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Second year work plan
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D13. Annual project work meeting

On the 20th February 2025 we had our Annual meeting at the Faculty of Science in Split.

Meeting agenda
09:30 — 10:00 Gathering of participants
10:00 — 10:05 Opening remarks
10:05 — 10:30 Presentation of the results achieved in the first project year
Presentation of the work plan for the remaining project period
Presentation of the financial plan for the remaining project period
11:00 — 11:30 Coffee & Discussion
11:30 — 12:30 Planning of Project Activities for the Second Year
Filling in data gaps
Creating time series of photosynthesis parameters
Creating time series of Gaussian parameters
Software tools for data processing
12:30 — 13:00 Planning of the workshop project - Modeling of primary production
13:00 — 15:00 Lunch



D14. Filling data gaps in the local database

Stoncica

Kastelanski zaljev

Bermuda Atlantic Time Series
Hawaii Ocean Time Series
Cariaco

Monterey Bay

La Coruna

Western Channel Observatory

1962
1962
1988
1988
1996
1988
1990
1992

bats.bios.edu
hahana.soest.hawaii.edu/hot/hot-dogs
imars.marine.usf.edu/car
www.mbari.org/bog
www.seriestemporales-ieo.com

www.westernchannelobservatory.org.uk



D15. Creating time series of photosynthesis parameters

aBl

B
Bn

PB

I I —

forward model

G

inverse model




D15. Creating time series of photosynthesis parameters
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D15. Creating time series of Gaussian parameters
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D17. Workshop on bioeconomic models in oceanography

On the 5th September at the Faculty of Science we have held the Bioeconomical models
in oceanography workshop. The workshop hosted experts from physics, biology and
economics, which together discussed the topic of sustainable usage of marine resources in a
changing world.

A detalied report from the workshop can be found here:
www.photoclim.org/news/workshop-on-bioeconomical-models-in-oceanography



D17. Workshop on bioeconomic models in oceanography




D18. Creating a theoretical framework for quantifying the discount rate of marine ecosystems

Bioeconomic interpretation of primary production models

Zarko Kovac!, Davor Mance?, Diana Mance®”, Shubha Sathyendranath?, Anja Kovac >

lFaculty of Science, University of Split, Rudera Boskovic¢a 33, 21000 Split, Croatia
QUmversity of Rijeka, Faculty of Economics, Ivana Filipoviéa 4, 51000 Rijeka, Croatia
9Un'z'versity of Rijeka, Faculty of Physics, Department of Environmental Sciences, Radmile Matejéié 2, 51000 Rijeka, Croatia
/’Plymouth Marine Laboratory, Prospect Place, The Hoe, Plymouth PL1 3DH, UK
% Institute of Oceanography and Fisheries, Setaliste Ivana Mestrovica 63, 21000 Split, Croatia

*
corresponding author: diana.mance@uniri.hr

Under review in Ecological Modelling



D19. Modelling primary production workshop

From the 27th to 31st October we have held the Modelling primary
production workshop. The theme of the workshop was primary production
modelling with a strong emphasis on parameter estimation methods for fine tuning
of primary production models.

A detalied report from the workshop can be found here:
https://www.photoclim.org/workshops/modelling-primary-production/



D19. Modelling primary production workshop




D20. Educational material on primary production modelling

Our second educational material is now available for download!

