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Abstract. The sea-surface microlayer (SML) is the thin boundary interface between the ocean and the atmosphere, and it is
expected to play a crucial role in atmospheric chemistry on a global scale. Being a biologically-enriched environment exposed
to strong actinic radiation, the SML is potentially a hotspot for photochemical reactions that have relevance in the
transformation and cycling of organic compounds. The present study explores the photochemical production and degradation
of carbonyl compounds, as well as the photochemical oxidation capacity in both ambient SML and underlying water (ULW)
samples. Natural seawater samples were collected during a mesocosm study where a phytoplankton bloom was induced
through the controlled addition of inorganic nutrients. To assess the photochemistry of carbonyl compounds, collected SML
and ULW samples were irradiated for 5 hours. The photochemical formation and degradation of 17 carbonyl compounds were
quantified by monitoring compound-specific changes in concentrations, which varied significantly across the samples. Before
irradiation, values in the SML ranged from 201 to 762 nmol L*! in the pre-bloom phase, 984 to 4591 nmol L' in the bloom
phase, and 647 to 4894 nmol L™! in the post-bloom phase; while in the ULW they were significantly lower (e.g., 136 to 366
nmol L' in the bloom phase). After 5 hours of irradiation, the concentrations of carbonyl compounds increased further,
reaching up to 6026 nmol L! in the SML during the bloom phase and 419 nmol L in the ULW. Experimental evidence
suggests an enhanced photochemical activity in the SML during the bloom phase for glyoxal, methylglyoxal, methyl vinyl
ketone (MVK), methacrolein, acrolein, crotonaldehyde, heptanal, biacetyl, hexanal and trans-2-hexenal. The observed
photooxidation capacity of the seawater samples indicate a dominant influence of redox active species like metal ions, rather
than of the phytoplankton bloom phases. The overall photochemical oxidation capacity was similar for both SML and ULW

samples, with average values of 34 uM s, Our findings show an influence of biological activity in the photochemistry of
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carbonyl compounds in the SML and its implications for the emission of volatile organic compounds (VOCs) to the marine
atmosphere, pointing to the complex interaction of biotic and abiotic factors in the air-sea boundary and underscoring the

relevance of marine photochemistry in biogeochemical processes.

1 Introduction

The sea-surface microlayer (SML) is the uppermost boundary layer of the ocean. With a thickness typically between 1 and
1000 pum, the SML potentially covers up to 70 % of the Earth’s surface (Wurl et al., 2017; Wurl et al., 2011; Wurl et al., 2016;
Hardy, 1982). This specific environment is characterized by its enrichment beth-in dissolved organic matter (DOM), particulate

organic matter (POM) and inorganic matter, and its direct exposure to solar radiation, both factors presumably leading to

photochemical transformations that result in a diverse mixture of chemical compounds (Hardy, 1982; Zafiriou, 1977). The
SML naturally acts as an interface between the underlying water (ULW) and the atmosphere, and many transfer processes,
such as those involving particles or trace gases, arewit-be-mediated through the SML and its respective properties (Wurl et
al., 2017; Engel et al., 2017). Clearly, based on its biological, chemical and physical properties, the SML can be distinguished
from ULW.

The DOM present in the SML includes carbohydrates, lipids, amino acids, proteins and humic substances, which are primarily
produced by marine biota during phytoplankton growth, grazing and viral lysis (Lampert, 1978; Lancelot, 1979; Hansell and
Carlson, 2002; Liss et al., 1997; Carpenter and Nightingale, 2015). A portion of the total DOM, the coloured dissolved organic
matter (CDOM), absorbs light in the ultraviolet and visible region, leading to photochemical transformation and production of
reactive species (Coble, 2007; Rochelle-Newall et al., 1999). The SML also has light-absorbing molecules that transfer energy
to other compounds and trigger photochemical transformations, known as photosensitizers (Mopper and Stahovec, 1986;
Momzikoff et al., 1983). Photosensitizers do not only enhance photochemical reactions in seawater, but their decay releases
fragments of photosynthetic structures rich in pigments that may also undergo photochemical degradation (Zafiriou, 1977).
Under exposure to sunlight, CDOM and humic substances in seawater undergo photochemical reactions that form species like
carbonyl compounds. Field-based measurements provided evidence of oceanic production of aldehydes like formaldehyde,
acetaldehyde, glyoxal, methylglyoxal, propanal, and hexanal; and ketones like acetone (de Bruyn et al., 2011; Kieber et al.,
1990; Mopper and Stahovec, 1986; Mopper et al., 1991; van Pinxteren and Herrmann, 2013; Zhu and Kieber, 2019, 2018).
However, there are still considerable doubts regarding the rates in which these processes occur and their interplay with
biological events. Furthermore, investigations on the photochemistry in seawater of additional carbonyl compounds with
potential relevance in the marine environment are, to this moment, still limited.

Carbonyl compounds serve as energy sources for marine microorganisms (de Bruyn et al., 2017; Dixon et al., 2014). Due to
their high volatility, carbonyl compounds produced in the SML are also potential precursors of oxygenated volatile organic
compounds (OVOCs) in the marine atmosphere. OVOCs can contribute to the formation of free radicals and secondary organic

aerosols (SOAs), therefore impacting air quality, the atmospheric oxidative capacity and cloud formation.
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Photochemistry in the SML plays a critical role in global biogeochemistry by influencing marine carbon cycling and
atmospheric chemistry in the marine environment (Tinel et al., 2023). Both the fate of DOM and the formation of volatile
organic compounds (VOCs) in seawater are highly impacted by its photochemical oxidation capacity, governed by the
sunlight-driven production of excited triplet-state CDOM (*(CDOM?*) and reactive oxidants. These processes occur alongside
or even exceed biological pathways of transformation of DOM (Andrews et al., 2000). Earlier research demonstrated the
production of important oxidants such as hydroxyl radicals (OH), superoxide radicals (O2"), singlet oxygen (10,), excited state
DOM triplets and hydrogen peroxide (H>O,) (Fujii and Otani, 2017; Scully et al., 1996; Zhang et al., 2012; Dalrymple et al.,
2010; Sun et al., 2015; Vaughan and Blough, 1998; Waggoner et al., 2017; Chu et al., 2015; Grandbois et al., 2008; McNeill
and Canonica, 2016; Berg et al., 2019) through the photolysis of DOM in environmental waters. The production and
consumption of these oxidants in natural waters is enhanced in the presence of trace metals, such as copper (Cu) and iron (Fe)
through redox reactions (Jomova and Valko, 2011; Millero et al., 1991; Sharma and Millero, 1988; Gonzalez-Davila et al.,
2004; Millero et al., 1987; Moffett and Zika, 1983, 1987). High concentrations of these metals have been observed in different
regions of the North Sea (Balls, 1985; Siems et al., 2024; Duinker and Nolting, 1982; Nolting, 1986; Mart and Nurnberg,
1986), so the estimation the photochemical production of reactive oxidants is of high importance in the present study to get
more insights into the oxidative potential of this interface.

Biological activity can also influence photochemical processes in the surface of the oceans. Phytoplankton blooms refer to the
rapid increase in microscopic algae in the upper layer of the sea, produced by both natural processes and nutrient enrichment
from anthropogenic eutrophication (Dai et al., 2023). Recent scientific evidence revealed that the higher biological activity
during a phytoplankton bloom and the subsequent algal decay have an impact on chemical properties and reactivity in the
SML, as the organic matter (OM) accumulated in the air-sea interface can undergo photochemical changes due to excited
triplet-state and radical-driven oxidation. For instance, there is a clear connection between marine microbiological processes
and glyoxal production, especially in the terminal phase of an algal bloom (Williams et al., 2024). Nevertheless, integrated,
compound-specific studies connecting the photochemistry of carbonyl compounds in different phases of algal blooms and the
photooxidation potential of the SML remain insufficient.

