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Authors’ Response to Reviewer 1

General Comments. The paper by Zeising and co-authors, titled “Assessment
of transparent exopolymer particles in the Arctic Ocean implemented into the
coupled ocean–sea ice–biogeochemistry model FESOM2.1–REcoM3”, describes
the new implementation of PCHO and TEP tracers and respective processes in a
global ocean BGC model, which is calibrated for the Arctic Ocean. The model
was integrated for 1958-2019 period where the results from the last three decades
is analyzed. In addition to evaluating the performance of the simulated PCHO
and TEP, they present the mean states and spatial distribution of the simulated
phytoplankton-related carbon state variables, including the seasonal cycle, and
comparison with observational-based estimates. It is nicely written and easy to
follow with clear figures to illustrate key messages the authors try to convey. As a
model description, the paper contains sufficient details and result presentations. I
have a few comments that hopefully the authors can address to further improve
the paper.

Response: Thank you for your feedback. We appreciate your support for our
manuscript on the assessment of transparent exopolymer particles (TEP) in the ocean
biogeochemistry model FESOM2.1–REcoM3. We have carefully addressed all the issues
item by item as follows. We have made the necessary revisions and hope that we have
addressed all of the concerns raised.

Comment 1

Impacts of adding these new processes and state variables. The motivation is well
outlined in the introduction, nevertheless, how do these new processes change the
carbon/nutrient cycling/export production/PP/etc., as compared to the model’s
reference configuration without these new tracers, are not so clear after reading the
paper. The readers should get some insights whether these processes are indeed
important and/or worth implementing in other models.

Response: Thank you for the comment. We agree that the manuscript can profit from
a comparison to a control run. Therefore, we added the comparison to a control run
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conducted by us to several sections of the manuscript. In the Methods, the control run
is formally introduced (L. 117–118):

Additionally, a FESOM2.1–REcoM3 control run was conducted using the same
setup as described above but without the additional organic carbon process de-
scriptions for PCHO and TEP.

For the general model assessment in terms of primary production, we added a comparison
of the Total Chlorophyll a (TChla) concentrations of the simulation with the control run
and the Copernicus remote-sensing data product to Fig. 3 (Fig. 3 in this document). In
the Results Section, we added a short figure description in Section 3.1 (L. 275–291):

The phytoplankton biomass in the surface Arctic Ocean in terms of TChla is
depicted in Fig. 3, where the FESOM2.1–REcoM3 simulation is compared to the
CMEMS Arctic satellite re-analysis product and a control run without TEP. The
data is averaged over the years 2000 to 2019 (as a mean model state) for the
months May to September when satellite data are available. The CMEMS TChla
product shows no coverage of the central Arctic Ocean due to the satellite sensors
configuration not enabling observations at these high latitudes (Fig. 3 panel a).
In the Barents, Kara, and Laptev Seas, TChla ranges from 0.5 to 5 mg m−3, with
peaks of up to 15 mg m−3 close to the coastline. In the East Siberian, Chukchi, and
Beaufort Seas, the concentration of TChla is lower, ranging from 0.1 to 1 mg m−3,
also with very high concentration close to the coast. The standard deviation of
TChla from the CMEMS TChla product is mostly lower than 0.5 mg m−3. However,
it increases to more than 2 mg m−3 along the coastline (Fig. 3 panel d). In the
control simulation of FESOM2.1–REcoM3 without TEP, TChla concentration range
from below 0.2 mg m−3 in the central Arctic Ocean to approximately 2 mg m−3 in
the Fram Strait and Chukchi Sea, reaching even values of 3 mg TChla m−3 close
to the coast of the Russian shelves. The FESOM2.1–REcoM3 including TEP
simulates highest TChla concentrations of up to 6 mg m−3 along the Russian coast
and in other shelf seas between 0.5 and 3 mg m−3 (Fig. 3 panel c). In the Fram
Strait, TChla range from 1 to 3 mg m−3 with highest concentration in its central
part, while in the central basins of the Arctic Ocean, TChla is generally low, with
concentrations of up to 0.8 mg m−3. Compared to the control run without the TEP
implementation, TChla concentrations are slightly elevated by 0.2 to 1 mg m−3 in
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the Fram Strait, in the Beaufort Gyre, and in the Chukchi Sea (Fig. 3 panel f).
In the coastal areas of the Russian shelves, the simulated TChla is predominantly
lower compared to the remote sensing product.

