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Abstract

The marine biosphere is an active and important component of the Earth system. Bio-
logically induced changes in physical oceanic properties through phytoplankton cause
potential positive and negative feedbacks. In particular, surface floating cyanobacte-
ria can increase light absorption and the albedo at the ocean surface and decrease
momentum input by wind.

In this thesis I study the feedbacks mediated by marine cyanobacteria on the physics
of the upper ocean. Using the water column model GOTM, I set up a coupled biological-
physical model to investigate local effects of the feedbacks on the mixed layer dynamics.
Extending these one-dimensional studies, I use the general circulation model MITgcm
and set up a three-dimensional coupled biological-physical model to study also non-local
effects on the ocean circulation on a basin-wide scale.

I show that the absorption feedback by phytoplankton leads to a surface warming
and a subsurface cooling. The temperature differences caused by cyanobacteria are
more pronounced than those caused by other phytoplankton. The positive absorption
and wind feedbacks mediated by cyanobacteria are stronger than the negative albedo
feedback. Cyanobacteria mediate a local shallowing of up to 30% of the surface mixed
layer due to the absorption feedback and of around 10% due to the wind feedback. By
warming the ocean surface and shallowing the mixed layer cyanobacteria locally lead to
environmental conditions promoting their own growth. Due to the circulation, colder
subsurface waters can be transported and thus also lead to a surface cooling at other
locations. Increased absorption by phytoplankton and cyanobacteria affects the meri-
dional overturning circulation. Reduced surface wind stress mediated by cyanobacteria
leads to a distortion of the subtropical gyre and to reduced subtropical downwelling
and equatorial upwelling.

In a warmer environment the local effects of the absorption and the wind feedback
are stronger than today. With increasing temperatures cyanobacteria shift northwards
and lead to stronger effects of the biological-physical feedbacks in some regions, but
weaker effects in other regions. Increasing temperatures might lead to a spread of
cyanobacteria, if they are able to adapt to temperatures higher than 30°C, and thus a
larger ocean region would be affected by the induced feedbacks. Yet, the model studies
do not indicate a substantial increase in the area covered by cyanobacteria.

This thesis provides the first quantitative estimate of how surface floating cyanobac-
teria feed back on their physical environment. Overall, the results suggest that surface
floating cyanobacteria and their feedbacks on light absorption and wind stress need to
be taken into account in ocean models used for climate scenarios in order to capture
changes in the dynamics of the upper ocean.
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Chapter 1

Introduction

The dynamics of marine biota in the upper ocean is influenced to a large extent by
the dynamics of the ocean surface and the light penetration. The current paradigm is
that physics completely controls and, together with biochemical processes within the
ecosystem, determines the spatial and temporal evolution of marine organisms. How-
ever, marine biota constitutes an important and active component of the global climate
system. This active role of marine organisms in influencing their environment has been
addressed and studied by assessing their effect on global biogeochemical cycles such
as the carbon cycle (e.g. Denman et al., 2007). Yet, the direct effects of marine biota
on the physical environment have not received much attention and are far from being
completely understood.

The Earth system consists of different subsystems like the atmosphere, hydrosphere,
lithosphere, and biosphere. To understand the Earth as a system, it is not sufficient to
study these subsystems separately. In fact, it is essential to understand the interactions
between the Earth’s interrelated subsystems. The understanding of these interactions
is particularly crucial for studying the potential future evolution of the state of our
planet. Earth system models are a valuable tool to investigate past, present, and fu-
ture states of Farth and are used for projections of future climate. Although by far
not all relevant processes are taken into account in these models, they are able to
simulate realistic states of the Earth system. Yet, they might have this ability for the
wrong reasons, since they do not consider all substantial interrelations between relevant
subcomponents. When using Earth system models for projections, feedbacks between
subsystems need to be taken into account. It is therefore of utmost importance to shed
light on interrelations and feedbacks between subsystems of the Earth.

The aim of this thesis is to gain a better understanding of feedbacks between marine
biota and the physics of the upper ocean.



1. Introduction

1.1 | Marine biota in the Earth system

Marine ecosystems The marine ecosystem can be described as the system of all living
marine organisms and their interaction with the environment. These interactions are
sometimes rather direct, relatively well known and straightforward to describe quanti-
tatively, but more often they are not known in detail or hardly possible to measure or it
is just not feasible to describe all the involved mechanisms. Light and nutrients are two
fundamental factors which are of particular importance for marine ecosystems. One
of the key biological components within the marine system is phytoplankton. These
passively drifting or wandering organisms are small, primarily microscopic, algae that
carry out photosynthesis. They are the drivers of biogeochemical cycles and as primary
producers form the basis of the marine food web. That is, the absorption of solar energy
by photosynthetic pigments like chlorophyll enables them to convert inorganic material
into new organic compounds. The links from this primary production to higher trophic
levels are provided via the food web.

Marine cyanobacteria Cyanobacteria are an important group of phytoplankton and
are also known as blue-green algae. Cyanobacteria are found in almost all aquatic habi-
tats. Probably the most abundant cyanobacterium in the open ocean is Trichodesmium
(e.g. Capone et al., 1997). These microorganisms are able to generate gas vacuoles to
control their buoyancy. By floating to the surface they can build very large surface
mats with high concentrations of matter. Since they are diazotrophs, which means
that they are able to fix atmospheric nitrogen gas (N3) into a more usable form, they
can grow without external sources of fixed nitrogen (e.g. Zehr, 2011). Throughout this
thesis, I will refer to surface buoyant Ns-fixing cyanobacteria species when speaking of
cyanobacteria.

Cyanobacteria are a major component of the global nitrogen cycle and are responsible
for a large part of the nitrogen input into the marine system. They influence the nitro-
gen availability for other phytoplankton and thereby affect the whole marine ecosystem
(e.g. Gruber and Sarmiento, 1997; Karl et al., 2002). Cyanobacteria are widely found
in tropical and subtropical ocean regions with low nutrient levels (e.g. Capone et al.,
1997). They are most abundant in conditions of stable stratification of the water col-
umn, can tolerate temperatures between 20 and 34°C (LaRoche and Breitbarth, 2005)
and have high optimal temperatures for growth (Stal, 2009). Because of their ability
to fix Ny they have an advantage compared to other phytoplankton that depend on the
supply of nutrients. Since in the open ocean this nutrient supply is realized through
upwelling of water from deeper layers or strong vertical mixing, cyanobacteria benefit
from calm, stably stratified conditions. By floating to the surface, cyanobacteria have
an additional benefit compared to other phytoplankton in the competition for light.

Cyanobacteria are expected to expand their range in the future under globally in-
creasing temperatures (Breitbarth et al., 2007; Paerl and Huisman, 2008) and increasing
stratification (Doney, 2006). Since increases in carbon dioxide levels also can promote
nitrogen fixation by cyanobacteria, their influence on the global nitrogen cycle can be



1.1. Marine biota in the Earth system

expected to increase even more at future higher carbon dioxide levels (e.g. Hutchins
et al., 2007). Collectively, cyanobacteria are suggested to be one of the "winners* of
future anthropogenic climate change (Hutchins et al., 2009).

Biological-physical interactions in marine systems The interactions between ma-
rine biota and the environment can be divided into a biogeochemical and a physical
part (Figure 1.1): The biogeochemical part is mediated by marine organisms taking
up and releasing chemical substances. Marine organisms are thus a key component of
global biogeochemical cycles, which are an integral part of the climate system. The
physical part is mediated by marine organisms altering the optical and mechanical
properties of the ocean. The optical properties can be altered by changes in the ocean
surface albedo (e.g. Holligan et al., 1983) and the absorptivity (e.g. Sathyendranath
et al., 1991). Mechanical properties in the ocean can be changed by surface mats of
biogenic matter, affecting the surface wind drag of the ocean (e.g. Deacon, 1979), and
also by the generation of turbulence in the ocean by swimming animals (e.g. Huntley
and Zhou, 2004). Changes in the ocean surface albedo and in the absorptivity of the
seawater have a direct effect on light penetration and heat redistribution and thereby
affect the water temperature. Changes in the surface wind drag lead to altered turbu-
lent mixing by breaking surface waves and additional generation of turbulence affect
the mixing in the ocean interior. These changes in temperature and mixing have an
impact on ocean stratification and mixed layer dynamics and also can lead to altered
circulation patterns. Since the physical properties in turn affect the dynamics of marine
biota, several positive or negative feedback loops can emerge.

In this thesis I investigate biological-physical interactions with a focus on feedback
loops within the marine system. In particular, I study the influence of cyanobacteria
on their environment by modeling the optical and mechanical impacts on the ocean
system. A detailed survey on studies about general direct effects of marine biota on its
physical environment is given in Appendix B.

Ocean physics

drag albedo

turbulence absorptivity

mixing € Marine ) — > temperature

v A

Biogeochemical cycles

Figure 1.1.: Mechanisms and processes involved in feedbacks between marine biota
and ocean physics.
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1.2 | Biological-physical feedbacks involving
cyanobacteria

Marine organisms can influence upper ocean properties and alter light absorption, the
ocean surface albedo, and turbulent mixing by wind. These modifications in absorption,
albedo and wind mixing due to cyanobacterial mats at the ocean surface (Figure 1.2)
may induce other changes that feed back positively or negatively on cyanobacteria.

Absorption feedback The absorption of solar energy in the ocean is dominated by the
absorption by seawater itself. The variability in absorption and the radiative transfer
in the upper layers of the open ocean is controlled primarily by phytoplankton pigment
concentrations (e.g. Smith and Baker, 1978; Lewis et al., 1990). Even though the effects
of light absorption by marine phytoplankton on their physical environment have been
investigated quite intensively in the last years using models of different complexity
and with different regional or thematic focus (e.g. Oschlies, 2004; Manizza et al., 2005;
Wetzel et al., 2006; Loptien et al., 2009; Patara et al., 2012), the magnitude of the
resulting effects is not unequivocal. The specific role of cyanobacteria leading to higher
sea surface temperature and thus to more favorable conditions for cyanobacteria growth
has been studied in a shallow water environment, where the life cycle of cyanobacteria
is assumed to play an important role (Hense, 2007). In the open ocean, cyanobacteria
are involved in the following absorption feedback loop (Figure 1.3):

The expected increase of sea surface temperatures (SST) in many parts of the world
ocean will very likely lead to enhanced stratification and decreased concentration of
nutrients like nitrate in the surface mixed layer (Doney, 2006). This will lead to ben-
eficial environmental conditions for cyanobacteria, since these do not depend on the
supply of elemental nitrogen, but are able to fix dissolved molecular atmospheric ni-
trogen (Zehr, 2011), prefer relatively high temperatures (Breitbarth et al., 2007; Paerl
and Huisman, 2008) and have high optimal temperatures for growth (Stal, 2009). The
higher abundances of cyanobacteria at the ocean surface will lead to increased light
absorption which may lead to higher sea surface temperatures (Capone et al., 1998)
thereby closing this positive feedback loop.

Albedo feedback The ocean surface albedo is defined as the ratio of upward to
downward short-wavelength radiation right above the sea surface and is influenced
by the sun zenith angle and the ratio of diffuse and direct sunlight. Surface floating
marine organisms can alter the total amount of solar radiation entering the ocean (e.g.
Holligan et al., 1983; Tyrrell et al., 1999). The magnitude and the direction of the
effect is species-dependent (Jin et al., 2004), i.e., how much light can enter the water
depends on the color of the organisms located at the surface. Cyanobacteria are part
of the following albedo feedback loop (Figure 1.3):

An increase in cyanobacteria will likely lead to an increased ocean surface albedo
(Kahru et al., 1993) allowing less light to penetrate the ocean. This decrease of so-
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reflection
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mixing
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Figure 1.2.: Cyanobacterial surface mats alter the reflection and absorption of sun-
light as well as the mixing induced by wind.

Absorption feedback Albedo feedback Wind feedback
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Figure 1.3.: Positive absorption feedback, negative albedo feedback, and positive
wind feedback induced by cyanobacteria.

lar radiation in the water will decrease sea surface temperatures providing a negative
feedback, counteracting the positive absorption feedback mechanism.

