tory, multiple research vessels, sampling gear, 
diving facilities, aquarium facilities, and exten-
sive long-term databases from the marine realm. 
Marine research conducted at TZS concentrates 
on exploring the biodiversity and operational 
mechanisms of the Baltic Sea ecosystem, along-
side examining the anthropogenic stressors influ-
encing its dynamics (Kremp et al. 2008, Rousi et 
al. 2013, Villnäs et al. 2013, Spilling et al. 2014, 
Jokinen et al. 2015, Kauppi et al. 2015, Lammer-
ant et al. 2024, Uth et al. 2024). This research 
spans across various disciplines, including ecol-
ogy, ecophysiology, ecotoxicology, taxonomy, 
and behavioural and evolutionary biology. The 
establishment of the atmospheric laboratory at 
the site facilitates strong collaborative science 
spanning across different disciplines to under-
stand the coastal ecosystem and its impact on the 
overlying atmosphere. The details of the marine 
research are explained in the Marine observa-
tions section.

Fig. 2. Location showing the site of the atmospheric observatory at the coast of Tvärminne. Note the trailers marked 
as atmospheric lab: AL-1 and AL-2 are located ~10m from the coast, AL-3 in a container housed 160 m away from 
the coast and AF site, which situated on a small island, 130 m from AL-1 and Al-2.

https://coastclim.org
https://coastclim.org
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Atmospheric Observatory

The atmospheric observatory aims to measure 
GHG fluxes, molecular clusters, VOCs, aerosol 
number and size distributions, and trace gases like 
CO, NOx, O3 and SO2. The atmospheric observa-
tory consists of two movable trailers, one metal 
container and an eddy covariance setup. Each 
of the trailers is ~15m3 in capacity (3.1 × 2.2 × 
2.2 m) and are temperature and humidity con-
trolled by air conditioning units, and temperature 
and humidity sensors. The trailers were installed 
in 2022. The trailers (Type-fRespo 320-1D) are 
named as Atmochem Lab (AL) 1 and 2 (Fig. 
2) and house particle size analysers (1–40 nm) 
and mass spectrometers with inlets facing the 
coast (Fig. 3a and b). The AL-1 houses the Neu-
tral cluster and Air ion Spectrometer (NAIS) and 
Vocus-Proton Transfer Reaction-Mass Spectrom-
eter (PTR-MS) (Table 1). The inlet of the NAIS 
is at 2.2 m a.m.s.l. and that of Vocus-PTR-MS is 
2 m a.m.s.l. The second similar trailer, placed next 
to the first, houses a Multischeme chemical-ion-
ization-atmospheric pressure interface- Time of 
Flight mass spectrometer (MION-CIMS), Particle 
Size Magnifier (PSM), air dryer units, compres-
sors and vacuum pump systems (Table 1). The 
labs are thermally insulated (EPS insulation). 
AL-1 and 2 are placed 15 m from the coast (Fig 
3a) with inlets facing the coast (Fig. 3b). The 
trace gas analysers (O3, NOx, SO2 and CO) and 

aerosol instrumentation (10 nm – 20 microns) are 
installed in a metal container, Atmogas Lab, AL-3 
(Fig. 3c). This metal container (Fig. 3c, AL-3) 
was placed 150 m from the coast in 2023. The 
observatory also houses two atmospheric eddy 
covariance masts and a weather station measuring 
meteorological parameters and fluxes of CO2 and 
methane (Fig. 3d) at the Atmoflux (AF) site of the 
atmospheric observatory, which is situated on a 
small island, 130 m from AL-1 and AL-2 (Fig. 2).

Instruments in the Atmochem and 
Atmogas Lab

Gas phase instruments

MION-CIMS

The MION-CIMS is a long ToF with a mass 
resolving power of ∼ 9000 coupled to a recently 
developed multi-scheme chemical ionization inlet 
(MION, Karsa Ltd., Rissanen et al. 2019) was 
used to analyse the molecular composition of 
inorganic and organic vapours. Chemical ioni-
zation (CI) is a soft ionization method  (Gross, 
2017) often employed in aerosol research (Ehn 
et al. 2014, Lopez-Hilfiker et al. 2014). More 
specifically the MION inlet ionizes molecules 
through clustering with ions like bromide and 
nitrate (Rissanen et al. 2019). During the 60 min 

(a) (b)

AL-2

AL-1

AL-3
MAST-1

MAST-2

WS

(c) (d)

Fig. 3. (a) The Trailers 
AL-1 and AL-2 at the coast;  
(b) inlets of the mass spec-
trometers facing the coast; 
(c) Metal container, AL-3,150 
m away from the coast;  
(d) Aerial photograph of the 
AF site with eddy covariance 
masts (Mast-1 and Mast-2) 
and weather station (WS) with 
the trailers in the background 
in the right.
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Table 1. List of instruments, parameters and other details on measurement for the atmospheric laboratory housed 
in trailers AL-1 and AL-2, and container AL-3.

	 Instruments	 Parameter	 Resolution 	 Inlet height	 Measurement
			    	 (a.m.s.l)	 started

AL-1 Instruments
	 NAIS 	 Aerosols: ions (0.8–40 nm)	 10 sec	 2.2 m	 25.02.2022
		  and particles (2–40 nm)
	 Vocus-PTR-MS 	 Concentration of VOCs and their	 5 sec	 2 m	 25.07.2022
		  oxygenated products (m/z 10-m/z 500)
AL-2 Instruments
	 MION-CIMS	 Concentration of inorganic and organic 	 5 sec 	 2 m	 17.07.2022
		  vapors,highly oxygenated molecules 
		  (m/z 60-m/z 1000)
	 PSM	 Particle concentration and size 	 1 sec	 1.5 m	 18.07.2022
		  distribution from 1–3 nm
AL-3 Instruments
	 DMPS	 Particle concentration and size	 5 min	 4 m	 31.01.2024
		  distribution from 10–800 nm
	 APS	 Particle concentration and size	 5 min	 4 m	 20.12.2023
		  distribution from 0.5–20 microns
	 Gas analyzers 	 Concentration of O3, NOx, SO2 and CO	 10 min	 4 m	 17.12.2023

cycles of measurements, MION-CIMS switches 
modes between nitrate (NO3

-, 12 min), bromide 
(Br−, 12 min), and ambient (measuring natural 
ions, 30 min) modes, followed by 6 min of ion-
filter zeroing before switching from ambient mode 
to the next mode. Gaseous organic compounds 
were sampled via a stainless-steel tube (2.54 cm. 
outer diameter) of ca. 0.9 m length and a flow 
rate of 20 L min−1. Due to the large inlet diam-
eter and high flow rate, losses of organic vapours 
are expected to be negligible. Through the fast 
switching between the two reagent ion schemes, 
Br−  and NO3

-, both less and more oxygenated 
VOCs (including highly oxygenated molecules, 
HOMs) can be measured, as well as sulfuric acid 
(H2SO4) and its clusters, e.g. (H2SO4)n(NH3)y in 
the range of 60–1000 amu (Rissanen et al. 2019, 
Huang et al. 2021). The MION-CIMS is housed 
in the trailer AL-2 (Fig. 4a).

Vocus PTR-MS

Mass spectrometry techniques are commonly used 
to study organic compound composition (Nash 
et al. 2006). Proton-transfer-reaction mass spec-
trometry (PTR-MS) is commonly used to meas-
ure VOCs in the atmosphere (Yuan et al. 2017). 

The Vocus PTR-MS, with its improved chemical 
ionization source, offers enhanced sensitivity for 
detecting a wide range of VOCs and their oxygen-
ated products, and it can detect a broader spectrum 
of VOCs (even diterpenes) and their oxygenated 
products (up to six to eight oxygen atoms for 
monoterpene oxidation products, Li et al. 2020). 
It may, however, not be ideal for detecting HOMs 
or dimers due to potential instrument fragmenta-
tion and losses in sampling lines (Li et al. 2020, 
Riva et al. 2019). In Vocus-PTR-MS, VOCs enter 
a drift-tube ion–molecule reactor (IMR), and they 
are ionized via proton transfer from hydronium 
ions (H3O

+) produced in a separate ion source. A 
hollow-cathode ion source is common in these 
mass spectrometers, but Tofwerk's Vocus uses a 
conical, low-pressure discharge source (Krechmer 
et al. 2018).  Frequent background calibrations 
were made every 2 h in addition to weekly multi-
point calibrations using a standard calibration gas. 
The Vocus is housed in the trailer AL-1 (Fig. 4b).

Trace Gas Analysers

The container AL-3 houses a set of different 
trace gas analysers, which are calibrated monthly 
using a calibrator unit and ozone generator 
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housed in the same rack (Fig. 4c). NOx (NO and 
NO2) is measured using a NOx analyser (Tel-
edyne API, model T200P, photolytic). SO2, CO 
and O3 are measured with a SO2 analyser (43i-
TLE, ThermoFisher), a CO analyser (Teledyne 
API, model T300) and ozone analyser (Teledyne 
API, T400, photometric), respectively. A gas 
calibrator unit is used to calibrate the differ-
ent gas analysers (CMK5 Touch/ 4PG /O3(GPT-
MFC)/PH). The pump for compressed dry air for 
the analysers and a vacuum pump (described in 
the Affiliated facilities section) are housed in a 
separate small pump room inside AL-3. It is well 
ventilated by an exhaust fan system to prevent 
overheating of the room due to running pumps 
and compressor systems.

Particle Phase Instruments

NAIS, PSM, DMPS and APS

Several instruments based on different technolo-
gies are deployed to measure the particle size 
distribution from 1 to 20 000 nm (Fig. 5). A 
PSM (Airmodus Ltd.) is used to measure the size 
distribution from 1–3 nm particles (Vanhanen 
et al. 2011). Particles from 2 nm to 40 nm and 
ions from 0.8 nm to 40 nm are measured using 
a NAIS (Airel Ltd.) (Mirme & Mirme, 2013). 
Particles from 10 to 800 nm are measured with 
a custom-made DMPS (differential mobility par-
ticle sizer, Aalto et al. 2001). The particles from 
500 nm to 20 000 nm are measured with an APS 
(Aerodynamic Particle Sizer; Model 3321, TSI). 
The DMPS and APS instruments have Nafion 

dryers which dry the aerosol sample flow to 
15–20% RH at the inlet.

Atmoflux Site-Eddy covariance masts 
and the weather system

There are two atmospheric eddy covariance mast 
systems on a small rocky island 130 m from the 
ALs at the coast, one mast with the sonic ane-
mometer and gas analysers and the other mast is 
the net radiometer. On the island, also the pyra-
nometer, PAR quantum sensor and air tempera-
ture and relative humidity probe are installed. 
The details of the instruments and the variables 
measured are shown in Table 2.