In the Discussion Section 4.1, we added more details on the TChla of the model run
compared to the control run, to the CMEMS remote-sensing product, and to observations.
We restructured and enriched the whole first part of the section (L. 404–454):

In terms of Arctic-wide TChla, the FESOM2.1–REcoM3 output is evaluated with
the remote-sensing product provided by CMEMS and with various in situ datasets.
Generally, the model run aligns with the compiled remote-sensing data of CMEMS
TChla (Fig 3). The control run without the TEP implementation underestimates
the TChla concentration in large parts of the Barents Sea and on the Arctic shelves,
which was reported in Gürses et al. (2023) as well. Overall, the model run including
TEP performs in better agreement with CMEMS. Still in the Chukchi Sea and the
Beaufort Gyre, as well as in the Fram Strait, the model run overestimates TChla
compared to both the control run and CMEMS. Climatological monthly maps of
TChla are included as Supplementary Fig. A2.
As such, this pattern of the FESOM2.1–REcoM3 model run compares well to the
results from Nöthig et al. (2020) and also to other observations. The generally
higher TChla concentrations in the model run compared to the control might reflect
the higher turnover of phytoplankton biomass: TEP increases the aggregation of
phytoplankton to detritus, which partly gets remineralized, replenishes nutrients to
the seawater, and enables new build-up of phytoplankton biomass. In accordance
with this hypothesis, we observe higher nutrient concentrations in the central Arctic
Ocean, in the Beaufort Sea, and in the Chukchi Sea compared to the control run
(Supplementary Fig. A3). However, we have not yet investigated the influence of
TEP on the nutrient dynamics in the Arctic Ocean any further.
Evaluating the TChla patterns in more regional detail, we start with the eastern
Fram Strait. Both CMEMS and the model run present the beginning of the
phytoplankton bloom in May which prevails with TChla of approximately 1–
3 mgm−3 through the summer months (Supplementary Fig. A4 and A2 panel a).
In the eastern Fram Strait, in situ measurements of Nöthig et al. (2020) result in a
median vertically integrated concentration of 44 mg m−2 (0–100 m depth), and in
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the Barents Sea of 42 mg m−2 which agree with simulated median concentrations
of 40.4 and 33.8 mg m−2, respectively (Fig. 4 panel a). The results are also in line
with the 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−2 in the upper 30 m compared to 7 mg m−2

in measurements (von Appen et al., 2021). In the 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; Nöthig et al., 2020). Likewise in the western part of Fram Strait and
in the Siberian seas, the lower amount of simulated TChla matches in situ data for
these regions spanning 13 to 26 mg m−2 (Nöthig et al., 2020; Piontek et al., 2021).
In the Chukchi and Beaufort Seas, the simulated TChla concentration itself (and
the difference between FESOM2.1–REcoM3 and CMEMS) is generally low (less
than 1.5 mg m−3, Fig. 3 panel c and f). However, the timing of the phytoplankton
bloom differs from May in CMEMS to June–July in the model run (Supplementary
Fig. A4 and A2 panel a). Other observations from in situ data and satellite-derived
products draw a diverse picture in these seas with massive under-ice blooms in
the Chukchi Sea with high TChla concentration of up to 30 mg m−3 (Arrigo et al.,
2014), and low (0.02–0.25 mg m−3) TChla concentration in the northern Chukchi
and Beaufort Seas (Jung et al., 2022; Park et al., 2019). In the central Arctic Ocean,
vertically integrated TChla is low in both simulation (integrated over 0–100 m
water depth, median 0.01 mg m−2) and measurements (7–8 mg m−2). No coverage
by the remote-sensing product by CMEMS is available.
As such, the higher TChla concentration of the FESOM2.1–REcoM3 model run
might be a better fit to observation data than CMEMS. One explanation for
the observed difference may be that CMEMS sampled far less days than are
simulated by FESOM2.1–REcoM3. 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.
However, Assmy et al. (2017) suggest that remote-sensing products don’t capture
the phytoplankton bloom forming under thin ice or melt ponds, therefore often
result in too low TChla estimates. A likely explanation for the higher simulated
median TChla concentration in several regions and higher variability in comparison
to Nöthig et al. (2020) might be the consideration of up to 62k data points in
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the regional subsets (Fig. 4 panel a) compared to only a few hundred in Nöthig
et al. (2020), where the in situ sampling is mostly limited to one campaign each
spring-summer season. Additionally, the evaluated regions of the model run contain
the whole continental shelve grid points, whereas the in situ measurements are
located mostly in the northern parts of the shelf seas (Nöthig et al., 2020).
However, in the coastal areas of the shelf areas (the Barents, Kara, and Laptev
Seas and close to the Canadian coast) FESOM2.1–REcoM3 model run highly
underestimates TChla concentrations provided by CMEMS (Fig. 3 panel c). There,
CMEMS is error-prone (high standard deviation, Fig. 3 panel d), most likely due
to the very high colored dissolved organic matter and total suspended matter
concentrations, which have not been sufficiently accounted for in the retrieval
process. This results in a significant overestimation of TChla (Copernicus Marine
Service, 2023; Heim et al., 2014; Schourup-Kristensen et al., 2018). Also other
remote-sensing products overestimate TChla on the Arctic shelves (Mustapha
et al., 2012).