Wind feedback Turbulent mixing in the upper ocean is influenced by the fluxes
of momentum, heat and freshwater across the air-sea interface and the mechanical
properties of the ocean surface. The viscosity of the seawater at the ocean surface can
be increased by surface floating marine organisms leading to a reduction of momentum
input by wind and of turbulent mixing in the water (Hutchinson and Webster, 1994).
Cyanobacteria are part of the following wind feedback loop (Figure 1.3):

Increasing abundances of cyanobacteria might lead to a decrease in turbulence levels,
since the organisms build up large surface mats (Carpenter and Capone, 1992) that
may decrease the momentum input from the atmosphere by wind (Deacon, 1979). De-
creased turbulence will lead to less mixing and stronger stratification leading to higher
sea surface temperatures resulting in a positive feedback.
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In addition to these feedback mechanisms, which are described here in a one-di-
mensional local way, also indirect, non-local effects potentially providing feedbacks can
occur. Local changes in temperature for instance can also lead to altered currents and
circulation patterns having an effect on the stratification at a different location. These
feedbacks need to be considered in a three-dimensional framework.

1.3 | Research questions and thesis structure

This thesis is one step to a better understanding how climate change induced alter-
ations in the phytoplankton community composition to one with increased abundance
of positively buoyant species feed back on the climate locally as well as on regional and
global scales. Within this context I focus my studies on the direct effects of biology on
physics, which potentially affect the climate system, and do not focus on indirect effects
through changes of the biogeochemical cycles leading to biological-physical feedbacks.

The particular direct effects of marine phytoplankton on their physical environment
that I study in this thesis are mediated by changes in absorption, albedo, and wind
mixing. Throughout this work, with the term feedback 1 will also refer to the effect
of phytoplankton on a physical property and not only to the corresponding closed
feedback loop. The absorption feedback is mediated by absorbing pigments within all
phytoplankton, but can have different effects depending on the distribution of a phy-
toplankton group. The albedo and the wind feedback, however, are only mediated by
mat-building surface buoyant cyanobacteria.

The questions I specifically address in this work, are

e How do different distributions of phytoplankton groups affect the temperature
structure of the upper ocean via the absorption feedback?

e What are the relative magnitudes of the effects mediated by the absorption, the
albedo, and the wind feedback due to cyanobacteria?

e How do the different feedbacks influence the ocean surface mixed layer thickness
locally?

e What are the non-local effects of the different feedbacks through and on ocean
circulation?

e What are potential changes in the effects of the feedbacks in the future?

These questions are answered using two different model frameworks: a one-dimen-
sional water column model and a three-dimensional basin-wide configuration.



1.3. Research questions and thesis structure

In Chapter 2, T present experiments for the one-dimensional water column model
addressing the relative magnitude of the feedbacks, the local effects on the tempera-
ture structure and mixed layer thickness, and the corresponding effects in a warming
scenario.

In Chapter 3, I present experiments for the three-dimensional general circulation
model addressing local as well as non-local regional and basin-wide effects of the feed-
backs on the mixed layer dynamics and circulation patterns.

In Chapter 4, I address the feedbacks in three-dimensional warming scenario model
simulations studying the effect of a changing phytoplankton community in response to
higher temperatures and the resulting impacts on ocean physics.

Chapter 5 gives conclusions and perspectives of this work.

Technical remark While this introduction and Chapter 5 are written in the first
person singular, Chapters 2, 3, and 4 are written in the first person plural.






Chapter 2

Quantification of local biological-physical
feedbacks

Parts of the study presented in this chapter are published in Sonntag and Hense (2011).

In this chapter the modeling studies within a one-dimensional water column frame-
work are described and the results are presented and discussed. For the conceptual
studies presented here we use idealized biological models and idealized forcings of the
physical model. The aim is to quantify the different local effects of different phyto-
plankton groups on the upper ocean.

In the first three sections of this chapter we describe the specific physical and bi-
ological model setups as well as the implementation of the biological-physical feed-
back mechanisms. (Underlying mathematical formulations, assumptions and numeri-
cal approaches used in coupled biological-physical ocean models are presented in Ap-
pendix A.) In Section 2.4 we describe and analyze the results of a control simulation
and the model simulations including the biological-physical feedbacks. In Sections 2.5
and 2.6 we evaluate our model results and discuss the dependence on the specific model
setup. Section 2.7 describes and analyzes simulations with and without the feedbacks
in a warming scenario. In this scenario we study the effect of a changing phytoplankton
community in response to higher temperature forcing in the model and the resulting
impacts on ocean physics. We close this chapter with a section summarizing and dis-
cussing the main results and drawing conclusions from these model studies in a water
column framework investigating the one-dimensional local biological-physical feedback
mechanisms between phytoplankton and the physical environment.



2. Quantification of local biological-physical feedbacks

2.1 | Physical model setup

We use the one-dimensional water column model General Ocean Turbulence Model
(GOTM) as a framework for the hydrodynamics of the ocean with atmospheric bound-
ary conditions as well as for the coupling of biology and physics. As cyanobacteria occur
in oligotrophic ocean regions in low latitudes, we set up a scenario for a low-latitude
region. We use a configuration of the physical model similar to the one described in
Hense and Quack (2009). This scenario is set up for the Cape Verde region, located
at about 16°N, 25°E, and uses observed and analyzed climatological mean atmospheric
data from this region to drive the physical model. Initial temperature and salinity pro-
files are taken from WOAOQT monthly objectively analyzed means (see Conkright et al.,
2002). For the calculation of momentum, heat and freshwater fluxes we use climatolog-
ical monthly means of daily mean values of 10 m-wind velocities, 2 m-air temperature,
air pressure and dew point temperature as well as cloud cover and precipitation from
ERA40 reanalysis (Uppala et al., 2005). In order to prescribe a meteorological forc-
ing data set every 6 hours, we interpolate linearly between the climatological monthly
mean values. We repeat the same meteorological forcing every model year. For the
calculation of the fluxes we use the bulk formulae according to Fairall et al. (1996) and
the calculation of long-wave back radiation is done according to Clark et al. (1974).
The annual and daily cycle of the solar irradiance at the ocean surface is calculated
from the geographical location via astronomical formulae and from cloud cover values
according to Rosati and Miyakoda (1988). Furthermore, the local ocean surface albedo
is calculated from the angle of inclination according to Payne (1972).

For the mean flow part of the model we use a constant external pressure gradient,
which is interpreted as a surface elevation gradient, set to zero. Also the internal
pressure gradients are set to zero. Furthermore, we start from zero initial velocities.

To account for horizontal effects and to get a stable annual cycle, we include a small
relaxation term for temperature 6 and salinity S to their initial values in the whole
water column except for the upper 100m with a time constant of 7y = 7¢ = 1 year.
The depth of the water column is set to 700 m with a vertical resolution of 1 m. The
timestep is set to 1 h. The values of the additional parameters for the physical part
of the model chosen for this study are given in the appendix in Tables A.1 and A.2.
The model framework GOTM and the specific parameterizations which we use in our
studies are presented in the appendix A.2.

2.2 | Biological model setup

To study the impact of phytoplankton on the physical environment, we set up an
idealized biological model. The biological model describes a nitrogen-based system
of phytoplankton, a nutrient, and detritus. Depending on the parameters two dif-
ferent phytoplankton key groups are described, differing in growth rates, the depen-
dence of growth on temperature, on light, and on nutrients as well as in buoyancy.

10



2.2. Biological model setup

One group is nutrient dependent and neutrally buoyant (describing, e.g., picophyto-
plankton or picocyanobacteria), the other group is nutrient independent and positively
buoyant (describing buoyant No-fixing cyanobacteria like, e.g., Trichodesmium). The
growth of both groups is light-limited. Cyanobacteria growth is assumed to be nutrient-
independent, since we refer to cyanobacteria that are able to fix atmospheric Ny. We
do not consider potential growth limitation by micro-nutrients like phosphorus or iron,
which might occur regionally (e.g. Sohm et al., 2008). We rather aim at simulating con-
ditions allowing for cyanobacteria blooms to occur. Altogether this biological model is
a rather simple one, which is in a similar minimalistic form also implemented in Earth
system models. However, it includes the elements most relevant for our studies.

For our model simulations we will use two different systems of equations for the source
and sink dynamics of the biological state variables. One system describes the dynamics
of picophytoplankton and the other system describes the dynamics of cyanobacteria.
The equations describing the dynamics of the biological state variables are given by

0P = pup (Ipar, N) P — 6 P (2.1
0,C = pe (Ipar, T) C — 6 C — we 0,C (2.2
N =wD — pup (Ipar, N) P (2.3
oD =0P+6C —wD —wpd,D (2.4

e e’ N N

Here, P = P(z,t), N = N (z,t), D = D (z,t), and C = C(z,t) are the concen-
trations of the picophytoplankton, nutrient, detritus, and cyanobacteria, respectively,
depending on the vertical coordinate z and the time coordinate ¢. For the system de-
scribing the dynamics of picophytoplankton we set C' = 0, and for the system describing
the dynamics of cyanobacteria we set P = 0.

The autonomous vertical upward motion of cyanobacteria is described by the con-
stant vertical velocity we, the sinking of detritus is described by the constant vertical
velocity wp. The constant mortality rate is assumed to be the same for both phy-
toplankton species groups and is denoted by J, the constant remineralization rate is
denoted by w. The growth rate up of picophytoplankton depends on the irradiance
Ipar(z,t) of the photosynthetically active radiation (PAR) and the concentration of
nutrients N, whereas the growth rate pc of cyanobacteria depends on Ipagr(z,t) and
temperature T = T'(z,t). The temperature which we use here to calculate the growth
rate uc is the temperature calculated in the physical part of the model. This calcu-
lated temperature is the potential temperature and not the in-situ temperature, which
would be needed for a proper calculation of uc. However, compared to the uncertainty
in measured values for the dependence of o on temperature, the difference between
potential and in-situ temperature is negligible in the relevant depth and temperature
range.

We use no-flux boundary conditions at the surface and at the bottom for P, C, N,
and D. In the cyanobacteria model, we account for denitrification by adding a sink
term in the equation for the detritus concentration D in the bottom layer. This sink
term equals the vertically integrated nitrogen fixation rate by cyanobacteria.

11



2. Quantification of local biological-physical feedbacks

Note that equation 2.2 for the cyanobacteria model is decoupled from equations 2.3
and 2.4, since cyanobacteria do not take up the nutrient N. That is, we only de-
scribe growth, mortality, and buoyancy of cyanobacteria, sinking and remineralization
of detritus and denitrification, but do not explicitly model the nitrogen uptake by
cyanobacteria. In contrast, the system of equations for the picophytoplankton model is
closed with respect to the sources and sinks. In the numerical experiments which will
be described later, we use either the system of equations for picophytoplankton or the
system of equations for cyanobacteria, i.e., we either describe a system only containing
picophytoplankton or only containing cyanobacteria in the biological model.

Light limitation is modeled by a so-called photosynthetic irradiance (PI) curve first
proposed by Smith (1936) and very widely used also today in ecosystem models:

aIpar
(/Linaxz + a?lpar

Here, o is a constant parameter describing the initial slope of the PI curve, Ipag is
the irradiance of the photosynthetically available radiation, and p"** is the constant
maximum growth rate of species group 7, picophytoplankton (i = P) or surface buoyant
nitrogen fixing cyanobacteria (i = C).

Limitation by nutrients is described by a hyperbolic function [, which was proposed
by Caperon (1967) and since it has the same form as the Michaelis-Menten equation
describing enzyme kinetics is also referred to by the same name, and reads

N
IN(N) = ————
N(N) o
with a constant parameter ky specifying the half-saturation of nutrients.
For the temperature limitation function Iy a modified Gaussian function is used:

Ip(T) :=exp (— (' = Topt) > ; (2.7)

l{(IpAR) = (25)

2)1/2

(2.6)

(T — Tysgn (T — Tope))*

where Top, T and T5 describe the optimal temperature for cyanobacteria growth and
the distribution around this optimum. These three parameters are assumed to be
constant. The function and the parameter values we use here agree with the observed
temperature dependence of growth of No-fixing cyanobacteria (Breitbarth et al., 2007).