Marine observations

In close vicinity (100 m) to the Atmospheric 
observatory, a range of key physical (tempera-
ture and salinity) and biogeochemical (chlo-
rophyll-a, turbidity, coloured dissolved organic 
matter, dissolved oxygen, and partial pressure 
of CO2 and CH4) parameters in seawater are 
continuously being measured via an intake pipe 
at 4 m depth (sandy habitat with mixed macro-
phyte vegetation, Table 3). This setup is under 
development and will be described in detail 
elsewhere. In the same area, soft sediment mac-
rofauna, macrophytes and macroalgae (bladder 
wrack Fucus vesiculosus) and associated inver-
tebrate epifauna, phytoplankton and zooplank-
ton are being monitored. At the TZS long-term 
hydrography monitoring site Storfjärden (30 m 
depth), approx. 1.5 km from the Atmospheric 
observatory, seawater temperature and salinity 
has been measured since 1926 (Goebeler et al. 
2022). Currently CTD profiles are measured 
daily during the ice-free season with an auto-
mated profiling buoy, with monthly measure-
ments of water column nutrients, chlorophyll-a, 
oxygen, and Secchi depth. Soft sediment mac-
rofauna is monitored twice a year. These marine 
observations are conducted by TZS staff and 
CoastClim researchers. The marine parameters 
that would be used to understand the sea-air 
interactions and carefully interpret the long-term 
data sets of aerosol size distribution and chemi-

(b) VOCUS-PTR-MS(a) MION-CIMS (c) Trace gas Analyzers

Fig. 4. Gas phase instruments: (a) MION-CIMS;  
(b) Vocus PTR-MS; and (c) Trace gas analyzer and 
their calibration systems.
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Table 2. List of variables and Instruments at the Atmoflux site (AF site)

Variable	 Instrument	 Height above	 Auxiliary information
			   mean sea level

Fluxes
	 Sensible heat flux,	 METEK uSonic-3 Scientific,	 4.2 m
	 Latent heat flux,	   LI-7200RS, LI-COR
	 Momentum flux,	
	 Friction velocity,
	 CO2 flux,
	 H2O flux
	 CH4 flux	 METEK uSonic-3 Scientific,	 4.2 m
		    Picarro G2311-f

Meteorology
	 Wind speed,	 METEK uSonic-3 Scientific	 4.2 m
	 Wind direction,
	 Sonic temperature
	 Air temperature,	 Vaisala HMP155	 4.0 m
	 Relative humidity	
	 Precipitation	 OTT HydroMet Pluvio2,		  250 m from the EC site.
		    Tretyakov-type wind shield		  Maintained by the
				    Finnish Meteorological
				    Institute

Radiation
	 Global and Reflected 	Kipp & Zonen CNR4	 3.3 m	 Spectral range
	   shortwave radiation			   300–2800 nm
	 Total and Diffuse	 Delta-T SPN1	 3.0 m	 Spectral range
	   irradiance			   400–2700 nm
	 Photosynthetically	 Kipp & Zonen PQS1	 3.0 m	 Spectral range
	   active radiation			   400–700 nm

changes in atmospheric chemistry with the state 
of the sea so that we can for example understand 
how eutrophication and sea surface temperature 
can influence carbon fluxes and aerosol forma-
tion at the coast.

Affiliated facilities 

Electricity system at the coast

A total of 24 kW of electricity is supplied to the 
AL-1 and AL-2. The power line has 35-amp 
fuses, for 3 phases, at 230 volts. Weatherproof 
electrical cables run from the main station power 
supply to the Atmospheric Labs/trailers. The 
safety circuit breakers and UPSs are placed in 
the ALs to ensure safe and smooth running of the 
instruments.

(a) PSM
 

(b) NAIS
 

(c) APS
 

(d) DMPS
 

Fig. 5. Aerosol measurement instruments: (a) NAIS 
installed in AL-1; (b) PSM installed in AL-2; (c) APS 
installed in AL-3; and (d) DMPS installed in AL-3.

cal composition of the atmosphere is listed in 
Table 3. These marine and atmospheric meas-
urements existing under one umbrella allows 
to build a unique data set for studies of marine 
ecosystem-atmosphere interactions driving the 
concept of coastal SMEAR. Further, simultane-
ous measurements of sea water properties and 
atmospheric variables will enable us to connect 



204	 Thakur et al.  • BOREAL ENV. RES. Vol. 30

Pumps, Compressed air and Calibration 
gases

Compressed and dried air is needed by MION-
CIMS, the PSM, DMPS and APS. One compres-
sor system is installed within AL-3 (housed in 
a separate pump room) and another is installed 
within AL-2, where the MION-CIMS and PSM 
are housed. The compressor-dryer system con-
sists of an oil-free air compressor (Flairmo), 
equipped with a gas tank (25 L at max. pres-
sure of 10 bar). The maximum output flow rate 
of the compressor is 75 lpm. The compressed 
air is directed to the dryer (SMC IDF4E-10 
air dryer, IDF Refrigerated Dryer, with dew 
point of −51°C). The dryer is in compliance 
with the Montreal Protocol Regulations and uses 
refrigerants R134a and R407C to prevent any 
climate damage. The dried and compressed air 
is then directed to the PSM and MION-CIMS. 
The MION-CIMS uses a very small flow of 
108 ml per min in total for the reagent flows 
(Br– and NO3–). Oil-free vacuum pumps are 
used for creating vacuum for the inlet flow of 
PSM (3.5–4.0 lpm), MION-CIMS (20 lpm). Two 
3KVA UPS (Eaton) are installed in the AL-2 so 
that the MION-CIMS and the compressor-drier 
system can run for ~30 min in the case of inter-
ruption of power supply and one 3KVA UPS 
(Eaton) installed in AL-1 to backup the operation 
of Vocus-PTR-MS. The gas cylinders are in an 
outdoor weatherproof storage near the AL-2. 
The gases include high purity SO2, synthetic air, 
nitrogen for SA calibration (for MION-CIMS), 
and Vocus PTR-MS calibration gas mixture 
(20 component mixture with each component 
at nominally 1 µmol mol–1 (ppm) in a balance of 
nitrogen).

Data Backup system and data quality 
control

The instruments have independent data acqui-
sition systems and computers except the gas 
analysers and APS. A well-developed data inte-
gration and backup system for routine data qual-
ity check and data backup has been built. The 
real-time raw data are automatically uploaded to 
a University of Helsinki group server. The back-
ing up of the data is scheduled per hour via auto-
mated scripts and data transfer platforms. A high 
priority is given on the data quality, which forms 
an integral part of the continuous observations. 
The smooth and uninterrupted running of the 
instruments are ensured by checking the diag-
nostic parameters of all the instruments daily and 
an updated logbook is maintained. 

Capacity and First Results

The synchronized marine and atmospheric 
observations give us capacity to investigate mul-
tiple processes, feedbacks and interactions in 
coastal environments. Here we show some of 
the first results within the umbrella of coastal-
SMEAR. This section describes the meteorologi-
cal conditions prevailing at the site, followed by 
the chemical speciation in air at the coastal site. 
We also show the first results of VOC fluxes, 
like isoprene and α-pinene, emitted out from the 
coastal waters, which may act as precursors to 
oxidized organics in the atmosphere contributing 
to NPF. The section, "CO2 fluxes and Carbon-
Sink+ at the coastal site" describes the seasonal 
and diurnal variability of CO2 fluxes and local 
aerosol production which could be useful in 

Table 3. Marine parameters measured continuously in the atmospheric observatory as part of coastal SMEAR

	 Parameters /Variables	 Facilities/Equipment

	 *Marine VOC flux	 Tenax TA - Carbopack B sorbent tube samples 
		  with analysis through TD-GC-MS 
	 Temperature, salinity of water column	 Seabird salinograph SBE 045
	 pCO2 and pCH4	 LI-7810, LI-COR
	 Chlorophyll-a, turbidity, and phycocyanin	 TriLux, Chelsea
	 Colored dissolved organic matter	 UviLux, Chelsea

*campaign based measurements
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evaluating the overall impact of Carbonsink+. 
We conclude in the Results section by describing 
how these variables measured at the station can 
contribute to feedback loops based on CLAW 
and COBACC hypotheses at the coast of the 
Baltic Sea.

Meteorological conditions

The meteorological conditions at TZS are typi-
cal for any Finnish location at the Southern 
coast bordering the Gulf of Finland. The basic 
meteorological parameters for 2023 are sum-
marized in Fig. 6a. Below zero temperatures 
prevailed from December to March, where the 
minimum temperature recorded was in mid-
January, –18ºC. Spring marks the onset of com-
paratively warmer temperatures as compared 
to previous months, above 5ºC, with maximum 

temperature in first weeks of August reaching 
25ºC. During the year, almost 90% of the time 
the relative humidity remained above 60%. Pre-
cipitation reached its maximum in late August 
and mainly sunny (clear sky) conditions were 
recorded from mid-April to July. The windrose 
plotted for the year 2023 (Fig. 6b) showed the 
wind direction with the maximum frequency 
was south-west followed by north-northeast. 
The south-west direction indicates that the wind 
coming to the station is mostly passing over 
the Gulf of Finland and the northern Baltic Sea 
indicating a dominant marine wind. Highest 
wind speeds of 12–16 m sec–1 are also recorded 
from this sector, suggesting an efficient transfer 
of the marine emissions to the station site. Nev-
ertheless, the second dominant wind direction, 
NNE, which is mostly continental air masses 
that have travelled over the forest and rural 
areas.

Fig. 6. (a) Meteorological parameters at TZS from January–
December 2023. Note Tw is the water temperature; Ta is the 
air temperature; Pa is the atmospheric pressure, RH is the 
relative humidity. (b) Windrose plotted for the year 2023.
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Chemical Speciation of ambient air

Trace gases

A time series plotted for daily median concentra-
tions of trace gases (CO, SO2, NO2, O3 and NO) 
for approx. one year (2023) period is shown 
(Fig. 7). The concentration of CO remained rela-
tively stable throughout the year (Fig. 7a). Some 

seasonal variability was noted for O3 (Fig. 7b). 
Comparatively higher concentrations of O3 are 
seen in March–April (as compared to winter), 
with concentrations reaching up to 65 ppb. The 
spring peak could be due to the recovery of O3 
through photochemical production (Dibb et al. 
2003). We again observe the O3 concentration 
going up to 65 ppb in mid-August and then 
decrease over the autumn and winter months. 

(a)

(b)

Fig. 8. (a) Time series of the concen-
tration of isoprene, monoterpenes and 
DMS during the marine air mass intrusion 
period, 17–24 July 2024. (b) Wind direc-
tion and wind speed during the period 
17–24 July 2024 (30 min average). Marine 
sector (200–250 degrees) chosen for the data 
analysis.

Fig. 7. Time series plot for different trace gases.
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The SO2 concentrations were ranging between 
0.05–2 pbb (Fig. 7c), with the maximum concen-
tration seen during the springtime. The range of 
concentrations of trace gases found in this study 
are well within the threshold, limit and criti-
cal value mentioned in the national guidelines 
and WHO air quality threshold values (https://
en.ilmatieteenlaitos.fi/air-quality-index; Antilla 
and Tuovinen, 2010; https://www.hsy.fi/en/air-
quality-and-climate/air-protection-and-health/
air-quality-regulations/). The need for a back-
ground site monitoring the standard gaseous 
pollutants is crucial for the national air quality 
monitoring program (Kukkonen et al. 1999, Ant-
tila et al. 2003). 

