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Key Points:

e Occurrence of biogenic aerosol precursors follow phytoplankton blooms in the Arctic
Ocean temporally and spatially.

e Highest values of biogenic aerosol precursors are predicted for June-August in the Fram
Strait and on the Arctic shelves.

e Simulation shows a split into regions with an increasing and decreasing trend of
precursors from 1990 to 2019.
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Abstract

Biogenic aerosol precursors from phytoplankton production can affect cloud properties,
especially in remote regions such as the Arctic Ocean. Reliable estimates on variability and trend
of these precursors are required as extensive measurements in the Arctic are still scarce. We
present a setup of the coupled ocean biogeochemical model FESOM2.1-REcoM3 where we
integrated dissolved carboxylic acid containing polysaccharides (PCHO) and Transparent
Exopolymer Particles (TEP) to describe these precursors in the upper ocean. We define PCHO as
one part of the excreted organic carbon, which can then aggregate to form larger particles, TEP.
Compared to observations, the simulation provides a valid TEP estimate with mean
concentrations of 200-400 ug C L' on the continental shelves and 10-50 pg C L™ in the central
basins (0-30 m depth range). Further, the simulation for 1990-2019 reveals a significant positive
trend of TEP of 0.5-3 pg C L' yr'! during July-September in the Amerasian Basin (+3.5% yr'!),
the Canadian Archipelago (+1.2% yr!) and the Kara Sea (+0.8% yr'!), in contrast to the eastern
Fram Strait (-0.4% yr™!), the Barents Sea (-0.3% yr!), and parts of the Eurasian Basin with a
significant decrease of -0.5-2 ug C L' yr'!. Our study provides for the first time an integration of
TEP formation, aggregation and remineralization processes into a global ocean biogeochemical
model. This simulation assembles valuable data on biogenic aerosol precursors, and as such, fills
a gap on which Earth System Models can greatly benefit to improve the understanding of aerosol
feedbacks within the Arctic climate.

Plain Language Summary

Aerosols are tiny particles in the atmosphere, which can affect cloud characteristics. In remote
regions as the Arctic Ocean, where land or human impacts are low, local sources of aerosols are
important. Small algae in the upper ocean water column can produce precursors of these
aerosols, which can then be transferred into the atmosphere. Using an ocean biogeochemical
model, these precursors are simulated to occur in summer in higher amounts on the Arctic
shelves compared to the central Arctic Ocean basins, which agrees to observations. Furthermore,
the simulated precursors exhibit two different trends: an increase in large parts of the Arctic
Ocean, and a decrease in the eastern Fram Strait and Barents Sea, analyzing three decades of
model output. The results of this study can be useful to simulate more explicitly the impacts of
aerosols to the Arctic climate.

1 Introduction

The IPCC expects the polar region, and the Arctic Ocean in particular, to be at the
forefront of climate change and profoundly altered in a future world (Portner et al. 2019). Those
rapid changes are best illustrated by the loss of about 50% of the sea-ice volume during the last
decades (Kwok 2018; Serreze & Meiers, 2019 Stroeve & Notz, 2018) and an atmospheric
warming up to four times faster than the global averages (Rantenen et al., 2022), the so-called
“Arctic Amplification” (Serreze & Barry, 2011). This Arctic Amplification of global warming
may be caused by a combination of (positive) feedback processes (Goosse et al., 2018; Pithan &
Mauritsen, 2014; Taylor et al., 2022).

Part of these feedback processes are clouds, which have a major role for the Arctic
radiation budget (Goosse et al., 2018). The net cloud radiative effect depends on microphysical
cloud properties such as the presence of liquid or ice phase (Shupe & Intrieri, 2004). Indeed,
measurements suggest that Arctic (liquid-containing) clouds have a net overall surface warming
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effect throughout the year due to the increase of downwelling longwave radiation, except for a
short period in summer (Ebell et al., 2020; Intrieri, 2002). The exact trend and direction of cloud
characteristics and their feedback in the Arctic in the context of climate change remains
uncertain (Block et al., 2020; Pithan & Mauritsen, 2014; Vihma et al, 2016): On the one hand,
the decrease of sea-ice area can lead to increase downwelling longwave radiation in polar winter
months via higher low-level cloud cover (positive, i.e. self-reinforcing, feedback); on the other
hand, a warmer climate can result in higher liquid content in mixed-phase clouds which leads to
higher reflectivity of incoming shortwave radiation in polar summer (Goosse et al., 2018; Pithan
& Mauritsen, 2014; Taylor et al., 2022).

Especially in remote marine regions, organic aerosol particles out of the upper ocean
have been shown to act as cloud condensation nuclei (CCN) or ice nucleating particles (INP)
(Hartmann et al., 2020; Irish et al., 2017; Leck & Bigg, 2005; Orellana et al., 2011; Wilson et al.,
2015). Further, retreating sea-ice and a warming ocean might result in different temporal
occurrence and new local sources of CCN and INP (Schmale et al., 2021; Taylor et al., 2022).
Biogenic INP might originate from local features in the open water areas like leads in the sea-ice
or ongoing melting cycles (Galgani et al., 2016; Hartmann et al., 2020; Irish et al., 2017;
Zeppenfeld et al., 2019). Especially biological active parts of the marginal ice zone and aged
melt ponds have been found to contain efficient ice-nucleating substances. Aerosol particles in
the Arctic may contain, among many other organic compounds, polysaccharides and
proteinaceous material; both two chemical groups are known for their ice nucleating activity
(Hawkins & Russell, 2010; Irish et al., 2017; Wilson at el., 2015).

Dissolved polysaccharides are combined carbohydrates and belong to the Dissolved
Organic Carbon (DOC) pool, which includes carbohydrate, lipid and proteinaceous compounds
(Ogawa & Tanoue, 2003). In general, polysaccharides form the major part of the carbohydrate
pool in the ocean (Ogawa & Tanoue, 2003; Pakulski & Benner, 1994) and are often carboxylic
acid containing (Krembs & Deming, 2008). Phytoplankton produce polysaccharides as anti-
freezing agents (Krembs & Deming, 2008), against salinity stress (Steele et al., 2014) or under
nutrient stress, when polysaccharides are actively exudated, a process which is referred to as
carbon-overconsumption or carbon-overflow (Engel et al., 2004; Engel et al., 2020). Dissolved
carboxylic acid containing polysaccharides (PCHO) are defined as dissolved filtered precursors
(< 0.2 microns) of Transparent Exopolymer Particles (TEP) and can contribute to the carbon
transfer from the dissolved to the particulate organic carbon pool via aggregation of PCHO with
other PCHO molecules and aggregation of PCHO with TEP (Alldredge and Crocker, 1995;
Passow, 2002). TEP are defined methodologically as particles stainable by Alcian Blue
(Alldredge et al., 1993; Engel, 2009; Passow, 2002). From the ocean surface, TEP can be
transferred to the atmosphere due to breaking waves and form organic aerosol particles (or sea-
spray aerosol particles). Recently, high TEP number concentrations and high TEP mass
concentrations were reported in ambient marine aerosol particles, suggesting that gel-like
particles can also directly constitute more than half of the particulate organic matter mass (Aller
et al., 2017; van Pinxteren et al., 2022). Additionally, TEP have been shown to be a good tracer
for other biogenic aerosol formation processes (Park et al., 2019). In this study, we decided to
focus on PCHO and TEP formation, because they represent the tracers for biogenic INP that are
crucial for cloud formation.

Indeed, considering TEP production in Earth System models are expected to greatly
improve the representation of clouds and of the Arctic Amplification and the climate projection
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capacities. However, to the best of our knowledge, TEP formation, aggregation and also
remineralization have not been integrated into global ocean biogeochemical models, which also
constitute important components of Earth System Models. Cloud formation parametrizations in
Earth System Models remain simplistic and do not yet allow to investigate possible feedbacks
(Block et al., 2020; Pithan & Mauritsen, 2014).