Comment 2

Assuming similar baseline experiments exist but without the new improvements,
some figures or performance metrics could be useful to have. For instance, a
climatological seasonal vertical profile of nutrients from models with and without
this modification (compared with observations) could be interesting to see.

Response: Thank you for the comment. We agree that a nutrient comparison could be
valuable. Thank you for suggesting seasonal profiles, we decided to add a comparison
of the nutrient concentrations as maps because this provides a good overview on the
entire Arctic Ocean. The implementation of the additional organic carbon equations
result in DIN concentrations elevated by 1–2 mmol m−3 in the central Arctic Ocean, in
the Beaufort Sea, in the Chukchi Sea, and in the Canadian Archipelago, whereas only a
minor difference is found in the Fram Strait and Barents Sea (Fig. A3/ Fig. 7 in this
document, panel c). The control run results in higher DIN concentrations only at the
river mouths. Regarding DSi, the comparison of the model run to control does not yield
large differences (< 20% ) except for higher DSi concentration in the inflow of the Lena
river in the control. Similarly for DFe, the differences are small except for an increase
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of DFe concentration in the model run by approximately 25% in the western Chukchi
Sea/Lena river inflow. Generally, the model run containing TEP agrees better to the
World Ocean Atlas dataset, which suggests a DIN concentration of 5–10 mmol m−3 in
the Arctic Ocean (Garcia et al., 2019a,b).

As outlined above, we assume that the higher aggregation rate due to TEP could increase
the remineralization of these nutrients, which we have shortly included in the manuscript
Discussion Section 4.1 (L.411–417):

The generally higher TChla concentrations in the model run compared to the
control might reflect the higher turnover of phytoplankton biomass: TEP increases
the aggregation of phytoplankton to detritus, which partly gets remineralized,
replenishes nutrients to the seawater, and enables new build-up of phytoplankton
biomass. In accordance with this hypothesis, we observe higher nutrient concen-
trations in the central Arctic Ocean, in the Beaufort Sea, and in the Chukchi Sea
compared to the control run (Supplementary Fig. A3). However, we have not yet
investigated the influence of TEP on the nutrient dynamics in the Arctic Ocean
any further.

Comment 3

How much of the 662Pg DOC (L17) are PCHO based on your model simulation?
How much are converted to POC or what is the new POC export rate? Can you
stipulate how future climate change may alter this and the broader ocean carbon
cycle?

Response: Thank you for the comment. It is difficult to determine, which amount
of DOC is exactly a combined carbohydrate because of the large molecular variety of
compounds found in the ocean. Arnosti et al. (2021) estimate that approximately half of
the DOC reported by Hansell et al. (2009) can be attributed to the polysaccharide pool.
As we focused our study on the the upper ocean biogeochemistry, we did not retrieve a
total budget of dissolved or particulate organic carbon in the global ocean.

The definition of dissolved and particulate organic carbon is based on filtration (Repeta
and Aluwihare, 2024). However, a part of DOC may quickly form gels or particles and
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disintegrate again at some point (Arnosti et al., 2021; Chin et al., 1998; Passow, 2002).
Further, the stickiness of PCHO and TEP may contribute to an aggregation of other
particles/phytoplankton cells and increase the POC formation in this way (Passow, 2002).
The buoyancy of TEP depends on the ballasting material which is incorporated in these
aggregates, and as such, determines the rising or sinking speed in the water column
(Engel et al., 2020). The concentrations of PCHO and TEP alone do not allow a robust
assessment of their contribution to POC export.

In our study, we implemented the parametrization of Engel et al. (2004) into a global ocean
biogeochemistry model for a first assessment of the implementation in the context of the
surface Arctic Ocean. We limited our analysis to the upper ocean because an assessment
of the carbon export would require the addition of a TEP sinking parametrization, which
would involve ballasting, microbial/zooplankton grazing, and degradation processes. We
acknowledged these short-comes in the Discussion Section 4.3.