MODELLING PRIMARY PRODUCTION



D20. Educational materials on dynamic models of primary production

5.1 PROBLEM FORMULATION SENSU SVEDRUP

Following (3.16) and integrating the previous expression (over time
and depth) yields the mixed layer production:

Zy D B B[

= _ Bl

Pyr= e/'o/P(m draz =220

oKy,

(5:2)

where Ir stands for the total available light energy at the surface received
during one day:

D
= [0 53)
d

Now assume, in line with Figure 21, a depth-independent, biomass-
specific, loss rate LP, such that the total loss L(z, ) at each depth and
time is given by:

L(z,t) = BLE, (5.4)
where LP is the loss rate per unit biomass in the broadest sense (res-
piration, grazing), which can be parametrized in numerous ways [62].
Integrating this expression (over time and depth) yields mixed layer
losses as:

D
Lor= [ [ L@ dedz = BLEZ, 55
oa

with L} = 24 LP, where the 24 comes due to integration over the entire
day. We stress that temporal integration s carried out over daylight hours
for primary production and over 24 hours for the loss term.
Following Sverdrup [58] the critical depth Zc (m) is defined as the
depth for which the following holds:
Pz =Lz, (5:6)
or stated explicitly for Sverdup’s model:
B B.
1%(1 —e M%) =24 177, (57)

The obtained equation is a transcendental one. Luckily, it is solvable
using the Lambert W function, but prior to presenting the exact solution
we will first interpret this expression.

92

CRITICAL DEPTH THEORY

For active mixing proceeding exactly to the critical depth Zy = Z,
mixed layer production equals losses and therefore no biomass accu-
‘mulation takes place. In order for biomass accumulation to take place,
production needs to exceed losses:

B
“Klu —e K7y > 24 187, (5.8)
which occurs when mixing does not proceed to the critical depth Zy, < Z.
If mixing proceeds beyond the critical depth Zy; > Zc losses dominate:
B
Iy
&
and biomass accumulation will not take place. To know which condition
is satisfied we proceed to solve (5.7) to obtain Zc.

1-¢ %) < 24 13Z,, (5.9)

0 R(x) 0 Lz(2)

Figure 22: anhml epresentation of the critical depth Z (green line) as the depth
ich vertically integrated production (blue surface) equals vertically
|megrated s (orange surface).




D20. Educational materials on dynamic models of primary production

6.1 AVERAGE AND TOTAL MIXED LAYER BIOMASS

0 ﬂ«h 1

l 1(Zu)
i

Figure 28: Irradiance at the mixed layer depth I(Zy) (blue arrow) calculated using
expression (6.8), based on surface irradiance (orange arrow) attenuated due
to water and mixed layer biomass.

Combining the previous two expressions we derive the following
expression for average biomass at steady state:

(£ )
B*=—|=—-1}). 6.
s \Zn 620)

It is important to note that this result is general and does not depend on
the specific of the irradiance function. The
production light relation, as dictated by the photosynthesis irradiance

111

MIXED LAYER DYNAMICS

function determines C and therefore B*. We stress that C is the optically
uncoupled critical depth and s the solution to:

£
/ PB(1)dz = LPC, (6.15)
)
under irradiance attenuated only due to water:
dl
&= Kal, (6.16)

implying that biooptical coupling is not present in the model. With no
biooptical coupling irradiance at C is simply:

1(C) = Inexp (=KuC). (6.17)
By expressing I*(Zy) from (6.13) at steady state, we arrive at:
I (Zu) = Ioexp (—KuC). (6.18)

We observe that irradiance at the mixed layer depth at steadly state equals
the irradiance at the optically uncoupled critical depth:
I"(Zw) = I(C). (6.19)

This result was already for the linear p is irra-
diance model (5.32). Here we see it is generalized to any photosynthesis
irradiance function.

Finally, having derived the solution for average steady state biomass,
it is straightforward to find the total steady state biomass, by simply
multiplying (6.14) with the mixed layer depth (Figure 29):

By = 'kL;(c et z,,,). (6.20)
According to this expression total steady state biomass is proportional
to the depth difference between the opfically uncoupled critical depth
and the mixed layer depth. In case of a mixed layer approaching zero the
solution gives:

Jim By = %c (6.21)
This is a finite quantity, in comparison to the solution for average steady
state biomass (6.14), which diverges when Z,; goes to zero.