In the present work, the photochemical activity of SML and ULW was investigated for samples collected during a mesocosm
study in which a phytoplankton bloom was induced by the controlled addition of inorganic nutrients. The photochemistry of
the seawater samples was assessed through the compound-specific concentration changes of carbonyl compounds before and
after irradiation, alongside measurements of the photooxidation capacity to elucidate potential formation and degradation
pathways of seawater samples at different bloom stages. The 17 carbonyl compounds analysed in the present study were
acetophenone, acrolein, benzaldehyde, biacetyl, butanal, crotonaldehyde, glyoxal, heptanal, hexanal, isovaleraldehyde,
methacrolein, methylglyoxal, methyl vinyl ketone (MVK), octanal, propanal, trans-2-hexenal and trans,trans-2,4-hexadienal.

Even though acetaldehyde and acetone were initially also considered as target compounds, they were ultimately excluded from

the final quantitative analysis since their calibration curves showed poor linearity, likely related to their high volatility and

potential background contamination from laboratory air. Formaldehyde was not analysed in the current study. Experimental
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evidence of enhanced photochemical activity of carbonyl compounds in the SML relative to the ULW is provided, particularly
in periods of higher biological productivity, thereby offering new insights to integrate biological processes and photochemistry

in the air-sea boundary.

2 Materials and methods
2.1 Seawater sampling during the field campaign

Ambient SML and UL Wunderlying-water-(40 cm depth) samples were collected during a mesocosm experiment conducted at
Sea-sURface Facility (SURF), located at the Institute of Chemistry and Biology of the Marine Environment (ICBM) in

Wilhelmshaven (Germany), between May 18" and June 16", 2023. SML samples were collected daily using the glass plate
technique (Harvey and Burzell, 1972), while ULW samples were obtained via suction using a syringe connected to a
polypropylene tube submerged to 40 cm.

A controlled phytoplankton bloom was induced through the stepwise addition of inorganic nutrients: silicate and phosphorous
(19.8 umol L' and 1.2 pmol L") were added on May 26%; silicate, nitrogen and phosphorous (10 umol L', 10 pmol L' and
0.6 umol L") on May 30", and nitrogen and phosphorous (5 pmol L' and 0.3 umol L") on June 1% (Bibi et al., 2025). Based
on chlorophyll a concentrations monitored in the ULW, three distinct bloom phases were defined:

(1) an initial pre-bloom phase, with lower chlorophyll a levels (average: 2.2 g L") prior to nutrient addition (May 18% to May
26");

(2) a nutrient-induced bloom phase, (May 27" to June 4"), characterized by a rapid increase in phytoplankton mass_(average:

7.3 ug L);
(3) a post-bloom phase, marked by the gradual decline in phytoplankton biomass (average: 1.8 pg L") (June 5" to June 16%).

el b Do opding Ll osn oo b b b sl e e Li(Bibi et al., 2025)
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The concentrations of other phytoplankton pigments in the ULW samples followed similar trends to the ones reported for

chlorophyll a. Concentrations of chlorophyll ¢, a photosynthetic pigment present in haptophytes ranged between 0.07 and 2.10

ug L', peaking on May 28", June 1% and June 3". Chlorophyll 4 and B-carotene were found between 0.04 and 0.40 ug L', and

0.04 and 0.30 ug L', respectively. Even though chlorophyll b and B-carotene seemed to have a minor contribution to the total

phytoplankton mass, they also experienced an increase that reached maximum values between June 1% and June 3". Overall

the observed trends support the presence of a nutrient-driven phytoplankton bloom, which consisted on an initial dominance

of Emiliania huxleyi (coccolithophore), followed by a subsequent growth of Cylindrotheca Closterium (diatoms) (Fig. 1) (Bibi

et al., 2025). To further contextualize the biological development of the mesocosm, dissolved organic carbon (DOC) and

particulate organic carbon (POC) concentrations were also analysed. DOC concentrations ranged from 254 to 583 umol L' in

the SML, and from 207 to 373 umol L' in ULW. DOC concentrations increased during the phytoplankton bloom phase, and
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remained elevated in the post-bloom phase of the study. On the other hand, POC concentrations measured in the ULW samples

were between 23 to 173 umol L', and their temporal trend along the mesocosm study was comparable to that of the chlorophyll

a concentrations. In terms of bacterial abundance, which includes both free bacteria and bacteria-like material, it peaked in the

post-bloom stage and ranged from 481 x 10° to 1468 x 10° in the SML, and from 245 x 10° to 1681 x 10° in the ULW. An

enrichment factor (EF) of 1.3 £+ 0.7 was found during the phytoplankton bloom. A detailed characterization of the biological

parameters measured in this mesocosm study is provided by Bibi et al. (2025).
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Figure 1: Chlorophyll ¢ (monitored in the ULW) and DOC concentrations (monitored in the SML)ULW along the mesocosm
experiment. Based on the chlorophyll @ concentrations, three phytoplankton bloom phases were defined: pre-bloom, bloom and
post-bloom (Adapted from Bibi et al., 2025).

A detailed description of the mesocosm setup, and the operational and sampling protocols are also available in Bibi et al.
(2025). Collected SML and ULW samples were stored in sterile bottles at -20°C until laboratory analysis. All experiments

were conducted using unfiltered samples in order to preserve as much as possible their natural complexity, and the results

therefore reflect the combined photochemical processes involving both DOM and POM. A total of 20 different seawater

samples, 12 from the SML and eight from the ULW, were selected to represent the three bloom phases (Table 1) for the
investigations of carbonyl compound photochemistry. Their photochemical reactivity was analysed using methods described

in the following sections. Samples from May 20" and June 2™ were also considered for trace metals analysis.

Table 1: Overview of selected SML and ULW samples from the mesocosm sanalysed in this study_for carbonyl

compound photochemistry investigations
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Seawater sample Sampling time Salinity

name Type of sample Sampling date (local time) (PSU) Bloom phase
SML-5%* SML May 20", 2023 06:45 29.44 Pre-bloom
ULW-5%* ULW May 20%, 2023 06:45 29.49 Pre-bloom
SML-7 SML May 227, 2023 06:27 29.59 Pre-bloom
SML-8 SML May 23%, 2023 15:16 29.66 Pre-bloom
SML-11 SML May 26", 2023 06:20 29.87 Pre-bloom
ULW-11 ULW May 26, 2023 06:20 29.92 Pre-bloom
SML-12 SML May 27, 2023 15:35 2991 Bloom
SML-13 SML May 28", 2023 07:10 29.95 Bloom
ULW-13 ULW May 28", 2023 07:10 30.00 Bloom
SML-15 SML May 30, 2023 05:50 30.16 Bloom
ULW-15 ULW May 30", 2023 05:50 30.29 Bloom
SML-17 SML June 1%, 2023 06:14 30.25 Bloom
ULW-17 ULW June 1%, 2023 06:14 30.30 Bloom
SML-18%* SML June 2™, 2023 15:07 30.35 Bloom
ULW-18* ULW June 2, 2023 15:07 30.38 Bloom
SML-23 SML June 7™, 2023 05:30 30.86 Post-bloom
SML-24 SML June 8%, 2023 14:59 31.01 Post-bloom
ULW-24 ULW June 8™, 2023 14:59 31.04 Post-bloom
SML-27 SML June 11%, 2023 05:30 31.31 Post-bloom
ULW-27 ULW June 11%, 2023 05:30 31.35 Post-bloom

Adapted from Bibi et al., 2025
*Samples used for trace metals analysis

2.2 Photochemical reactor

For carbonyl compound photochemistry investigations, ambient SML and ULW samples were irradiated for 5 hours with a
light source that simulated the actinic radiation in the sea surface. -aA jacketed, temperature-controlled (25 + 0.5°C) aqueous-

phase cylindrical glass photoreactor (length: 9.5 cm, internal diameter: 6 cm) coupled with a thermostat (RCS, Lauda), were

used to ensure constant temperature during irradiation. The solar simulator (LS0806, LOT-Quantum Design) -consisted of a

1000 W Xenon lamp (LSB55 156865, LOT-Quantum Design) coupled with an air mass filter (AM1-5G) that was positioned

20 cm away from the photoreactor (Fig. 2). This system has been designed to produce output power equivalent to 1 sun.