The actual growth rate of phytoplankton then is calculated by taking the product of
the maximum growth rate and the limiting functions for the growth of the respective
phytoplankton species group:

max

pp = ™ Ip Ly (2.8)
po = pd™ g Iy (2.9)

The initial conditions at time t, for the biological state variables are given as homo-
geneous profiles for phytoplankton, nutrients and detritus, i.e. P(z,ty) = C(z,t9) = P,
N(z,ty) = Ny, and D(z,ty) = Do.

The parameter values for the biological part of the model are given in Table 2.1.
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a = 0.03m>W-id! Tope = 28°C

w = 0.008d7! T, = 55°C

) = 0.05d7! T = 1°C

ppax = 0.5d7! wp = —20md™!

pEx = 0.25d71 Py = 5-10°mmolNm™
we = 0.5md™! Ny = 40mmolNm™3

kN = 0.3mmolNm™3 Dy = 1-107°mmolNm™3

Table 2.1.: Parameter values for the biological part of the model in the one-
dimensional studies using GOTM.

2.3 | Coupling of physics and biology

In the coupled biological-physical model the growth and vertical distribution of phy-
toplankton depend on the physics and also the physics depends on the phytoplankton
distribution. Thus our model studies include a two-way coupling of biology and physics.
This coupling is mediated by changes in light absorption by both phytoplankton species
as well as in surface albedo and surface wind stress changes by cyanobacteria.

The altered light attenuation and corresponding temperature changes due to ab-
sorption by biological matter is referred to as the absorption feedback. The effect of
cyanobacteria on the surface reflectance, i.e., the albedo of the ocean surface, is re-
ferred to as the albedo feedback. A third feedback mechanism involves the alteration
of the surface wind drag coefficient by cyanobacteria at the ocean surface. This re-
duction of the momentum input into the ocean by wind due to cyanobacterial mats is
implemented as a reduced wind stress and is referred to as the wind feedback. In the
following we describe the parameterizations of the three different biological-physical
feedback mechanisms in the model.

2.3.1 | Absorption feedback

From the shortwave solar irradiance only the term describing the blue-green part of the
light spectrum is used to calculate the irradiance of the photosynthetically available
radiation Ipyg, i.e.,

Ipar(z,t) == 1o(t) (1 — a) exp (kywz) B(z,t), (2.10)

where Iy(t) is the irradiance of the incoming solar shortwave radiation at the surface
at time t, (1 — a) is the fraction that is photosynthetically usable, k, is the constant
absorption coefficient for seawater for this part of the spectrum, and

B(z,t) == exp [kbio /O (1) dz'] (2.11)

is the bioturbidity. By including this bioturbidity here the effect of self-shading by
phytoplankton is taken into account. The parameter ky;, is the constant absorption
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2. Quantification of local biological-physical feedbacks

coefficient of absorbing pigments within particulate matter, which is described here as
the concentration ¢ := P+ D or ¢ := C + D, i.e. the sum of the concentrations of
picophytoplankton or cyanobacteria, respectively, and detritus.

The attenuation of the shortwave irradiance I with depth is given by

I(z,t) = Ip(t) a exp (kwz) + Ipar(2, 1), (2.12)

where the first term describes the attenuation of the red part of the spectrum, specified
by a constant absorption coefficient k. The parameters ky, ky and a are taken from
Paulson and Simpson (1977), who provide values for the parameters for different types
of oceanic water that are classified according to Jerlov (1968). We use parameter values
(see Table A.1) describing clear open ocean Jerlov Type I waters. For the parameter
kpio a value comparable to the ones used in many other studies (e.g. Hense, 2007) is
chosen. To assess the sensitivity of the model to the choice of this parameter, we
perform additional model experiments with different parameter values for ky;,, which
are described in Section 2.6.

Warming of water by light absorption of phytoplankton is included as an internal
source of heat through a term proportional to 0,1 in the temperature equation, thereby
providing the feedback from biology to physics through altering the absorption of light.

232 | Albedo feedback

The ocean surface albedo is coupled to the cyanobacteria concentration in the top layer.
That is, we compute the total ocean surface albedo « at time ¢ according to

aft) = apnys(t) + anio(t)
with pio(t) = min o2, 8C(z =0,1)] ,

where appys(t) is the ocean surface albedo calculated in the physical part of the model,
f and at®* are constant parameters, and C'(z = 0, ) is the cyanobacteria concentration
in the top layer at time ¢. The parameter op;2* is extracted from observed data from
Kahru et al. (1993), who measured a maximum increase of the ocean surface albedo
due to surface cyanobacteria by 0.02 compared to the surrounding water. We assume
that this maximum increase due to cyanobacteria is reached for a cyanobacteria surface
concentration of 10 mmol N m~ and thus set j22* = 0.02 and § = 0.002 m*(mmol N) 1.

To assess the sensitivity of the model to the choice of these parameters, we perform
additional model experiments with different parameter values, which are described in
Section 2.6.

2.3.3 | Wind feedback

The surface wind stress is coupled to the cyanobacteria concentration in the top layer.
We assume that the surface wind stress is reduced by cyanobacteria at the ocean surface,
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leading to the altered surface wind stress

T() = Tonys(t) 7oio(?)
with Thio(t) = max[rp*, (1—-0C(z=0,1))],

where T,pys(t) is the surface wind stress calculated in the physical part of the model, ¢

max

and 2 are constant parameters, and C(z = 0,t) is the cyanobacteria concentration
in the top layer at time t. The parameter ri;2* is taken from observations by Dea-
con (1979), who reports that biological surface films reduce the drag coefficient by a
factor of up to three as compared to the open sea. We assume that cyanobacterial
surface films (Sieburth and Conover, 1965) or mats are comparable to those reported
by Deacon (1979) and that the maximum decrease by a factor of three is reached for a
cyanobacteria surface concentration of 20 mmolNm™3. Thus, we set 722 = 0.33 and
§ = 0.033 m?(mmol N)~*.

To assess the sensitivity of the model to the choice of these parameters, we perform
additional model experiments with different parameter values, which are described in
Section 2.6.

Note that the surface wind stress is used in two different parts of the model: As an
upper boundary condition in the horizontal momentum equations and for the vertical
turbulent momentum flux. Thus, a change in the surface wind stress leads to changes in
the horizontal velocities and in the vertical turbulent mixing, which both lead to changes
in the depth of the mixed layer. In the one-dimensional model studies described in this
chapter, we will not separate these two different pathways, but will focus on the net
effect of cyanobacteria surface mats on the dynamics of the surface mixed layer.

2.4 | Numerical experiments and results

To assess the biological-physical feedbacks in the system we conduct six different numer-
ical experiments. The first four experiments are run with buoyant No-fixing cyanobac-
teria behavior, one of which does not include any feedback from biology to physics
(CYAQ), one including the absorption feedback only (CYA1), one including the absorp-
tion and the albedo feedback (CYA2), and one including the absorption, the albedo,
and the wind drag feedback (CYA3). The other two experiments are run with picophy-
toplankton behavior, one without any feedback (PIC0) and one with the absorption
feedback included (PIC1). The model state becomes stable with a repeating annual
cycle after a spin-up of several years. In the following we describe the results of the
simulations for a period of one year after the spin-up phase.

The diurnal and annual cycle of the incoming solar short wave irradiance and the
annual cycle of the 10 m-wind velocity and the 2 m-air temperature are shown in Fig-
ure 2.1.
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24.1 | Control simulation

In the course of a year the surface layers warm up in spring due to increasing solar
radiation. Maximum temperature occurs in summer (August) leading to a relatively
shallow surface mixed layer. With decreasing solar irradiance and increasing mixing
by wind in fall, the surface layers cool again and the annual cycle restarts (Figure 2.2).
Since the warming of water due to absorption by phytoplankton pigments is not in-
cluded in experiments CYAO and PICO, the temperature distribution is identical for
both experiments.

Buoyant cyanobacteria accumulate in the surface layers in summer when the energy
supply by sunlight is high and mixing is low (Figure 2.3 (a)). Picophytoplankton show
a very different distribution. They build a subsurface bloom extending from spring to
fall (Figure 2.3 (b)). This subsurface bloom, which is also often referred to as deep
chlorophyll maximum, is formed where the concentration of nutrients and availability
of light is just large enough to allow for a net growth of phytoplankton.

As expected, our model results for the physical variables and for the picophyto-
plankton concentrations are very similar to the results by Hense and Quack (2009)
showing reasonable vertical structure of the variables compared to observations. Ob-
served vertically integrated concentrations of neutrally buoyant picophytoplankton
reach 45mmolNm™2 (converted from data by Liu el al. (1997), see Section 2.5),
which is in agreement with our model results (see also Figure 2.6 (d)). The typical
profile of picophytoplankton showing a subsurface maximum is also reflected by the
model. Observed concentrations of buoyant cyanobacteria like Trichodesmium within
surface blooms can vary significantly (e.g. Carpenter and Capone, 1992; Westberry and
Siegel, 2006). Values corresponding to surface concentrations of around 10 mmol N m~3
and even higher than 1000 mmol Nm~3 (converted from data by (Capone et al., 1998)
as well as Carpenter and Capone (1992) and references therein, respectively, as de-
scribed in Section 2.5) have been reported. Thus, the cyanobacteria abundances of
8-27mmol N m~2 for the maximum surface concentrations simulated by our model (see
also Figure 2.6 (a)) are in a plausible range.

242 | Absorption feedback

By absorbing light at different depths in the water column, different distributions of
phytoplankton have different direct effects on the temperature distribution, which can
be seen in the results of the experiments including the absorption feedback (Figure 2.4).
Differences in the phytoplankton distributions between experiments CYA1 and PIC1
result in higher temperatures at the surface and lower temperatures below the surface
for positively buoyant as compared to neutrally buoyant phytoplankton at times when
surface concentrations are high (Figure 2.4 (¢)). That is, in experiment CYA1 an earlier
and stronger surface warming as well as a weaker subsurface warming in spring and
summer and a stronger surface cooling in fall can be seen in the model results. The
simulated temperature differences reach 0.5°C at the surface and more than —2°C
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Figure 2.2.: Temperature in the upper part of the water column from January to
December in experiment CYAO and PICO.
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Figure 2.3.: Phytoplankton concentrations in the upper part of the water column
from January to December in experiment CYAQ (a) and PICO (b).

subsurface.

The warming of the surface waters and a corresponding shallowing of the mixed layer
(Figure 2.7 (a)) lead to higher phytoplankton concentrations in experiment CYA1 as
compared to experiment CYAOQ (Figure 2.6 (a) and (c¢)). The concentration of phyto-
plankton in experiment PIC1 changes only very little as compared to experiment PICO
(Figure 2.6 (b) and (d)), since nitrogen availability instead of temperature regulates
the seasonal dynamics of picophytoplankton.

These results indicate that the organisms’ behavior, particularly whether they are
floating at the surface (cyanobacteria) or passively drifting (picophytoplankton), play
an important role in the temperature distribution and the dynamics of the surface
mixed layer. Higher surface temperatures due to enhanced light absorption by surface
buoyant cyanobacteria establish conditions promoting their own growth, providing a
positive feedback loop within the system, which is in agreement with the study by
Hense (2007).

18



2.4. Numerical experiments and results

temperature CYA1 N temperature PIC1 N

30
30 28 -30
26
-60 -60
1S 24 g
< -
N -90 22 N -90
20
-120 -120
18

-150 16 -150

Figure 2.4.: Temperature in experiment CYAL (a) and in experiment PIC1 (b) as
well as the temperature difference between experiments CYAL and PIC1 (c) in the
upper part of the water column from January to December.
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2. Quantification of local biological-physical feedbacks

243 | Albedo and wind feedback

The temperature differences between experiments CYA2, including the feedback pro-
cesses via changes in absorption and albedo, and PIC1 show a similar pattern as the
differences between the experiments including the absorption feedback only. However,
including the additional albedo feedback leads to slightly less pronounced temperature
differences (Figure 2.5 (a)). That is, the additional effect of altered albedo reduces
the magnitude of the absorption feedback, but cannot compensate for it, leaving the
net feedback effect a positive one. The phytoplankton concentration is only slightly
affected by the altered surface albedo in experiment CYA2 (Figure 2.6 (a) and (c)).

Including the additional feedback via decreased surface wind drag results in further
changes in the temperature distribution. The stronger surface warming, the weaker
sub-surface warming, and the stronger cooling in fall are all even more pronounced
when including the additional wind feedback in the model (Figure 2.5 (b)).