However, our simulation reveals regionally diverging trends in TEP concentration over
the analyzed period. In the Fram Strait, Barents Sea, and the Eurasian Basin, TEP
concentrations mostly decline over time, while increases are observed in other parts of
the Arctic Ocean, particularly in the Kara, Laptev, and Beaufort Seas. The increase
in TEP concentrations is related to an increase in NPP with a coincident decrease in
available nitrate concentration in the upper 30 m of the water column. This results in
a stronger nutrient limitation of phytoplankton growth and leads to the exudation of
organic carbon in accordance with the carbon overflow hypothesis (Engel et al., 2020).
This effect could be even more important in a future Arctic Ocean, where the central
basins might even experience a decrease in nitrate availability (Oziel et al., 2022), and
where ocean warming has been suggested to increase the exudation of polysaccharides
(Engel et al., 2011). To give an outlook: We are currently preparing a follow-up study on
the trends of TEP concentrations until the end of the century in the context of Arctic
Amplification. On the long term, possible changes in the phytoplankton community and
differences in carbon exudation rates could play an important role besides the nutrient
and temperature effects (Engel et al., 2017).
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Comment 4

The results seem to be quite sensitive to limiter function (eqs. 5-6). Please briefly
describe how the threshold 0.2 and 0.151 was determined and if they are spatially
varying?

Response: Thank you for the comment. The limiter functions in REcoM3 depend on the
intracellular nitrogen to carbon ratio (N:C ratio). These equations have been originally
proposed by Geider et al. (1998) and modified for REcoM by Schourup-Kristensen
et al. (2014). The thresholds have been proposed by Geider et al. (1998) based on
phytoplankton growth experiments (mostly lab experiments mentioned by Geider et al.
(1998)) and are not modified further in our model setup. These values are not spatially
varying. We added this to the description of the implementation (L. 180):

The thresholds have been proposed by Geider et al. (1998) based on phytoplankton
growth experiments and are not modified further in our model setup. These values
are not spatially varying in our setup.

Comment 5

As the authors stated, this is an important first step toward advancing the air-sea
coupling (L39-41) in ESMs. Can you elaborate your plans in this direction? Is it
feasible to simulate the marine TEP emissions? What would be the cloud feedback
and radiation budget effect mentioned? Will it be similar to DMS (Schwinger et
al., 2017 BG, https://doi.org/10.5194/bg-14-3633-2017)? Can the authors
estimate the magnitude of this effect?

Response: Thank you for the comment. These two organic carbon compounds, PCHO
and TEP, can serve as precursors and tracers for biogenic aerosols from the upper ocean
that are crucial for mixed-phase cloud formation, ultimately affecting the Arctic radiation
budget (Leck and Bigg, 2005a; Orellana et al., 2011; Park et al., 2019; van Pinxteren
et al., 2022). The net cloud radiative effect depends on cloud microphysical properties
such as the presence of liquid or ice phase, which is determined by the availability and
type of cloud condensation nuclei or ice-nucleating particles (Shupe and Intrieri, 2004).
However, uncertainties persist regarding the sign and magnitude of trends in cloud
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characteristics and their role in the ongoing Arctic climate change (Block et al., 2020;
Pithan and Mauritsen, 2014; Taylor et al., 2022; Vihma et al., 2016).

In certain circumstances, primary marine organic aerosols dominate over cloud conden-
sation nuclei resulting from secondary aerosol formation within the atmosphere (Leck
and Bigg, 2005b; Schmale et al., 2021). With the retreat of the sea ice and ocean warm-
ing, additional local sources of cloud condensation nuclei and ice-nucleating particles
may occur. Consequently, temporal patterns may change (Schmale et al., 2021; Taylor
et al., 2022). Biogenic ice-nucleating particles potentially originate from local features
in 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). Biologically
active parts of the MIZ and aged melt ponds have, in particular, been found to contain
efficient ice-nucleating substances (Zeppenfeld et al., 2019). Among many other – often
analytically undetermined – organic compounds, aerosol particles in the Arctic may
contain polysaccharides and proteinaceous material of marine origin. Both are known for
their ice-nucleating activity (Hawkins and Russell, 2010; Irish et al., 2017; Karl et al.,
2019; Leck et al., 2013; Orellana et al., 2021; Rad et al., 2018; Wilson et al., 2015).