Samples were thawed a few hours prior to irradiation and introduced into the photoreactor without any pre-filtration to maintain

to natural composition of erganie-matterOM. Due to sampling volume limitations in the mesocosm, particularly for the SML,
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available volumes for irradiation were 125 mL for ULW and 50 mL for the SML. To ensure the comparability of both

experimental conditions, absorbed photon fluxes were estimated using ferrioxalate actinometry (Sect. 2.5).
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Figure 2: Workflow for the analysis of photochemical production of carbonyl compounds in the SML and ULW samples. Seawater
samples were irradiated for 5 hours, and aliquots of 10 mL were collected before the irradiation, after 2.5 hours and after S hours.
The aliquots were filtered, derivatized with 0-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PFBHA), extracted with iso-octane and
analyszed by GC-MS. Figure created with BioRender.com.

During irradiation, all samples were continuously stirred with a magnetic stir bar and a magnetic stirrer (IKA RAH basic 2,
IKA) to maintain homogeneous mixing and consistent light exposure. Aliquots of 10 mL were collected at three time points:
(1) before irradiation, (2) after 2.5 hours, and (3) after 5 hours of irradiation. For the ULW samples, two to three replicates
were collected at each time point, and the final reported concentrations represent the average. Due to the limited sample
volumes of SML (50 mL per irradiation), replicates of the SML samples could not be taken.

After the 5 hours of irradiation, all the collected aliquots were either immediately processed together for the GC-MS analysis
(Sect. 2.3), or stored at -20°C for later electron paramagnetic resonance (EPR) analysis (Sect. 2.4) and trace metal analysis

(Sect. 2.6).

2.3 Analytical method for the quantification of carbonyl compounds

The analysis of the target carbonyl compounds was carried out using a method based on derivatization with a 0-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine (PFBHA) reagent (> 99 %, Sigma Aldrich), followed by solvent extraction and gas
chromatography-mass spectrometry analysis (GC-MS; Agilent 8890 GC coupled to Agilent 5977C GC/MSD, Agilent
Technologies) in selected ion monitoring (SIM) mode. The GC was equipped with a HP-5MS column (30 m x 250 pm % 0.25
pm, Agilent Technologies). This method was originally developed for marine samples by van Pinxteren and Herrmann (2013),
and further optimized by Rodigast et al. (2015) for application to other environmental samples (Rodigast et al., 2015; van

Pinxteren and Herrmann, 2013).
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Ultra-pure water (resistivity > 18 MQ.cm) was used for the preparation of all the solutions described in Sect. 2.3, 2.4, 2.5 and
2.6, and for the cleaning of all the laboratory glassware. Process blanks were prepared for each seawater sample by dissolving
synthetic sea salts (Sigma Aldrich) in ultra-pure water at salinities depending on values reported by Bibi et al. and shown in
Table 1 (Bibi et al., 2025). After irradiation, 8 mL of the seawater samples from the 10 mL aliquots and the corresponding
blanks were filtered using sterile 10 mL plastic syringes (Braun) and 0.2 pm PTFE membrane syringe filters (Pall). As internal
standard, 100 pL of a 4.21 pg L™ 2-(trifluoromethyl)benzaldehyde solution (98 %, Sigma Aldrich) prepared in ultra-pure water
was added to each filtered sample. Afterwards, the derivatization solution was prepared by dissolving 30 mg of PFBHA (> 99
%, Sigma Aldrich) in 6 mL of ultra-pure water, and 200 puL were added to each of the samples. Then, 100 pL of hydrochloric
acid (HCI) (37 %, CHEMSOLUTE) was added to accelerate the oxime formation. The prepared samples were allowed to react
at room temperature for 18 hours in the dark to guarantee that the derivatization process was completed, and that the oximes
of the carbonyl compounds are formed.

After the 18 hours of derivatization, iso-octane (> 99.5 %, Honeywell) was added as the extraction solvent (250 — 750 pL,
depending on the expected POM load of each sample), followed by 20 pL of HCI (37 %) to enhance the extraction efficiency.
Samples were then mixed manually for one minute and shaken with an orbital shaker (IKA VIBRAX VXR basic, IKA) at
1000 rpm for 30 minutes. From the resulting organic phase formed in the upper part of the mixture, 100 pL of the iso-octane
layer was separated and placed into an insert in a GC autosampler amber vial (Agilent Technologies), and covered with a 9
mm PTFE screw (Agilent Technologies). Five uL of the extract were injected into the GC-MS system in pulsed splitless mode.
The initial temperature of the oven was 50°C, which was ramped to 210°C.

The calibration was performed in duplicates using seven concentration levels (between 10 and 200000 ng L)) of standard
carbonyl compounds, which were derivatized and extracted following the same procedure explained above for seawater
samples.

Quantification was performed by normalizing the peak areas of all the carbonyl compounds to the peak area of the internal
standard. Data were acquired using Agilent Enhanced MassHunter software, and a chromatographic analysis was performed
using Agilent MassHunter Qualitative Analysis 10.0 and Agilent MassHunter Quantitative Analysis (for GCMS and LCMS).
Relative compound-specific contributions were calculated from the quantified concentrations of each carbonyl compound

relative to the total carbonyl concentration in each sample.

2.4 Analytical method for the estimation of the photooxidation capacity

The in situ spin-probing experiments were performed in a Bruker EMX Plus spectrometer in a 4103TM resonator. The
resonator was coupled with an optical fibreer accessory preceded by a 1.0 mm SCHOTT WG280 filter irradiated with a 150
W Xenon arc lamp (Hamamatsu Photonics). Samples were introduced in the resonator in glass capillaries with a wavelength
cut-off at the UVC range (below 280 nm). The EPR spectrometer settings were the following: microwave frequency = 9.853
GHz, modulation amplitude = 1.00 G, magnetic field scan = 150 G, sweep time = 15 s, conversion time = 10 ms, time constant

=5 ms, and two accumulations. Spectra were acquired in the field delay mode at a 1 s scan delay. SML and ULW samples
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were added with the spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl pyrrolidine (CMH) (99 %, Noxygen), daily
prepared at 10 mM in de-aerated ultra-pure water. Samples were added with 1| mM CMH, transferred to a 50 pL capillary tube,
centered in the resonator, and subsequently irradiated for 30 minutes. The pH of the samples was not modified during the
analysis and was kept as 8.4 = 0.1. A Cr*" signal-intensity marker (g = 1.98, Bruker) was simultancously measured with all
samples. The simulation of the spectra and radical quantification were performed in the SpinCount software package available
in Xenon (Bruker Corporation). The accuracy of the calibration was confirmed using the signal of 2,2,6,6-tetramethyl-1-

piperidinyloxyl (TEMPO) (99 %, Sigma-Aldrich). During the EPR measurements. it was confirmed that the resonator

temperature remained stable at 298 K throughout the irradiation. The irradiation in the EPR was made using a 100 W Xenon

lamp with radiation filters coupled to the resonator through an optical fibre, ensuring minimum transfer of infrared radiation

and preventing sample heating.

Initially, SML and ULW samples were irradiated in the presence of 5,5-dimethyl-pyrroline N-oxide (DMPO), but no signals
were observed over 30 minutes of irradiation, considering a limit of quantification of 100 nM. The samples were further
irradiated in the presence of CMH. The CMH probe is known as an O»" radical probe due to its higher rate constant with these
species (1.2 x 10* M s™!) when compared to other commonly used spin-trapping agents (k(DMPO + O;) = 0.8 — 50 M! s7!).
However, CMH also reacts with other reactive oxygen species (ROS) and one-electron oxidants, with rate constants of similar
orders of magnitude (Gotham et al., 2020). The CMH autoxidation is also possible in the presence of CMH-reducible oxidants,
such as metal ions, and it is therefore recommended that stock solutions are prepared in the presence of metal chelating agents.
However, because the presence of complexing agents in seawater samples would affect their behaviour in photochemical
experiments, daily stocks of CMH were prepared and a blank in ultra-pure water was measured before each analysis. The
oxidation of CMH produced a nitroxide radical (here represented by CM radical) with a characteristic triplet EPR signal
resulting from the hyperfine coupling between the unpaired electron of the CManitrexide- radical and the nitrogen nucleus (aN).