As in the case of the absorption feedback, the higher surface temperatures promote
the growth of surface buoyant phytoplankton (Figure 2.6 (a) and (c)). Also the seasonal
cycle of the mixed layer depth is affected strongly by the wind feedback (Figure 2.7 (a)).
Due to decreased momentum transfer from the atmosphere to the ocean leading to
decreased vertical mixing a substantial shallowing of the mixed layer during summer
can be seen.

In the experiments involving the neutrally buoyant phytoplankton species the mixed
layer depth is affected only very slightly by including the absorption feedback (Fig-
ure 2.7 (b)).

temperature difference (CYA2-PIC1) temperature difference (CYA3-PIC1
— 1 >

Figure 2.5.: Temperature difference between experiments CYA2 and PIC1 (a) and
CYA3 and PIC1 (b) in the upper part of the water column from January to December.
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Figure 2.6.: Phytoplankton concentrations Py in the top layer in experiments CYAO,
CYA1, CYA2, and CYA3 (a) and in experiments PICO and PIC1 (b) as well as vertically
integrated phytoplankton concentrations Py in experiments CYAQ, CYAL, CYA2, and
CYA3 (c) and in experiments PICO and PIC1 (d). The conversion from the model
unit for phytoplankton concentrations to chlorophyll (Chl) contents is done using a
fixed N:Chl ratio for the buoyant cyanobacteria and a depth-dependent N:Chl ratio
for the picophytoplankton.
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Figure 2.7.: Mixed layer depths (MLD) in experiments CYAO, CYA1l, CYA2, and
CYA3 (a) and in experiments PICO and PIC1 (b), calculated from a temperature
criterion with AT = 0.2°C.



2. Quantification of local biological-physical feedbacks

2.5 | Quantitative evaluation of the biological results

In the analysis of the model results we argue that the modeled cyanobacteria surface
concentrations are in a reasonable range. We arrive at this conclusion

1) from bloom concentrations of surface buoyant cyanobacteria in the Baltic Sea,
where values for the dominant buoyant No-fixing cyanobacteria of 6 mg FW 171 at 20°C
in the upper 10m for the time period 1979 to 1993 have been reported (Wasmund,
1997). This measured concentration corresponds to a value of about 8 mmolNm™2,
assuming that 1mg FW 1! corresponds to 110 ug C17! and using the Redfield-ratio
C : N = 6.625 for the conversion into nitrogen units.

and 2) from tropical open ocean observations of the No-fixing buoyant cyanobacteria
species Trichodesmium, which typically occurs in the upper 5 to upper 15 m of the ocean
(Carpenter et al., 2004; Capone et al., 2005). The concentrations within the bloom can
vary significantly (e.g. Carpenter, 1983; Carpenter and Capone, 1992; Westberry and
Siegel, 2006). In surface slicks in the Arabian Sea, the concentrations could reach
17,000 trichomes1~! (Capone et al., 1998). This concentration corresponds to about
12mmol Nm™3, assuming a value of 10ngN per trichome. However, concentrations
even higher than 1000 mmol N m~3 in the upper 0.5 m have been reported (see Carpenter
and Capone (1992) and references therein; assuming the conversion factors mentioned
above).

The annually averaged and vertically integrated concentrations for picophytoplank-
ton simulated by our model are in the order of 40 mmolNm~2. This agrees well
with observed values for the dominant picophytoplankton/picocyanobacteria species
Prochlorococcus of up to 6.74x10° cells (Liu et al., 1997) or 45 mmol Nm™2 assuming
a value of 53fg C per cell (Campbell et al., 1997) and the Redfield-ratio.

For the surface buoyant nitrogen fixing cyanobacteria, our model simulates maximum
values for the vertically integrated concentration of up to 300 mmol N m~2 and surface
concentrations of up to 27mmol Nm™3. These model results are compatible with the
observed values mentioned above.

The conversion of the modeled phytoplankton concentration in units of nitrogen to
chlorophyll content is done using measurements from Carpenter et al. (2004) for the
buoyant cyanobacteria and using a depth dependent carbon to chlorophyll ratio as mo-
tivated by Hense and Beckmann (2008) for the picophytoplankton / picocyanobacteria.
Carpenter et al. (2004) measured 21 ng Chl per colony and 1.17 ug N per colony as well
as 38 ng Chl per colony and 0.82 ug N per colony of buoyant cyanobacteria. These values
correspond to an average value of 0.45mg Chl (mmol N)~! i.e., we do the conversion
of cyanobacteria concentrations C' according to

Chl(z,t) = 0.45mg Chl (mmol N) ™' C(z,t). (2.13)

Following Hense and Beckmann (2008) we use the conversion of picophytoplankton
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concentrations P according to

Chl(z,t) = % mg Chl (mmol N) ™t P(z,1), (2.14)

where R is the Redfield-ratio R = C : N = 6.625,
7(2) = Tmin + 77 exp(z/d) (2.15)

is the C:Chl ratio, 7,,;, = 25 is the minimum C:Chl ratio, and v = 150 and d = 40m
are parameters adjusted to fit the mean observational and modeled C:Chl ratios in
Hense and Beckmann (2008).

2.6 | Sensitivity of the model

2.6.1 | Sensitivity to parameterization of the feedbacks

To study the sensitivity of our model to the parameterization of the different feed-
backs, we perform additional model simulations with different parameter values in the
corresponding feedback parameterizations. For all three feedbacks we perform simu-
lations with a weak, a medium, and a strong feedback, and for the albedo and the
wind feedback we perform additional simulations with an extreme feedback strength.
The different parameter values used for the sensitivity studies are given in Table 2.2.
The relationships between cyanobacteria surface concentration and biologically induced
ocean surface albedo increase as well as surface wind stress decrease for the different
parameter sets are shown in Figure 2.8.

feedback parameter | value | value value | value unit
small | medium | large | extreme
absorption | ki, 0.02 0.03 0.04 m? (mmol N)~!
albedo [t 0.02 0.02 0.02 | 0.1
g 0.0004 | 0.002 0.01 |0.01 m?(mmol N)~*
wind ThiaX 0.33 0.33 0.33 | 0.1
4] 0.013 | 0.033 0.066 | 0.09 m?(mmol N)~!

Table 2.2.: Parameter values for the absorption, albedo, and wind feedback experi-
ments (medium) and for the corresponding sensitivity experiments describing a small,
large, and extreme feedback strength.
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Figure 2.8.: Relationship between cyanobacteria surface concentration C(z = 0) and
ocean surface albedo increase ay,;, (left) and surface wind stress reduction 7y, (right)
for the different sets of parameters representing small, medium, large, and extreme
effects of the biologically induced feedbacks.

Absorption feedback sensitivity

In addition to the experiment CYA1, we perform model experiments also including
the absorption feedback only, but using different parameter values for the absorp-
tion coefficient k;, of absorbing biological matter. The mixed layer depths resulting
from the different model experiments do not show any differences for the different pa-
rameter values (Figure 2.9 (a)). This might seem surprising, since a higher (lower)
value of Ky, should lead to more (less) absorption in the layers where cyanobacte-
ria are present and therefore also to a shallower (deeper) mixed layer. However, the
parameter ky;, also affects the amount of light which is available for the growth of
cyanobacteria. A higher (lower) value leads to less (more) available light and there-
fore reduced (increased) cyanobacteria growth and reduced (increased) cyanobacteria
concentrations (Figure 2.9 (b)). From the model results we conclude that these lower
(higher) cyanobacteria concentrations compensate the effect of higher (lower) specific
absorption and subsequent stronger (weaker) warming in such a way that the sensitiv-
ity in the resulting temperature field and mixed layer depth to the value chosen for the
parameter ky;, is essentially negligible.

Albedo feedback sensitivity

As described in Section 2.4, the effect of the albedo feedback on the mixed layer depth
is very small in the model experiments. When including the albedo feedback only (ex-
periment CYAALB), the changes in the mixed layer depth compared to the experiment
CYAO without including any feedbacks are negligible (Figure 2.10 (a)). The additional
sensitivity model simulations with the albedo feedback show that even with an ex-
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Figure 2.9.: (a) Mixed layer depths (MLD) and (b) cyanobacteria surface concen-
trations of the sensitivity model experiments for the absorption feedback. MLDs are
calculated from a temperature criterion with AT = 0.2°C.
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Figure 2.10.: (a) Mixed layer depths (MLD) and (b) cyanobacteria surface concen-
trations of the sensitivity model experiments for the albedo feedback. MLDs are
calculated from a temperature criterion with AT = 0.2°C.

treme assumption for the strength of the albedo feedback, the effect of including this
feedback is negligible. As for the absorption feedback, there are two competing effects
of changing the parameter values describing the relationship between ocean surface
albedo increase and cyanobacteria surface concentration. If the effect of cyanobacteria
on albedo increase is assumed to be stronger (weaker), the amount of available light
for heating the water is reduced (increased), which would lead to a cooling (warming)
of the surface layers and a deeper (shallower) mixed layer. At the same time, however,
also less (more) light is available for cyanobacteria growth, leading to lower (higher)
cyanobacteria surface concentrations and thus to a reduced (enhanced) albedo increase
and therefore less deepening (less shallowing) of the mixed layer. Yet, for the albedo
feedback, neither the effect on the mixed layer depth, nor on the cyanobacteria surface
concentration (Figure 2.10 (b)) is sensitive to the changes in the feedback parameter
in the range of values chosen here.
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Figure 2.11.: (a) Mixed layer depths (MLD) and (b) cyanobacteria surface concen-
trations of the sensitivity model experiments for the wind feedback. MLDs are calcu-
lated from a temperature criterion with AT = 0.2°C.

Wind feedback sensitivity

To assess the sensitivity of our model on the parameter values used for the wind feed-
back parameterization, we perform model experiments including the wind feedback
only (experiment CYAWIND) and additional model experiments with different param-
eter values describing the strength of the wind feedback. The model is sensitive in the
resulting mixed layer depths to a certain extent to the choice of the parameter values
(Figure 2.11 (a)). A stronger (weaker) dependence of the surface drag reduction on
the cyanobacteria surface concentration leads to less (more) turbulent mixing and thus
to a shallower (deeper) mixed layer. Also the cyanobacteria surface concentrations in
summer are sensitive to the choice of the parameter values used for the wind feedback
parameterization to a certain extent (Figure 2.11 (b)). A higher (lower) value leads to
slightly higher (lower) cyanobacteria surface concentrations in summer. In contrast to
the absorption and the albedo feedbacks, the wind feedback does not affect cyanobacte-
ria growth via light availability, but via changes in temperature, which are mediated by
the effect of the feedback. That is, using a stronger (weaker) dependence of the surface
drag reduction on the cyanobacteria surface concentration does not have a direct effect
on cyanobacteria concentrations, but an indirect one via less (more) mixing and thus
higher (lower) surface temperatures and therefore increased (decreased) growth. This
amplification of enhanced cyanobacteria growth, however, seems to be rather limited in
the model, since the cyanobacteria surface concentrations only differ slightly between
the different model sensitivity experiments.

2.6.2 | Sensitivity to the atmospheric forcing

In our model studies we use climatological monthly means of daily mean values for the
atmospheric forcing of the water column model. We interpolate linearly between the
monthly mean values and thus do not take into account any short term variability in the
forcing data. To assess the impact of short term variability in the forcing on our model
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Figure 2.12.: Temperature differences between experiments CYA3 and PIC1 with
monthly mean (a) and 6-hourly mean (b) atmospheric forcing.

results, we compare our model results to results from model runs with climatological
6-hourly mean atmospheric forcing including short term variability.

Since we are interested in the impact of biological processes on ocean physics, we
calculate the differences in the results between model runs with and without the bio-
logically induced feedbacks for both types of atmospheric forcing. The corresponding
temperature differences (Figure 2.12) are qualitatively and quantitatively very similar
for both forcing types. Thus, in order to assess the potential impact of biological dis-
turbances on ocean physics on a climatological time scale, high frequency forcing is not
essential.