Volatile Organic Compounds

A snapshot of the data for three target com-
pounds, DMS, monoterpenes and isoprene were 
chosen as the main representative VOCs from 
the Vocus-PTR-MS. A time series plot of the 
concentrations of these species (Fig. 8a) is ana-
lysed for July 17–24, 2023. This time slot was 
particularly chosen as the winds were from the 
marine sector (200º–250º, Fig. 8b). During a 
relatively low wind speed day (17 July), DMS 
concentration dominated. While this coastal site 

itself can be the source of DMS, being a more 
stable gaseous species as compared to isoprene 
or monoterpenes it can also be transported from 
further away. The atmospheric lifetime of DMS 
can range from less than one day to up to 
five days (Ghahreman et al. 2019). Isoprene has 
a lifetime of one to two hours (Chauhan and 
Sharma, 2023), and monoterpenes have a life-
time of one hour to several hours (Peräkylä et 
al. 2014). When the wind speed was relatively 
higher during the daytime (> 6 m s–1) monoterpe-
nes were either equal or higher than DMS, with 
a daytime concentration range of 0.1–0.4 ppb. 
Isoprene was noted to be an order of magnitude 
lower than DMS and monoterpenes on most of 
the days (0.01–0.03 ppb). The correlation plots 
of DMS with isoprene and monoterpenes did 
not show any significant corelation (see Fig. S1a 
and b in Supplementary Information), indicating 
different sources. Isoprene can be produced by 
heterotrophic bacteria (Fall and Copley, 2000), 
marine cyanobacteria, phytoplankton and sea-
weeds (Exton et al. 2013), whereas DMS can 
be produced by its cellular precursor dimethyl 
sulfoniopropionate (DMSP) in algae and bac-
teria (Curson et al. 2017). Marine algae have 
been noted to be sources of monoterpenes both 
in the field and laboratory studies (Yassaa et al. 
2008,Wise et al. 2003). However, a good cor-

Fig. 9. Time series of concentrations of sulphuric acid (SA), Methanesulphonic acid (MSA), Iodic acid (IA) from 
01 May–30 June 2024. 

https://en.ilmatieteenlaitos.fi/air-quality-index
https://en.ilmatieteenlaitos.fi/air-quality-index
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observed that SA concentration remained the 
highest, ~1.2×107 molec. cm–3 as compared to 
MSA and IA at least until the first week of June. 
The algal barometer which describes the cyano-
bacterial development over the weeks using the 
data from the Finnish monitoring sites monitored 
by Finnish environment institute (see Fig. S2 
in Supplementary Information; https://tarkka.
syke.fi/eo-tarkka/?ver=0&lang=fi), showed that 
cyanobacterial bloom barometer increased after 
12 June. This was well synchronized with the 
2–3 fold increase of MSA and IA concentrations. 
Along with the increasing abundance of algal 
blooms, sea surface temperatures also increase 
from the first week of June to mid-June (Fig. 9) 
which could have promoted the release of DMS 
and iodine from the exposed macroalgae sur-
rounding the coastal station. DMS and iodine are 
produced by algae which act as precursor gases 
to form MSA and iodic acid after undergoing 
oxidation processes in the atmosphere (Thakur 
et al. 2022 and references therein). High iodine 
emission could be expected over the Baltic Sea 
region due to the presence of the macroalgal 
species which are well established and adapted 
there despite its low salinity (Kautsky & Kaut-
sky, 2000, Schagerström et al. 2014). The rocky 
shorelines of the northern Baltic Sea, includ-
ing those at Tvärminne, provide ample habi-
tat for several species of macroalgae, including 
the bladderwrack Fucus vesiculosus (Kautsky 
& Kautsky 2000, Torn et al. 2006, Attard et al. 
2019). Previous studies have documented that 

relation (r2= 0.97) was noted for isoprene and 
monoterpenes for datapoints when high monot-
erpene concentrations (> 0.1 ppb, see Fig. S1c 
in Supplementary Information) was recorded. 
It may indicate an additional, possibly marine 
influence on the monoterpene and isoprene con-
centrations during these days. 

The complexity of processes governing the 
emissions is not only at the air-sea interface 
but also above this interface. The northside of 
the atmospheric Labs, AL-1 and AL-2 is also 
marked by sparse forest and vegetation, indicat-
ing a possible (and large) terrestrial source of 
these organics directly for the overlying atmos-
phere. The combined influence of the airmass 
origin, meteorological parameters, biology 
(macrophytes) and even the lifetime of the gase-
ous species would determine the concentration 
and impact of these gases at the coast. To further 
explore the sources of some VOCs we carried 
out campaign-based flux measurements at the 
coast described in the following section. 

Precursor gases and their role in NPF

The diurnal variation of chemical species like 
sulphuric acid (SA), iodic acid (IA), methane 
sulphonic acid (MSA) and organics (HOMs) was 
investigated (Fig. 9 and Fig. S1 in Supplemen-
tary Information) for the period of June 2024. 
This period was chosen as this is the starting 
month of summer cyanobacterial bloom. It was 

(a)

(b)

(c)

Fig. 10. (a) Ion Burst event, number 
size distribution data recorded by 
NAIS; (b) Diurnal plot for concentra-
tions of SA, MSA, IA for the event; 
(c) 5-day back trajectory analysis 
done by HYSPLIT. 

https://tarkka.syke.fi/eo-tarkka/?ver=0&lang=fi
https://tarkka.syke.fi/eo-tarkka/?ver=0&lang=fi
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certain macroalgae contain high levels of iodine, 
of which the kelp Laminaria digitata stores the 
highest amount (Ar Gall et al. 2004, Küpper et 
al. 1998).

The dataset for HOM from the MION-CIMS 
was unfortunately not working optimally before 
December 2023, as it was influenced by water 
clusters. To present good quality data we chose 
to use the 2024 summer dataset for HOMs. 
DMS data was used from 2023 as during this 
time the Vocus PTR was working very well. 
Based on different air masses arriving at the site, 
different NPF events were noted during May-
June 2024. 5-day back trajectories were plotted 
using global data assimilation system (GDAS) 
data and the Hybrid Single-Particle Lagrangian 
Integrated Trajectory  (HYSPLIT) model (Stein 
et al. 2015). When the air masses were mostly 
marine, circling over the Southwestern Gulf of 
Finland and Northern basin of the Baltic Sea 
before arriving at the site, an ion burst was noted 
(Fig. 10). These bursts appearing at small sizes 
(2–4 nm) are indicative of local clustering pro-
cesses in contrast to regional events, where it 
is possible to follow the growing particle mode 
for several hours (Dada et al. 2018, Dal Maso 
et al. 2005). Intense burst events are frequently 
observed at coastal sites accompanied with high 
concentrations of IA (O’Dowd et al. 2002, Rong 
et al. 2020, Sipilä et al. 2016, Thakur et al. 
2022). Here we describe a burst event that was 

observed on 16 May 2024. During the start of 
the first burst event both SA and IA concentra-
tion increased to 12×106 cm–3 and 8×106 cm–3, 
respectively, from a concentration of 2×106 cm–3. 
A similar event was recorded near SMEAR III 
station in Helsinki during marine air mass intru-
sion when IA concentration was higher and/
or equal to SA concentration indicating that 
marine emissions are capable of initiating local 
clustering of ions and can form aerosol particles 
which may or may not grow to climate relevant 
sizes (Thakur et al. 2022). We also note that 
no increase in the signal intensity of organic 
molecules was observed before or during the 
first burst (Fig.S3 a–b in Supplementary Infor-
mation) but an increase in the signal of organic 
molecules during the second burst of particles 
(15:00–18:00 hrs, Fig. S3c in Supplementary 
Information) was observed. It could indicate that 
the evening burst was more driven by organics 
at the coast. Further investigation is needed on 
the molecular cluster composition of the organ-
ics and oxidative species would help to better 
explain the role of organics in the burst events at 
the coast.

However, when a regional event, where local 
clustering of ions leads to formation and growth 
of aerosol particles to climate relevant sizes 
(Dal maso et al. 2005) occurred on 7 May 2024 
(Fig. S4 in Supplementary Information), the air 
arriving at the site was coming mostly from the 
land areas of northern Finland with only a few 
trajectories over the Gulf of Bothnia. SA concen-
tration increases from 1.5×106 cm–3 to 5×106 cm–3 

during the nucleation (9:00-12:00 hrs). The air 
mass analysis indicates a terrestrial source of 
SA during this event. The IA and MSA con-
centrations remained low throughout the event 
(0.2–0.5×106 cm–3). 

Campaign Results — VOC flux 
measurements

The observatory is also a good site for intensive 
field studies to assess parameters that are not con-
tinuously measured at the site, as the field studies 
can benefit greatly from the supporting continu-
ous observations. As an example of such a study, 
we performed a field experiment using floating 

Fig. 11. α-pinene and isoprene flux at both the spots, 
Spot 1 with abundant macroalgae and Spot 2 with less 
macroalgae. The red line shows the median flux value, 
the upper end and lower end of the box demonstrates 
the 75th and 25th percentile, respectively. The whiskers 
show the variability in the data.
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glass chambers for VOC flux measurements over 
macroalgae and phytoplankton rich waters at the 
site from 30 May to 8 June 2022. Purified air was 
passed through the chamber and VOC samples 
were collected from the air exiting the chamber 
in Tenax TA-Carbopack B sorbent tubes which 
were later analysed using a thermal-desorption 
instrument connected to a gas chromatograph 
with a mass selective detector (Mäki et al. 2017, 
Helin et al. 2020). This method can provide a 
flux estimate from VOCs diffusing out from the 
water into the air, though care must be taken to 
measure also appropriate zeros given that VOCs 
can be emitted also from various materials as 
well as people handling the sample tubes. Two 
locations were selected for a pilot study: Spot 1 
with more abundant macroalgae and Spot 2 with 
less abundant macroalgae. The sampling spots 
were selected by a visual inspection of the abun-
dance of macroalgae. Each location was sampled 
in the morning, afternoon and evening over the 
sampling days to study diurnal variations. The 
uncertainty of the Tenax TA-Carbopack B sor-
bent tubes in the measurements ranges between 
7–10% (Hellén et al. 2023). The limitation for 
using this offline sampling method is that it 
can be subjected to some contamination during 
the handling of the tubes if utmost care has not 
been taken, which can raise the absolute uncer-
tainty range. The results showed highest flux 
for isoprene as compared to α-pinene in general 
at both the spots (Fig. 11). Median fluxes in the 
location with abundant macroalgae (Spot 1) for 
α-pinene was observed to be 2.6–4.0 ng hr–1m–2 
whereas for isoprene it ranged from 2.1 to 7.3 
ng hr–1 m–2 (Fig. 11). However, the maximum 

values of fluxes for both isoprene and α-pinene 
was observed on this Spot 1 in the afternoon, 
with isoprene showing fluxes of 18.8 ng hr–1 m–2. 
The spot 2 also showed high isoprene fluxes 
as compared to α-pinene, with median fluxes 
ranging between 2.6 to 6.6 ng hr–1m–2, with the 
highest median fluxes reported in the evening. 
The highest median fluxes at Spot 2 for α-pinene 
was 2.6 ng hr–1m–2, observed during the evening, 
however not varying much from the afternoon 
fluxes. Overall, fluxes of isoprene and α-pinene 
were quite similar between the two spots and 
between different times, which may reflect the 
fact that diffusion of these VOCs up to the sur-
face (and further into the air) is a slower process 
than mixing of the water. We expect that the 
timescales relevant for diffusion of VOCs to the 
surface from where they can evaporate are long 
enough that the water may have time to flow and 
mix between areas, and therefore the VOC con-
centrations can reflect a larger emission area than 
simply the biology observed at the two spots. 
Further investigation on the sources, sea surface 
composition, ambient temperatures, and other 
processes influencing the biogenic VOC emis-
sion from the sea surface needs to be critically 
evaluated. Furthermore, the oxidation of these 
BVOCs in the atmosphere which could lead to 
the formation of HOMs is needed to link these 
emissions to aerosol formation at the TZS coast.