Given the high lability of CMH, several precautions were taken to ensure the accuracy of the results. Several blanks were
conducted to exclude the CMH autoxidation from the results observed in the presence of the irradiated SML samples. The rate
of CMH autoxidation was subtracted from the rate of CM radical formation in the non-irradiated samples. This value was then
normalized to the intensity of a Cr*" marker signal (g = 1.98, Bruker) to guarantee signal homogeneity amongst experiments
conducted over different days. We also observed small CM radical signals coming from the autoxidation of the stock solution
of CMH prepared in ultra-pure water, which had minor contributions to the overall increase in the CM radical formation
coming from the photoactivity of SML samples. Fig. S1 in the Supplementary Information illustrates the setup of the in situ

EPR experiments.

2.5 Photon flux determination

As described in Sect. 2.3 and Sect. 2.4, two different setups were used for the photochemistry experiments. The absorbed

photon fluxes in both experiments were determined using chemical actinometers, which are systems that contain a
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chromophore with well-characterized quantum yield. Photon fluxes were quantified by monitoring of the light-induced
formation or degradation of the photolysis product of the chromophore (Rabani et al., 2021; Kuhn et al., 2004). In order to
normalize the photon flux in each system and ensure comparability of the obtained results, photon fluxes were estimated for

the photoreactor (Ipr) and for the capillary (Igpr).

Photon flux in the photoreactor (Ipg)

To estimate the photon flux in the photoreactor (Ipr), the well-established potassium ferrioxalate actinometer developed by
Hatchard and Parker was used (Hatchard and Parker, 1956). The potassium ferrioxalate solution (6 x 10 M) was prepared
following the detailed protocol described by Rabani et al., using ferric sulphate monohydrate (97 %, Sigma Aldrich), potassium
oxalate monohydrate (99.98 %, Sigma Aldrich) and sulphuric acid (95 %, Fluka) (Rabani et al., 2021). As this actinometer is
highly photosensitive and absorbs broadly between 200 to 600 nm, the preparation of the potassium ferrioxalate solution and
the irradiation experiments were performed in a dark room only illuminated by red safety lamps. To represent the experimental
conditions of both irradiated sample volumes (SML and ULW) described in Sect. 2.3, the actinometry experiments were
performed with two solution volumes: 50 mL and 125 mL. A detailed explanation of the experimental procedure and the steps
for the estimation of the photon fluxes are provided in Sect. S1 the Supplementary Information. The determined photon fluxes

were 2.7 umol of photons L' s for 50 mL, and 2.8 pmol of photons L' s! for 125 mL.

Photon flux in the capillary (Igpr)

The photon flux in the capillary for the EPR experiments (Igpr) was determined using the method proposed by Moan et al.
(1979) with the generation of ' O.singlet-oxygen-from the irradiation of a porphyrin solution (Protoporphyrin IX — Target Mol)
in the presence of 2,2,6,6-tetramethyl-4-piperidinol (TEMPOL) (98 %, Sigma-Aldrich) (Moan et al., 1979). This method was
further optimized for its implementation to ambient seawater samples {(Scheres Firak et al., in press)Seheres Firaket-al—in
preparation). The quantum yield for the production of singlet oxygen ¢('O,) by Protoporphyrin IX is 0.77 (Nishimura et al.,
2020). The photon flux for the in situ EPR experiments was estimated as (9 + 2) x 10 mol photons L' s using the irradiation
of Protoporphyrin IX solution (co = 10 uM) in the presence of TEMPOL (co = 100 uM).

2.6 Analytical method for the measurement of trace metals

Trace concentrations of iron (Fe) and copper (Cu) were measured directly from the seawater samples using a benchtop total
reflection X-ray fluorescence (TXRF) S4 T-STAR spectrometer (Bruker AXS). Five uL of seawater sample were spiked with
5 ng (50 ng for samples collected on June 11") internal standard of Sc/Co in ultra-pure water solution, on a TXRF quartz
carrier. Before the measurement, the TXRF carriers were allowed to dry at 80°C on a hot plate for about 5 minutes. Each
analysis lasted typically 500 s. X-ray data acquisition and quantification of elemental concentrations was performed using the
SPECTRA 6.2 software. This method was originally developed by Fomba et al. for the investigation of trace metal

concentrations in particulate matter (PM) and cloud water (Fomba et al., 2013; Fomba et al., 2020), and further optimized for
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its application to seawater samples in the present study. To represent the three stages of the phytoplankton bloom, we analyszed
the SML and ULW samples collected on May 20" (pre-bloom) and June 2™ (bloom).
2.7 Text management

ChatGPT (Open Al, 2025) was used for language polishing assistance.

3 Results and discussion
3.1 Concentrations of carbonyl compounds in irradiated samples under bloom and non-bloom conditions

Figure 3 illustrates the individual concentrations in the seawater samples of the 17 carbonyl compounds in four categories:
SML before irradiation (A), SML after 5 hours of irradiation (B), ULW before irradiation (C), and ULW after 5 hours of

irradiation (D). Relative changes induced by irradiation (% increase/decrease) in carbonyl compound concentrations are shown

in Figure S3 (Supplementary Information) to facilitate comparison of photochemical responses across compounds. The

observed photochemical transformations of carbonyl compounds likely arise from the combined processing of both the DOM

and POM (including intact cells, cellular debris, and particulate biological material potentially released during freeze-thaw

cycles). As a result, the reported photochemical rates represent the integrated responses of the total OM pool present in the

SML and in ULW.

Carbonyl concentrations varied considerably between SML and ULW, and across bloom phases. Total carbonyl concentrations
were generally higher in samples collected during the bloom phase compared to the pre- and post-bloom phases, with exception
of the SML sample collected on June 8" (A). In that day, the concentration of propanal before irradiation reached 4027 nmol
L', a value significantly higher than in the irradiated counterpart (B). Propanal and hexanal where the most abundant

compounds during the bloom phase, suggesting that their formation is favoured under conditions of high biological

productivity. Propanal exhibited remarkably higher concentrations with respect to other species, particularly in the SML during

the bloom and post-bloom phases. This suggests that propanal may represent an important, yet previously underrecognized,

contributor to the carbonyl pool at the air-sea interface. Further targeted studies with increased temporal resolution and

replication are required to better understand the specific mechanisms driving its massive production in these conditions.

Throughout all bloom phases, the SML (A and B) had consistently higher concentrations than the ULW samples (C and D)
both before and after irradiation, despite similar photon fluxes were confirmed by actinometry (see Sect. 2.5). Before
irradiation, values in the SML (A) ranged from 201 to 762 nmol L™! in the pre-bloom phase, 984 to 4591 nmol L™! in the bloom
phase, and 647 to 4894 nmol L' in the post-bloom phase; while in the ULW (C) they were significantly lower (e.g., 136 to
366 nmol L' in the bloom phase). After 5 hours of irradiation, the concentrations of carbonyl compounds increased further,
reaching up to 6026 nmol L' in the SML (B) during the bloom phase and 419 nmol L™ in the ULW (D). This suggests the
light-driven production of aldehydes and ketones, probably via direct photolysis, photochemical oxidation or photosensitized

reactions. These observed SML enrichments for all the aldehydes and ketones under evaluation are in agreement with previous
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studies for glyoxal, methylglyoxal, propanal and butanal (Zhou and Mopper, 1997; van Pinxteren and Herrmann, 2013), and
provide novel insights on the behaviour of a larger pool of carbonyl compounds with potential relevance in the marine
environment, such as MVK or methacrolein. Overall, our findings indicate that the unique physical and chemical environment
in the surface of the sea, richer in organic compounds compared to ULW, favours the production of these carbonyl compounds.
320 These trends could be attributed to several factors, such as the diverse chemical composition, reactivity, optical properties and
availability of the BOM in the different water layers. Surface waters are typically characterized by their enrichment in more
photoreactive and autochthonous BOM, contrasting with the more degraded and refractory compounds in the underlying

waters (Wagner et al., 2020; Yang et al., 2022).
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Figure 3: Speciation of 17 carbonyl compounds in SML samples before irradiation (A) and after 5 hours of irradiation (B), and
ULW samples before irradiation (C) or after irradiation (D). The red lines separate the three phases of the mesocosm experiment.
ULW samples collected on May 22"4, May 23rd, May 27" and June 7" were not available for their analysis.