2.7 | Warming scenario

Since cyanobacteria are expected to benefit from higher temperatures, we use our model
setup to study the effect of a warming induced by higher atmospheric temperatures on
cyanobacteria growth and the resulting changes in the effects of the different feedbacks.
We use the same model setup as described in the previous sections, except for an al-
tered temperature forcing, and repeat the previous model experiments with this altered
forcing. The air temperature forcing is shifted by 3K (Figure 2.13) to simulate higher
atmospheric temperatures.

Again four experiments are run with buoyant No-fixing cyanobacteria behavior, one
of which does not include any feedback from biology to physics (CYAOWARM), one
including the absorption feedback only (CYAIWARM), one including the absorption
and the albedo feedback (CYA2WARM), and one including the absorption, the albedo,
and the wind feedback (CYA3WARM). In addition, two experiments are run with
picophytoplankton behavior, one without any feedback (PICOWARM) and one with
the absorption feedback included (PIC1WARM). As in the previous model experiments,
the model state becomes periodically stable after a spin-up of several years.
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Figure 2.13.: The 2m-air temperature from linearly interpolated climatological
monthly means from ERA4Q reanalysis for the present-day Cape Verde scenario (nor-
mal) and the same values shifted by 3K used for the warming scenario (warming)

2.7.1 | Control simulation

Due to the higher air temperatures, the temperature in the upper part of the water
column is altered in the warming scenario compared to the present-day Cape Verde
scenario (Figure 2.15). Temperatures are generally higher in the upper 150 m of the
water column with an increase of up to 1.5°C in the surface layers.

The warming of the upper water column leads to altered growth conditions for
cyanobacteria, since their growth rate depends on temperature (Figure 2.14). The
higher temperatures lead to a decreased range in depth and time of the cyanobacteria’s
growth limitation, i.e., the phase of temperatures being high enough not to strongly
limit the cyanobacteria growth in the upper water column is increased (Figure 2.16 (a)-
(b)).

The reduced cyanobacteria growth limitation by temperature leads to altered cyanobac-
teria concentrations in the upper water column (Figure 2.16 (c)-(e)). Although the
increased temperatures do not lead to increased maximum cyanobacteria concentra-
tion, cyanobacteria grow earlier in the year leading to higher values in the upper layers
in spring and to higher annually integrated concentrations in the warming scenario
compared to the present-day Cape Verde scenario.
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Figure 2.14.: Temperature limitation function I7(7") of cyanobacteria growth.
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Figure 2.15.: Temperature in the upper part of the water column from January to
December in experiment CYAQ for the Cape Verde scenario (a) and in experiment
CYAOWARM for the warming scenario (b), and the corresponding temperature differ-
ence between experiments CYAOWARM and CYAO (c).
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2.7. Warming scenario

2.7.2 | Effect of the feedbacks

The altered cyanobacteria concentrations due to the increased temperature forcing also
lead to different effects of the biological-physical feedbacks. Including the absorption
feedback leads to a slightly earlier surface warming and to a subsurface cooling that
is slightly stronger and penetrating deeper in the warming scenario compared to the
present-day Cape Verde scenario (Figure 2.17). The small effect of including the addi-
tional albedo feedback is comparable in the warming scenario and in the present-day
Cape Verde scenario in the sense that the surface warming due to the absorption
feedback is only slightly reduced by the albedo feedback (Figure 2.18). Including the
additional wind feedback leads to an enhanced subsurface cooling in the warming sce-
nario compared to the present-day Cape Verde scenario (Figure 2.19).

temperature difference (CYA1-PIC1) temperature difference (CYA1WARM-PIC1WARM)

-150 l I

) A's o N

z/m

a

Figure 2.17.: Temperature difference in the upper part of the water column from
January to December between experiments CYA1 and PIC1 (a) and between experi-
ments CYAIWARM and PICIWARM (b).
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Figure 2.18.: Temperature difference in the upper part of the water column from
January to December between experiments CYA2 and PIC1 (a) and between experi-
ments CYA2WARM and PICIWARM (b).
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Figure 2.19.: Temperature difference in the upper part of the water column from
January to December between experiments CYA3 and PIC1 (a) and between experi-
ments CYA3WARM and PICIWARM (b).

As in the present-day Cape Verde scenario, also in the warming scenario including
the different biological-physical feedbacks leads to altered cyanobacteria concentrations
(Figure 2.20). The increase in the cyanobacteria surface concentrations and in the
vertically integrated concentrations when including the absorption feedback is similar
in the warming scenario and in the present-day Cape Verde scenario in the maximum
values. However, the increase in cyanobacteria concentrations due to the absorption
feedback starts earlier in the year. Including the additional albedo feedback has a
negligible effect on the cyanobacteria concentrations in both scenarios. In contrast, the
increase of cyanobacteria due to the additional wind feedback starts earlier in the year,
reaches slightly increased maximum values, and results in higher annually integrated
values in the warming scenario compared to the present-day Cape Verde scenario.

The changes in the effects of the biological-physical feedbacks in the warming scenario
also affect the mixed layer depth (Figure 2.21). The shallowing of the mixed layer due
to the absorption feedback is stronger in spring in the warming scenario compared to
the present-day Cape Verde scenario. Including the albedo feedback has a negligible
effect on the mixed layer depth in both scenarios. The wind feedback leads to an
additional shallowing of the mixed layer which is more pronounced in spring leading to
a prolonged period of a shallow mixed layer in the warming scenario compared to the
present-day Cape Verde scenario.
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Figure 2.20.: Cyanobacteria concentrations Py in the top layer in experiments
CYAO, CYA1, CYA2, and CYA3 (a) and in experiments CYAOWARM, CYA1WARM,
CYA2WARM, and CYA3WARM (b), as well as vertically integrated cyanobacteria
concentrations Pj,¢ in experiments CYAQ, CYAL, CYA2, and CYA3 (c) and in exper-

iments CYAOWARM, CYAIWARM, CYA2WARM, and CYASWARM (d).

The con-

version from the model unit for phytoplankton concentrations to chlorophyll (Chl)

contents is done using a fixed N:Chl ratio.

MLD /m

P.. / mg Chl m?

0o e
20 4 L
40 L
e d 4 |- CYA3WARM L

] — — -CYA2WARM r
o ——CYAIWARM .
8 ——CYAOWARM [
100 — — :
J F M A M J J A s N D
(b)

Figure 2.21.: Mixed layer depths (MLD) for all experiments including cyanobacteria
for the Cape Verde scenario (a) and for the warming scenario (b), calculated from a

temperature criterion with AT = 0.2°C.
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2.8 | Summary, discussion and conclusions

The results of our one-dimensional model study show that the absorption and the wind
feedback lead to a faster and stronger warming of the surface layers and a weaker sub-
surface warming in spring and summer and a stronger cooling in fall. The absorption
feedback leads to an increase in summer sea surface temperature of up to 1°C, while
the albedo feedback induces a decrease in the surface temperature of only about 0.1°C.
In addition, the absorption feedback leads to a doubling of the maximum cyanobacteria
surface concentrations, while the albedo feedback effect on cyanobacteria surface con-
centrations is almost negligible. Furthermore, the absorption and the wind feedback
lead to a shallowing of the mixed layer with a maximum decrease in the summer mixed
layer depth of about 20m. The albedo feedback, in contrast, affects the mixed layer
depth only to a very small extent. These results suggest that the positive absorption
feedback and the wind feedback have stronger effects on upper ocean physics than
the negative albedo feedback. Thus, the overall feedback effect of the surface floating
phytoplankton to sea surface temperature is a positive one.

Buoyant cyanobacteria actually drive two different positive feedback mechanisms, one
via increased light absorption in the surface layers and one via wind drag reduction.
Both these feedbacks lead to higher surface temperatures as well as reduced turbulent
mixing which both lead to a benefit for buoyant cyanobacteria (as also suggested by,
e.g., Johnk et al., 2008). Thus, buoyant cyanobacteria create environmental conditions
promoting their own growth and providing a competitive advantage over non-buoyant
phytoplankton species.

While changes in the absorption of light by phytoplankton have been included in
previous model studies, the additional effects of altered ocean surface albedo and surface
wind drag were assessed here for the first time in a fully coupled biological-physical
numerical model. Our parameterization of the coupling of the surface albedo and
the wind stress to phytoplankton surface concentrations needs to be seen as a first
quantitative estimate. Further quantitative measurements in the field are needed to get
more confidence in the magnitude of the simulated effects. Yet, the sensitivity studies
concerning the parameterizations of the different feedbacks show that the model results
are quite robust for a reasonable range of assumed feedback strengths.

Our results suggest that in oceanographic regions with sufficient abundances of buoy-
ant cyanobacteria these organisms will have substantial effects on upper ocean dynam-
ics. These open ocean regions include the tropical and subtropical Atlantic and Pacific,
as well as the Arabian Sea. The biological changes in the physical oceanic surface prop-
erties due to surface buoyant cyanobacteria might increase in the future, since an 11%
areal increase in the potential geographic distribution of cyanobacteria due to future
changes in sea surface temperatures may occur, if they adapt to temperatures higher
than 30°C (Breitbarth et al., 2007).

Concerning the effect of potential future increases in atmospheric temperatures, the
warming scenario model results suggest that the period of favorable growth conditions
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for cyanobacteria will be prolonged and that the effects of the absorption and the wind
feedback on upper ocean physics will be even stronger in a warmer environment.

Our study allows to investigate in detail the various feedback loops and constitutes
an elucidating example of a small system with already several feedback loops between
biology and physics. Our results indicate potential consequences of a shift in the
phytoplankton community composition to one dominated by cyanobacteria. Besides
already observed changes in nitrogen cycling (e.g. Karl, 1999) additional effects like
a prolonged growth period of cyanobacteria and direct effects on ocean physics like a
prolonged period with high sea surface temperatures and a relatively shallow mixed
layer can be expected. As noted already for example by Strutton and Chavez (2004),
chlorophyll variability can have substantial effects on mixed layer dynamics and needs
to be taken into account in physical ocean models. As our study suggests that marine
biological feedbacks will have an impact on the mixed layer dynamics, model simulations
of climate change scenarios should stop to ignore the fundamental changes in surface
ocean biota.
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Chapter 3

Quantification of local and non-local
biological-physical feedbacks

We have described and analyzed the biological-physical feedback mechanisms in a one-
dimensional local way so far. Yet, also indirect, non-local effects potentially provid-
ing feedback loops can occur in the upper ocean. The biologically induced effects
on temperature distribution and mixed layer dynamics might be even stronger in a
three-dimensional environment due to lateral advection caused by horizontally inho-
mogeneous phytoplankton concentration (as proposed, e.g., by Burchard et al., 2006).
Contrarily, the local effects of the biological-physical feedback mechanisms might be
reduced due to horizontal processes, which cannot be resolved in a one-dimensional
water column model. Non-local effects on upper ocean structure and dynamics and on
the general circulation need to be studied in a model environment that can simulate
the three-dimensional structure and circulation of the ocean. Therefore, we study the
effects of including biological-physical feedback mechanisms also in a three-dimensional
model framework. The aim is to quantify the local and non-local biologically induced
feedback effects.

In the first three sections of this chapter we describe the specific physical and bio-
logical model setups as well as the implementation of the biological-physical feedback
mechanisms in the three-dimensional model framework. (Underlying mathematical for-
mulations, assumptions and numerical approaches used in coupled biological-physical
ocean models are presented in Appendix A.) In Sections 3.4 to 3.7 we describe and
analyze the results of a control simulation and the model simulations including the
biological-physical feedbacks. We close the chapter with a section summarizing and
discussing the main results and drawing conclusions from the three-dimensional model
simulations.
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3. Quantification of local and non-local biological-physical feedbacks

3.1 | Physical model setup

Within the MIT general circulation model framework (MITgem, Marshall et al., 1997)
we set up an idealized physical ocean model covering the North Atlantic coupled to a
simplified biological model, which is suited to study the biologically induced impacts
on ocean circulation and mixed layer dynamics in a controllable and conceptual yet
quantitative way.