Here, we here aim to fill this gap by integrating, testing and analyzing a TEP
parametrization into a ‘“state-of-the-art” ocean biogeochemistry model. We make use of a TEP
aggregation model developed by Engel et al. (2004) that was integrated into the third version of
the Regulated Ecosystem Model (REcoM3, Giirses et al. 2023). In this study, we focus on the
understanding of the seasonal dynamics of TEP production and regional trends in the Arctic
Ocean. Because TEP is produced from PCHO during primary production, we firstly assess the
performance of this new parametrization by investigating the phytoplankton chlorophyll
distribution in the entire Arctic Ocean and examining the bloom phenology in Fram Strait, as an
example and data-rich region Then, we present the occurrence patterns and decadal trends of
TEP throughout the Arctic Ocean and put them into perspective of the global ocean.

2 Materials and Methods

We first introduce the specific ocean biogeochemical model FESOM-REcoM used
(section 2.1), before detailing the model implementation of DOC, PCHO and TEP (section 2.2),
the specifications of the model simulation (section 2.3), the processing of model results (section
2.4), and presenting the evaluation data sets from remote sensing and in sifu measurements
(section 2.5).

2.1 Ocean circulation and biogeochemical model

We used the coupled setup of the biogeochemical Regulated Ecosystem Model version 3
(REcoM3) and the general circulation and sea-ice Finite VolumE Sea-ice Ocean Model version
2.1 (FESOM2.1). FESOM is an unstructured-mesh ocean circulation model which allows high
spatial resolution in dynamically active regions, while including the remainder of the global
ocean at a coarse resolution (Wang et al., 2014). FESOM applies a finite-volume discretization
instead of finite-elements previously used, optimizing computational costs and enabling a
straight-forward flux definition (Danilov et al., 2017; Koldunov et al., 2019).

REcoM3 represents the ocean biogeochemistry and ecosystem, and describes the carbon
cycle, nutrients (N, Si, Fe), two phytoplankton functional types (namely diatoms and
nanophytoplankton), two zooplankton types (small zooplankton, polar macrozooplankton),
dissolved as well as particulate organic matter, and detritus. Gravitational sinking of particles
through the water column is simulated with depth-dependent sinking speed, and accumulation in
the benthos is represented by one benthic layer. The model allows for variable phytoplankton
stoichiometry (Hauck et al., 2013; Schourup-Kristensen et al., 2014). A first version of REcoM
was presented in Schartau et al. (2007), a second version (REcoM2) was developed by Hauck et
al. (2013) and Schourup-Kristensen et al. (2014), while REcoM3 was extended to include two
zooplankton and detritus classes developed by Karakus et al. (2021). Giirses et al. (2023) present
a detailed description and assessment of the REcoM3 performance on the global scale. As a
result of model development to REcoM2 and 3, the organic carbon pools were adapted to take
into account the two phytoplankton, two zooplankton, and two detritus classes. For this study, we
specified the cycle of organic carbon through the dissolved, particular and intracellular carbon
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pools by adding the process description for dissolved carboxylic acidic containing
polysaccharides (PCHO) and Transparent Exopolymer Particles (TEP), following Engel et al.
(2004) and Schartau et al. (2007). REcoM3 now includes 30 different biogeochemical tracers
(c.f. Tab. Al in Giirses et al., 2023).

2.2 Model implementation of dissolved organic carbon, polysaccharides and transparent
exopolymer particles

Engel et al. (2004) and Schartau et al. (2007) developed generalized equations and
parametrization for the excretion and aggregation of organic carbon particles. The quantitative
description of these processes was obtained by a mesocosm experiment of Engel et al. (2004)
and consecutively integrated in the first version of the Regulated Ecosystem Model (Schartau et
al., 2007). The PCHO and TEP pool were omitted in recent model releases but re-integrated in
this study. In a first step, organic carbon is exudated by phytoplankton as two different dissolved,
labile compounds: as PCHO and as residual DOC (considered consisting of labile organic
compounds, but the chemical composition is not specified in greater detail). In a second step,
multiple PCHO molecules may form aggregates, or adhere to already existing TEP particles.

DOC sources are now represented with excretion of intracellular carbon by both
phytoplankton and both zooplankton classes, and detrital carbon degradation of both detritus
classes. The remineralization to Dissolved Inorganic Carbon (DIC) is the only sink for DOC. The
simulated source minus sinks term results as follows (see list of variables, parameters below):
S(DOC) = (1~ frcHO) * Ephy * Fony * Cohy + (1 = frcHo) * €dia * fdia. - Caia

N -

~~ ~
excretion by small phytoplankton excretion by diatoms

c c
+ €001 * Czoo1 + €502 Choo2  +proc - fT - Caet1 + proc - f1 - Caet2
N——— ——— ~ ~~ o

excretion by zooplankton excretion by macrozoo. remineralization of detritus

— pooc - fr - Cpoc

~
remineralization to DIC

(1)

The limiter functions fpl,ig} and féfg‘ regulate the phytoplankton metabolic processes via a
non-linear function based on the intracellular nitrogen to carbon ratios (N:C ratio) following
Geider et al. (1998) and modified for REcoM in Schourup-Kristensen et al. (2014). The limiter
function is zero for N:C ratios above the set value of N:C = 21.2:106 = 0.2. No nitrogen uptake
and no carbon excretion take place. When the N:C ratio becomes lower, the limiter function
increases, hence, both nitrogen uptake and carbon excretion of phytoplankton start. When the
current N:C ratio is lower than the Redfield ratio (N:C = 16:106 = 0.151), the limiter function is
one, not limiting uptake nor excretion (c.f. Section A3.6 in Giirses et al, 2023; Section A6.1 in

Schourup-Kristensen et al., 2014).

We implemented the source and sink terms for PCHO and TEP into the current REcoM
version 3 as follows: A fraction of the excreted organic carbon by small phytoplankton and
diatoms builds up the PCHO pool, the aggregation of PCHO with other PCHO or with already
existing TEP decrease the PCHO pool. These aggregation processes are described as cluster-
cluster aggregation via Smoluchowski equations (Engel et al., 2004 and references therein) and
depend on the concentration of PCHO and TEP, on the stickiness of the substrates, and on the
collision kernels specific for PCHO-PCHO and PCHO-TEP interaction (c.f. Box 1 in Engel et
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187  al., 2004). The collision kernels describe the probability of encounter of molecules. The TEP
188  pool is increased by aggregation products of PCHO-PCHO and PCHO-TEP and diminished by

189  remineralization to DIC.
C li 1i
S(PCHO) = frcno €5y - 147 - Cony + freno -5 fi - Cuia

~
excretion by diatoms

~
excretion by small phytoplankton

—apcuo - Bpcno - Cpcuo - CpcHO (2)
aggregation of PCHO with PCHO

—arep - Prep - Cpcuo - Crep,

190 aggregation of ;’,CHO with TEP
S(TEP) = apcHuo - Bpcro - Cpcuo - CrcHo
aggregation of PCHO with PCHO