Our data shows higher concentrations of carbonyl compounds generally during the phytoplankton bloom phase (Fig. 3),
suggesting a strong direct or indirect influence of biological productivity on the availability of precursors for the production
of aldehydes and ketones. Higher concentrations were partly found in the post-bloom compared to the pre-bloom. This pattern
is in agreement with the parallel increase of the DOC levels with the phytoplankton abundance in the bloom phase, and with
how these levels also remained high in the post-bloom phase (Fig. 1). Generally, high variability in the concentrations of
humic-like compounds and in the ratios of labile/refractory compounds were found through the duration of the mesocosm,
which supports the idea of bloom-dependent BOM transformations ¢(Thélen et al., 2026; Zdbelein et al., 2026)Fhélen-et-al;
in-preparation:Zobelein-et-al—inpreparation). Fresh biological material produced during phytoplankton blooms is a source of
photochemically--active BOM. For instance, Emiliania huxleyi, a specie of photosynthetic coccolithophore that dominated at
the early bloom phase (Bibi et al., 2025), is characterized by its efficient photochemical production of isoprene, a volatile
precursor of several carbonyl compounds (Shaw et al., 2003; Sinha et al., 2007). Comparable trends have been observed in
marine diatoms and dinoflagellates (Moore et al., 1994; Milne et al., 1995), which may explain the formation of carbonyl

compounds in marine environments. EerinstaneeLikewise, the photochemical production of aldehydes and ketones from lipids
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derived from Chaetocerus pseudocurvisetus has been recently demonstrated (Penezic et al., 2023). Furthermore, the major
fatty acids from other diatoms like Phaeodactylum triconutum might be precursors of hexanal through oxidation reactions
(Schobert and Elstner, 1980). Oxidative stress during blooms and photochemical degradation of BOM are linked to the massive
production of ROS (Hansel and Diaz, 2021), which may trigger processes like isoprene oxidation and lipid peroxidation,
leading to the release of aldehydes and ketones.

Altogether, this experimental evidence indicates that phytoplankton blooms influence not only the biological activity in
seawater but may also modulate abiotic processes, particularly in the SML, by changing BOM chemical composition and

reactivity.

3.2 Photochemical production rates under bloom and non-bloom conditions

We investigated the photochemical formation and degradation rates of the 17 carbonyl compounds;-expressed-inanM-h- in
both SML and ULW samples (Fig. 4 and Fig. 5. expressed in mol mol(DOC)™" h™!"). In the three phases of the mesocosm study,

the carbonyl compounds in the SML samples (red) presented consistently higher photochemical production rates than in the
ULW (blue). These findings are likely due to the enrichment of photochemically-active compounds and surface-active
molecules, such as lipids, fatty acids and aromatic compounds in the SML; which contrast with the more processed and aged
DBOM typically present in the ULW (Sect. 3.1).

The photochemical production rates in the SML and ULW of the 17 carbonyl compounds were classified in two major

categories, based on how their time-resolved photochemistry was influenced by the phytoplankton bloom:

Photochemistry influenced by the bloom

Ten out of 17 compounds showed enhanced photochemical formation or degradation in the SML during the phytoplankton
bloom: MVK, methacrolein, glyoxal, methylglyoxal, acrolein, crotonaldehyde, heptanal, biacetyl, hexanal and trans-2-
hexenal.

These trends suggest an influence of the stage of the phytoplankton bloom in the photochemical activity of theselQ carbonyl

compounds in the SML, presumably due to the elevated concentrations of photochemically--active precursors and higher
oxidative stress. Even though the overall DOC concentrations remained relatively stable during the bloom and post-bloom
phases of the mesocosm study (Fig. 1), the fresher and more photoreactive nature of the phytoplankton-derived CDOM and
photosensitizers in the bloom phase seemed to enhance the generation of excited triplet-state DOM and ROS, promoting the

photochemical production of these carbonyl compounds in the SML.

Interestingly, the temporal behaviour of the production rates of isoprene oxidation products had a characteristic pattern:
methacrolein (A) and MVK (B), both primary isoprene products, had peak productions in the early stage of the bloom; while
glyoxal (C), methylglyoxal (D) and acrolein (E), all secondary isoprene products, dominated the later stage of the bloom. This
temporal pattern suggests a dynamic photochemical response in the SML regarding isoprene formation likely driven byte the

changes in the composition of BOM throughout a phytoplankton bloom. Isoprene is a trace gas produced both photochemically
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at the sea surface (Wang et al., 2023) and biologically by marine phytoplankton (Moore et al., 1994; Simo et al., 2022; Sinha
et al., 2007; Ciuraru et al., 2015). In seawater, it is typically present in concentrations of few pmol L (Conte et al., 2020;
Milne et al., 1995). In the atmosphere, isoprene can undergo an oxidation reaction, for example, with OH radicals, NO3 radicals
or O3 (Atkinson, 2000), yielding MVK and methacrolein as primary products, and acrolein, glyoxal and methylglyoxal as
secondary products. Indeed, nearly 50 % of glyoxal and more than 70 % of methylglyoxal in the atmosphere are estimated to

originate from isoprene oxidation (Fu et al., 2008).

phase;tThe aqueous-phase photooxidation of isoprene by OH radicals has also been demonstrated (Huang et al., 2011), and -
Bdue to the intense solar radiation and the presence of OH radicals in the SML (Zhou and Mopper, 1990a), isoprene-derived

species such as MVK, methacrolein, acrolein, glyoxal and methylglyoxal are likely formed in this environmente-SME.

Oxidation of acetone, glycolaldehyde and acetaldehyde also yields glyoxal and methylglyoxal (Walker et al., 2022); indeed,

acetone has been reported to be responsible for more than 7 % of the global production of methylglyoxal (Fu et al., 2008).

There is experimental evidence of marine production of acetaldehyde and acetone (de Bruyn et al., 2011; Kieber et al., 1990;

Sinha et al., 2007; Zhu and Kieber, 2018; Millet et al., 2010; Wang et al., 2019; Mopper et al., 1991), and the unique

environment of the SML could facilitate their transformation into other carbonyl compounds. Additionally, The-fermation-of
aeroleinand-glyoxalfrom-the- OH-driven oxidation or ozonolysis of hydrocarbons, such as 1,3-butadiene, benzene, toluene,
acetylene and xylene, another—diene—monomer—has been reported to yield carbonyl compounds like acrolein, glyoxal,

methylglyoxal and biacetylebserved in the gas -phase (Tuazon et al., 1999; Jaoui et al., 2025)._Aromatic hydrocarbons, such

as benzene, toluene, acetylene and xylene, also undergo OH-initiated oxidation in the atmosphere primarily through ring-

cleavage, yielding glyoxal, methylglyoxal and biacetyl (Volkamer et al., 2001; Tuazon et al., 1986; Fu et al., 2008). These

icarbony an—beeither transferred to-seawater—via—atmosphericdeposition—or formedin-sita-In summary, these well-

characterized degradation pathways in the gas phase provide useful mechanistic analogues for understanding possible

photochemical transformations of these compounds in the SML.

Phytoplankton and algae produce polyunsaturated fatty acids (PUFAs) and saturated fatty acids, which degrade via reactions

with radicals and lead to the formation of carbonyl compounds. Peroxidation of lipids is a source of a diverse pool of carbonyl

compounds including acrolein, butanal, crotonaldehyde, glyoxal, hexanal, propanal, and trans-2-hexenal (Uchida et al., 1998;

Zhou et al., 2014; Onyango, 2012; Kato et al., 2022; Wu and Lin, 1995). For instance, the enzymatic breakdown of linoleic

acid by lipoxygenase and hydroperoxide lyase in marine algae yields hexanal (Boonprab et al., 2003). In addition to that,

trans,trans-2,4-hexadienal may also form as an oxidation product of fatty acids (Ferrario et al., 1985).