CO2 fluxes and CarbonSink+ at the 
coastal site

The interest to study CO2 fluxes from the oceans 
lies in the fact that they are responsible for 
sequestering approximately 1/4 of anthropogenic 
carbon emissions annually (Terhaar et al. 2022). 
Here we report CO2 air-sea fluxes from January 
to December 2023 (Fig. 12), calculated using the 
data from LICOR sensors and eddy covariance 
technique, supported by the flux parametrization 
based on the wind speed measurements from the 
AF site (refer to Fig. 3). The flux footprint (given 
as 80%) extends to about 200 m upwind from 
the flux tower. The CO2 flux shows that during 
spring the coastal region was a net sink of CO2 
whereas during summer and winter it was a net 
source. The growth of phytoplankton during the 

Fig. 12. Carbon dioxide fluxes at the coast from Janu-
ary–December 2023, calculated using the data from 
LI-COR sensors and eddy covariance technique. the 
blue line indicates random uncertainty of the flux esti-
mated with the Finkelstein and Sims (2001) method. 
Black line indicates the daily average fluxes for each 
month.
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spring reduces the partial pressure of pCO2 in 
water, so a pressure gradient may develop at the 
air-sea interface, making the water in spring a 
net sink (Carvalho et al. 2021). However, during 
the summer and autumn the coastal region seems 
to transit to a net source. This change can be 
attributed to the mesoscale physical processes 
like mesoscale eddies, significantly influencing 
coastal dynamics, nutrient transport, and biologi-
cal productivity (Ito et al. 2016) which can be 
quite complex in coastal regions. The complex-

ity also extends to inland waters, where studies 
have shown that daily and seasonal variability 
of pCO2 is high in lakes and rivers (Han et al. 
2020, Xu et al. 2019, Yang et al. 2019), due to 
the strong influence of the ambient environment 
and river discharge (Marce et al. 2015).

We also studied CO2 flux for two years (2022 
and 2023) at the TZS station along with negative 
ion concentrations and ambient temperatures to 
understand the effect of growth season on the 
CO2 fluxes and on local ion clustering in the 
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Fig. 13. The hourly data of CO2 fluxes from eddy covariance measurement, negative ions at 2.0–2.3 nm measured 
by NAIS, and air temperature in the growing season in 2022 and 2023. The line and shadowed areas are median 
values and 25% and 75% percentiles, respectively.

Fig. 14. Combining CLAW (marine) and COBACC (continental) feedback loop hypotheses towards Baltic Sea 
feedback loop. 
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atmosphere. If using a daily mean air temperature 
of 5°C for five consecutive days as a threshold 
for growing season, the growing season started 
in April and ended in October or November. 
There were 210 and 188 days of growing season 
in 2022 and 2023, respectively. During the grow-
ing season, the coastal area was a net CO2 sink 
in the daytime (Fig. 13), at a rate between 0.0 to 
–0.2 µmol m–2 s–1, which was much smaller than 
that in the boreal forest (Kolari et al. 2022) and 
open peatland (Alekseychik et al. 2021) in Fin-
land, but close to that observed for macroalgae 
habitats on the island of Askö in the Baltic Sea 
(Roth et al. 2023). The nighttime CO2 emission 
may largely compensate the daytime uptake. 
Apart from CO2 uptake, other factors, e.g. aero-
sol production and albedo, can also influence 
an ecosystem’s contributions to climate. These 
factors should also be included in evaluating 
net climate effects from ecosystems, i.e., the 
overall effect of CarbonSink+ (Kulmala et al. 
2020). Negative ions in 2.0–2.3 nm size range 
are assumed as a relatively reliable proxy of 
local intermediate ion clustering and aerosol 
production (Kulmala et al. 2024, Tuovinen et 
al. 2024). In the growing season, the median 
values of the negative ion cluster concentration 
range between 0.5 and 1.7 cm–3, distinctly lower 
than the inland ecosystems, such as forests and 
peatland (Kulmala et al. 2024). There were also 
annual variations of both CO2 fluxes and local 
aerosol production. Accompanying the lower air 
temperature in 2022, the net CO2 uptake rate and 
daytime negative ions concentration were both 
smaller than that in 2023.

Feedback loops

Observations at TZS are relevant for understand-
ing of complex multidisciplinary problems and 
climate feedback mechanisms like the CLAW 
and COBACC hypotheses, both based on bio-
sphere-atmosphere interactions. The activities at 
TZS station will generate data to connect both 
CLAW and COBACC loops to the regulation of 
global climate interlinked by aerosol formation 
(Fig. 14). It is well-known that both the sulphu-
ric acid and HOMs play an important role in the 
formation and growth of aerosol particles over 

vast areas covered by boreal forest (Kulmala et 
al. 2013, Ehn et al. 2014, Garmash and Ezhova 
et al. 2024). The measurement results we show 
here also report the emission of BVOCs like iso-
prene and monoterpenes from the coastal waters. 
Further, the results also show that SA and organ-
ics can have increased concentration during par-
ticle burst events indicating local sources can 
have influence in particle formation which may 
or may not lead to growth of particles. These 
results from TZS can be connected to crucial 
climate variables, such as cloud characteristics, 
radiation and temperature, and further to eco-
system-related processes at the coast of Baltic 
Sea, completing the Baltic Sea feedback loop. So 
far, these feedbacks related to the sulphur cycle 
(CLAW) and biogenic emissions (COBACC) 
and related processes have been considered 
separately from each other especially at the 
marine sites. However, in the areas relatively 
near seas and oceans, the contribution of marine 
and continental sources to aerosol formation and 
growth are tightly linked. A recent study (Jonge 
et al. 2024) shows that DMS originating from 
the ocean has much larger influence on aerosol 
population (including CCN) at the forest stations 
in Sweden and Finland than previously thought. 
Therefore, a new approach emerges which sug-
gests the combination of continental and marine 
factors in the feedback mechanisms (Fig. 14). 
Stemming from the aerosol-related parts of the 
COBACC feedback loop (Ezhova et al. 2018, 
Petäjä et al. 2022, Räty et al. 2023, Kulmala 
et al. 2023, Blichner et al. 2024), the ability 
of atmospheric aerosol to interact with solar 
radiation and clouds and strengthen ecosystems’ 
carbon sink led to the concept of CarbonSink+ 
(Kulmala et al. 2020). Furthermore, there are 
different sources of aerosol particles in different 
ecosystems and represent different carbon sinks, 
the concept developed towards a broader one, 
CarbonSink+ Potential (Kulmala et al. 2024), 
which encompasses the ability of any ecosystem 
to serve as a carbon sink and produce aerosol 
particles, with the ultimate aim to understand 
and quantify the effect of different ecosystems 
on climate. The effect of local aerosol emis-
sions from different ecosystems (boreal, marine, 
etc) on regional (and ultimately global) carbon 
uptake and their CarbonSink+ Potential is an 
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important next step in climate science to which 
the research infrastructure at TZS aims to con-
tribute.

Conclusions

There exists societal awareness of the big and 
very well documented impacts of climate change 
on the Baltic Sea and the global oceans. How-
ever, there is far less awareness and knowledge 
of the role of oceans and coastal regions impact-
ing atmospheric composition and chemical pro-
cesses, e.g. changed greenhouse gas exchange 
and aerosol formation with associated climate 
impacts (radiative properties, cloud formation 
etc). We have established a coastal SMEAR for 
continuous observations of the ecosystem-atmos-
phere interactions to address these challenges. 
We present some preliminary results on the emis-
sions and related aerosol formation. With longer 
time series, we will be able to apportion concen-
trations measured at the station to their sources 
and source regions, e.g. between marine, coastal, 
and terrestrial sources. The data being collected 

will help to explain the impact of the changing 
Baltic Sea ecosystem (due to climate change and 
human activities) on greenhouse gas exchange, 
aerosol formation pathways, and feedback loops 
like CLAW and COBACC. The establishment 
of the coastal SMEAR could exemplify how 
the problem of eutrophication and sea surface 
temperature increase in the Baltic Sea not only 
alters habitat quality and ecological processes, 
but also influence the chemistry of the atmos-
phere above the oceans. From the local impact of 
sea upwelling (Lehmann et al. 2012) on carbon 
uptake and CO2, CH4 and VOC emissions to 
the regional impact of sea and forest emissions 
on formation of clouds over forest, and further 
on global climate — coastal-SMEAR provides 
an important convergence point for the study of 
complex atmosphere-sea interactions.

The sophisticated instruments and high-end 
facilities will provide us with enormous amounts 
of high-quality data to understand the long-term 
trends of VOCs, GHGs, organic gases, inor-
ganic trace gases and aerosol formation path-
ways linked to the changing health of the Baltic 
ecosystem. The enormity of the data set gen-
erated with numerous complex interdependent 
variables generated within the air-sea system in 
Coastal-SMEAR will require the involvement 
of machine learning, artificial intelligence, and 
modelling approaches to resolve and understand 
the interlinkages of the various components of 
the marine and continental climate feedback 
loop (Fig. 15). In the future, we will involve 
diverse collaborations both from field measure-
ment sites at national and global marine/coastal 
sites and modelling community to meet the envi-
ronmental grand challenges (Fig. 15).
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Supplementary Information: The supplementary informa-
tion related to this article is available online at: https://doi.
org/10.60910/ber2025.7rkh-0d75

Data accessibility: The recent data figures for meteorol-
ogy, eddy covariance, aerosol size distribution data, trace 
gases data and water quality physical parameters can be 
downloaded and visualised from https://wiki.helsinki.fi/
xwiki/bin/view/SMEAR/The%20SMEAR%20Wikispace/
Tv%C3%A4rminne%20data/. The raw and archived datasets 
for above mentioned parameters can be requested by the 
author of this paper. In future more open data sets would be 
provided for free download from https://smear.avaa.csc.fi/.

References

Aalto P., Hämeri K., Becker E.D.O., Weber R., Salm J., 
Mäkelä J.M., Hoell C., O’Dowd C.D., Karlsson H., 
Hansson H., Väkevä M., Koponen I.K., Buzorius G. & 
Kulmala M. 2001. Physical characterization of aerosol 
particles during nucleation events. Tellus B. 53: 4.

Alekseychik P., Korrensalo A., Mammarella I., Launiainen 
S., Tuittila E.-S., Korpela I. & Vesala T. 2021. Carbon 
balance of a Finnish bog: temporal variability and limit-
ing factors based on 6 years of eddy-covariance data. 
Biogeosciences. 18: 4681–4704.