The physical model setup is based on the Boussinesq, incompressible hydrostatic
primitive equations finite-volume model in z-coordinates, as described in the appendix
A.3. We use a rigid lid and a linear equation of state without taking into account
salinity changes. The model domain is a closed rectangular sector with an extent of
2560 km in meridional and 5120 km in zonal direction. We use a Cartesian grid on a (-
plane with fixed z-levels and choose the Coriolis parameter and its meridional gradient
such that the model domain ranges from about 10°N to 55°N. The bottom topography
is flat and the depth of the basin is 900 m. Figure 3.1 shows a schematic depiction of
the model domain. The horizontal resolution is 80 km and the vertical resolution is 2 m
in the upper 20 m and gradually coarser from top to bottom with 40 levels in total. We
apply no-slip conditions at the bottom boundary and free-slip conditions at the lateral
boundaries. The additional parameter values used in the physical model part are given
in the appendix in Table A.3.

55°N

900m

Figure 3.1.: Schematic depiction of the ocean sector model domain used in the MIT-
gcm model setup.

We use the Redi scheme (Redi, 1982) and Gent-McWilliams parameterization (Gent
and Mcwilliams, 1990; Gent et al., 1995) for isopycnal mixing with the parameters and
settings summarized in Table A.4 and the turbulent-kinetic-energy-based mixed layer
closure scheme by Gaspar et al. (1990) for the vertical mixing with the parameters
given in Table A.5. In addition, we use constant lateral and vertical background eddy
viscosities and constant vertical background tracer diffusivities. Since the employed ad-
vection scheme is rather diffusive, we set the lateral and biharmonic tracer diffusivities
to zero.
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3.1. Physical model setup

Physical model forcing

At the ocean surface we apply an idealized temperature and wind forcing. The heat
flux between atmosphere and ocean is parametrized using a dynamic term for the long
wave radiation and a prescribed term for the short wave radiation. The dynamic long
wave radiation term is provided by restoring the model sea surface temperature to
a prescribed idealized climatological annual cycle of temperature through a Haney-
type restoring (Haney, 1971). This linearized formulation of the surface heat budget
describes the interaction with an atmosphere with infinite heat capacity. Thus, this
description allows for a response of the heat flux to changes in the sea surface tempera-
ture calculated by the model and represents a physically plausible flux correction. The
restoring coefficient in the linearized heat flux has typical values of about 50 Wm 2K 1.
This coefficient (divided by the density and specific heat of water and the thickness
of the upper model layer) determines the restoring timescale used in the temperature
equation of the model.

The prescribed idealized restoring temperature is zonally constant, but meridionally
varying and includes an annual cycle as shown in Figure 3.2 (a). The annual and
daily cycle of the solar short wave irradiance at the ocean surface is calculated from the
geographical location via astronomical formulae and locally constant cloud cover values
according to Brock (1981) and Reed (1977). Figure 3.2 (b) shows the solar irradiance
at the ocean surface at local noon. Furthermore, the local ocean surface albedo is
calculated from the geographical location and the angle of solar inclination according
to Briegleb et al. (1986). In addition, we prescribe an idealized constant zonal wind
stress with meridional variation based on observed northern hemisphere pattern, as
shown in Figure 3.2 (c¢). The same temperature, light, and wind forcing is repeated
every model year for all model simulations.
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Figure 3.2.: Annual cycle of the restoring sea surface temperature (a), the solar
irradiance at local noon (b), and the idealized constant zonal wind stress forcing 7,
(c) used in the MITgcm model setup.
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3.2. Biological model setup

3.2 | Biological model setup

The physical ocean model velocities and diffusivities are used to redistribute the biolog-
ical tracers within the ocean. Additional redistribution comes from biological sources
and sinks. In the following we describe the biological model, which we implement in
the MITgem framework. The dynamics for the concentration of all biological tracers C
is given by

(0 +T-V)C = (K Op + K 0y + KJ°0..) C+ Qc (3.1)

where KP'° and KP° are the horizontal and the vertical biological tracer diffusivities
and the term Q¢ represents sources and sinks of the biological tracer C. The parameter
values for the diffusivities are given in the appendix in Table A.3.

The biological model describes a system of two different phytoplankton species
groups named phytoplankton and cyanobacteria, respectively. Analogous to the bi-
ological model used in the one-dimensional studies described in Chapter 2, the phy-
toplankton group has a nutrient-limited growth rate and the cyanobacteria group has
a temperature-limited growth rate and is positively buoyant. The model consists of
a system of equations for the concentrations P, C', N, Ds, and Dy, of phytoplankton,
cyanobacteria, nutrients (dissolved inorganic nitrogen), and two pools of detritus — one
pool with a short and one pool with a long remineralization length scale — respectively.
All concentrations are expressed in nitrogen units. The sources and sinks are given by

Qp = ppP —90pP (3.2)
Oc = pucC—56cC —wed.C (3.3)
Ov = wsDs+w, Dy —upP (3.4)
Qps = Bpdp P+ PfcodcC —ws Ds —wpg 0. Ds (3.5)
Op, = (1-8p)dp P+ (1—p8c)dcC —wy, Dy, —wp, 0.Dy, —~ Dy, (3.6)

with the growth functions

pp = pp (Ipar, N)
a Ipar N

= up™ (3.7)
(Mga)d 4 042]PAR2)1/2 k’N + N
pe = pe (Ipar, T)
al T —T,.)
— ugax PAR _ ( pt) (38)

exp
(192 4 02 Tppg?) 1/2 (Ty — Tysgn (T = Tope))*

The photosynthetically available radiation Ipar is calculated as a fixed fraction gpagr
of the local solar irradiance. The temperature 7' is the local potential temperature
calculated by the physical model. The values and meanings of the constants used in
the biological model are given in Table 3.1.
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3. Quantification of local and non-local biological-physical feedbacks

The limiting functions in the growth rates pup and pc are the same that are used
in the biological model for the one-dimensional framework described in Chapter 2. In
particular, for the functional relationship between growth rate and solar radiation we
use the one which was first proposed by Smith (1936) and for the dependence of the
growth rate on nutrient concentrations we use the hyperbolic function proposed by
Caperon (1967). For the temperature dependence of the growth rate uc we use a mod-
ified Gaussian function describing the optimal temperature for cyanobacteria growth
and the distribution around this optimum, which is in agreement with the observed
temperature dependence of growth of No-fixing cyanobacteria (Breitbarth et al., 2007).
The temperature which we use here to calculate the growth rate uc is the tempera-
ture calculated in the physical part of the model. This calculated temperature is the
potential temperature and not the in-situ temperature, which would be needed for a
proper calculation of uc. However, compared to the uncertainty in measured values
for the dependence of o on temperature, the difference between potential and in-situ
temperature is negligible in the relevant depth and temperature range.

wp = 0.5 d! phytoplankton maximum growth rate

He = 0.25 d! cyanobacteria maximum growth rate

a = 0.03 m?W~-!'d=! initial slope of P-I curve

kn = 0.3 mmolNm™ half-saturation constant for N uptake

op = 0.05 d! phytoplankton mortality rate

oc = 0.05 d7! cyanobacteria mortality rate

Bp =pBc = 0.5 fractionation of detritus pools

We = 1.0 md™! cyanobacteria vertical velocity

Wg = 0.1 d7! remineralization rate of detritus described by Dsg
wr, = 0.01 d7! remineralization rate of detritus described by Dy,
Wpg = -10 md™! vertical velocity of detritus described by Dg

Wp,, — -10 md™! vertical velocity of detritus described by Dy,

v = 0.0095 d! denitrification /deposition rate

Topt = 28 °C cyano growth optimum temperature

T = 55 °C cyano growth temp. window parameter

Ty = 1 °C cyano growth temp. window parameter

(PAR = 0.43 PAR fraction of irradiance

Table 3.1.: Values and meanings of the parameters used in the biological model part
in the MITgecm model setup.
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3.3 | Coupling of physics and biology

The coupling between the biological and the physical model part is implemented as
a two-way interaction. The physical model calculates velocity, temperature, and light
fields, which are passed to the biological model and are used to redistribute the bio-
logical tracers and to calculate the source and sink terms in the biological equations.
In addition, the biological tracers affect the light field via attenuation in the water and
reflection at the ocean surface, thereby feeding back to the temperature field.

Analogous to the one-dimensional model studies presented in Chapter 2, the altered
light attenuation and corresponding temperature changes due to absorption by biolog-
ical matter is referred to as the absorption feedback. The effect of biological matter on
the surface reflectance, i.e., the albedo of the ocean surface, is referred to as the albedo
feedback, and the alteration of the surface wind drag coefficient by cyanobacteria at the
ocean surface, implemented as a reduced wind stress, is referred to as the wind feedback.
The parameterizations of the three different biological-physical feedback mechanisms
in the three-dimensional model framework are implemented analogously to the model
described in Chapter 2.

3.3.1 | Absorption feedback

The incoming solar short wave irradiance is absorbed and attenuated by the seawater
and by biological matter thus leading to less available light in deeper water layers.
At a given location (x,y), the attenuated local irradiance I at depth z and time ¢ is
calculated as

I(z,y,2,t) = Io(z,y,t) |aexp (K, z) + (1 — a)exp (ky2) exp <k‘bio/ c(z,y, 2, t)dz’)] ,
0

(3.9)
where ¢ := P + C' + Dy, + Dg is the sum of the concentrations of phytoplankton,
cyanobacteria, and detrital matter, [y is the incoming solar short wave irradiance at
the surface, the parameters k., and k,, are absorption coefficients for seawater, and
a is a dimensionless weighting parameter. This parametrization is the same that is
used in the water column model in Chapter 2, except for the concentration c¢ taking
into account the additional biological compartments. Also analogous to the studies in
Chapter 2, the parameters are taken according to Jerlov water type I, which describes
the background open ocean clear seawater, and the specific absorption coefficient for
biological matter is set to kpj, = 0.03m? (mmolN)~!. The local irradiance I is then
used for the calculation of local phytoplankton growth as well as for the source term
proportional to 0,1 in the temperature equation to account for local warming by light
absorption.

To assess the sensitivity of the model to the choice of the parameter ky;,, we perform
additional model experiments analogous to the one-dimensional model experiments
with the parameter values given in Table 2.2.
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3.32 | Albedo feedback

The ocean surface albedo at a given location is coupled to the cyanobacteria concen-
tration in the top layer at that location. That is, we compute the total ocean surface
albedo « at location (x,y) at time t according to

Of(l’,yﬂf) = aphys(l‘yyat) + abio(x7y7t> (3]—0)
with bio(z,y,t) = min[ap, 8C(z,y, 2 =0,1)], (3.11)

where apnys(t, 2,y) is the local ocean surface albedo calculated in the physical part of
the model from the geographical location and the angle of solar inclination according
to Briegleb et al. (1986), f and o2 are constant parameters, and C(x,y,z = 0,1)
is the cyanobacteria concentration in the top layer at location (z,y) at time ¢. This
parametrization and also the values for the parameters are the same that are used in
Chapter 2.

To assess the sensitivity of the model to the choice of these parameters, we perform
additional model experiments analogous to the one-dimensional model experiments
with the different sets of parameter values given in Table 2.2 and illustrated in Fig-
ure 2.8.

3.3.3 | Wind feedback

The surface wind stress at a given location is coupled to the cyanobacteria concentration
in the top layer at that location. We assume that the surface wind stress is reduced by
cyanobacteria at the ocean surface, leading to the altered surface wind stress

7_—;(137 Y, t) = th}’s(x? y) Tbio(m7 Y, t) (312)

with Thio(Z,y,t) = max[rps, (1 —-46C(z,y,2=0,1))], (3.13)

where T,hys is the prescribed surface wind stress and ¢ and ;2% are constant parameters.

Again, this parametrization and also the values for the parameters are the same that
are used in Chapter 2.

To assess the sensitivity of the model to the choice of these parameters, we perform
additional model experiments analogous to the one-dimensional model experiments
with the different sets of parameter values given in Table 2.2 and illustrated in Fig-
ure 2.8.

As also stated in Chapter 2, the surface wind stress is used in two different parts
of the model: As an upper boundary condition in the horizontal momentum equations
and for the vertical turbulent momentum flux. Thus, a change in the surface wind
stress leads to changes in the horizontal velocities and in the vertical turbulent mixing,
which both lead to changes in the depth of the mixed layer. To separate these two
different pathways in the three-dimensional model setup described here, we perform
additional model experiments which are discussed in Section 3.8.