Enhanced photochemical degradation of hexanal (I) and trans-2-hexenal (J) was also observed during the bloom phase. Both

compounds presented the highest photochemical degradation rates on June 1, -0.14.48.0 ammol mol(DOC)'M h! for hexanal
and -0.014-6 mmol mol(DOC)'aM h! for trans-2-hexenal. This coincides with the expected generation of large quantities of
ROS, such as OH radicals, Oy superoxide and 'O.singlet-oxygen-linked to oxidative stress in phytoplankton blooms (Cho et

al., 2022). These species would be massively available during the bloom to degrade hexanal and trans-2-hexenal, a process

similar to what has been observed in the gas phase (Jiménez et al., 2007; Tadic et al., 2001).
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In general, Ecarbonyl compounds can be degraded byunderge photolysis and radical-driven oxidation (Atkinson, 2000; Epstein

et al., 2013; Tilgner and Herrmann, 2010), processes that are likely intensified by the high concentrations of BOM and strong

solar radiation characteristic of the SML.

layer—In the gas phase, photolysis and oxidation by OH radicals have been estimated to account for up to 76 % of glyoxal and
gasp p y y p gly

82 % of methylglyoxal removal (Fu et al., 2008). Likewise, tropospheric losses of hexanal and trans-2-hexenal are also mainly
attributed to reactions with OH radicals (Jiménez et al., 2007). OH radicals react with aldehydes and ketones via hydrogen
abstraction from the -CHO group (Atkinson, 2000), and as these—OH radicals are continuously formed in seawater via
photochemical reactions involving CDOM (Zhou and Mopper, 1990a), suggesting-that-OH-oxidation is a significant sink of

carbonyl compounds in the SML.Ozene-canbe highlyreactive towards-marine DOC potentially contributing to-the produetion
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Figure 4: Comparison of photochemical formation and degradation rates of methacrolein (A), MVK (B), glyoxal (C), methylglyoxal
(D), acrolein (E), crotonaldehyde (F), heptanal (G), biacetyl (H), hexanal (I) and trans-2-hexenal (J) in the SML (red) and in ULW
(blue). The red vertical lines separate the three phases of the mesocosm study: pre-bloom (20-05 to 26-05), bloom (27-05 to 02-06)
and post-bloom (08-06 to 11-06)._Photochemical production and degradation rates in the ULW samples on an expanded scale,
including error bars that reflect analytical and sample-handling uncertainties, are shown Figure S4 in the Supplementary

Information.

18




450

Photochemistry independent of the bloom:

The photochemistry of seven out of the 17 compounds showed no clear influence of the bloom: butanal, isovaleraldehyde,
benzaldehyde, trans,trans-2,4-hexadienal, octanal and acetophenone (Fig. 5). These compounds may be possibly derived from

a mixture of both biogenic and anthropogenic sources-fmere-detatlsin-Seet—3-21), with less influence of the bloom intensity

compared to the compounds in the first category.
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Figure 5: Comparison of photochemical formation and degradation rates of propanal (A), butanal (B), octanal (C), isovaleraldehyde
(D), benzaldehyde (E), acetophenone (F) and trans,trans-2,4-hexadienal (G) in the SML (red) and in ULW (blue). The red lines
separate the three phases of the mesocosm study: pre-bloom (20-05 to 26-05), bloom (27-05 to 02-06) and post-bloom (08-06 to 11-
06)._Photochemical production and degradation rates in the ULW samples on an expanded scale, including error bars that reflect
analytical and sample-handling uncertainties, are shown Figure S4 in the Supplementary Information.

Propanal (A) and butanal (B) were the most photochemically active compounds in this category. They are small aldehydes
commonly linked to the oxidation of larger organic molecules, which could explain their abundance in the different phases of
the study. The photochemical activity of the aromatic carbonyls, benzaldehyde (E) and acetophenone (F), peaked in the pre-
and post-bloom phases and was relatively lower than for the other compounds. This could suggest an increased presence of
humic-like DOM derived from anthropogenic activity or terrestrial sources, which is less labile but still photochemically-

active. The photooxidation of aromatic hydrocarbons can—alse lead to the production of arematic—ecarbonyls—such—as

acetophenone and benzaldehyde (Ehrhardt and Petrick, 1984: Ehrhardt et al., 1982). Aromatic hydrocarbons are generally

considered anthropogenic, but marine phytoplankton has also been reported as a source particularly under oxidative stress

(Rocco et al., 2021). In addition to aromatic hydrocarbons, the photodegradation of polystyrene nanoparticles by OH radicals

or ozone generates acetophenone and benzaldehyde (Davidson et al., 2005; Bianco et al., 2020; Fabbri et al., 2023). The

presence of these compounds in the seawater samples suggests plastic contamination, which in nature also contributes to the

release of carbonyl compounds. However, the concentrations of acetophenone and benzaldehyde accounted only for up to 2
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% of the total sum composition of carbonyl compounds in SML samples, so these sources appear to be minor. The production

of octanal (C) and trans,trans-2,4-hexadienal (G) is also comparatively lower, likely because it requires the preservation of

longer carbon chains and more complex structures.

In general, the high photochemical production rates observed in the later stage of the bloom and during the post-bloom phase
of the experiment may be explained by the photochemical degradation of lipids and humic-like compounds as precursor
molecules, which could represent a higher proportion of the BOM due to the beginning of the phytoplankton decay from viral
cell lysis, senescence o grazing (Rochelle-Newall et al., 1999).

To facilitate comparison with existing literature, the non-normalized rates were also calculated and are provided in the

Supplementary Information (Figure S8 and Figure S9). The findings for glyoxal and methylglyoxal in non-bloom phases are

consistent with published photochemical production rates from SML samples collected in the Bahamas, Delaware Bay (USA)
and Biscayne Bay (USA), which range between 0.75 and 5.8 nM h! for glyoxal, and 0.3 and 2.5 nM h! for methylglyoxal
(Mopper and Stahovec, 1986; Zhou and Mopper, 1997). On the other hand, the higher photochemical formation rates found
during the bloom phase for these two compounds were comparable with those reported by Zhou and Mopper for SML samples
(up to 15.5 nM h! for glyoxal and 9.7 nM h! for methylglyoxal), collected in the Biscayne Bay in the presence of foam on the
sea surface (Zhou and Mopper, 1997). Likewise, rates of photochemical formation reported in the ULW align well with those
determined in the present study (Zhu and Kieber, 2018; Zhou and Mopper, 1997). Higher photochemical activity in short-
chain aldehydes was observed, compared to literature values: Zhou and Mopper reported formation rates between 1.3 and 7.4
nM h'! for C; aldehydes, and between 0.4 to 4.2 nM h! for C4 aldehydes (Zhou and Mopper, 1997). Despite the lower
magnitudes compared to the present study, Mopper and Stahovec also observed photochemical degradation of propanal (-0.75
nM h!) in surface water samples from the Biscayne Bay (Mopper and Stahovec, 1986).

Apparent quantum yields (AQYSs) were calculated from the measured photoproduction rates and the absorbed photon fluxes

(Supplementary Information, Sect. S6). Because the experiments were conducted using unfiltered samples, the derived AQYs

represent effective photochemical efficiencies of the total OM pool, including both DOM and POM. The results demonstrate

that the SML is a more photochemically efficient environment compared to ULW, particularly during the bloom phase. No

systematic relationship was observed between AQYs and DOC concentrations (Supplementary Information, Figure S5),

suggesting that OM abundance alone does not control the efficiency of these photochemical processes.

By connecting phytoplankton bloom dynamics and the temporal trend of the photochemical products, our results stress the
crucial role of the SML as a dynamic air-sea boundary and its potential implications for the production of VOCs to the marine
atmosphere. These findings are of high relevance for refining atmospheric models in the marine environment, as climate change
is projected to cause shifts in nutrient and sunlight availability, thereby influencing phytoplankton blooms and marine carbon

cycling (Thomalla et al., 2023; Dai et al., 2023).
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3.3 Photooxidation capacity under bloom and non-bloom conditions

Investigations of photooxidation capacity in the seawater samples are essential to understand how the sunlight-driven
production of reactive intermediates influences the transformation of BOM and the subsequent formation of VOCs. The
photooxidation capacity of SML and ULW samples was tested using a radical probe in EPR experiments. Since radicals are
short-lived species, they require probes or spin-trapping agents that react with radicals to form stable paramagnetic species
that can be further detected with an EPR spectrometer. Nitroxides such as 5;5-dimethyl-pyrroline N-oxide {DMPO) and +-
hydroxy-3-methoxyearbonyl-2,2,55-tetramethyl pyrrelidine (CMH) are respective examples of spin-trapping agents and spin
probes typically used to investigate the formation of radicals in ambient samples (Bried¢ et al., 2005; Arangio et al., 2016).