+orep - Brep - Cpcuo - CreP (3)
aggregation of PCHO with TEP

- gTEP : fT : CTEPJ

-~

191 remineralization to DIC

192 where the descriptions of state variables, parameters and functions are listed in Table 1.
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193 Table 1. List of state variables, parameters and functions used in the model implementation of
194  Dissolved Organic Carbon (DOC), dissolved carboxylic acid containing polysaccharides
195  (PCHO) and Transparent Exopolymer Particles (TEP).
State Description Value Unit
variables
Chphy carbon concentration of small phytoplankton [mmol C m™?]
Caia carbon concentration of diatoms [mmol C m_3]
Co01 carbon concentration of zooplankton [mmol C m™?]
Co02 carbon concentration of polar macrozooplankton [mmol C m™?]
Clet1 carbon concentration of detritus class 1 [mmol C m™?]
Clet2 carbon concentration of detritus class 2 [mmol C m™?]
Cpoc carbon concentration of DOC [mmol C m™?]
CpcHO carbon concentration of PCHO [mmol C m_3]
Crep carbon concentration of TEP [mmol C m™?]
Nphy nitrogen concentration of small phytoplankton [mmol N m ™3]
Naia nitrogen concentration of small phytoplankton [mmol N m ™3]
Nget1 nitrogen concentration of detritus class 1 [mmol N m~3]
Nget2 nitrogen concentration of detritus class 2 [mmol N m~3]
Parameters
frcuo fraction of PCHO of excreted organic carbon 0.634
QPCHO stickiness for PCHO-PCHO 0.00087
QaTEP stickiness for PCHO-TEP 04
BpcHO C-based aggregation kernel for PCHO-PCHO 0.86 [m® mmol C™* d™1]
Brep C-based aggregation kernel for PCHO-TEP 0.064 [m® mmol C~* d~!]
sghy excretion rate of organic C by small phytoplankton 0.1 [d71)
€Sia excretion rate of organic C by diatoms 0.1 [d7Y)
€S o1 excretion rate of organic C by zooplankton 0.15 [d7Y)
€S 02 excretion rate of organic C by polar macrozooplankton 0.02 [d7)
PDetC remineralization constant of detritus 0.15 [d71]
pDOC remineralization constant of DOC 0.1 [d71)
PTEP remineralization constant of TEP 0.1 [d7Y)
dpp N-based maximum aggregation loss parameter for plankton 0.015 [m3 mmol N~! d_l]
épPD N-based maximum aggregation loss parameter for detritus 0.165 [m® mmol N~ d~!]
krep half-saturation const. of TEP controlled particle stickiness ~ 45.0 [mmol C m™?]
for aggregation of phytoplankton cells
Functions
f;,’){'; limiter function for the small phytoplankton
carbon excretion rate
Lim limiter function for the diatom carbon excretion rate
196 fr temperature-depending Arrhenius function
197 The aggregation of particles determines the amount of diatom and small phytoplankton
198  carbon, nitrogen, and silicate transferred to the corresponding detritus pools. The aggregation
199  rate g was calculated based on REcoM2 (see eq. 16 in SI to Hauck et al., 2013) combined with a
200  coagulation kernel, which describes the particle stickiness depending on TEP concentration (see
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eq. B13 in Schartau et al., 2007). High TEP concentrations (Crrp) increase the particle stickiness
and, thus, the aggregation rate g.

g= (¢pp - Nphy + éprp - Nagia + ¢PD * Ndet1 + ¢PD * Ndet2)

. Crep
krep+Crrp

(4)

where state variables and parameters are described in Table 1.

2.3 Specific model setup and simulation

For this study, we run FESOM2.1-REcoM3 with 4.5 km resolution in the Arctic Ocean
(north of 60°N), with the so-called fARC mesh (https://gitlab.awi.de/fesom/farc) (Wang et al.,
2018, Wekerle et al., 2017; Schourup-Kristensen et al., 2018). After the evaluation of the model
skills to represent primary production dynamics, we turned off the photo-damage parametrization
(Alvarez et al., 2019) and turned on the aeolian and riverine nitrogen input, and benthic
denitrification included in REcoM3. We follow the parametrization of model processes as
presented in Giirses et al. (2023). We started the ocean simulation from initial temperature and
salinity fields from the Polar Science Center Hydrographic Climatology (Steele et al., 2001) and
the biogeochemical simulation from initial fields of Dissolved Inorganic Nitrogen (DIN) and
Dissolved Silic Acid (DSi) concentration from the World Ocean Atlas climatology (Garcia et al.,
2019a, 2019b), and Dissolved Inorganic Carbon (DIC) as well as alkalinity from Global Ocean
Data Analysis Project (GLODAP) version 2 (Lauvset et al., 2016). Riverine inputs of inorganic
and organic carbon and nitrogen are derived from Terhaar et al. (2021).

Simulations were carried out for the period 1958-2019, 1.e., a total of 61 years, with
atmospheric forcing from the atmospheric reanalysis data sets of JRAS55-do v.1.4.0 (Tsujino et
al., 2018). We considered the period 1958-1990 as spin-up, which allows the biological
processes in the surface ocean to reach quasi-equilibrium. The period of 1990-2019 was
analyzed. We obtained monthly output for all years, and in addition daily output for April to
September of 2017 for comparison to in situ observations from the ship-based “Physical
feedbacks of Arctic Boundary Layer Sea ice, Cloud And Aerosol (PASCAL)” campaign PS106
on RV Polarstern. A campaign overview is presented in Macke & Flores, 2018 and Wendisch et
al., 2019.

2.4 Data processing

We calculated the volume-weighted mean concentration ¢, for each grid cell over the
depth range as:

with area A, thickness d; of layer with index 1, and concentration c¢; corresponding to that layer.

An overall spatial mean and 0.25, 0.5, and 0.75 quantile concentrations were computed
using these monthly volume-weighted mean data. A standard deviation was calculated from the
volume-weighted mean over the monthly time steps. Trends were computed as linear least-
square regressions based on data averaged for the months April-June and July-September over
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the period 1990-2019. For regional trends, these were computed based on the corresponding
regional mean and their percentaged increases were predicted from the linear regression results
comparing the years 1990 to 2019. For comparison to observational data sets, we calculated a
volume-weighted mean concentration of simulated TEP concentration over the same depth range
as stated for observational data sets. The standard deviation was calculated over the grid points
inside the area of concern and over the specific month corresponding to the observation data
used.

Analysis was carried out for the Arctic Ocean and put into global perspective. Boundaries
for the Arctic Ocean Basins and Seas (Fig. 1) were set according to N6thig et al. (2020) and
Randelhoff et al. (2020). As Supplementary Information, we calculated volume-weighted mean
TEP and PCHO concentrations binned for Longhurst provinces (Longhurst, 2006).

2.5 Remote-sensing and in situ data sets for model validation

For validation of our simulation, we used the Arctic Copernicus Marine Environment
Monitoring Service level 4 monthly reprocessed Ocean Color product (Product ID:
OCEANCOLOUR_ARC BGC L4 MY _ 009 124) with resolution of 4 km for Total
Chlorophyll a (TChla) - CMEMS, in the following — (Copernicus Marine Service & PML,
2022). Matching the last two decades of our simulation, CMEMS data of 2000-2019 was
downloaded and processed by averaging to a summer mean concentration for TChla and its error
for the months May-September. Both CMEMS and FESOM-REcoM data were interpolated to a
regular grid of 0.2 degrees for comparison. As Supplementary Information, we used the Arctic
Ocean Total Chlorophyll a product based on “AOreg.emp” from Lewis et al. (2020), constituting
of the years 2003-2019, of which the Modis/Aqua TChla only was processed.

The simulated PCHO represents the dissolved carboxylic acid containing carbohydrates,
which are reported to form the major part of dissolved carbohydrates in the ocean (Krembs &
Deming, 2008), complemented by a small fraction of dissolved free carbohydrates (various
monosaccharides). Since no observations on PCHO are available, we chose to compare
simulated PCHO to in situ measured dissolved combined carbohydrates (DCCHO)
concentration. These were derived from field bulk water samples collected at 1 m depth during
the 2017 PASCAL campaign on RV Polarstern following the protocol of Zeppenfeld et al.
(2020) using high-performance anion exchange chromatography coupled with pulsed
amperometric detection (HPAEC-PAD). For the validation, field sample results were
differentiated into three groups: (a) ice-free ocean, (b) MIZ (MI1Z), and (c) leads/polynyas within
the ice pack. For the model validation, we only considered the means and standard deviations of
DCCHO concentration from each of the three groups. This data set is as available at Zeppenfeld
et al. (2023).