PCHO, TEP, and other organic compounds can be transferred to the atmosphere from
the ocean surface, through either the bursting of seawater bubbles entrained by waves
or biologically produced bubbles (Aller et al., 2017; Bigg and Leck, 2008; Norris et al.,
2011), thereby contributing to the formation of organic aerosol particles (Leck and Bigg,
2005a; Orellana et al., 2011; van Pinxteren et al., 2022). Recently, high TEP number
concentrations and high TEP mass concentrations were reported in ambient marine
aerosol particles, suggesting that these particles may account for more than half of the
particulate organic aerosol mass (Aller et al., 2017; Orellana et al., 2011; van Pinxteren
et al., 2022). Orellana et al. (2011) have also shown that TEP might originate from the
surface water, but there are indications that TEP could also be formed directly within
the atmosphere out of precursors (van Pinxteren et al., 2022).

In the accompanying research, Leon-Marcos et al. (2025) present an approach to simulate
the transfer of marine biogenic aerosol precursors derived from the ocean biogeochemistry
model output described in the present manuscript to the atmosphere based on the
OCEANFILMS (Organic Compounds from Ecosystems to Aerosols: Natural Films and
Interfaces via Langmuir Molecular Surfactants) parameterization by Burrows et al. (2016).
As such, OCEANFILMS serves as an interface between the organic carbon simulated in
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FESOM2.1-REcoM3 and the primary marine organic aerosols simulated in the aerosol-
climate model. Leon-Marcos et al. (2025) adapt the OCEANFILMS scheme to compute
three molecular groups out of the FESOM2.1-REcoM3 ocean surface concentration of
organic carbon, in particular PCHO, dissolved combined amino acids, and polar lipids.
The refractory DOC groups are neglected because of their low contribution to the marine
organic aerosol mass fraction (Burrows et al., 2014; Leon-Marcos et al., 2025). The
organic mass fraction is specific for each group and determines how much organics are
emitted along sea salt emissions (Eq. 3 in Leon-Marcos et al., 2025).

As such, the organic mass fractions of the three molecular groups are set as ocean
boundary conditions for the aerosol-climate model in a test run spanning ten years at a
resolution of 1.9°×1.9°. The organic mass fraction of polar lipids is one to two orders
of magnitude higher than PCHO and dissolved combined amino acids, and exhibits the
strongest seasonal patterns. As a result, global primary marine organic aerosol emissions
are also dominated by polar lipids (87.2%), with PCHO contributing 2.3% and dissolved
combined amino acids 10.5%. Overall, the primary marine organic aerosol emission adds
up to 13.6 Tg year−1. Regarding the Arctic, Leon-Marcos et al. (2025) find that the
primary marine organic aerosol emissions are low compared to other regions. Still, the
share of these emissions is especially high during phytoplankton blooms compared to the
total aerosol emissions (Leon-Marcos et al., 2025). In a further study, Leon-Marcos et al.
(2026) analyzed the trend of the FESOM2.1–REcoM3 simulation for the last decades and
could show that the overall primary marine organic aerosols increased by approximately
12%.

Comment 6

Most (if not all) of the presented analysis are for surface processes. Are TEP and
PCHO in the model only exist near the surface layers and none below? Is that
why the spin up was so short and if they exist below the mixed layer, are they in
sufficiently steady state? Some discussions or presentations of impacts on interior
biogeochemistry (if any) would be appreciated.

Response: Thank you for the comment. Yes, the spin up time was short because we
wanted to focus on the surface and upper ocean processes. Additionally, long spin ups are
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costly in the current high resolution and not always possible. Since FSOM2.1–REcoM3 is
generally well evaluated (Gürses et al., 2023), we considered a short spin up appropriate.

Regarding the depth distribution of TEP and PCHO, we added depth profiles of TEP
concentration as Supplementary Fig. A7 (Fig. 8 in this document). We added a brief
description of the depth profiles to the Discussion Section 4.3 (L. 592–603).

Regarding the carbon export to the deep ocean in FESOM2.1–REcoM3, there are
two detritus classes sinking with either increasing speed with depth (following Kriest
and Oschlies, 2008) or constant, fast sinking mimicking zooplankton fecal pellets
(Karakuş et al., 2021). Regarding TEP, no explicit sinking of TEP themselves
has been implemented in the model. Still, the FESOM2.1–REcoM3 simulation
contains a substantial decrease of TEP concentration with depth alongside the
phytoplankton biomass decrease with depth (Supplementary Fig. A7). In the
Arctic Ocean, the TEP concentration rapidly decrease to zero in the upper 40 m,
whereas the averaged TEP concentration in the Northern and Southern Hemisphere
decrease more slowly to zero over the upper 100 m. Generally, TEP themselves
are less dense than seawater and often remain suspended near the surface or even
become buoyant. Therefore, the direct contribution of TEP to net carbon export is
limited and is not taken into account in our model run. However, TEP interact with
denser particles forming TEP-rich aggregates, which can significantly contribute
to the vertical transport of POC out of surface waters. Our model describes the
primary mechanism driving this aggregation by increasing the particle stickiness
depending on TEP concentration (Eq. 7). Hence, the role of TEP in driving sinking
is included in our model run.