44



3.4. Control simulation

34 | Control simulation

To assess the effects of the different biological-physical feedback mechanisms we perform
a control simulation with the biological-physical model without taking into account the
effects of biology on physics. The physical model part in this case only acts as a driver
of the biological model part. We initialize the physical model from a state at rest with
a homogeneous temperature field. After a spin-up phase of 600 model years with the
physical model part alone we perform a spinup run with the coupled biological-physical
model for another 500 model years. After this spinup phase both the physical and the
biological system are in a quasi steady state with a repeating annual cycle. In the
following we describe the results of this control simulation after the spinup phase.

General circulation

The prescribed wind forcing produces the expected western-intensified double-gyre
structure (Figure 3.3) with a cyclonic gyre in the northern part of the model domain,
corresponding to the North Atlantic sub-polar gyre, and an anticyclonic gyre in the
southern part of the model domain, corresponding to the North Atlantic subtropical
gyre. These surface currents, which do not show a seasonal cycle because of the con-
stant wind stress, together with the thermal forcing produce the surface temperature
field with a strong positive north-south temperature gradient and a pronounced sea-
sonal cycle (Figure 3.4). The western surface current in the southern part of the ocean
basin flows northward until about the middle of the basin before it turns eastwards
flowing to the north-eastern corner of the basin (Figure 3.5, left), where the warmer
water masses lose heat to the atmosphere and deep water formation takes place. This
surface current, transporting heat from lower to higher latitudes, corresponds to the
Gulf Stream system in the North Atlantic. In the deeper layers the newly formed
deep water gets transported from the north-eastern corner of the basin first westwards
and then southwards by a deep western-boundary current to the southern border of the
basin (Figure 3.5, right), where it gets upwelled again. The structure of the overturning
circulation is visualized in the zonally integrated meridional overturning streamfunc-
tion (Figure 3.6) showing the net transport northward at the surface and southward at
the bottom as well as upwelling across a large part of the ocean basin and downwelling
at the northern boundary of the basin. In addition, there are two shallow wind-driven
overturning cells, reflecting the near surface upwelling in the sub-polar gyre and at the
southern boundary as well as the downwelling in the subtropical gyre.

In general, the circulation is consistent with previously published idealized models
(e.g. Follows et al., 2002) and resembles the general structure of the North Atlantic
Ocean. Deviations from a more realistic setup mainly originate from the idealized
geometry and the size of the ocean basin as well as from the idealized forcing. The
strength of the meridional overturning circulation, for example, is substantially weaker
in our idealized setup compared to observations of the Atlantic Ocean because of the
smaller extent of our ocean basin in zonal direction.
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Figure 3.3.: Sea surface elevation in the control simulation (left) and the constant
zonal wind stress forcing (right).
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Figure 3.4.: Seasonal mean surface temperature in winter (DJF), spring (MAM),
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Figure 3.5.: Annual mean temperature and velocities at 75 m depth and 650 m depth
in the control simulation.
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Figure 3.6.: Annual mean zonally integrated meridional overturning streamfunction
in the control simulation.

47



3. Quantification of local and non-local biological-physical feedbacks

Temperature structure and mixed layer dynamics

In the southern part of the ocean basin, the surface mixed layer, which is defined by
a density-based criterion following Kara et al. (2000) throughout our studies in the
three-dimensional framework, is rather shallow with a strong thermal stratification
(Figure 3.7 and Figure 3.8). In the region corresponding to the subtropics, the mixed
layer depth varies between around 60 m in winter and around 20 m in summer. At the
southern boundary of the ocean basin, the upper ocean stratification is broken due to
upwelling of colder water. In the northern part of the basin, the mixed layer depth is
larger than 200 m in winter and fall in a large region at the northern boundary with a
deep mixing down to the bottom of the basin directly at the northern boundary during
the whole year. Additionally, the thermocline is deepened due to Ekman pumping in
the northwestern part of the subtropical gyre, while colder water is lifted up via Ekman
suction in the subpolar gyre, with the largest effect on the mixed layer depth in this
region in summer and fall.
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Figure 3.7.: Seasonal mean mixed layer depths, calculated via a density-based crite-
rion following Kara et al. (2000), in the control simulation.
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3. Quantification of local and non-local biological-physical feedbacks

Biological variables

For the coupled biological-physical model simulations, the phytoplankton and cyanobac-
teria fields are initialized with horizontally homogeneous concentrations of
0.2mmolNm™2 in the upper 300m and 107°mmol Nm~2 below. The two detritus
fields are initialized with a homogeneous concentration of 10~*mmol Nm~ and the
initial nutrient field is horizontally homogeneous and vertically follows the profile as
shown in Figure 3.9.
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Figure 3.9.: Initial nutrient concentration profile. Horizontally, the initial nutrient
field is homogeneous.

After the spinup phase the modeled phytoplankton surface concentrations (Fig-
ure 3.10, top) show relatively high values at the southern boundary of the ocean basin
during the whole year. This persistent bloom is due to upwelling of nutrients to the
surface in the Ekman cell in this region (Figure 3.13) and the availability of light all
year long. Another area of high phytoplankton concentrations can be seen in the sub-
polar gyre. Here, nutrients are not limiting the growth of phytoplankton substantially,
since they are upwelled due to Ekman suction to the surface in winter and spring
(Figure 3.13). The highest phytoplankton surface concentrations can be found in the
northern part of the ocean basin in summer. Here, nutrients and light are also hardly
limiting the growth of phytoplankton. This surface bloom at the northern boundary
of the ocean basin, however, only occurs in summer and early fall, since light levels
are lower in winter and nutrients get depleted at the surface in fall and get mixed up
again in winter and spring (Figure 3.13). In the subtropical region, phytoplankton
surface concentrations are relatively low, since not enough nutrients are available at
the surface because of the strong stratification and the Ekman pumping leading to
downwelling. An additional reason for the low phytoplankton surface concentrations is
the light shading by cyanobacteria. Cyanobacteria come in high concentrations in the
southern part of the subtropical region during the whole year (Figure 3.10, bottom)
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3.4. Control simulation

and, since they are surface buoyant, have an advantage in the competition for light
compared to phytoplankton. Since cyanobacteria are not limited by nutrient availabil-
ity at all in the model, they can grow even in the nutrient depleted surface layers of the
subtropical region. The reason why cyanobacteria growth is restricted to the southern
region of the ocean basin is their temperature dependent growth rate, which is too
low further north, because temperatures are too low. Cyanobacteria are not present
at the southern boundary of the ocean basin, but phytoplankton can grow there, since
the actual growth rate is higher for phytoplankton than for cyanobacteria. The reason
for this is twofold: 1) temperatures exceed the optimum temperature for cyanobacte-
ria growth, and 2) the nutrient limitation for phytoplankton is weak in these nutrient
replete conditions.

The vertical structure of the phytoplankton and cyanobacteria concentration is shown
in Figure 3.12. Zonally averaged, both phytoplankton and cyanobacteria concentrations
have their maximum at the surface, but phytoplankton is distributed over the upper
60-90 m, whereas cyanobacteria are restricted to the upper 20-30 m due their positive
buoyancy and the relatively shallow mixed layer in the subtropical region.
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Figure 3.10.: Seasonal mean phytoplankton and cyanobacteria surface concentra-
tions in the control simulation.
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Figure 3.11.: Seasonal mean vertically integrated phytoplankton and cyanobacteria
concentrations in the control simulation.
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Figure 3.13.: Seasonal zonal mean nutrient concentrations in the control simulation.

3.5 | Quantitative evaluation of the biological results

To assess the magnitude of the biological-physical feedbacks, we aim to simulate the
main characteristics of the phytoplankton and cyanobacteria dynamics, with reasonable
concentrations and a reasonable spatial and seasonal pattern, using a minimalistic, yet
process-based prognostic model which dynamically links phytoplankton and cyanobac-
teria to their physical environment.

Phytoplankton

The spatial pattern of highest phytoplankton concentrations in the northern part of
the ocean basin and at the southern boundary as well as low phytoplankton concen-
trations in the region between compares well with the structure found in the North
Atlantic Ocean (e.g. McClain et al., 2004). The pronounced seasonal cycle of the
modeled phytoplankton concentrations in the northern part of the ocean basin with a
maximum in late spring/early summer is comparable to the observed phytoplankton
dynamics in the North Atlantic. In this region, surface concentrations of chlorophyll
(Chl) regularly reach 3mg Chlm~2 in spring (McClain et al., 2004), corresponding to
1.5-6.8 mmol N m~3, assuming a Chl:C mass ratio between 40 and 180 (Sathyendranath
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3.5. Quantitative evaluation of the biological results

et al., 2009) and the Redfield molar C:N ratio of 6.625. The modeled phytoplankton sur-
face concentrations of up to 6 mmol N m~2 at the northern boundary of the ocean basin
are thus in a reasonable range. The modeled relatively high phytoplankton surface
concentrations at the southern boundary of the ocean basin with maximum concen-
trations in summer are comparable to the phytoplankton distribution in the Atlantic
equatorial upwelling region. The maximum surface chlorophyll concentrations in this
upwelling region are around 1 mg Chlm~3 (McClain et al., 2004), corresponding to 0.5
2.3mmol N m~3, assuming the above conversion factors. The model thus overestimates
phytoplankton concentrations in this region, with summer mean maximum values of
up to 6 mmol N m™3, which can be explained by boundary effects or a too high nutrient
availability in the model. The model region north of this boundary region is com-
parable with the oligotrophic subtropical North Atlantic, where very low phytoplank-
ton concentrations are found. The observed surface values of around 0.05mg Chlm~3
(McClain et al., 2004), corresponding to 0.025-0.115 mmol N m™3, are comparable to
the phytoplankton surface concentrations simulated by the model with values below
0.5mmol N m~2 in large parts of the ocean basin between 1000 and 2000 km north of
the southern boundary.

Also the vertically integrated phytoplankton concentrations of up to 300 mmol N m—2
simulated by our model are in a reasonable range, compared to observed values of up
to 180 mg Chlm~2 found by, e.g., Lochte et al. (1993), corresponding to about 100
400mmol Nm~2. Yet, one needs to remember that the conversion of chlorophyll to
the phytoplankton nitrogen content is not straightforward, which we account for here
by assuming a large range of possible values for the Chl:C ratio, since the chlorophyll
content of phytoplankton is highly variable (e.g. Geider, 1987) and also the Redfield
C:N ratio is not constant (e.g. Geider and La Roche, 2002).

Concerning the vertical distribution of phytoplankton, in regions with strong and
deep vertical mixing as well as in upwelling regions, modeled phytoplankton is dis-
tributed in the upper 60 to 120m of the ocean with highest concentrations at the
surface, whereas in stratified oligotrophic ocean regions, simulated phytoplankton con-
centrations form a subsurface maximum. These different vertical distributions compare
well with observed profiles of phytoplankton in the North Atlantic (e.g. Maranon et al.,
2000).

Cyanobacteria

The spatial distribution of cyanobacteria simulated in our model agrees with the re-
ported distribution of the surface buoyant nitrogen fixing cyanobacteria species Tri-
chodesmium, which is generally restricted to low latitude oligotrophic ocean regions
and rarely occurs at higher latitudes with water temperatures below 20°C (Breitbarth
et al., 2007). The vertical distribution with highest concentrations at the surface, the
large scale horizontal distribution pattern with the geographical restriction to the re-
gion north of the equatorial region, but south of the central subtropical gyre, as well
as the seasonal cycle with maximum abundances in fall as simulated by our model are
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3. Quantification of local and non-local biological-physical feedbacks

found in satellite-based studies (Westberry and Siegel, 2006; Bracher et al., 2009) and
model studies (Gregg and Casey, 2007; Hood et al., 2004) in the tropical and subtropical
North Atlantic. Observed concentrations of Trichodesmium within surface blooms vary
significantly (e.g. Carpenter and Capone, 1992; Westberry and Siegel, 2006; Luo et al.,
2012) and have been compiled and also compared to model results by, e.g., Hood et al.
(2004) and more recently by Monteiro et al. (2010). Values of 2000-20,000 trichomes 1~
have been reported (e.g. Capone et al., 1998; Tyrrell et al., 2003; Carpenter et al.,
2004), corresponding to cyanobacteria concentrations of 1.4-14 mmol N m™3 assuming
a value of 10ngN per trichome (Carpenter et al., 2004). The maximum of this range
of reported values for the North Atlantic is about a factor of 2 lower compared to the
maximum surface concentrations of cyanobacteria of up to 25 mmolNm™3 simulated
by our model. Yet, also very dense surface accumulations of cyanobacteria with up to
38-44x10° trichomes 1! (Devassy et al., 1978; Kromkamp et al., 1997, for the Arabian
Sea) have been reported, corresponding to up to 27,000-32,000 mmol N m~3, assuming
the conversion factor mentioned above. Thus, the cyanobacteria surface abundances
simulated by our model are in a plausible range.