Aliaga D., Tuovinen S., Zhang T., Lampilahti J., Li X., 
Ahonen L., Kokkonen T., Nieminen T., Hakala S., 
Paasonen P., Bianchi F., Worsnop D., Kerminen V.-M. 
& Kulmala M. 2023. Nanoparticle ranking analysis: 
determining new particle formation (NPF) event occur-
rence and intensity based on the concentration spectrum 
of formed (sub-5 nm) particles. Aerosol Res. 1: 81–92.

Alenius P., Myrberg K. & Nekrasov A. 1998. Physical 
oceanography of the Gulf of Finland: a review. Boreal 
Environ. Res. 3: 97–125.

Al‐Haj, A. N. & Fulweiler, R. W. 2020. A synthesis of meth-
ane emissions from shallow vegetated coastal ecosys-
tems. Glob. Chang. Biol. 26: 2988–3005.

Anttila P., Alaviippola B. & Salmi T. 2003. Air quality in 
Finland—monitoring results in relation to the guideline 
and limit values and comparisons with European con-
centration levels. Publ. Air Qual. 33. Finnish Meteoro-
logical Institute.

Anttila, T., Langmann, B., Varghese, S. & O’Dowd, C. 2010. 
Contribution of isoprene oxidation products to marine 
aerosol over the North-East Atlantic. Adv. Meteorol. 
1–10.

Ar Gall E., Küpper F.C. & Kloareg B. 2004. A survey of 
iodine content in Laminaria digitata. Bot. Mar.7:30–37.

Artaxo P., Hansson H.-C., Andreae M.O., Bäck J., Alves 
E.G., Barbosa H.M.J., Bender F., Bourtsoukidis E., 
Carbone S., Chi J., Decesari S., Després V.R., Ditas F., 
Ezhova E., Fuzzi S., Hasselquist N.J., Heintzenberg 
J., Holanda B.A., Guenther A., Hakola H., Heikkinen 
L., Kerminen V.-M., Kontkanen J., Krejci R., Kulmala 
M., Lavric J.V., de Leeuw G., Lehtipalo K., Machado 
L.A.T., McFiggans G., Franco M.A.M., Meller B.B., 

Morais F.G., Mohr C., Morgan W., Nilsson M.B., Peichl 
M., Petäjä T., Praß M., Pöhlker C., Pöhlker M.L., Pöschl 
U., Von Randow C., Riipinen I., Rinne J., Rizzo L.V., 
Rosenfeld D., Silva Dias M.A.F., Sogacheva L., Stier P., 
Swietlicki E., Sörgel M., Tunved P., Virkkula A., Wang 
J., Weber B., Yáñez-Serrano A.M., Zieger P., Mikhailov 
E., Smith J.N. & Kesselmeier J. 2022. Tropical and 
boreal forest–atmosphere interactions: a review. Tellus 
B. 74: 24–163.

Attard K.M., Rodil I.F., Berg P., Norkko J., Norkko A. 
& Glud R.N. 2019. Seasonal metabolism and carbon 
export potential of a key coastal habitat: The perennial 
canopy-forming macroalga Fucus vesiculosus. Limnol. 
Oceanogr. 64: 149–164.

Ayers G.P. & Cainey J.M. 2007. The CLAW hypothesis: a 
review of the major developments. Environ. Chem. 4: 
366–374.

Bastviken, D., Tranvik, L. J., Downing, J. A., Crill, P. M. & 
Enrich-Prast, A. 2011. Freshwater methane emissions 
offset the continental carbon sink.  Science. 80:  331, 
50–50.

Blichner S.M., Yli-Juuti T., Mielonen T., Pöhlker C., Hol-
opainen E., Heikkinen L., Mohr C., Artaxo P., Car-
bone S., Meller B., Dias-Junior C.Q., Kulmala M., 
Petäjä T., Scott C.E., Svenhag C., Nieradzik L., Sporre 
M., Partridge D., Tovazzi E., Virtanen A., Kokkola 
H. & Riipinen I. 2024. Process-evaluation of forest 
aerosol-cloud-climate feedback shows clear evidence 
from observations and large uncertainty in models. Nat. 
Commun. 15: 969.

Carvalho A.C.O., Kerr R., Mendes C.R.B., Azevedo J.L.L. 
& Tavano V.M. 2021. Phytoplankton strengthen CO₂ 
uptake in the South Atlantic Ocean. Prog. Oceanogr. 
190: 102476.

Casans, A., Casquero-Vera, J.A., Rejano, F., Lyamani, H., 
Cazorla, A., Zabala, I., Huang, W., Agro’, M., Barreto, 
A., Rodríguez,S., González, Y., Bianchi, F., Petäjä, T., 
Olmo, F.J., Alados-Arboledas,L., Cariñanos, P., Gysel-
Beer, M. & Titos, G. 2025.Determining the impact of 
new particle formation events on cloud condensation 
nuclei (CCN) concentrations, Sci. Total Environ. 972: 
179094.

Charlson R., Lovelock J., Andreae M. & Warren S. 1987. 
Oceanic phytoplankton, atmospheric sulphur, cloud 
albedo and climate. Nature. 326: 655.

Chauhan P. & Sharma N. 2023. Effect of elevated O₃ on plant 
growth, active constituents, and production In: Azamal 
Husen (ed.), Plants Environ. Pollut.pp.79- -97.

Curson A.R.J., Liu J., Bermejo Martínez A., Green R.T., 
Chan Y., Carrión O., Williams B.T., Zhang S.H., Yang 
G.P., Bulman Page P.C., Zhang X.H. & Todd J.D. 2017. 
Dimethylsulfoniopropionate biosynthesis in marine bac-
teria and identification of the key gene in this process. 
Nat. Microbiol. 2: 17009.

Dada L., Chellapermal R., Buenrostro Mazon S., Paasonen 
P., Lampilahti J., Manninen H.E., Junninen H., Petäjä T., 
Kerminen V.-M. & Kulmala M. 2018. Refined classifica-
tion and characterization of atmospheric new-particle 
formation events using air ions. Atmos. Chem. Phys. 18: 
17883–17893.



BOREAL ENV. RES. Vol. 30 • Coastal-SMEAR - a new atmospheric observatory	 215

Dal Maso M., Kulmala M., Riipinen I., Wagner R., Hussein 
T., Aalto P.P. & Lehtinen K.E.J. 2005. Formation and 
growth of fresh atmospheric aerosols: Eight years of 
aerosol size distribution data from SMEAR II, Hyytiälä, 
Finland. Boreal Environ. Res. 10: 323–336.

Dibb J.E., Talbot R.W., Scheuer E., Seid G. & DeBell L. 
2003. Stratospheric influence on the northern North 
American free troposphere during TOPSE: ⁷Be as a 
stratospheric tracer. J. Geophys. Res. 108: 8363.

Ehn M., Thornton J.A., Kleist E., Sipilä M., Junninen H., 
Pullinen I., Springer M., Rubach F., Tillmann R., Lee 
B. … Mentel T.F. 2014. A large source of low-volatility 
secondary organic aerosol. Nature. 506: 7489.

Exton D.A., Suggett D.J., McGenity T.J. & Steinke M. 2013. 
Chlorophyll-normalized isoprene production in labora-
tory cultures of marine microalgae and implications for 
global models. Limnol. Oceanogr. 58: 1301.

Ezhova E., Ylivinkka I., Kuusk J., Komsaare K., Vana M., 
Krasnova A., Noe S., Arshinov M., Belan B., Park 
S.-B., Lavrič J.V., Heimann M., Petäjä T., Vesala T., 
Mammarella I., Kolari P., Bäck J., Rannik Ü., Kerminen 
V.-M. & Kulmala M. 2018. Direct effect of aerosols on 
solar radiation and gross primary production in boreal 
and hemiboreal forests. Atmos. Chem. Phys. 18: 17863–
17881. https://doi.org/10.5194/acp-18-17863-2018

Fall R. & Copley S.D. 2000. Bacterial sources and sinks 
of isoprene, a reactive atmospheric hydrocarbon. Envi-
ron. Microbiol. 2(2). https://doi.org/10.1046/j.1462-
2920.2000.00095.x

Finkelstein P.L. & Sims P.F. 2001. Sampling error in eddy 
correlation flux measurements. J. Geophys. Res. 106: 
3503–3509. https://doi.org/10.1029/2000JD900731

Garmash O., Ezhova E., Arshinov M., Belan B., Lampilahti 
A., Davydov D., Räty M., Aliaga D., Baalabaki R., Chan 
T., Bianchi F., Kerminen V.-M., Petäjä T. & Kulmala M. 
2024. Heatwave reveals potential for enhanced aerosol 
formation in Siberian boreal forest. Environ. Res. Lett. 
19(1): 014047.

Ghahremaninezhad R., Gong W., Galí M., Norman A.L., 
Beagley S.R., Akingunola A., Zheng Q., Lupu A., 
Lizotte M., Levasseur M. & Leaitch W.R. 2019. Dime-
thyl sulfide and its role in aerosol formation and growth 
in the Arctic summer – A modelling study. Atmos. Chem. 
Phys. 19(23). https://doi.org/10.5194/acp-19-14455-
2019

Goebeler N., Norkko A. & Norkko J. 2022. Ninety years 
of coastal monitoring reveals baseline and extreme 
ocean temperatures are increasing off the Finnish coast. 
Commun. Earth Environ. 3: 215. https://doi.org/10.1038/
s43247-022-00545-z

Gross J.H. 2017. Mass spectrometry, 3rd edn. Springer Inter-
national Publishing, Cham, Switzerland, pp: 1- -968.

Gruber N., Clement D., Carter B.R., Feely R.A., Van Heuven 
S., Hoppema M., Ishii M., Key R.M., Kozyr A., Lauvset 
S.K., Lo Monaco C., Mathis J.T., Murata A., Olsen A., 
Perez F.F., Sabine C.L., Tanhua T. & Wanninkhof R. 
2019. The oceanic sink for anthropogenic CO₂ from 
1994 to 2007. Science. 363(6432): 1193–1199. https://
doi.org/10.1126/science.aau5153

Griffin R.J., Cocker D.R., Flagan R.C. & Seinfeld J.H. 1999. 

Organic aerosol formation from the oxidation of bio-
genic hydrocarbons. J. Geophys. Res. Atmos. 104(D3). 
https://doi.org/10.1029/1998JD100049.

Guenther A. 1995. A global model of natural volatile organic 
compound emissions. J. Geophys. Res. 100(D5). https://
doi.org/10.1029/94JD02950.

Han, B., Meng, X., Yang, Q., Wu, R., Lv, S., Li, Z., Wang, 
X., Li, Y. & Yu, L. 2020. Connections Between Daily 
Surface Temperature Contrast and CO2  Flux Over a 
Tibetan Lake: A Case Study of Ngoring Lake. J. Geo-
phys. Res.-Atmos.  125: e2019JD032277.

Hari P., Kulmala M., Pohja T., Lahti T., Siivola E., Palva L., 
Aalto P., Hämeri K., Vesala T., Luoma S. & Pulliainen E. 
1994. Air pollution in eastern Lapland: challenge for an 
environmental research station. Silva Fenn. 28: 29–39.