As seen in Fig. 6, the formation of CM radicals occurred in all samples and increased linearly during the monitored time. These

values were then represented in bar plots that illustrate the overall budget of oxidants photochemically generated in the samples
(Fig. 7).
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—~ 1.0 25 min 40x10%4 4 ULW (May 23"
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Figure 6: (A) EPR spectra of CM radicals at different irradiation times. Spectral parameters: aN = 16 G, g =2.0056. (B) Profile of
CM radical formation over time for blank, SML, and ULW samples. The blank in (B) represents the CM radical formation in the
absence of light. The resultant signals were subsequently plotted as a function of the irradiation time, and fitted to a linear regression
to get the rate of CM radical formation over time. The formation of CM radical was normalized by the ratio between Iepr and Ipr.
This normalization procedure yields CM radical formation rates that account for the energy input of the photoreactor, which is

circa 300 times greater than the energy input in the in situ EPR experiments due to the smaller sample volumes required for the
EPR measurements.

As presented in Fig. 7, the overall photochemical oxidation capacity of the samples did not seem to be affected by the addition
of nutrients. It was also, on average, similar for both SML and ULW samples, with values around 34 puM s, To evaluate

whether these results reflect enhanced photochemical reactivity or simply the highest abundance of OM the measured
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photooxidation capacities were compared to DOC concentrations (Supplementary Information, Figure S7). No systematic

correlation was found, indicating that the observed results cannot be explained solely by the abundance of OM.

While nutrient levels can indirectly influence the redox capacity of seawater samples through phytoplankton blooms, they
ultimately did not appear to control it. The oxidation potential of the samples seemed to be primarily determined by the
presence and availability of electron donors and acceptors. Although the complexity of the mesocosm samples makes it
difficult to attribute the oxidation properties to individual species, a dominant class of redox-active compounds known to be
present in seawater are metal ions. Nutrient levels, while impacting the concentrations of individual metal ions, do not dictate
the overall budget of oxidizers, which is mostly modified through atmospheric deposition, agricultural and industrial runoff,
and discharges from oil and gas platforms (Wurl et al., 2017). A study investigating the presence of nutrients and metals in
waters of the North Sea attributed the highest metal content to the waters of the German Bight, source of the water used in the
mesocosm study. Concentrations of redox-active metals, such as copper (Cu) and iron (Fe), were measured in values as high
as 749 ng L' and 150 ng L™ in this region (Siems et al., 2024). These metals have pronounced photochemical activity, and
synergistic effects are known to play significant roles in their redox chemistry (Lueder et al., 2020; Deguillaume et al., 2005).
To evaluate if these processes might have an influence in our observed results for the mesocosm study, the concentrations of
Cu and Fe in SML and ULW samples were quantified. TXRF measurements demonstrated the presence of Cu and Fe in the
pre-bloom phase (May 20™) and during the bloom (June 2"%). Cu concentrations in the SML and in the ULW were 0.3 and 0.2
pumol L on May 20", and 0.5 and 0.3 umol L' on June 2. Fe concentrations in the SML and in the ULW were 1.2 and 1.0
pumol L' on May 20™, 9.2 and 1.8 umol L on June 2", Compared to those reported by Siems et al., we found slightly lower
concentrations of Cu and much higher concentrations of Fe. As expected, the distribution of redox-active trace elements in the
SML and ULW samples was relatively uniform. Previous studies have demonstrated that metal concentrations only decrease
at higher water depths (Siems et al., 2024). These trace metal concentrations might contribute to the high observed redox

activity of the samples in the in situ EPR experiments. However, further targeted studies are needed to quantify the relative

role of metal ions and other redox-active components in seawater photooxidation-

Rate CM" (uM 57

Figure 7: The overall CM radical formation in different samples after photon-flux correction for SML (A) and ULW (B) samples.
The dashed line represents the mean CM radical formation rate considering all samples.
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As shown in the Supplementary Information, Sect. S3, control experiments were conducted to verify the activity of Fe and Cu
chloride salts, and a great contribution of Cu(I) and Cu(II) in the formation of CM radicals was observed, with formation rates
reaching 16 uM s™! in the photolysis of a 500 nM CuCl solution. Fe(II) solutions showed no photoactivity, while Fe(I1I) showed
a small contribution to CM radical formation, with maximum formation rates of 0.2 uM s'. Although Cu ions were detected
in the TXRF analysis, their presence alone does not account for the total observed photooxidation capacity of the samples.
Considering the high reaction rates between CMH and O, and the absence of signals in the presence of DMPO, the formation
of Oy is a strong candidate for the remaining CM radical formation rates. Measured formation rates calculated from the steady
state concentrations of O™ radical considering CDOM photochemistry in natural ocean waters can reach 480 nM h™' (Hansard
et al., 2010), while OH radical formation rates reach 110 nM h™! (Mopper and Zhou, 1990). In the EPR experiments, direct
electron transfer from excited photosensitizers can also influence the results and contribute to the rate of CM formation.

Although the control experiments with Fe and Cu chloride salts indicate that Cu has a stronger effect on CMH oxidation than

Fe., metal complexation significantly modulates the redox properties and the solubility of both Fe(IlI) and Cu(ll) in seawater.

In general, photoreduction is enhanced in the presence of ligands that form photoactive inner-sphere complexes and enable

ligand-to-metal charge transfer (LMCT). While ligands, such as oxalate, are known to significantly increase the quantum yields

for the metal reduction, this effect is much weaker for ligands with a lower stability constant (Sun et al., 1998). The solubility

of Fe and Cu ions in ocean water is generally reduced in the absence of organic ligands due to the formation of hydroxy-oxo

insoluble species promoted at typical seawater pH levels. Therefore, the presence of OM enhances the photochemistry of Fe

and Cu in seawater by increasing the solubility of ions (Millero, 1998; Calza et al., 2014). However, OM itself comprises

fulvic and humic acids, which have photosensitizing properties. Direct photosensitization processes can be suppressed when

these photosensitizers are bound to Fe., since LMCT mechanisms will be favoured (Calza et al., 2014). Consequently, the

overall effect of Cu and Fe complexation is very complex. Attributing the observed photooxidation to a decrease or increase

in redox activity is not straightforward, and would require dedicated metal speciation and ligand characterization.

3.4 Implications for the ocean and the atmosphere

Carbonyl compounds can be transferred from the sea surface to the atmosphere due to their volatile nature, making air-sea
exchanges of high relevance in their marine biogeochemical cycling. In general, the transfer of a compound from the liquid
phase to the gas phase can be described using the two-layer model, which has been widely applied in the literature to estimate
air-sea fluxes (Liss and Slater, 1974). In this model, the equilibrium concentrations of a compound in the gas (cye) and in the

liquid (cy) at the interface are related through its apparent partition coefficient (H, in M atm™), as expressed in Eq. (1):

Y M

Csg

From the photochemical formation rates measured in the SML and the apparent partition coefficients (Table 2) compiled by

Sander (Sander, 2023), the rates of transfer of photochemically produced carbonyl compounds from the SML (cy) to the gas
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interface (cg,) were estimated. Constant SML thickness of 100 pm and temperature of 298 K were assumed for the calculations.
Isovaleraldehyde and trans, trans-2,4-hexadienal were not considered due to the lack of published partition coefficient data.
The rates of transfer were calculated excluding the samples in which photochemical degradation rather than formation was
observed; thus, we report no values for benzaldehyde and hexanal in the bloom phase. The non-bloom values in the table

include both the pre-bloom and post-bloom phases of the mesocosm. A detailed explanation of the steps for the estimation of

the rates of transfer to the gas interface are provided in the Supplementary Information, Sect. S5.
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Table 2: Estimated rates of transfer of photochemically-produced carbonyl compounds from the SML to the gas

interface (cs7) according to equilibrium partitioning.