TEP can be determined in water samples observationally by microscopy of abundances of
particles [# L''] or determination of particle surface area [cm? L!] (Engel et al., 2020, Engel et
al., 2009), or colorimetrically by staining with Alcian Blue solution resulting in Xanthan gum
equivalents [ug Xeq L!] (Engel et al., 2009, Alldredge et al., 1993). As these methods are not
fully comparable to one another, we prioritized colorimetric determined TEP. Data on in situ
TEP concentration were converted to [ug C L'], as REcoM biogeochemical processes were
described in units of carbon (TEP-C). Namely, we used data sets of Engel et al. (2020), von
Jackowski et al. (2020), Yamada et al. (2015), and Wurl et al. (2011). Further, TEP concentration
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of Yamada et al. (2015) were converted from Xanthan gum equivalents [ug Xeq L] to carbon
[ug C L] by a factor of 0.05*%12.01 following Engel et al. (2020).

180°

Amerasian Basin
Eurasian Basin

Baffin Bay

Canadian Archipelago
Southern Beaufort Sea
Chukchi Sea
East-Siberian Sea

Laptev Sea

Kara Sea

Barents Sea
Eastern Fram Strait

Western Fram Strait

Figure 1. Map of Arctic Ocean basins and seas for evaluation of biogeochemical properties in
this study, based on Nothig et al. (2020) and Randelhoff et al. (2020).

3 Results and Discussion

Within this study, we simulate tracers for biogenic aerosol precursors by implementing
the formation and degradation processes of PCHO and TEP into FESOM2-REcoM3 (Giirses et
al., 2023). While this is a global model, its specific setup can be optimized in its parametrizations
for the Arctic Ocean, for which already in previous setups, the Arctic biogeochemistry was
simulated successfully with regard to primary production, light and nutrient availability (Oziel et
al., 2022; Schourup-Kristensen et al., 2021; Schourup-Kristensen et al., 2018). In the following
we present for the Arctic Ocean our new setup’s predictions of phytoplankton distribution in
terms of TChla and Particulate Organic Carbon (POC) concentrations (Section 3.1) and the link
of phytoplankton phenology to the predicted PCHO (Section 3.2). Section 3.3 focuses on its link
to TEP and Section 3.4 on the derived regional trends over the last three decades. Finally, we
discuss in Section 3.5 the perspectives of the new developed FESOM-REcoM setup for global
applications. In all sections FESOM-REcoM predictions are evaluated by comparisons with in
situ and remote sensing observations, and by assessment of spatial and seasonal patterns.

3.1 Phytoplankton distribution in the Arctic Ocean

The Arctic setup of FESOM-REcoM simulates the phytoplankton seasonal cycle, where
phytoplankton depends on nutrient and light availability and is controlled by zooplankton
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grazing, aggregation and degradation losses, which we evaluate with Arctic remote sensing and
in situ observations.

Figure 2 shows the phytoplankton biomass in the Arctic surface ocean in terms of TChla
from our FESOM-REcoM simulations and compares it to the CMEMS Arctic satellite re-
analysis product as average over the years 2000-2019 (as a mean model state) for the months
when also satellite data can be obtained. FESOM-REcoM predicts highest TChla of up to
6 mg m> along the Siberian coast and on other shelf seas between 0.5-3 mg m>(Fig. 2A). In the
Fram Strait, TChla predictions range from 1 to 3 mg m™ with highest values in its central part,
while in the central basins of the Arctic Ocean, TChla 1s low, with values of less than 0.2 to
0.8 mg m=. The CMEMS Arctic reanalysis remote-sensing TChla product shows no coverage of
the central Arctic Ocean due to the satellite sensors configuration not enabling observations at
these high latitudes (Fig. 2B). In the Barents, Kara, and Laptev Sea, TChla ranges from 0.5-

5 mg m, with peaks of up to 15 mg m= close to the coastline. In the East Siberian, Chukchi, and
Beaufort Sea, the concentration of TChla is lower, ranging from 0.1-1 mg m, also with very
high values close to the coast. The error of TChla provided with the CMEMS TChla product is
mostly lower than 0.5 mg m™, however along the coastline, the error increases to more than

2 mg m~ (Fig. 2D). The FESOM-REcoM TChla range agrees well with CMEMS TChla, except
for the inner shelf areas (Fig. 2C): In the Barents, Kara, and Laptev Sea and close to the
Canadian coast FESOM-REcoM is much lower (see above). Whereas in the Chukchi and
Beaufort Sea and western Fram Strait, FESOM-REcoM predicts higher TChla than CMEMS.
One explanation for the observed difference may be that CMEMS average values sample far less
days then are simulated by FESOM-REcoM. Schourup-Kristensen et al. (2018) explain lower
TChla in the simulation by full spatial and temporal coverage whereas only open-water
productive regions are accessible from remote sensing measurements. Additionally, CMEMS is
error-prone on large parts of the Siberian shelves, most likely due to the very high colored
dissolved organic matter and total suspended matter concentrations not accounted for in the
retrieval and resulting in a strong overestimation of TChla (Heim et al., 2014; Schourup-
Kristensen et al., 2018). Also, our model results show realistically the high DOC values along
the coasts (data not shown). In the Chukchi and Beaufort Sea, the simulated TChla concentration
itself (and the difference of FESOM-REcoM to CMEMS) is low in total values (less than

1.5 mg m™). Other observations from in situ observation data and other satellite-derived products
draw a diverse picture in these seas with massive under-ice blooms in the Chukchi Sea with high
TChla values of up to 30 mg m™ (Arrigo et al. 2014), and low (0.02-0.25 mg m=) TChla
concentration in the northern Chukchi and Beaufort Sea (Jung et al., 2022; Park et al. 2019).

Comparing FESOM-REcoM to the Arctic TChla product presented in Lewis et al. (2020),
the range of agreement is similar as to the CMEMS product, but the spatial patterns are very
different (Fig. S1 in Supplementary): This satellite product shows even lower TChla
concentration in large parts of the Arctic, but agrees better to our predictions in the southern
Barents Sea and Laptev Sea shelf break where TChla is still a bit higher with reaching maximum
values of 7 mg m. The authors derive TChla estimates by differentiating retrieval parameters
regionally, as developed by Lewis and Arrigo (2020). This leads to a good fit to in situ
measurements but produces abrupt changes in TChla estimates across region boundaries. The
choice of methods (CMEMS compared to Lewis et al., 2020) profoundly impacts the remote
sensing products. In this study, we decided to give priority to the CMEMS Arctic TChla product
as it is more consistent across the whole Arctic Ocean, despite overestimation on the inner
shelves.
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Since satellite products have quite large errors (25-150%) and standard deviation (Fig. S1
in Supplementary) in the Arctic Ocean, we also compared our FESOM-REcoM simulations to in
situ observations. A valuable dataset for our model evaluation is the long-term compilation of in
situ observation data of TChla of Fram Strait and adjacent Arctic seas covering mainly the
summer months May to September 1991 to 2015, presented in No6thig et al. (2020). Following
this study, we split the results of our predictions into box plots for different Arctic regions (Fig.
3), summarizing the summer months May to September of 2000-2019 (to match to the model
time frame presented in Fig. 2 consistently) and evaluated for the upper 100 m depth-integrated
data. TChla predictions range between 0.01-69.2 mg m regarding 1% to 3" quartile. Values are
highest in the eastern Fram Strait with median values around 40.4 mg m™. In the western Fram
Strait and in the Siberian seas, TChla median ranges from 24.5-32.9 mg m. In the Eurasian and
Amerasian Basin, median of TChla concentration is close to zero mg m™ with 1%t and 3™ quartile
containing 0.002-14.2 mg m~. FESOM-REcoM produces some outliers with up to 350 mg m in
the eastern Fram Strait or Chukchi Sea.