Hari P. & Kulmala M. 2005. Station for Measuring Ecosys-
tem-Atmosphere Relations (SMEAR II). Boreal Envi-
ron. Res. 10: 315–322.

He X.C., Simon M., Iyer S., Xie H.B., Rörup B., Shen J., 
Finkenzeller H., Stolzenburg D., Zhang R., Baccarini 
A., Tham Y.J., Wang M., Amanatidis S., Piedehierro 
A.A., Amorim A., Baalbaki R., Brasseur Z., Caudillo L., 
Chu B. … Kulmala M. 2023. Iodine oxoacids enhance 
nucleation of sulfuric acid particles in the atmosphere. 
Science. 382(6676). https://doi.org/10.1126/science.
adh2526

He X.C., Tham Y.J., Dada L., Wang M., Finkenzeller H., 
Stolzenburg D., Iyer S., Simon M., Kürten A., Shen 
J., Rörup B., Rissanen M., Schobesberger S., Baalbaki 
R., Wang D.S., Koenig T.K., Jokinen T., Sarnela N., 
Beck L.J. … Sipilä M. 2021. Role of iodine oxoacids in 
atmospheric aerosol nucleation. Science. 371:589-597. 
https://doi.org/10.1126/science.abe0298

Helin A., Hakola H. & Hellén H. 2020. Optimisation of 
a thermal desorption–gas chromatography–mass spec-
trometry method for the analysis of monoterpenes, ses-
quiterpenes and diterpenes. Atmos. Meas. Tech. 13: 
3543–3560. https://doi.org/10.5194/amt-13-3543-2020

Hellén, H., Tykkä, T., Schallhart, S., Stratigou, E., Salameh, 
T., and Iturrate-Garcia, M.: Measurements of atmos-
pheric C10–C15  biogenic volatile organic compounds 
(BVOCs) with sorbent tubes, Atmos. Meas. Tech., 17, 
315–333, https://doi.org/10.5194/amt-17-315-2024, 
2024.

Huang R.J., Thorenz U.R., Kundel M., Venables D.S., 
Ceburnis D., Ho K.F., Chen J., Vogel A.L., Küpper 
F.C., Smyth P.P.A., Nitschke U., Stengel D.B., Ber-
resheim H., O’Dowd C.D. & Hoffmann T. 2013. The 
seaweeds Fucus vesiculosus and Ascophyllum nodosum 
are significant contributors to coastal iodine emissions. 
Atmos. Chem. Phys. 13(10): 5255–5264. https://doi.
org/10.5194/acp-13-5255-2013

Huang W., Li H., Sarnela N., Heikkinen L., Tham Y.J., Mik-
kilä J., Thomas S.J., Donahue N.M., Kulmala M. & 
Bianchi F. 2021. Measurement report: Molecular com-
position and volatility of gaseous organic compounds 
in a boreal forest – From volatile organic compounds 
to highly oxygenated organic molecules. Atmos. Chem. 
Phys. 21(11). https://doi.org/10.5194/acp-21-8961-2021

IPCC 2021. Climate change 2021. The physical science 

https://doi.org/10.5194/acp-18-17863-2018
https://doi.org/10.1046/j.1462-2920.2000.00095.x
https://doi.org/10.1046/j.1462-2920.2000.00095.x
https://doi.org/10.1029/2000JD900731
https://doi.org/10.5194/acp-19-14455-2019
https://doi.org/10.5194/acp-19-14455-2019
https://doi.org/10.1038/s43247-022-00545-z
https://doi.org/10.1038/s43247-022-00545-z
https://doi.org/10.1126/science.aau5153
https://doi.org/10.1126/science.aau5153
https://doi.org/10.1029/1998JD100049
https://doi.org/10.1029/94JD02950
https://doi.org/10.1029/94JD02950
https://doi.org/10.1126/science.adh2526
https://doi.org/10.1126/science.adh2526
https://doi.org/10.1126/science.abe0298
https://doi.org/10.5194/amt-13-3543-2020
https://doi.org/10.5194/acp-13-5255-2013
https://doi.org/10.5194/acp-13-5255-2013
https://doi.org/10.5194/acp-21-8961-2021


216	 Thakur et al.  • BOREAL ENV. RES. Vol. 30

basis. In: V. Masson-Delmotte et al. (eds.), Cambridge.
Ito R.G., Garcia C.A.E. & Tavano V.M. 2016. Net sea-air 

CO₂ fluxes and modelled pCO₂ in the southwestern 
subtropical Atlantic continental shelf during spring 2010 
and summer 2011. Cont. Shelf Res. 119: 68–84. https://
doi.org/10.1016/j.csr.2016.03.013.

Jonge R.W. de, Xavier C., Olenius T., Elm J., Svenhag C., 
Hyttinen N., Nieradzik L., Sarnela N., Kristensson A., 
Petäjä T., Ehn M. & Roldin P. 2024. Environ. Sci. Tech-
nol. 58: 10956–10968.

Jokinen H., Wennhage H., Lappalainen A., Ådjers K., Rask 
M. & Norkko A. 2015. Decline of flounder (Platichthys 
flesus (L.)) at the margin of the species' distribution 
range. J. Sea Res. 105: 1–9.

Kaser L., Karl T., Guenther A., Graus M., Schnitzhofer R., 
Turnipseed A., Fischer L., Harley P., Madronich M., 
Gochis D., Keutsch F.N. & Hansel A. 2013. Undisturbed 
and disturbed above-canopy ponderosa pine emissions: 
PTR-TOF-MS measurements and MEGAN 2.1 model 
results. Atmos. Chem. Phys. 13: 11935–11947.

Kautsky L. & Kautsky N. 2000. The Baltic Sea, including 
Bothnian Sea and Bothnian Bay. Seas at the Millennium 
- An Environmental Evaluation.In: Sheppard, C.R.C. 
(Ed.)  Seas at the millennium: an environmental evalu-
ation: 1. Regional chapters: Europe, The Americas and 
West Africa. pp. 121-133 1.

Kauppi L., Norkko A. & Norkko J. 2015. Large-scale spe-
cies invasion into a low-diversity system: spatial and 
temporal distribution of the invasive polychaetes Maren-
zelleria spp. in the Baltic Sea. Biol. Invasions. 17: 
2055–2074.

Kerminen V.M., Petäjä T., Manninen H.E., Paasonen P., 
Nieminen T., Sipilä M., Junninen H., Ehn M., Gagné S., 
Laakso L., Riipinen I., Vehkamäki H., Kurten T., Ortega 
I.K., Dal Maso M., Brus D., Hyvärinen A., Lihavainen 
H., Leppä J., … Kulmala M. 2010. Atmospheric nuclea-
tion: Highlights of the EUCAARI project and future 
directions. Atmos. Chem. Phys. 10: 10829–10848.

Kilgour D.B., Novak G.A., Sauer J.S., Moore A.N., Dinas-
quet J., Amiri S., Franklin E.B., Mayer K., Winter M., 
Morris C.K., Price T., Malfatti F., Crocker D.R., Lee C., 
Cappa C.D., Goldstein A.H., Prather K.A. & Bertram 
T.H. 2022. Marine gas-phase sulfur emissions during an 
induced phytoplankton bloom. Atmos. Chem. Phys. 22: 
1601–2022.

Kim M.J., Novak G.A., Zoerb M.C., Yang M., Blomquist 
B.W. & Huebert B.J. 2017. Air-sea exchange of bio-
genic volatile organic compounds and the impact on 
aerosol particle size distributions. Geophys. Res. Lett. 
44: 3887–3896.

Kirkby J., Curtius J., Almeida J., Dunne E., Duplissy J., 
Ehrhart S., Franchin A., Gagné S., Ickes L., Kürten A., 
Kupc A., Metzger A., Riccobono F., Rondo L., Schobes-
berger S., Tsagkogeorgas G., Wimmer D., Amorim A., 
Bianchi F. & Kulmala M. 2011. Role of sulphuric acid, 
ammonia and galactic cosmic rays in atmospheric aero-
sol nucleation. Nature. 476: 429–435.

Kolari P., Aalto J., Levula J., Kulmala L., Ilvesniemi H. & 
Pumpanen J. 2022. Hyytiälä SMEAR II site characteris-
tics. https://zenodo.org/record/5909681.

Korhonen P., Kulmala M., Laaksonen A., Viisanen Y., 
McGraw R. & Seinfeld J.H. 1999. Ternary nucleation 
of H₂SO₄, NH₃, and H₂O in the atmosphere. J. Geophys. 
Res. Atmos. 104: D21.

Krechmer J., Lopez-Hilfiker F., Koss A., Hutterli M., Stoer-
mer C., Deming B., Kimmel J., Warneke C., Holzinger 
R., Jayne J., Worsnop D., Fuhrer K., Gonin M. & De 
Gouw J. 2018. Evaluation of a new reagent-ion source 
and focusing ion-molecule reactor for use in proton-
transfer-reaction mass spectrometry. Anal. Chem. 90/20: 
12011–12018.

Kremp A., Tamminen T. & Spilling K. 2008. Dinoflag-
ellate bloom formation in natural assemblages with 
diatoms: nutrient competition and growth strategies in 
Baltic spring phytoplankton. Aquat. Microb. Ecol. 50: 
181–196.

Kroll J.H., Ng N.L., Murphy S.M., Flagan R.C. & Seinfeld 
J.H. 2006. Secondary organic aerosol formation from 
isoprene photooxidation. Environ. Sci. Technol. 40.

Kulmala M., Kokkonen T., Ezhova E., Baklanov A., Mahura 
A., Mammarella I., Bäck J., Lappalainen H.K., Tyu-
ryakov S., Kerminen V.M., Zilitinkevich S. & Petäjä T. 
2023a. Aerosols, clusters, greenhouse gases, trace gases 
and boundary-layer dynamics: on feedbacks and interac-
tions. Bound.-Layer Meteorol. 186: 475-503.

Kulmala M., Korhonen P., Napari I., Karlsson A., Ber-
resheim H. & O’Dowd C.D. 2002. Aerosol formation 
during PARFORCE: Ternary nucleation of H₂SO₄, NH₃, 
and H₂O. J. Geophys. Res. Atmos. 107: 19.

Kulmala M., Suni T., Lehtinen K.E.J., Dal Maso M., Boy 
M., Reissell A., Rannik Ü., Aalto P., Keronen P., Hakola 
H., Bäck J., Hoffmann T., Vesala T. & Hari P. 2004. A 
new feedback mechanism linking forests, aerosols, and 
climate. Atmos. Chem. Phys. 4: 557–562.

Kulmala M. et al. 2013. Direct observations of atmospheric 
aerosol nucleation. Science. 339: 943–946.

Kulmala M., Nieminen T., Nikandrova A., Lehtipalo K., 
Manninen H.E., Kajos M.K., Kolari P., Lauri A., Petäjä 
T., Krejci R., Hansson H.-C., Swietlicki E., Lindroth A., 
Christensen T.R., Arneth A., Hari P., Bäck J., Vesala T. 
& Kerminen V.-M. 2014. CO₂-induced terrestrial cli-
mate feedback mechanism: From carbon sink to aerosol 
source and back. Boreal Env. Res. 19: 122–131.