Compound Appz:).zrflitlcpi:;ttiﬁon fateof tll;?:oslf::r e Rate of transfer ;Bl_(l)om
(M atm™) (molecules cm2 h!) (molecules em™ h)

Acetophenone 110! 2-38(x 10%) 2—11(x 10%)
Acrolein 7.4 11— 5544 (x 10°) 2219 (x 10°)
Benzaldehyde 33.5% 913 (x10% Not available
Biacetyl* 65.52 16— 119 (x 10%) 122200 (x 10%)
Butanal 6.3° 3-9(x 10°) 5-56 (x 10°)
Crotonaldehyde 524 10 —24 (x 10% 271 (x10%
Glyoxal 360000° 11-57 4-134
Heptanal 2.0° 4-10 (x 109 5-105 (x 10°)
Hexanal 3.23 6 —41(x 10%) Not available
Methacrolein 6.5° 8 — 151 (x 10% 2258 (x 10%)
Methylglyoxal 32000° 24 — 289 40 — 428
Methyl vinyl ketone 41° 7 - 68 (x 10% 8 — 711 (x 10%
Octanal 1.13 2-20(x 105 3158 (x 10%
Propanal 103 9—15(x 10%) 11382 (x 10%)
Trans-2-hexenal 20* 6-30 (x 10% 1-2(x10%

*Average value; '(Betterton, 1991); 2(Snider and Dawson, 1985); 3(Zhou and Mopper, 1990b), measured in seawater; *(Buttery
etal., 1971); >(Iraci et al., 1999)

The estimated rates of transfer of photochemically-produced carbonyl compounds from the SML to the atmosphere according

to equilibrium partitioning were generally higher during the bloom phase for the majority of the compounds, namely acrolein,

biacetyl, butanal, crotonaldehyde, glyoxal, heptanal, methacrolein, methylglyoxal, MVK, propanal and trans-2-hexanal. This

trend suggests that biological processes in the SML may also enhance the emission of VOCs to the atmosphere. However, for

soluble compounds like glyoxal and methylglyoxal, their transfer into the gas phase is relatively low compared to other

compounds with lower apparent partition coefficients. Although these compounds are photochemically produced in the SML,

the net exchange direction is presumed to be predominantly from the atmosphere to the sea under typical atmospheric

conditions (Zhou and Mopper, 1997). In contrast, the carbonyl compounds with three or more carbon atoms and low apparent

partition coefficients (lower than 10 M atm™) are the ones with the lowest solubilities and highest rates of transfer to the gas

boundary layer, suggesting that their net flux is likely from the sea to the atmosphere (Zhou and Mopper, 1990b, 1997). Among

these, propanal, butanal and octanal showed particularly high transfer rates to overlying atmosphere. Even though the

photochemical activity of these compounds did not seem to be influenced by the phytoplankton bloom (see Sect. 3.2), their
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elevated rates of transfer to the gas phase suggest that the possibility of potential losses to the gas phase during the irradiation

experiments should be considered. These compounds have been detected in both the sea surface and the overlying atmosphere

(Schlundt et al., 2017)., and models propose the Pacific Ocean as a major source of propanal to the atmosphere (Singh et al.,

2003).

preliminary basis for motivating new experimental efforts and refining air-sea exchange models, particularly by highlighting

the role of the SML in the photochemical production of carbonyl compounds and its implications in the formation of SOAs.

We note that these estimations neglect the potential contribution of in situ loss processes within the SML, such as photolysis

and microbial consumption, which may substantially decrease the fraction of photochemically-produced carbonyl compounds

available for volatilization under ambient conditions. For this reason, the transfer rates presented in the present study shall be

interpreted as upper-limit approximations.

While these transfer estimates based on equilibrium partitioning provide useful upper limits, an air-sea transfer estimate based

on concentration gradients was explored for glyoxal as a case study, integrating measured SML concentrations under bloom

and non-bloom conditions with representative atmospheric values (Supplementary Information, Sect. S5.2). The resulting

transfer fluxes range between (1.7 — 20.8) x 10 nmol em™ s™!' in non-bloom conditions, and (4.1 —29.4) x 10 nmol cm? s™\.

In contrast to the rates of transfer of photochemically-produced carbonyl compounds calculated using equilibrium partitioning

(Sect. S5.1), the transfer fluxes estimated using the concentration gradient approach consider total glyoxal concentrations

measured in the non-irradiated SML and in the atmosphere in the marine environment. This means that the gradient-based

transfer fluxes reflex overall values that integrate all possible processes, while the results obtained in Sect. S5.1 are limited to

the photochemically-produced compounds.

Overall, the increased transfer rates observed for several carbonyl compounds during the phytoplankton bloom highlight the

need to incorporate the complex interplay of biotic and abiotic factors into marine VOC inventories, which may help to reduce

discrepancies between model predictions and real-world observations, especially in coastal areas where blooms are frequent.

HeweverAdditionally, it is important to note that high production in the SML does not necessarily imply higher atmospheric
concentrations. Because fluxes in the air-sea interface can be bidirectional, both emission and deposition processes should be
taken into account when assessing the atmospheric significance of the SML photochemistry. Future experimental efforts should
aim to quantify the photochemical production and volatilization of these carbonyl compounds simultaneously in both the gas
and liquid phase to improve the accuracy of our estimations and evaluate more precisely the atmospheric impact of these

processes.
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4 Summary and conclusions

The SML is a unique and dynamic environment characterized by its high concentrations of BOM and its direct exposure to
strong solar radiation, making it a potential hotspot for photochemical reactions. In this study, we have assessed the
photochemistry in SML and ULW samples collected in a mesocosm experiment where a phytoplankton bloom was induced
by the controlled addition of inorganic nutrients. We explored two complementary aspects: (1) photochemical production of
17 atmospherically-relevant carbonyl compounds, and (2) overall photooxidation capacity of the system.

All the target carbonyl compounds were consistently enriched in the SML compared to ULW, supporting the role of the SML
as a distinct habitat for abiotic processes. The concentrations in the SML of acetophenone, acrolein, biacetyl, butanal,
crotonaldehyde, glyoxal, heptanal, hexanal, methacrolein, methylglyoxal, methyl vinyl ketone, octanal, propanal and trans-2-
hexenal were higher during the phytoplankton bloom, which is likely the phase of the higher biological productivity and
enrichment in reactive organic materials. The photochemical activity in the SML of acrolein, biacetyl, butanal, crotonaldehyde,
glyoxal, heptanal, hexanal, methacrolein, methylglyoxal, methyl vinyl ketone, propanal and trans-2-hexenal (primarily
isoprene- and lipid- derived products) was particularly higher under bloom conditions, suggesting a link between

photochemical reactivity and bloom-induced BOM composition changes. The calculation of AQYs suggest that the SML is a

more photochemically efficient environment compared to ULW, particularly in the bloom phase of the study. No systematic

relationship was found between AQYs and DOC concentrations, which indicates that OM abundance alone does not control

the efficiency of the investigated processes. The photochemical production rates of glyoxal and methylglyoxal calculated in

this study are similar to those previously published under comparable conditions.

To complement these findings, we have evaluated the photooxidation capacity of SML and ULW samples in the along the
mesocosm experiment via EPR spectroscopy, using a CMH probe to monitor the photochemical production of ROS and redox
compounds. The estimated overall photooxidation rates remained similar in the three phases of the bloom, and they were

comparable between the SML and ULW samples. After accounting for the differences on DOC levels measured along the

mesocosm study, these results indicate that photooxidation capacity cannot be solely explained by variations of OM abundance.

FheseresultsInstead, they suggest th

dominance of redox-active species, such as metal ions, rather than by biological processes.

Overall, our findings reveal that phytoplankton blooms enhance photochemical production of carbonyl compounds in the SML,
but appear to have limited direct impact in the photooxidation capacity of these systems. These results suggest that
photochemistry in the SML is governed by the complex interaction between biological activity and chemical composition,

including BOM and redox-active species such as trace metals. Our work provides a novel perspective on how photochemical

processes respond to biological events in the sea-surface, and points to them as potential sources of VOCs to the marine

atmosphere.
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While our observations are based on a single mesocosm study, further field verification of our findings are necessary to explore
how broader environmental factors, such us nutrient availability, phytoplankton composition, temperature, wind stress, solar

radiation and trace metals, can also influence these processes regionally and globally.
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