Minor comments

Comment 7

Fig3 caption: mention that this is from model simulation. Why not add observations
here?
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Response: Thank you for the comment. This figure is inspired by Nöthig et al. (2020),
who compiled measurements of the Fram Strait and the Arctic Ocean spanning the
years 1991 to 2015. In analogy to this, we presented our simulated dataset in a similar
manner for a direct comparison. In Section 3.1 (Lines 281ff.), we stated this reference
when presenting the TChla panel of this figure. In the Discussion Section 4.1 (Lines
405ff.), our compiled dataset is compared directly to Nöthig et al. (2020) and other
studies. Our results are described and compared for the other variables in a similar
way. As such, we thoroughly discuss this figure along available observations. Still, in our
opinion, adding observations to this figure would decrease readability, especially as these
observational datasets are often based on varying depth range, temporal averages etc.
Regarding TEP concentration in comparison to observations, we were confronted with
similar problems—that’s why we had introduced Table 5 with re-calculations for every
single in situ dataset.

Following your suggestion, we added the reference to the FESOM2.1–REcoM simulation
and a reference of Nöthig et al. (2020) to this figure caption for clarification:

Box plots comparing regional differences for simulated total Chlorophyll a (TChla,
panel a), particulate organic carbon (POC, panel b), dissolved acidic polysaccha-
rides (PCHO, panel c), and transparent exopolymer particles (TEP, panel d) in
analogy to a compilation of observations by Nöthig et al. (2020). [...].

Comment 8

Fig3 caption: remove extra ‘)’

Response: Thank you for the comment. We removed the surplus bracket in the caption.

East Siberian Shelves (E Sib., 40.9k)

Comment 9

L295: add space after period.
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Response: Thank you for the comment. We added a space after period.

Comment 10

L306: describe SIC

Response: Thank you for the comment. We spelled out the abbreviation as this is the
first use.

Comment 11

Fig4: why are there ‘discontinuity’ in the red lines?

Response: Thank you for the comment. We re-rendered the figure for continuous lines
depicting the sea-ice edge and replaced the original one (Fig. 6/ Fig. 6 in this document).

Comment 12

Fig5: Any observations that can be plotted together (e.g. in same color dashed
lines)?

Response: Thank you for the comment. This figure builds on the climatological monthly
average of 2000 to 2019 as volume-weighted mean of the upper 30 m ocean depth of the
simulated variables in FESOM2.1–REcoM3. As the Fram Strait, but also the entire
Arctic Ocean, is a highly dynamical region, we need context for comparing the simulation
to observations. For example, we discussed the TEP observations in comparison to our
simulation extensively in the manuscript in Section 4.3, as additional details for each
comparison were needed (time frame, depth range, averaging method etc). That’s why
we refrained from adding observations into this figure which would not fit entirely to the
depicted simulated variables.
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Comment 13

Why only eastern Fram Strait in Fig. 5, I would think showing the western
Fram Strait or N. Barents Sea could be interesting, showing also the sea-ice
concentrations.

Response: Thank you for the comment. We calculated the climatologies for the western
Fram Strait and the Barents Sea as well for your comparison (Fig. 9 in this document).
In our manuscript, we aimed at explaining the general seasonal cycle and interplay of
the depicted variables in this figure. When comparing the seasonal cycles of the different
regions, there is a general pattern of a strong seasonality driven by light and nutrients,
though the timing and peak concentrations might vary across regions. Because of this,
we refrained from including various seasonal cycles in the manuscript. Furthermore, the
impact of the sea ice cover is also discussed shortly alongside Fig. 4 in the manuscript in
Section 3.2.

Comment 14

L340: in the eastern Fram Strait(?)

Response: Thank you for the comment. We agree and apologize for the confusion. The
maximum TEP concentration is simulated for the eastern Fram Strait. We changed the
text accordingly (L. 362).

Maximum simulated TEP concentrations reach nearly 190 µg C L−1 in the eastern
Fram Strait.

Comment 15

L344: ”It peaks at 150µg C L-1 in August and quickly declines thereafter“, this is
inconsistent with Fig. 5.