Kulmala M., Ezhova E., Kalliokoski T., Noe S., Vesala T., 
Lohila A., Liski J., Makkonen R., Bäck J., Petäjä T. & 
Kerminen V.-M. 2020. CarbonSink+: Accounting for 
multiple climate feedbacks from forests. Boreal Env. 
Res. 25: 145–159.

Kulmala M., Cai R., Ezhova E., Deng C., Stolzenburg 
D., Dada L., Guo Y., Yan C., Peräkylä O., Lintunen 
A., Nieminen T., Kokkonen T.V., Sarnela N., Petäjä 
T. & Kerminen V.-M. 2023b. Direct link between the 
characteristics of atmospheric new particle formation 
and Continental Biosphere-Atmosphere-Cloud-Climate 
(COBACC) feedback loop. Boreal Env. Res. 28: 1–13.

Kulmala M., Ke, P., Lintunen, A., Peräkylä, O., Lohtander, 
A., Tuovinen, S., Lampilahti, J., Kolari, P., Schi-
estl-Aalto, P., Kokkonen, T., Nieminen, T.,Dada, L., 
Ylivinkka, I., Petäjä, T., Bäck, J., Lohila,A., Heimsch,L., 
Ezhova, E., & Kerminen, V-M. 2024. A novel concept 

https://doi.org/10.1016/j.csr.2016.03.013
https://doi.org/10.1016/j.csr.2016.03.013
https://zenodo.org/record/5909681


BOREAL ENV. RES. Vol. 30 • Coastal-SMEAR - a new atmospheric observatory	 217

for assessing the potential of different boreal ecosystems 
to mitigate climate change (CarbonSink+Potential), 
Boreal Env. Res. 29: 1–16.

Kukkonen J., Salmi T., Saari H., Konttinen M. & Kar-
tastenpää R. 1999. Review of urban air qual-
ity in Finland. Boreal Environ. Res. 4: 55–65. 
Küpper F.C., Schweigert N., Ar Gall E., Legendre J.M., 
Vilter H. & Kloareg B. 1998. Iodine uptake in Lami-
nariales involves extracellular, haloperoxidase-mediated 
oxidation of iodide. Planta. 207:163-271. 

Kurtén T., Loukonen V., Vehkamäki H. & Kulmala M. 2008. 
Amines are likely to enhance neutral and ion-induced 
sulfuric acid-water nucleation in the atmosphere more 
effectively than ammonia. Atmos. Chem. Phys. 8(14). 
https://doi.org/10.5194/acp-8-4095-2008.

Lammerant R., Rohlfer E.K., Norkko A. & Gustafsson C. 
2024. Seasonality strongly affects short-term C-storage 
in coastal macrophyte communities. Limnol. Oceanogr. 
69: 700–711.

Lappalainen H.K., Petäjä T., Vihma T., Räisänen J., Bak-
lanov A., Chalov S., Esau I., Ezhova E., Leppäranta M., 
Pozdnyakov D., Pumpanen J., Andreae M.O., Arshi-
nov M., Asmi E., Bai J., Bashmachnikov I., Belan B., 
Bianchi F., Biskaborn B., Kulmala M. 2022. Overview: 
Recent advances in the understanding of the northern 
Eurasian environments and of the urban air quality in 
China—a Pan-Eurasian Experiment (PEEX) programme 
perspective. Atmos. Chem. Phys. 22(7). https://doi.
org/10.5194/acp-22-4413-2022.

Laughner J.L., Neu J.L., Schimel D., Wennberg P.O., Bar-
santi K., Bowman K.W., Chatterjee A., Croes B.E., 
Fitzmaurice H.L., Henze D.K., Kim J., Kort E.A., Liu 
Z., Miyazaki K., Turner A.J., Anenberg S., Avise J., 
Cao H., Crisp D., Zeng Z.C. 2021. Societal shifts 
due to COVID-19 reveal large-scale complexities and 
feedbacks between atmospheric chemistry and climate 
change. Proc. Natl. Acad. Sci. 118:46, e2109481118. 
https://doi.org/10.1073/pnas.2109481118

Lehmann A., Myrberg K. & Höflich K. 2012. A statistical 
approach to coastal upwelling in the Baltic Sea based on 
the analysis of satellite data for 1990–2009. Oceanolo-
gia. 54(3): 369–393.

Li H., Riva M., Rantala P., Heikkinen L., Daellenbach 
K., Krechmer J.E., Flaud P.M., Worsnop D., Kulmala 
M., Villenave E., Perraudin E., Ehn M. & Bianchi F. 
2020. Terpenes and their oxidation products in the 
French Landes forest: Insights from Vocus PTR-TOF 
measurements. Atmos. Chem. Phys. 20(4). https://doi.
org/10.5194/acp-20-1941-2020

Liu S.C., Trainer M., Fehsenfeld F.C., Parrish D.D., Wil-
liams E.J., Fahey D.W., Hübler G. & Murphy P.C. 1987. 
Ozone production in the rural troposphere and the impli-
cations for regional and global ozone distributions. J. 
Geophys. Res. 92: 4191–4207. https://doi.org/10.1029/
JD092iD04p04191

Liu Y., Yan C., Feng Z., Zheng F., Fan X., Zhang Y., Li C., 
Zhou Y., Lin Z., Guo Y., Zhang Y., Ma L., Zhou W., Liu 
Z., Dada L., Dällenbach K., Kontkanen J., Cai R., Kul-
mala M. 2020. Continuous and comprehensive atmos-
pheric observations in Beijing: A station to understand 

the complex urban atmospheric environment. Big Earth 
Data. 4(3): 295–321. https://doi.org/10.1080/20964471
.2020.1798707

Lopez-Hilfiker F.D., Mohr C., Ehn M., Rubach F., Kleist E., 
Wildt J., Mentel T.F., Lutz A., Hallquist M., Worsnop 
D. & Thornton J.A. 2014. A novel method for online 
analysis of gas and particle composition: Description 
and evaluation of a filter inlet for gases and aero-
sols (FIGAERO). Atmos. Meas. Tech. 7(4). https://doi.
org/10.5194/amt-7-983-2014

Marce, R., Obrador, B., Morgui, J.-A., Lluis Riera, J., Lopez, 
P. & Armengol, J. 2015. Carbonate weathering as a 
driver of CO2  supersaturation in lakes.  Nat. Geosci.  8: 
107–111.

Mcleod, E, Chmura, G.L., Bouillon, S., Salm, S., Bjork, M., 
Duarte, C.M., Lovelock, C. E., Schlesinger, W.H., & 
Silliman, B.R. 2011. A blueprint for blue carbon: toward

 an improved understanding of the role of vegetated coastal 
habitats in sequestering CO2. Front. Ecol. Environ. 9 
(10): 552–560.

Mäki M., Heinonsalo J., Hellén H. & Bäck J. 2017. Con-
tribution of understorey vegetation and soil processes 
to boreal forest isoprenoid exchange. Biogeosciences. 
14(5). https://doi.org/10.5194/bg-14-1055-2017

Mirme S. & Mirme A. 2013. The mathematical principles 
and design of the NAIS—a spectrometer for the meas-
urement of cluster ion and nanometer aerosol size dis-
tributions. Atmos. Meas. Tech. 6(4): 1061–1071. https://
doi.org/10.5194/amt-6-1061-2013.

Monks P.S. 2000. A review of the observations and origins 
of the spring ozone maximum. Atmos. Environ. 34(21). 
https://doi.org/10.1016/S1352-2310(00)00129-1.

Nash D.G., Baer T. & Johnston M.V. 2006. Aerosol 
mass spectrometry: An introductory review. Int. J. 
Mass Spectrom. 258(1–3). https://doi.org/10.1016/j.
ijms.2006.09.017.

Nieminen T., Asmi A., Aalto P.P., Keronen P., Petäjä T., 
Kulmala M., Kerminen V.M., Nieminen T. & Dal Maso 
M. 2014. Trends in atmospheric new-particle formation: 
16 years of observations in a boreal-forest environment. 
Boreal Environ. Res. 19: 191–214.

Nolan C., Overpeck J.T., Allen J.R.M., Anderson P.M., 
Betancourt J.L., Binney H.A., Brewer S., Bush M.B., 
Chase B.M., Cheddadi R., Djamali M., Dodson J., 
Edwards M.E., Gosling W.D., Haberle S., Hotchkiss 
S.C., Huntley B., Ivory S.J., Kershaw A.P. & Jackson 
S.T. 2018. Past and future global transformation of ter-
restrial ecosystems under climate change. Science. 361: 
920-923.

O'Dowd C.D., Jimenez J.L., Bahreini R., Flagan R.C., Sein-
feld J.H., Hämeri K., Pirjola L., Kulmala M. & Hoff-
mann T. 2002. Marine aerosol formation from biogenic 
iodine emissions. Nature. 417: 632–636.

O'Dowd C.D. & Hoffmann T. 2005. Coastal new particle for-
mation: A review of the current state-of-the-art. Environ. 
Chem. 2: 245–255.

Paasonen P., Nieminen T., Asmi E., Manninen H.E., Petäjä 
T., Plass-Dülmer C., Flentje H., Birmili W., Wieden-
sohler A., Hõrrak U., Metzger A., Hamed A., Laaksonen 
A., Facchini M.C., Kerminen V.M. & Kulmala M. 2010. 

https://doi.org/10.5194/acp-8-4095-2008
https://doi.org/10.5194/acp-22-4413-2022
https://doi.org/10.5194/acp-22-4413-2022
https://doi.org/10.1073/pnas.2109481118
https://doi.org/10.5194/acp-20-1941-2020
https://doi.org/10.5194/acp-20-1941-2020
https://doi.org/10.1029/JD092iD04p04191
https://doi.org/10.1029/JD092iD04p04191
https://doi.org/10.1080/20964471.2020.1798707
https://doi.org/10.1080/20964471.2020.1798707
https://doi.org/10.5194/amt-7-983-2014
https://doi.org/10.5194/amt-7-983-2014
https://doi.org/10.5194/bg-14-1055-2017
https://doi.org/10.5194/amt-6-1061-2013
https://doi.org/10.5194/amt-6-1061-2013
https://doi.org/10.1016/S1352-2310(00)00129-1
https://doi.org/10.1016/j.ijms.2006.09.017
https://doi.org/10.1016/j.ijms.2006.09.017


218	 Thakur et al.  • BOREAL ENV. RES. Vol. 30

On the roles of sulphuric acid and low-volatility organic 
vapours in the initial steps of atmospheric new particle 
formation. Atmos. Chem. Phys. 10: 11223–11242.

Peräkylä O., Vogt M., Tikkanen O.P., Laurila T., Kajos M.K., 
Rantala P.A., Patokoski J., Aalto J., Yli-Juuti T., Ehn 
M., Sipilä M., Paasonen P., Rissanen M., Nieminen T., 
Taipale R., Keronen P., Lappalainen H.K., Ruuskanen 
T.M., Rinne J. & Petäjä T. 2014. Monoterpenes' oxida-
tion capacity and rate over a boreal forest: Temporal 
variation and connection to growth of newly formed 
particles. Boreal Environ. Res. 19: 191–214.