D20. Educational materials on dynamic models of primary production

7.3 THE EFFECT OF SINKING ON THE BIOMASS PROFILE

7.3 THE EFFECT OF SINKING ON THE BIOMASS PROFILE
Let us assume the phytoplankton sink with a sinking speed w (ms~1).
For now, assume that biomass is conserved, such that neither production
nor losses affect B. In this case we can write:
B(z,t +At) = B(z — wALt) (7.17)
This expression states that biomass at depth z and time f + At came from
depth z — wAf and time ¢ (Figure 39). In the limit of small At, Taylor
series expansion of both sides around B(z,t) gives:
9B 9B
B(z, 1) + 570t ~ B(z, 1) —w At (7.18)

Cancelling terms on both sides yields the advection equation:

(7.19)

The exact solution to this equation, under no flux boundary condition at
the surface, is set by the initial condition By(z) and reads:

B(z,t) = Bo(z — wt). (7.20)

It is important to stress that the shape of the initial condition does not
change with time, it simply gets advected with depth. Therefore, the
ultimate fate of any phytoplankton is to sink out of the photic zone
(Figure 30).

Now assume that during Af production and losses also affect B. Equa-
tion (7.17) now becomes:

B(z,t + At) = B(z — wAt, 1) [1 2 % (PP~ wnt ) - LB)AI} . an)

This expression states that during sinking, production acts to increase
biomass and losses act to decrease biomass. Phytoplankton that started
off at depth z — wAf and time ¢ will experience production given by
B(z — wAt,t)PB(z — wAt, t) and losses given by B(z — wAt,t)LE. Once

135

136

BIOMASS PROFILE

B(:)

Figure 39: Subjected to sinking the phytoplankton will simply be “washed out” out of
the photic zone. Each phytoplankton cell increases its depth due to sinking
w (red arrow). The biomass profile (blue curve) gets advected with depth
(grey curve), but it also changes shape due to production and losses during
sinking (orange curve).

again, in the limit of small At, Taylor series expansion of both B(z,t) and
PB(z, 1) gives:

2B B
B(z,f) + At = B(z,t) —wi-At
1 2B ap#
i [B(z,t) 7w¥m] [P”‘(z,l)—wgm At (7.22)

1 3B 1.5
e [S(.,t) —ngl] LPAt.



D21. and D22. Training

Marija Bacekovi¢ Koloper attended the following training programs:

12th to 16th May 2025.
Training in primary production measurements at the Plymouth Marine Laboratory

8th to 16th September 2025.
Training in primary production modelling at the Plymouth Marine Laboratory



D23. Attendance at conferences: IOCS 2025

Robert Brewin gave a keynote lecture titled Aquatic Carbon from Space. Shubha Sathyendranath was part
of the Planning Comittee. Zarko Kova¢ presented a poster titled: Towards analysis ready primary
production data, while Marija Bacekovi¢ Koloper presented a poster titled: Bayesian Estimation of
Photosynthesis—Irradiance Parameters for Marine Phytoplankton.



D24. Scientific paper on time series of photosynthesis parameters

Time series of photosynthesis parameters

Zarko Kovaé', Anja Kovac?, Marin Vojkovié!™”", Leon Catipovi¢!, Marija Bacekovi¢ Koloper!,
Shubha Sathyendranath®#

lFaculty of Science, University of Split, Rudera Boskovic¢a 33, 21000 Split, Croatia
2 Institute of Oceanography and Fisheries, Setaliste I. Mestrovi¢a 63, 21000 Split, Croatia
SPlymouth Marine Laboratory, Prospect Place, The Hoe, Plymouth PL1 3DH, UK
4 National Centre for Earth Observations, Plymouth Marine Laboratory, Prospect Place, The Hoe, Plymouth PL1 3DH, UK

Xcorresponding author: mvojkovic@pmfst.hr

Under review in Journal of Geophysical Research: Oceans



D24. Scientific paper on time series of photosynthesis parameters
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D25. Scientific paper on the determination of photosynthesis parameters from a global database

A new global dataset of photosynthesis parameters

Zarko Kovac!', Marija Bacekovi¢ Koloper™”, Shubha Sathyendranath®?, Gemma Kulk??,
Heather Bouman®, Leon Catipovié!