Response: Thank you for the comment. We totally agree and corrected the value and
month in the new version of the manuscript (L. 366).
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It peaks at approximately 200 µg C L−1 in July and quickly declines thereafter.

Comment 16

Table 5: Eurasian Basin (3e-51): is this a typo?

Response: Thank you for the comment. The calculated values are indeed wrong, we
apologize. The correct TEP concentration averaged for 0–200 m depth in August 2001 is
1.9413 ±1.001 µg C L−1. We corrected this in Tab. 5:

Eurasian Basin, 0–200 m, 1.9 ±1.0 µg C L−1 modeled TEP concentration

Comment 17

L429: remove ‘)’

Response: Thank you for the comment. We removed the surplus parenthesis.

Comment 18

L461-4: Vertical profiles comparing model and observations would be useful.

Response: Thank you for the comment. Unfortunately, the observational datasets
contain averaged TEP counts or TEP concentration for the upper 200 m of the water
column, with very limited total coverage. Out of this anecdotal evidence, we tried to
discuss the depth distribution of TEP measurements compared to the simulation in
words. A depth profile for TEP was added as Supplementary Fig. A7 (Fig. 8 in this
document) and discussed in Section 4.3. Regarding TEP, no explicit sinking has been
implemented in the model because of its positive buoyancy. We added particle stickiness
due to TEP as a driving primary mechanism of aggregation and export of POC (see our
response to Comment 6). The FESOM2.1–REcoM3 simulation contains a substantial
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decrease of TEP concentration with depth alongside the phytoplankton biomass decrease
with depth (Supplementary Fig. A7/ 8 in this document).

Comment 19

L471: at the beginning of

Response: Thank you for the comment. We rephrased the sentence following your
suggestion.

At the beginning of the year, TEP concentrations rise with the beginning of summer
and decrease quickly in autumn.

Comment 20

L472: and decrease toward

Response: Thank you for the comment. We corrected the spelling.

The highest concentrations are simulated along the coastline and with a decrease
toward the central Arctic Ocean.

Comment 21

L481: A scatter plots of TEP vs TChla (from Fig. 4), including DIN values could
support this statement.

Response: Thank you for the comment. We created a figure on the TChla concentration
versus the TEP concentration for the Fram Strait (20°W-20°E; 75-82°N) fo May to July
2017 building on Fig. 4 as suggested (Fig. 10 in this document). TChla concentration
ranges from 0 to 5.6 mg m−3 and the TEP concentration spans 0 to approximately
400 µg C L−1, where the highest values are found for low TChla concentration. There
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is no obvious link between these variables. However, DIN concentration ranges from 0
to approximately 5 mmol m−3, where DIN decrease with higher TChla or higher TEP
concentrations. This figure supports our statement, that TChla alone is not a good
predictor for TEP concentration, but also other biogeochemical variables like nutrient
concentrations have to be considered.

Comment 22

L493-6: The statement gives the impression that the correlation of 0.71 considers
the data from Caitlin Ice Base, when in fact data less than 1umol is excluded (Fig.
A4 caption). Please rephrase.

Response: Thank you for the comment. We rephrased the paragraph to clarify which
observations were included or excluded, along with the reasons for these decisions (L.
594).

Regarding the Arctic-wide occurrence of TEP, the available observations are very
limited in space and time. Each measurement depends on a very local set of
ecological conditions shaping sea ice concentration, nutrient availability, and phyto-
plankton blooms. These in situ observations are compared to monthly integrated
simulation results for a small area enclosing the corresponding observation location
in Tab. 5, complementary to the maps of simulated TEP concentration in Fig. 8.
Overall, there is a fairly good agreement of the simulated TEP concentration to in
situ observations (correlation coefficient of 0.71; p = 0.11, see also Supplementary
Fig. A6) when the simulation also successfully models the phytoplankton blooms.
However, the modeled TEP concentrations being often slightly higher and differing
particularly in two cases which have been excluded from the correlation: Firstly,
the Catlin Ice Base measurement in the Canadian Arctic Archipelago, where 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 FESOM2.1–REcoM3 because ice-algae are not explicitly modeled, and light-
through-ice transmission is not adequately represented. Secondly and similarly in
the Central Arctic Ocean, Olli et al. (2007) conducted a drift experiment measuring
TEP concentration in the pack ice. The authors found a uniform depth distribution
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of TEP along the drift track, which could be supplied by the continuous primary
production in the upper water column in open leads and melt ponds. However,
there is nearly no TEP simulated in this area by FESOM2.1–REcoM3. The absence
could originate from the missing under-ice or ice-algae production in the model,
which have been part of other modeling approaches (e.g., Castellani et al., 2017).