Our TChla predictions compare well to the results from N6thig et al. (2020) but also to
other observations: In eastern Fram Strait, in situ measurements of Nothig et al. (2020) result in
integrated median values of 44 mg m (0-100 m), and in Barents Sea of 42 mg m which fit our
model results of 40.4 and 33.8 mg m™2, correspondingly (Fig. 3A). Our results are also in line
with two-year round mooring observations at the long-term ecological research observatory
HAUSGARTEN in the eastern Fram Strait with simulated TChla concentration reaching up to
5 mg m? in the upper 30 m compared to 7 mg m™ in measurements (von Appen et al., 2021). In
the marginal ice zone (MIZ), especially in the area of Fram Strait, phytoplankton growth is
expected to be highest, as the sea-ice breaks up, light availability is increased and the water
column is stratified (Cherkasheva et al., 2014; Nothig et al., 2020). Likewise in the western part
of Fram Strait and in the Siberian seas, the lower amount of TChla from our simulations matches
in situ data for these regions spanning from 13-26 mg m (Néthig et al, 2020; Piontek et al.,
2021). Integrated TChla is even lower in the Arctic Ocean basins in both simulation (median
0.01 mg m) and measurements (7-8 mg m). A likely explanation for the higher computed
median TChla in several regions and higher variability in comparison to N6thig et al. (2020)
might be the consideration of 6-62k data points in the region subsets (Figure 1) compared to only
a few hundred in Nothig et al. (2020), where the in situ sampling is mostly limited to one
campaign each spring-summer season. Further, our boxes span the whole Siberian seas, whereas
the in situ measurements are located mostly in the northern parts of the shelves. Climatological
maps of TChla are included as S2 in the supplements).

We assess Particulate Organic Carbon (POC) in regional boxplots similar to Nothig et al.
(2020) in Figure 3B, where POC represents the sum of the particulate carbon pools in our model,
1.e., phytoplankton carbon, detrital carbon, and carbon contained in TEP. POC predictions for the
100 m depth integral range from 0.2 to18.6 g m (1 — 3™ quartile), with highest values in the
Barents Sea between 6.0-15.1 g m™ and in the eastern Fram Strait with 4.7-18.6 g m2. As for
TChla, intermediate values of POC (0.2-14.3 g m™) are predicted for the western Fram Strait and
on the Siberian shelves. In the central Arctic basins, the amount of POC is low with 0.3 to
2.7 g m2. This is in good agreement with the observations of Néthig et al. (2020), who measured
the highest POC median of 13 g m™ in the eastern Fram Strait, alongside 5-8 g m™ in the western
Fram Strait and on the Siberian shelves. The higher simulated values on the shelves might be
caused by including also their southern parts, whereas the measurements do not cover these
areas.
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Figure 2. Maps of surface Total Chlorophyll a (TChla) of FESOM- REcoM (A), of the CMEMS
Arctic re-analysis product (B), the difference of CMEMS to the model results (C), and the error
of CMEMS (D) as average of May to September over the years 2000-2019. CMEMS data does
not cover the central Arctic Ocean.
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Figure 3. Box plots comparing regional differences for Total Chlorophyll a (TChla, A),
Particulate Organic Carbon (POC, B), polysaccharides (PCHO, C), and of Transparent
Exopolymer Particles (TEP, D) following the region definitions mapped in Fig. 1 for western
Fram Strait (W Fram), eastern Fram Strait (E Fram), Barents Sea, Kara Sea, Laptev Sea, East
Siberian Shelves (E Sib), Chukchi Sea, Eurasian Basin (Euras. B), and Amerasian Basin
(Ameras. B.). Data is averaged over May to September of the 2000-2019 period, presented as
depth integrated (0-100 m) values for TChla and POC and volume-weighted mean (0-100 m) for
PCHO and TEP. The thick black line represents the median, the box represents the 1%t and 3™
quartile. The whiskers span over 1.5 times the inter-quartile range.

3.2 Arctic PCHO distribution and its link to a phytoplankton bloom in Fram Strait

We analyze in this section the relation of the phytoplankton bloom development with the
production of PCHO. Firstly, we analyze the long-term and spatially inclusive FESOM-REcoM
PCHO data which are presented as 0-100 m volume-weighted mean in Figure 3C, following the
presentation as done for TChla and POC. Our predictions are discussed alongside in situ
observations. Then we focus particularly on the Fram Strait to study the time evolution of
phytoplankton blooming in comparison to PCHO production in spatial context using our
FESOM-REcoM predictions. We conclude with a seasonal cycle of the phytoplankton phenology
to demonstrate the organic carbon flux from photosynthesis towards particle formation.

Regarding a regional overview, PCHO integrated over the upper 100 m is highest in the
Barents Sea with a median of 25.3 pg C L', while in the Siberian seas, 15.5-18.2 ug C L' are
predicted. Eastern Fram Strait PCHO median concentration of 22.6 ug C L' is higher than
15.9 ug C L''in western Fram Strait (Figure 3C). For the Eurasian and Amerasian Basin, the
median ranges from 1.4-1.6 ug C L. In eastern Fram Strait, von Jackowski et al. (2020) observe
DCCHO in concentrations of 55.8 ug C L' in July and 22.5 pgCL! in September (0-100 m),
which are slightly higher than FESOM-REcoM summer PCHO median (Fig. 3C). Piontek et al.
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(2021) report decreasing concentration with depth for the Eurasian Basin, which we also observe
in our results, but to a much stronger extent. In the upper ocean, our model results fit to
observations by Piontek et al. (2021) in the Eurasian Basin, the northern Barents Sea, and
northern Laptev Sea, who measured 25.5-30.8 pg C L' DCCHO in the upper 40 m in August to
October 2012 (compared to 10-80 pg C L' of PCHO in this study, climatological maps for 0-
30 m volume-weighted mean are presented in Supplementary S3). Considering greater depths,
the volume-weighted median of 0-100 m depth of PCHO in FESOM-REcoM drops to 2 pg C L~
!, while approx. 19-23 pg C L' DCCHO in the depth range 40-150 m are reported by Piontek et
al. (2021). The authors conducted their campaign in a year of extraordinary low sea-ice
concentration, which led to high TChla and a strong nutrient depletion. The high amounts of
DCCHO excreted by phytoplankton were not immediately turned over by bacterial activity and
could have accumulated in the water column as a result.

In order to analyze the link of phytoplankton bloom evolution and PCHO production, we
chose here the time period of May to July 2017 in analogy to the 2017 PASCAL campaign and
present predictions of sea-ice concentration, Dissolved Inorganic Nitrogen (DIN), TChla and
PCHO of the model’s surface layer (0-5 m) in Figure 4. In the northern Atlantic and Arctic
Ocean phytoplankton growth predicted in our model is mostly limited by light. Early in the
season, sea-ice covers most parts of the Arctic Ocean and Fram Strait. In May of 2017, the
eastern Fram Strait is already ice-free (Fig. 4A). A phytoplankton bloom is formed in the
northern Atlantic and in the MIZ in the Fram Strait, most prominently along the ice edge (Fig.
4G — here defined as contour of 25% SIC). This bloom shifts further north into the whole eastern
Fram Strait in June, using up DIN. In the MIZ, high TChla of up to 6 mg m is simulated. In
July, SIC decreases further and TChla is predicted in the whole Fram Strait, with a major
increase in the western part, and additionally in the northern Barents Sea (Fig 4C and I,
respectively).