ZFaculty of Science, University of Split, Rudera Boskovica 33, 21000 Split, Croatia
QPlymouth, Marine Laboratory, Prospect Place, The Hoe, Plymouth PL1 3DH, UK
3 National Centre for Earth Observations, Plymouth Marine Laboratory, Prospect Place, The Hoe, Plymouth PL1 3DH, UK
/'Depm‘tment of Farth Sciences, University of Ozford, Ozford, OX1 3AN, UK

*
corresponding author: mbacekovi@pmfst.hr

Under review in Earth System Science Data
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D26. Additional result: Project application accepted

= Q [J ESACLIMATE OFFICE

Home > Tipping Elements Projects > Tipping Points and Abrupt Changes in Marine Ecosystems (TIME)

Team News & Events Contacts




D27. Additional result: New project application

A new project application to the COST call Open Call Collection OC-2025-1
called the

was submitted. Associates from 13 countries participated
in the project application. The project team includes Zarko Kova¢, whose role is
the application of stochastic models in the study of antifragility of primary
production in the sea. The project provides financial resources for networking with
foreign partners on topics close to the PHOTOCLIM project.



D28. Additional result: Scientific paper under review

Island Trapped Waves Enhance Primary Production in
Idealized Numerical Models

Jasen R. Jacobsen", Christopher A. Edwards", Zarko Kova¢ 2, Hrvoje
Mihanovié?, Zrinka LjubeSi¢*

"University of California, Santa Cruz, 1156 High St, Santa Cruz, CA 95064, USA
“University of Split, Ul. Boskovica 31, 21000, Split, Croatia
*Institute of Oceanography and Fisheries, Setali$te Ivana Mestrovica 63, 21000, Split, Croatia

*University of Zagreb, Faculty of Science, Horvatovac 102A, Zagreb, Croatia

*Corresponding author: jjacobs2@ucsc.edu

Under review in Marine Ecology Progress Series



D29. Additional result: Scientific paper under review

https://doi.org/10.5194/egusphere-2025-6256
© Author(s) 2025. This work is distributed under

the Creative Commons Attribution 4.0 License. Abstract Discussion Metrics

(S0] 29 Dec 2025

Modelling primary production: multitude of theories, or
multitude of languages?

Jozef Skakala &, Shubha Sathyendranath, Yuri Artioli, Deep S. Banerjee, Heather Bouman, Robert J. W. Brewin,

Momme Butenschén, Stefano Ciavatta, Stephanie Dutkiewicz, Yanna Fidai, David Ford, Grinson George, Karen Guihou,

Bror Jénsson, Marija Bacekovi¢ Koloper, Zarko Kovag, Lekshmi Krishnakumary, Gemma Kulk, Charlotte Laufkétter, Gennadi Lessin,
Jann Paul Mattern, Angélique Melet, Alexandre Mignot, David Moffat, Fanny Monteiro, Mayra Rodriguez Bennadiji,

Cécile Rousseaux, Ranjini Swaminathan, Osvaldo Ulloa, and Jerry Tjiputra

Under review in Ocean Science




D30. A new method for parameter estimation implemented
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D31. New digitized historical data collected

In collaboration with Dr. Andrew Erwin and Dr. Mohammad Amirian
from Dalhousie University in Canada, access to digitized historical data of
experimental measurements of the dependence of photosynthesis on light has been

achieved. We now have access to a digitized



Primary production measurements in the Adriatic during 2025

In situ primary production measurements were conducted at the following stations:

20.1., 28.2., 28.3., 11.4., 14.5., 23.7., 28.8., 4. 10., 29. 10., 20. 11., 11. 12.