Furthermore, we also modified the caption of the Supplementary Fig. A6:

Data points for TEP measurements at Catlin Ice Base (Wurl et al., 2011) and in
the Eurasian Basin (Olli et al., 2007) have been excluded because the simulation
was unable to capture the observed phytoplankton blooms.

Comment 23

L581: 10-150 is not ‘agreeing well’ with 0-39. Please rephrase.

Response: Thank you for the comment. We rephrased the part on the Southern Ocean
in the manuscript and added the standard deviation for the measurements, which is
rather large. The paragraph now reads (L.643):

In the Southern Ocean during the blooming period between December and March,
simulated TEP concentrations increase to approximately 10–150 µg C L−1. In the
open waters of the Southern Ocean, observational studies report 0–39 µg C L−1 with
a large standard deviation of ±117 µg C L−1 (Engel et al., 2020; Wurl and Cunliffe,
2017), whereas in the coastal waters, even higher TEP concentrations are measured
of approximately 200 µg C L−1 in Bransfield Strait (Corzo et al., 2005 reviewed in
Wurl and Cunliffe, 2017). The exact timing of measurements in relation to the
state of phytoplankton blooms seems to be critical, as the standard deviation of
the measured TEP concentration can be rather large and the authors link the TEP
production primarily to phytoplankton production.
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Modified/added figures
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Figure 3: Maps of surface total Chlorophyll a (TChla) of Copernicus Marine Environment
Monitoring Service level 4 monthly reprocessed Arctic Ocean Color product
(CMEMS, panel a), of the FESOM2.1–REcoM3 control run without TEP
(Control, panel b), of the FESOM2.1–REcoM3 run including transparent
exopolymer particles (panel c), the standard deviation of TChla stated by
CMEMS (SD, panel d), the difference of the control run compared to CMEMS
(panel e), and the difference of the run including transparent exopolymer
particles compared to CMEMS (panel f) as average of May to September of
the years 2000 to 2019. CMEMS data does not cover the central Arctic Ocean.
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Figure 6: Maps of simulated sea-ice concentration (SIC, panel a–c), dissolved inorganic
nitrogen (DIN, panel d–f), total Chlorophyll a (TChla, panel g–i) and dissolved
acidic polysaccharides (PCHO, panel 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.
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Figure 7: (Supplementary Fig. A3) Maps of volume-weighted main nutrient concentra-
tions of the upper 30 m of the FESOM2.1–REcoM3 control run (first column)
compared to the model run (second column), and their differences (third col-
umn). The panels depict dissolved inorganic nitrogen (first row, panel a-c),
dissolved silicic acid (second row, panel d-f), and dissolved iron concentration
(third row, panel g-i) as average of May to September of the years 2000 to 2019.
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Figure 8: (Supplementary Fig. A7) Depth profiles of transparent exopolymer particle
(TEP) concentration in the upper 100 m) as monthly mean of the years 2000 to
2019 for the Arctic Ocean (panel a), the northern hemisphere (panel b), and
the southern hemisphere (panel c).
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Figure 9: Climatologies for the eastern Fram Strait (upper panel), western Fram Strait
(middle panel), and the Barents Sea (lower panel) Seasonal cycle of simulated
organic carbon concentration of phytoplankton (PhyC, blue, sum of small
phytoplankton and diatom carbon), dissolved acidic polysaccharides (PCHO,
cyan), and transparent exopolymer particles (TEP, orange) on the left axis; as
well as total Chlorophyll a (TChla, teal), dissolved inorganic nitrogen (DIN,
magenta), and sea ice (SIC, grey) concentrations on the right axis of the period
2000 to 2019 as volume-weighted mean of the upper 30 m ocean depth, averaged
each region, extent see Fig. 1). The standard deviation of each variable is
computed from volume-weighted concentration across years and grid points in
the regional subset and displayed as shaded area in corresponding colors.



Figure 10: Scatter plot of Total Chlorophyll a vs. transparent exopolymer particle (TEP)
ocean surface concentration in the Fram Strait (20°W-20°E; 75-82°N) of May
to July 2017. This plot builds on Fig. 4 of the original manuscript, which
depicts maps of ocean surface concentration in the Fram Strait for May, June,
and July during the PASCAL campaign. The concentration of dissolved
inorganic nitrogen (DIN) is coded as marker color.
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