Simulated PCHO follows elevated TChla first northward and then westward in the Fram
Strait area and reach surface concentration of up to 120 pg C L' (Fig. 4], K, L), especially when
DIN is depleted (Fig. 4D, E, F). In May, PCHO concentrations are most elevated close to the ice
edge. In June, areas of elevated PCHO concentration are found towards the eastern Fram Strait
and Barents Sea. In July, PCHO concentrations peak in the MIZ of western Fram Strait and
northern Barents Sea alongside the phytoplankton blooms. Interestingly, there is a case where
high TChla does not result in high PCHO concentration: in June in the South-western Fram Strait
(Fig. 4K). DIN has not been used up completely in this area, hence, the phytoplankton is still not
suffering from nutrient depletion. The implemented limiter function for phytoplankton carbon
excretion (depending on the intracellular N:C ratio) is apparently still low, and as such, the
phytoplankton cells are not excreting excessive carbon to a large extent.

In the Fram Strait area, there is also a good agreement with PASCAL campaign data of
the same months of 2017, providing in situ measured concentrations of DCCHO in the open
ocean, marginal ice zone and ice-covered regions around Svalbard, despite the simulated PCHO
reflecting only a part of the DCCHO pool. Values were found to be lowest in the sea-ice leads
within ice-covered regions (11.3 £ 10.1 pg C L"). A similar concentration range can be observed
as well in the model results (Fig. 3). The PASCAL campaign data on DCCHO in the marginal
ice zone of 51.1+ 37.0 ug C L' agree as well with the model results. In the ice-free ocean, mean
measured DCCHO concentration is 17.2 =£5.2 ug C L'!. In May and June of the modeled year
2017, high TChla concentrations are found in the ice-free ocean together with high DCCHO
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concentration. In July, DCCHO concentration is still elevated even as TChla concentration has
declined. This might be caused by increased nutrient depletion of phytoplankton and therefore,
increase release of dissolved organic carbon following the carbon overconsumption hypothesis.

In order to assess the mean seasonal cycle over the years 2000-2019, phytoplankton
carbon, TChla, PCHO, and TEP (the later discussed in Section 3.3) concentrations are compiled
as a volume-weighted mean of the upper 30 m of the ocean for the eastern Fram Strait (Fig. 5).
The twenty year climatology shows that the seasonal dynamic of TChla and PCHO follows in
this region as is discussed explicitly in Figure 4 for 2017 for the surface waters. The
phytoplankton carbon concentration increases to a peak of approximately 160 pg C L' in July
likewise TChla, with highest concentrations of 1.5 mg L-!. DIN concentration decreases from a
winter average of about 4 mmol m with the start of the phytoplankton bloom in May to 1
mmol m~ in August. Following the bloom closely in time, PCHO is released by phytoplankton
and its concentration rises to a maximum of approx. 25 pg C L' in July. In the following,
months, PCHO concentration declines, whereas TEP concentration rises quickly from May to
August to approx. 150 pg C L', lagging approx. one month behind the phytoplankton bloom.

Overall, our PCHO prediction display that high PCHO are clearly linked to high TChla
concentrations coinciding with nutrient depletion in the open ocean and in the MIZ (e.g., July
2017 in West Fram Strait, Fig. 4). Furthermore, our model results show that PCHO is not
accumulated to a large extent in the upper ocean, but quickly aggregated to TEP.
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Figure 4. Maps of simulated sea-ice concentration (SIC, A-C), Dissolved Inorganic Nitrogen
(DIN, D-F), Total Chlorophyll a (TChla, G-1) and polysaccharides (PCHO, J-L) as monthly
mean of May, June, and July 2017 for the model’s surface layer (0-5 m). The contour of the sea-
ice edge (defined as 25% SIC) is depicted as red contour line.



500
501

502
503
504
505
506

507

508
509
510

511
512
513
514
515
516
517
518
519
520
521

522
523
524

manuscript submitted to JGR Biogeoscience

= PhyC = TChl.a
250 1. = PCHO s DIN 25 5
TEP

= 200 L2.0 L4
L
(@] M m
D | 1
= S £
c 150 - L1s o |35
8 E | E
= v | E
L 6 g
S 1001 10 |2
(@]
—
(@)

50 4 o5 1

0 0.0 Lo

Month

Figure 5. Seasonal cycle of simulated organic carbon of phytoplankton (blue), dissolved
carboxylic acid containing polysaccharides (PCHO, purple), Transparent Exopolymer Particles
(TEP, orange), on the left axis, and Total Chlorophyll a (TChla, green), and Dissolved Inorganic
Nitrogen (DIN, red) on the right axis of the period 2000-2019 as volume-weighted mean of the
upper 30 m ocean depth, averaged over the eastern Fram Strait (extent see Fig. 1). Standard
deviation of the regional average is shown as shaded area in corresponding colors.

3.3 Occurrence of TEP in the Arctic

In this section we assess the prediction of TEP in the Arctic Ocean by describing its
seasonal cycle in the Fram Strait, before broadening the perspective to an Arctic-wide
climatology.

Following the other FESOM-REcoM variable presentations for the Fram Strait in Figure
5, also the TEP predictions exhibit a clear seasonal cycle in succession of the phytoplankton
bloom (Fig. 5). In addition, Figure 5 shows that PCHO release and TEP production also depend
on nutrient depletion during the bloom. This is in accordance with Engel et al. (2017) who found
that TChla alone is not a good predictor for TEP in the Fram Strait. In the same region, Engel et
al. (2017) also reported a strong link between TEP and phytoplankton occurrence patterns.
Especially with respect to Phaeocystis spp., Zamanillo et al. (2019) found TEP concentration
positively correlated to phytoplankton biomass along a wide transect in the Atlantic Ocean.
Aggregation processes of PCHO lead to the formation of TEP, which itself further intensifies
aggregation processes. According to the model formulation, the more TEP is present, the faster
the aggregation process becomes.

Based on the Arctic-wide simulation, we produce monthly climatological maps of TEP
for April to November and for a water depth of 0-30 m, roughly corresponding to the summer
mixed layer depth in the Arctic Ocean (Peralta-Ferriz & Woodgate, 2015) (Fig. 6). In May, TEP
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concentrations rise first in regions with phytoplankton blooms (c.f. monthly climatology of
TChla and PCHO in Supplementary Material S2, S3), i.e., in Fram Strait and on the shelves (50-
150 pg C LY. The climatology further shows that from June to August, TEP increases in the
Fram Strait, on the Siberian shelves, in the Chukchi and Beaufort Sea and reaches approx. 200-
400 pg C L', TEP is also transported across the Arctic Ocean. As a result, the mean
concentration in the central Arctic Ocean reaches 10-50 ug C L' in the upper 30 m of the water
column. There is a gradient of TEP from the shelves towards the Arctic Ocean basins during
summer in our simulation. Yamada et al. (2015) highlight this gradient in their study on the
Chukchi shelf and Canadian basin (shelf 138.9+64.7 pg C L' to slope/basin: 79.3£15.5 ug C L,
0-50 m) and attribute it to TChla co-occurrence, transport from the shelf towards the basin, and
additional TEP production by prokaryotes. With the beginning of September, TEP declines in the
whole Arctic realm. Then, TEP is remineralized or descends to deeper ocean layers, and surface
concentrations decline. A rise in summer and quick decline in autumn is in accordance with TEP
observation data sets of von Jackowski et al., 2020 (21.4 = 14.5 ug C L' in July, 7.1

+ 5.2 ug C L''in September, 0-100 m).

Table 2 compares our model TEP results for the Artic Ocean to observations averaged to
the same month and for the same depth range as provided by the in situ data: Considering the
comparison of point observations towards monthly integrated simulations for a small area,
overall, there is a good agreement, despite modeled TEP concentrations being often slightly
higher and differing particularly in the region of the Catlin Ice Base. Here, Wurl et al. (2011)
obtained their measurements from an under-ice phytoplankton bloom which resulted in very high
production of TEP. Such an event is not reproducible by FESOM-REcoM because ice-algae are
not explicitly modeled, and light-through-ice-transmission is not adequately represented.