Stoncica station:
21.1., 24.2., 29.3., 12.4., 24.7., 31.8., 19.11., 10. 12.



JGR Oceans

RESEARCH ARTICLE
10.1029/20241C021415

Key Points:

» Interaction of phytoplankton with the
underwater Tight field sets up a bio-
optical feedback mechanism creaiing
constants of motion

A new differential equation shows that
the Tight intensities at both the
compensation depth and the crifical
depth are constants of motion
Mixed-layer depth acts s the bifurca-
tion parameter, and the critical depth is
identified as the bifurcation point
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Critical Times for the Critical Depth Theory
Zarko Kovat' (' and Shubha Sathyendranath®

"Faculty of Science, University of Split, Split, Croatia, *National Centre for Earth Observations, Plymouth Marine
Laboratory, Plymouth, UK

Abstract Critical Depth Hypothesis is arguably one of the longest standing biophysical theories in
occanography and is the carliest mathematically formulated theory aimed at explaining the phenomenon of
phytoplankton blooms. It introduces a depth horizon, termed the eritical depth, at which the integrated primary
production from the surface to that depth equals the integrated loss terms within the same layer. In mixed layers
deeper than the critical depth, losses dominate photosynthesis and vice versa. A related horizon in case of week
mixing is the compensation depth, where the rate of photosynthesis matches the loss rate. In this paper, the effect
of phytoplankton light attenuation on the critical depth is examined, showing that it creates a bio-optical
feedback in the model. A new differential equation, derived for the time evolution of the compensation depth
reveals that the light intensities at both the compensation depth and the critical depth are constants of motion
Exact solutions for average and total mixed layer biomass at steady state are derived, and their stability
properties are analyzed. An existence of a bio-optical bifurcation is shown, in which the mixed layer depth acts
as the bifureation parameter and the critical depth is identified as the bifurcation point. Transients between
steady states are also explored, and it is shown that the relation between the initial condition and the final steady

state is in whether a shall

g or of the mixed layer will lead to a risc or a

decline in biomass over time.

Published in Journal of Geophysical Research: Oceans
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Biogeosciences, 22, 3253-3278, 2025
https:/fdoi.org/10.5194/bg-22-3253-2025
© Author(s) 2025. This work is distributed under

the Creative Commons Attribution 4.0 License.
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Simulating vertical phytoplankton dynamics in a stratified ocean
using a two-layered ecosystem model

Qi Zheng!, Johannes J. Viljoen!, Xuerong Sun!, Zarke KovaeZ, Shubha Sathyendranath?, and Robert J. W. Brewin!

!Centre for Geography and E Science, Dk

of Earth and Em

Sciences,

Faculty of Environment, Science and Economy, University of Exeter, Cornwall, UK
2Faculty of Science, University of Split, Rudera Boskovica 33, 21000 Split, Croatia
*National Centre for Earth Observation, Plymouth Marine Laboratory, Plymouth, UK

Corr e: Qi Zheng (q.zheng? ac.uk)

Received: 8 November 2024 — Discussion started: 29 November 2024
Revised: 18 March 2025 — Accepted: 9 April 2025 — Published: 10 July 2025

Abstract. Phytoplankton account for around half of plane-
tary primary production and are instrumental in regulating
ocean biogeochemical cycles. Around 70 % of the oceans
is characterized by either seasonal or permanent stratifica-
tion. In such regions. it has been postulated that two distinct
planktonic ecosystems exist, one that occupies the nutrient-
limited surface mixed layer and another that resides below
the mixed layer in a low-light, nutrient-rich il

using two vertically separated planktonic ecosystems. Never-
theless, simulating the ecosystem in the subsurface layer was
more challenging than the ecosystem in the surface mixed
Tayer as less is known about model parameters and processes
due to a lack of measurements, suggesting that more work is
needed to study controls on subsurface planktonic communi-
ties.

Published in Biogeosciences
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