Petäjä T., Sipilä M., Paasonen P., Nieminen T., Kurtén T., 
Ortega I.K., Stratmann F., Vehkamäki H., Berndt T. & 
Kulmala M. 2011. Experimental observation of strongly 
bound dimers of sulfuric acid: Application to nucleation 
in the atmosphere. Phys. Rev. Lett. 106: 228302.

Petäjä T., Tabakova K., Manninen A., Ezhova E., O'Connor 
E., Moisseev D., Sinclair V.A., Backman J., Levula J., 
Luoma K., Virkkula A., Paramonov M., Räty M., Äijälä 
M., Heikkinen L., Ehn M., Sipilä M., Yli-Juuti T., Vir-
tanen A., Ritsche M., Hickmon N., Pulik G., Rosenfeld 
D., Worsnop D.R., Bäck J., Kulmala M. & Kerminen 
V.-M. 2022. Influence of biogenic emissions from boreal 
forests on aerosol–cloud interactions. Nat. Geosci. 15: 
42–47.

Räty M., Sogacheva L., Keskinen H.-M., Kerminen V.-M., 
Nieminen T., Petäjä T., Ezhova E. & Kulmala M. 2023. 
Dynamics of aerosol, humidity, and clouds in air masses 
travelling over Fennoscandian boreal forests. Atmos. 
Chem. Phys. 23: 3779–3798.

Riipinen I., Sihto S.L., Kulmala M., Arnold F., Dal Maso 
M., Birmili W., Saarnio K., Teinilä K., Kerminen V.M., 
Laaksonen A. & Lehtinen K.E.J. 2007. Connections 
between atmospheric sulphuric acid and new particle 
formation during QUEST III–IV campaigns in Heidel-
berg and Hyytiälä. Atmos. Chem. Phys. 7: 1899–1914.

Rissanen M.P., Mikkilä J., Iyer S. & Hakala J. 2019. Multi-
scheme chemical ionization inlet (MION) for fast 
switching of reagent ion chemistry in atmospheric pres-
sure chemical ionization mass spectrometry (CIMS) 
applications. Atmos. Meas. Tech. 12: 6635–6647.

Riva M., Rantala P., Krechmer J.E., Peräkylä O., Zhang 
Y., Heikkinen L., Garmash O., Yan C., Kulmala M., 
Worsnop D. & Ehn M. 2019. Evaluating the perfor-
mance of five different chemical ionization techniques 
for detecting gaseous oxygenated organic species. 
Atmos. Meas. Tech. 12: 2403–2421.

Roth F., Broman E., Sun X., Bonaglia S., Nascimento F., 
Prytherch J., Brüchert V., Lundevall Zara M., Brunberg 
M., Geibel M.C., Humborg C. & Norkko A. 2023. Meth-
ane emissions offset atmospheric carbon dioxide uptake 
in coastal macroalgae, mixed vegetation and sediment 
ecosystems. Nat. Commun. 14: 42.

Rong H., Liu J., Zhang Y., Du L., Zhang X. & Li Z. 2020. 
Nucleation mechanisms of iodic acid in clean and pol-
luted coastal regions. Chemosphere. 253: 126743.

Rousi H., Laine A.O., Peltonen H., Kangas P., Andersin 
A.-B., Rissanen J., Sandberg-Kilpi E. & Bonsdorff E. 
2013. Long-term changes in coastal zoobenthos in the 
northern Baltic Sea: the role of abiotic environmental 

factors. ICES J. Mar. Sci. 70: 440–451.
Schagerström E., Forslund H., Kautsky L., Pärnoja M. & 

Kotta J. 2014. Does thalli complexity and biomass affect 
the associated flora and fauna of two co-occurring Fucus 
species in the Baltic Sea? Estuar. Coast. Shelf Sci. 149: 
187–193.

Sindelarova K., Granier C., Bouarar I., Guenther A., Tilmes 
S., Stavrakou T., Müller J.F., Kuhn U., Stefani P. & 
Knorr W. 2014. Global data set of biogenic VOC emis-
sions calculated by the MEGAN model over the last 30 
years. Atmos. Chem. Phys. 14: 9317–9341.

Sipilä M. 2010. Insights into atmospheric nucleation.
PhD Thesis, https://helda.helsinki.fi/bitstream/
handle/10138/154171/insights.pdf?sequence=1

Sipilä M., Sarnela N., Jokinen T., Henschel H., Junninen H., 
Kontkanen J., Richters S., Kangasluoma J., Manninen 
H.E., Nieminen T., Kurtén T., Berndt T., Petäjä T., Ker-
minen V.-M., Kulmala M. & Ehn M. 2016. Molecular-
scale evidence of aerosol particle formation via sequen-
tial addition of HIO3. Nature. 537: 532–534.

Spracklen, D.V., Arnold, S.R., Sciare, J., Carslaw, K.S. & 
Pio, C. 2008. Globally significant oceanic source of 
organic carbon aerosol: global marine OC source. Geo-
phys. Res. Lett. 35.

Spilling K., Kremp A., Klais R., Olli K. & Tamminen T. 
2014. Spring bloom community change modifies carbon 
pathways and C:N:P:Chl a stoichiometry of coastal 
material fluxes. Biogeosciences. 11: 7275–7289.

Stein A.F., Draxler R.R., Rolph G.D., Stunder B.J.B., Cohen 
M.D. & Ngan F. 2015. NOAA’s HYSPLIT atmospheric 
transport and dispersion modeling system. Bull. Am. 
Meteorol. Soc. 96: 2059–2077.

Szopa, S., Naik, V., Adhikary, B., Artaxo, P., Berntsen, 
T., Collins, W.D., Fuzzi, S., Gallardo, L., Kiendler-
Scharr, A., Klimont, Z., Liao, H., Unger, N. & Zanis, 
P. 2021. Short-Lived Climate Forcers. In: Masson-Del-
motte, V., Zhai,P., Pirani, A., Connors, S.L., Péan, C., 
Berger, S., Caud, N., Chen, Y., Goldfarb,L., Gomis, 
M.I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, 
J.B.R., Maycock,T.K., Waterfield, T., Yelekçi, O., Yu, 
R., & Zhou, B.(eds.), Climate Change 2021: The Physi-
cal Science Basis. Contribution of Working Group I to 
the Sixth Assessment Report of the Intergovernmental 
Panel on Climate Change, Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA, 
pp. 817–922.

Thakur R.C., Dada L., Beck L.J., Quéléver L.L.J., Chan T., 
Marbouti M., He X.C., Xavier C., Sulo J., Lampilahti 
J., Lampimäki M., Tham Y.J., Sarnela N., Lehtipalo K., 
Norkko A., Kulmala M., Sipilä M. & Jokinen T. 2022. 
An evaluation of new particle formation events in Hel-
sinki during a Baltic Sea cyanobacterial summer bloom. 
Atmos. Chem. Phys. 22: 6365–6387.

Terhaar J., Frölicher T.L. & Joos F. 2022. Observation-con-
strained estimates of the global ocean carbon sink from 
Earth system models. Biogeosciences. 19: 4431–4457.

Torn K., Krause-Jensen D. & Martin G. 2006. Present and 
past depth distribution of bladderwrack (Fucus vesiculo-
sus) in the Baltic Sea. Aquat. Bot. 84: 53–62.

Tuovinen S., Lampilahti J., Kerminen V.-M. & Kulmala M. 

https://helda.helsinki.fi/bitstream/handle/10138/154171/insights.pdf?sequence=1
https://helda.helsinki.fi/bitstream/handle/10138/154171/insights.pdf?sequence=1


BOREAL ENV. RES. Vol. 30 • Coastal-SMEAR - a new atmospheric observatory	 219

2024. Intermediate ions as indicator for local new parti-
cle formation. Aerosol Res. 2: 93–105.

Uth C., Asmala E. & Lewandowska A.M. 2024. Phyto-
plankton community composition as a driver of annual 
autochthonous organic carbon dynamics in the northern 
coastal Baltic Sea. Mar. Ecol. Prog. Ser. 745: 13–24.

Vanhanen J., Mikkilä J., Lehtipalo K., Sipilä M., Manninen 
H.E., Siivola E., Petäjä T. & Kulmala M. 2011. Particle 
size magnifier for nano-CN detection. Aerosol Sci. Tech-
nol. 45: 533–542.

Villnäs A., Norkko J., Hietanen S., Josefson A., Lukkari K. & 
Norkko A. 2013. The role of recurrent disturbances for 
ecosystem multifunctionality. Ecology. 94: 2275–2287.

Wang S., Foster A., Lenz E.A., Kessler J.D., Stroeve J.C., 
Anderson L.O., Turetsky M., Betts R., Zou S., Liu W., 
Boos W.R. & Hausfather Z. 2023. Mechanisms and 
impacts of Earth system tipping elements. Rev. Geophys. 
61: e2021RG000757.

Weber R.J., Lee S., Chen G., Wang B., Kapustin V., Moore 
K., Clarke A.D., Mauldin L., Kosciuch E., Cantrell C., 
Eisele F., Thornton D.C., Bandy A.R., Sachse G.W. & 
Fuelberg H.E. 2003. New particle formation in anthro-
pogenic plumes advecting from Asia observed during 
TRACE-P. J. Geophys. Res. Atmos. 108: 8814.

Wise, M. 2003. Monoterpenes biosynthesis in marine algae. 
Phycologia. 42(4):370–377.

Wollesen de Jonge R., Xavier C., Olenius T., Elm J., Svenhag 

C., Hyttinen N., Nieradzik L., Sarnela N., Kristensson 
A., Petäjä T., Ehn M. & Roldin P. 2024. Natural marine 
precursors boost continental new particle formation and 
production of cloud condensation nuclei. Environ. Sci. 
Technol. 58: 10956–10968.

Xu, Y.J., Xu, Z., Yang, R. 2019. Rapid daily change in 
surface water  pCO2  and CO2  evasion: A case study 
in a subtropical eutrophic lake in Southern USA.  J. 
Hydrol.  570: 486–494.

Yang, R., Xu, Z., Liu, S. & Xu, Y.J. 2019. Daily pCO2 and 
CO2 flux variations in a subtropical mesotrophic shallow 
lake. Water Res. 153: 29–38.

Yassaa N., Peeken I., Zollner E., Bluhm K., Arnold S., 
Spracklen D. & Williams J. 2008. Evidence for marine 
production of monoterpenes. Environ. Chem. 5: 391–
401.

Yoon Y.J., O’Dowd C.D., Jennings S.G. & Lee S.H. 2006. 
Statistical characteristics and predictability of particle 
formation events at Mace Head. J. Geophys. Res. Atmos. 
111: D13204.

Yu Z. & Li Y. 2021. Marine volatile organic compounds and 
their impacts on marine aerosol—A review. Sci. Total 
Environ. 768: 145054.

Yuan B., Koss A.R., Warneke C., Coggon M., Sekimoto K. 
& De Gouw J.A. 2017. Proton-Transfer-Reaction Mass 
Spectrometry: Applications in Atmospheric Sciences. 
Chem. Rev. 117: 13187–13229.