For completeness to assess regional budgets, the TEP volume-weighted median
concentrations of 0-100 m are compiled as for PCHO in Figure 3D. The highest median of
44.9 ug C L' is reached in the Barents Sea. In the eastern Fram Strait, the median lies at
31.8 ug C L', whereas in the western Fram Strait, Kara and Laptev Sea, median concentration of
15.3-19.8 pg C L are predicted. In the East Siberian and Chukchi Sea, as well as in the Eurasian
and Amerasian Basin, median TEP concentration are below 3 pg C L!. Maxima of simulated
TEP values nearly reach 190 pg C L! in the western Fram Strait.

3.4 Decadal trends in summer TEP concentration

We estimated the linear trend of TEP concentrations for the months April to June and
July to September of the period 1990-2019 for the upper 30 m of the water column in the Arctic
regionally (Fig. 7). Interannual regional variations of TEP are high in our simulation but have
also been identified in observations. For example, in eastern Fram Strait, Engel et al. (2017)
found a spread of 3-310 pg C L' for 2009-2014. To our knowledge, other long-term trends of
TEP occurrence in the Arctic have not yet reported in observational studies. For early summer,
TEP trends are only significant for the regions Amerasian Basin (+9.8% yr!), Canadian
Archipelago (+7.4% yr!), Chukchi Sea (+3.3% yr') as a whole (defined in Fig. 1, statistics in
Tab. S4 in the Supplementary) and other, smaller areas displayed in Figure 7, of which the most
prominent is a decrease located in the southern Barents Sea (-0.5-1.5 pg C L' yr'!), as well as an
increase in the Barents Sea opening (0.5-1.0 pg C L' yr'!") and in the Kara Sea close to the
Yenisey river mouth (0.5-3.0 pg C L! yr'!). The area of significance of these trends is limited
(hatched in Fig. 7), but we note a slight positive trend across large parts of the Arctic Ocean
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(< 0.5 ug C L' yr!). Interestingly, the wide-spread positive trend in early summer manifests
itself in the later summer months more prominently in the Kara Sea, the Canadian Archipelago,
the Amerasian Basin (significant trend across the whole three regions with +0.8% yr!,

+1.2% yr!, +3.5% yr'! correspondingly), and in a significant positive trend in parts of the East
Siberian, eastern Laptev, Chukchi, and Beaufort Seas (0.5-3 ug C L' yr'!"). Contrasting, a
significant negative trend develops in the eastern Fram Strait (-0.4% yr™") and in the Barents Sea
(-0.3% yr"), and in parts in the Eurasian Basin (< -0.75 pg C L' yr!). The simulated TEP trend
prediction splits into two major regions: one with Atlantic water influence (Fram Strait, Barents
Sea, parts of the Eurasian basin) with mainly a decrease of TEP, the other with Pacific water
influence (Beaufort Sea, Chukchi Sea, parts of the Amerasian basin) exhibiting a prominent
increase of TEP. Figure 5 illustrates that TEP occurrence follows phytoplankton blooms in the
eastern Fram Strait with a temporal lag of approx. one month, but also depends on the nutrient
limitation during blooming. In our simulation, Net Primary Production (NPP) generally increases
from 1990-2019 with exception of the Barents Sea and parts of the Eurasian Basin (Fig. 7C, D),
whereas nutrient availability decreases in the whole Arctic Ocean (data not shown), most
strongly in the Laptev, East Siberian and Beaufort Sea. Hence in the regions of Atlantic water
influence, the simulated significant decrease of NPP together with only a slight decrease of
nutrient availability might result in less carbon overflow from phytoplankton production and,
therefore, in the decrease of TEP concentration there. In contrast in the Laptev, East Siberian,
Chukchi and Beaufort Sea, the simulated NPP increases significantly, in hand with a significant
decrease of DIN, which results in the significant increase of simulated TEP concentration. NPP
has been shown to increase significantly in all regions of the Arctic Ocean and seas, most
strongly pronounced in the Kara, Laptev and Siberian Sea based on remote-sensing products
(Lewis et al., 2020). Lewis et al. (2020) argued that the increase of NPP results from enhanced
supply by nutrients. As a result of the diminishing sea-ice, light limitation is expected to decrease
further in the Central Arctic Ocean, shifting the phytoplankton more towards a nutrient-limited
regime (Oziel et al., 2022). Based on observations, Randelhoff et al. (2020) expect a wide-spread
nitrogen limitation across the Arctic except for the central basins. In contrast, Oziel et al. (2022)
predict from ocean biogeochemical modeling, that there is a nutrient limitation in the central
Arctic Ocean prevailing, as DIN supply through upwelling and lateral mesoscale eddy transport
does not suffice to replenish the reservoir.

Overall, we have shown that our model is capable to simulate well the TEP distributions
in the Arctic Ocean. As this is a first step to simulate TEP in the Arctic Ocean, the full
complexity of TEP cycling is not yet represented in the model: Other processes of the life cycle
of TEP such as ballasting of TEP and consecutive sinking in the water column, or
microbial/zooplankton grazing on the particles itself have not yet been implemented.
Additionally, Galgani et al., (2016) describe high numbers of TEP and its precursors in melt
ponds and open water of the central Arctic Ocean and argue, that TEP could also be released
from melting sea-ice. Still, the peak concentration values of TEP in FESOM-REcoM, especially
regarding the surface values, might be too high. A reason could be the missing transfer of
particles into the sea-surface microlayer (SML) in our simulation. The SML is the very thin
transition film at the ocean-atmosphere interface, which is not part of the model structure. TEP is
positively buoyant, thus, the particles would ascend through the water column and get enriched
in this layer (Azetsu-Scott & Passow, 2004; Wurl et al., 2011). In a methodological study,
Robinson et al. (2019) demonstrate the enrichment of TEP additionally via bubble scavenging, a
process when rising air bubbles transport organic matter. Observational studies report contrasting
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results on SML enrichment. Galgani et al., (2016) report only minor enrichment in the surface
microlayer in the open water of the Central Arctic, whereas Wurl et al. (2011) calculated an
enrichment factor of 1.7+£0.5 in the Canadian Arctic. One could use these enrichment factors for
our simulations to retrieve an estimate of TEP concentration in the SML.

April

Figure 6. Climatological maps of Transparent Exopolymer Particles (TEP) concentration as
volume-weighted mean of the upper 30 m of the simulated period 2000-2019. Overlayed are the
positions of the observation data points in red (c.f. Tab. 2).

Table 2. Comparison of carbon concentration of TEP (TEP-C) of observational campaigns and
simulation. Model results are volume-weighted and averaged corresponding to the depth range,
area, and month of observations. A variable number N of model grid cells was chosen to best fit
the area coverage of observations. Mean and standard deviation of the years 2000-2019 is stated

in brackets.

Period Region Depth Modeled TEP-C | Observed Number Reference
[m] [ug C L] TEP-C of
[ug C L] Samples
Mar-Apr 2010 | Catlin Ice 0-14 0+0 405.9+344.7 | 65 Waurl et al. (2011)
Base (0£0)

Jun 2015 Fram Strait 5-200 16.0£11.3 8.2+6.1 935 Engel et al. (2020)
(20.9+16.6)

Jul 2018 Fram Strait 0-100 102.9+£23.5 21.4+14.5 1631 von Jackowski et al.
(88.4+35.3) (2020)

Sep-Oct 2018 | Fram Strait 0-100 32.3£7.5 7.1£5.2 2440 von Jackowski et al.
(27.7£11.6) (2020)

Sep-Oct 2012 | Chukchi Shelf | 0-50 115.3£72.6 138.9+64.7 1106 Yamada et al.
(77.5+46.9) (2015)

Sep-Oct 2012 | Canada Basin | 0-200 29.2+6.9 70.4£15.5 14940 Yamada et al.
(23.8+11.0) (2015)
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Passage (108.0+£33.0)

Oct 2009 Northwest 0-29 137.0£12.1 126.1+£69.7 174 Waurl et al. (2011)
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Figure 7. Maps of the trend of the volume-weighted mean TEP concentration (0-30 m) of the
months April-June (A) and July-September (B) and trend of Net Primary Production (NPP) for
the same months (C, D) of the simulated period 1990-2019 as volume-weighted mean of the
upper 30 m. Significant trends are displayed as hatched areas.

3.5 Global TEP patterns

As detailed in section 2.3, our new FESOM-REcoM setup was optimized in its
parametrization and irregular grid to enable reliable Arctic sub-mesoscale predictions of PCHO
and TEP. However, since FESOM-REcoM is a global model in principle, we additionally
evaluate the TEP concentration in perspective to its global pattern. Because in situ observations
are available mostly for surface waters (see review by Wurl & Cunliffe, 2017; updated by
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Zamanillo et al.; 2019), we present here the model results as volume-weighted mean of the upper
30 m of the ocean averaged over 2000 — 2019. For completeness, global model results of TChla
and PCHO can be found as Supplementary Figures S5 and S6. Further, mean TEP concentrations
are also summarized by binning for each Longhurst Provinces (Longhurst, 2006), presented as
Table S7 in the Supplementary.

In large areas of the global ocean, simulated TEP concentration in FESOM-REcoM range
from 5-50 pg C L' (Fig. 8A). TEP concentrations are especially high in the Nordic Seas and the
Arctic Ocean with approx. 75-150 pg C L', In the region of the Antarctic Polar Front and in the
Peruvian upwelling, TEP concentrations reach a minimum with values below 5 ug C L', The
standard deviation of monthly, volume-weighted mean TEP concentration is highest in the Arctic
region with approx. 50-150 ug C L-!, while between 30°S-30°N, standard deviation is lowest
with less than 5 pg C L' (Fig. 8B).

Engel et al. (2020) propose three different ocean regimes of TEP occurrence, to which we
compare our model results: an oligotrophic regime, a polar regime, and an eastern boundary
upwelling regime. The first, oligotrophic regime, is characterized by low phytoplankton
productivity, which also results in low TEP concentrations. In large parts of the Atlantic, Pacific,
and Indian Ocean, the modeled TEP concentration ranges between 5 and 25 pug C L' in the
annual average, without a notable seasonal cycle. This agrees to in situ data: Data reviewed in
Zamanillo et al., (2019) supports this pattern with a range of 5-36 pg C L-!. Particularly, in the
tropical Atlantic, the TEP concentration is low at approx. 5-10 pg C L' (Engel et al., 2020; Wurl
& Cunliffe, 2017).

According to Engel et al. (2020), within the second regime represented by the polar
regions, TEP accumulates in the upper ocean layer. The authors contribute this mainly to the
occurrence of the phytoplankton Phaeocystis spp. and microbial degradation focusing primarily
on proteinaceous compounds rather than on TEP. For the Arctic Ocean, we discussed simulated
TEP above (Section 3.3). In the Southern Ocean during the blooming period between December
and March, modeled TEP concentrations increase to up to approx. 150 pg C L', agreeing well to
observational studies reporting values of 0-39 pg C L', with higher values of approximately
200 pg C L' in Bransfield Strait (Engel et al., 2020; Wurl & Cunliffe, 2017; Zamanillo et al.,
2019).

As a third regime, the eastern boundary upwelling systems are described as highly
productive regimes, which also results in high TEP production in hand with fast particle sinking
because of ballasting (Engel et al., 2020). Engel et al. (2020) report TEP values of up to
85 ug C L' in the Mauritanian and 9 pg C L™ in the Peruvian upwelling system. Higher TEP
amounts of up to 1200 pg C L' are reported for the California Currents (Zamanillo et al., 2019).
Our setup of FESOM-REcoM does not simulate these regions properly in terms of primary
productivity, and as a consequence, lacks this TEP pattern of eastern upwelling regimes as well.
Overall, our simulated global TEP patterns are in good agreement with observational studies and
can serve as a first milestone of modeling TEP in a large-scale ocean biogeochemical model.
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Figure 8. Maps of global TEP concentration as volume-weighted mean of 0-30 m of the years
2000-2019 (A) and its standard deviation (SD) (B).

4 Conclusions

The formation of organic carbon by phytoplankton plays a key role in the dynamics of
marine ecosystems. Within this work, we have introduced for the first time parametrizations into
a coupled ocean biogeochemical model to enable realistic predictions of production of dissolved
carboxylic acid containing polysaccharides (PCHO) and Transparent Exopolymer Particles
(TEP). The new setup proved good agreement to field and remote sensing measurements of
phytoplankton biomass in terms of TChla. Although our implementation of PCHO formation as
fraction of excreted organic carbon, the consecutive aggregation to TEP, and its remineralization,
are very simplified assumptions, we could show that the use of this parametrization resulted in
realistic simulations of spatial and seasonal dynamics of TEP concentration for the Arctic
compared to in situ observations.

We focused in this study on PCHO and TEP distribution in the upper 30 m of the ocean
column, as we are interested mainly in providing an understanding of biogenic aerosol precursors
in the Arctic. With mean concentrations of 100-400 pg C L' in the upper 30 m of the ocean,
TEP is available as a large pool of biogenic aerosol precursors. The particle itself can either be
directly transported into the atmosphere or serve as a tracer in our simulation for the presence of
other biogenic compounds which were not directly simulated in our model. Our results can also
serve as a first baseline for a global assessment of biogenic aerosol precursors, as TEP
concentration within FESOM-REcoM is in reasonable agreement with observations. Still, our
setup is tuned for the Arctic realm specifically and another setup as e.g., Giirses et al. (2023)
might be more adapted when broadening the research question to a global level.

Furthermore, with our over 30 years TEP simulations, diverging trends become visible.
In the Fram Strait, Barents Sea and in the Eurasian Basin, TEP concentrations mostly decline
over time, whereas there is an increase in the other parts of the Arctic Ocean, which is strongest
in the Kara, Laptev and Beaufort Sea. We linked this change in the first case to a decrease in
NPP, whereas in the second case, NPP increases with coinciding decrease of available nitrate
concentration in the upper 30 m of the water column. This leads to stronger nutrient limitation of
phytoplankton growth and results in the excretion of organic carbon according to the carbon
overflow hypothesis (Engel et al. 2020). Even more in a warming ocean, the excretion of
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polysaccharides has been suggested to increase (Engel et al., 2011), which could enhance the
production of TEP as well.

Finally, this simulation can serve as an ocean component in Earth System Models to
estimate the fluxes of biogenic aerosol precursors from the upper ocean into the atmosphere.
TEP itself, but also other biogenic particles derived from the model output, can serve to better
describe cloud formation and its microphysical properties in an atmospheric model. In this way,
this study contributes to a better understanding of aerosol feedbacks in the Arctic realm.
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Data availability

FESOM2.1-REcoM3 model source code is accessible at https://github.com/FESOM/fesom2. The

curated simulation results are available at https://doi.org/10.5281/zenodo.7886868 (Zeising et al.,

2023). The evaluation of model output was done using python3 (Python Software Foundation) and

the modules pyfesom2 (https://github.com/FESOM/pyfesom2) and py_f2recom (not published,

Maresys group, AWI), which are based on xarray, scipy, cartopy, and matplotlib, among others.
Observation data sets for model evaluation were obtained directly from the cited literature. The
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