The simulated vertically integrated cyanobacteria concentrations with maximum val-
ues around 300 mmol N m~2 are higher compared to maximum values observed by, e.g.,
Carpenter et al. (2004), of up to 230mmol N m~2. Yet, as with the conversion of the
phytoplankton chlorophyll content, also the nitrogen content of cyanobacteria is vary-
ing and it is this difficult to compare modeled values in units of nitrogen with measured
values of numbers of cells, trichomes, or colonies.
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3.6 | Perturbation experiments including feedbacks

Using the final state of the control simulation as initial state, we perform model sim-
ulations with the coupled biological-physical model, now taking into account also the
effects of biology on physics. To assess the feedback mechanisms separately, we first
switch on the three effects via absorption, albedo, and wind changes in separate model
simulations. After an additional spin-up phase of 600 model years with the coupled
model including the respective feedbacks, both the physical and the biological system
reach a new quasi steady state with a repeating annual cycle. In the following we de-
scribe and analyze the results of the different perturbation experiments after the spinup
phase with respect to the resulting differences to the control simulation.

3.6.1 | Absorption feedback

Effects on temperature

Since phytoplankton and cyanobacteria concentrations are highest at the surface in
almost all regions of the ocean basin, the direct local effect of taking into account the
absorption feedback is a surface warming due to absorption by biological matter. Since
higher light absorption at the surface leads to less available light below the surface at a
certain location, also a surface cooling at a different location can result due to the cir-
culation. Figure 3.14 shows the surface temperature difference between the experiment
including the absorption feedback (ABS) and the control simulation (CTRL).

In experiment ABS, seasonal mean surface temperatures are higher by up to 0.6 °C in
summer compared to CTRL in the subtropical region where cyanobacteria are present
in high concentrations. Also in the northern part of the ocean basin, during summer,
when phytoplankton surface concentrations are highest, surface temperatures are higher
(by up to 0.2°C) in ABS compared to CTRL. During the whole year, at the southern
boundary as well as at the western boundary, between 1600 and 2600 km north of the
southern boundary, and in winter, in the part of the ocean basin north of the subtropical
region, surface temperatures are lower by up to 0.4°C in ABS compared to CTRL.

Below the surface layers, the temperature differences between the experiment ABS
and CTRL are negative everywhere (Figure 3.15), since less light is available due to
increased surface absorption. The strongest subsurface cooling of up to 1°C in the
zonal mean temperature occurs at a depth of around 60 m, below a depth of 200 m this
cooling is less than 0.4 °C. In these deeper layers, the cooling effect is less pronounced,
since the solar irradiance available for heating is very low here also without taking into
account the attenuation by biological matter. Yet, negative temperature differences
between ABS and CTRL occur down to the bottom of the ocean basin because the
total amount of solar energy available for heating is reduced in experiment ABS. The
heating of the surface layers cannot compensate for the subsurface cooling because
of the increased heat loss to the atmosphere in the model. The surface cooling in
experiment ABS compared to CTRL (Figure 3.14) is due to colder subsurface water
that is upwelled to the surface.
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3.6. Perturbation experiments including feedbacks

Effects on mixed layer dynamics and circulation

In experiment ABS, mixed layer depths are generally smaller almost everywhere in the
ocean basin compared to experiment CTRL (Figure 3.16). In the subtropical region in
winter and spring, the mixed layer is up to 30 m shallower in ABS compared to CTRL
due to the biologically induced surface warming via absorption. The absolute reduction
of the mixed layer depth in the subtropics is stronger in the western part of the ocean
basin, since in the eastern part the mixed layer is very shallow already in experiment
CTRL. In the northern part of the ocean basin, the mixed layer depth decrease is most
pronounced in spring and summer and reaches more than 60m. Only in winter this
northern region is characterized by a deeper mixed layer in experiment ABS compared
to CTRL.
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Figure 3.16.: Seasonal mean mixed layer depth differences between experiments ABS
and CTRL.

Also the general circulation is affected by including the absorption feedback in the
model. While the horizontal circulation is affected only very slightly (not shown), the
meridional overturning streamfunction is reduced by up to 0.3Sv in summer in the
northern part of the ocean basin in experiment ABS compared to CTRL (Figure 3.17).
In addition, the wind driven shallow surface overturning cell close to the southern
boundary is increased by up to 0.4 Sv in ABS compared to CTRL throughout the year.
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3.6. Perturbation experiments including feedbacks

Secondary effects on biological components

The changes in the temperature field and in upper ocean dynamics due to the absorption
feedback lead to secondary effects on the biological tracers, since their dynamics and
distribution depends on the model physics, thereby closing the feedback loop between
biology and physics.

In experiment ABS, the phytoplankton surface concentrations are generally higher
everywhere in the ocean basin compared to experiment CTRL (Figure 3.18). At the
southern boundary of the ocean basin, these increases in the seasonal mean phyto-
plankton surface concentrations are around 1-2mmol Nm™ during the whole year,
corresponding to a relative change of about 30 % compared to experiment CTRL. In
the northern part of the ocean basin, these increases are seasonally varying, with max-
imum values of up to 2mmolNm™3. Also the cyanobacteria surface concentrations
are increased in experiment ABS compared to CTRL in the subtropical region, where
cyanobacteria grow. The increase in the seasonal mean cyanobacteria surface concen-
tration is as high as 14 mmol N m~3 in fall, corresponding to a relative change of about
50 % compared to experiment CTRL.
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Figure 3.18.: Seasonal mean phytoplankton and cyanobacteria surface concentration
differences between experiments ABS and CTRL.
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3. Quantification of local and non-local biological-physical feedbacks

The increases in phytoplankton and cyanobacteria surface concentrations in experi-
ment ABS seem to be due to higher net growth of the organisms in the model. Yet, the
vertically integrated concentrations show that the total amount of phytoplankton and
cyanobacteria in a certain water column is increased in some regions, but decreased in
other regions in experiment ABS compared to CTRL (Figure 3.19). For phytoplankton,
the vertically integrated concentrations are decreased directly at the southern bound-
ary of the ocean basin and increased in a strip between the southern boundary and
the subtropical region. That is, the amount of phytoplankton close to the southern
boundary is increasing, but part of the increased surface concentrations is explained
by a northward shift of the phytoplankton bloom. In the subtropical region, the verti-
cally integrated phytoplankton concentrations are reduced because of an even stronger
dominance of cyanobacteria in this region in experiment ABS. In a large region in the
northern part of the ocean basin, vertically integrated phytoplankton concentrations
are decreased in summer. The vertically integrated cyanobacteria concentrations are
increased in the northern part of the subtropical region, but decreased in the southern
part, indicating a shift of the cyanobacteria bloom closer to the surface and northward.
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3.6.2 | Albedo feedback

Since the albedo feedback only depends on the cyanobacteria surface concentrations, the
direct local effect of taking into account the ocean surface albedo increase by cyanobac-
teria is a surface cooling due to increased reflectance of solar radiation. This surface
cooling in the experiment including the albedo feedback (ALB) in the subtropics where
cyanobacteria surface concentrations are highest reaches 0.1 °C compared to experi-
ment CTRL (Figure 3.20). The wind induced shallow overturning cell at the southern
boundary of the ocean basin leads to a slight subsurface cooling between the southern
boundary and the subtropical region up to a depth of around 120m in experiment
ALB (Figure 3.21). The mixed layer depths are barely affected by including the albedo
feedback in the model almost everywhere in the ocean basin (Figure 3.20).

The general circulation as well as the biological components in the model are also
barely affected by including the albedo feedback (not shown).
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between experiments ALB and CTRL.
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3. Quantification of local and non-local biological-physical feedbacks

Zonal mean temperature difference (ALB-CTRL)
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Figure 3.21.: Annual zonal mean temperature differences between experiments ALB
and CTRL.
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3.6. Perturbation experiments including feedbacks

3.6.3 | Wind feedback

In experiment WIND we include the wind feedback in the model, leading to a reduc-
tion of the wind stress proportional to the local surface cyanobacteria concentration.
The prescribed wind stress only has a zonal component and is constant over time, but
varying meridionally (Figure 3.22, left). In experiment WIND the magnitude of this
prescribed wind stress is reduced in the subtropical region where cyanobacteria occur
(Figure 3.22, right).
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Figure 3.22.: Annual mean surface wind stress in experiments CTRL and WIND.

The absolute reduction of the surface wind stress magnitude in experiment WIND
is strongest in the southern part of the subtropical region at the eastern boundary of
the ocean basin, since cyanobacteria concentrations are highest and the magnitude of
the surface wind stress is higher here than further north within the subtropical region
(Figure 3.23, left). The surface wind stress magnitude reduction is as high as 0.01 to
0.03Nm~2 in most parts of the subtropical region and reaches up to 0.06 Nm=2. In
relative terms, the surface wind stress reduction in experiment WIND is at least 30%,
and reaching more than 60% in summer and fall, of the original surface wind stress
magnitude in most parts of the subtropical region (Figure 3.23, right). The reduction
of the surface wind stress never reaches more than 66%, since we assume that this is
the maximum reduction due to cyanobacteria.
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3. Quantification of local and non-local biological-physical feedbacks

Surface wind stress difference
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Figure 3.23.: Annual mean surface wind stress magnitude differences (left) and rel-
ative differences (right) between experiments WIND and CTRL.

The wind-driven subtropical gyre gets distorted in experiment WIND compared to
CTRL (Figure 3.24) due to the altered surface wind stress in the subtropical region.
The maximum sea surface elevation in the anticyclonic gyre is decreased and the whole
gyre is shifted to the west.

The reduced wind stress in experiment WIND leads to a reduced wind-driven down-
welling in the subtropical region and a confinement of the upwelling at the southern
boundary of the ocean basin closer to the boundary (Figure 3.26). These changes in
the circulation lead to higher zonal mean temperatures in the upper 400 m between
the southern boundary and the subtropical region due to decreased upwelling of colder
waters from deeper layers as well as to lower zonal mean temperatures in the upper
400 m in the subtropical region due to decreased downwelling of warmer surface water
(Figure 3.25).
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3.6. Perturbation experiments including feedbacks
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Figure 3.24.: Annual mean sea surface elevation in experiments CTRL and WIND
and the corresponding zonally averaged zonal surface wind stress.
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Figure 3.25.: Annual zonal mean temperature differences between experiments
WIND and CTRL.
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3. Quantification of local and non-local biological-physical feedbacks

Zonally integrated meriodional overturning streamfunction
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Figure 3.26.: Annual mean zonally integrated meridional overturning streamfunction
in experiments CTRL and WIND and the difference between experiments WIND and
CTRL.
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3.6. Perturbation experiments including feedbacks

The changes in the circulation and the temperature field induced by the wind feed-
back lead to similar secondary effects on the biological components in the model as
the changes induced by the absorption feedback. Phytoplankton concentrations are
increased in a strip at the southern boundary of the subtropical region as well as at the
western boundary in the subtropical region, but decreased at the southern boundary
of the ocean basin, in experiment WIND compared to CTRL (Figures 3.27 and 3.28,
left). Cyanobacteria concentrations are increased in the southern subtropical region,
in the southeastern corner of the ocean basin, and at the southern boundary of the
ocean basin, but decreased near the western boundary in the subtropical region, in
experiment WIND compared to CTRL (Figures 3.27 and 3.28, right). The westward
shift of the subtropical gyre and the decreased downwelling in the subtropical region
lead to the increases in the phytoplankton concentrations due to reduced growth limi-
tation by nutrients and a subsequent decrease of the cyanobacteria concentration near
the western boundary in the subtropical region. Due to the reduced upwelling at the
southern boundary of the ocean basin, phytoplankton concentrations decrease because
of more pronounced growth limitation by nutrients, leading to higher cyanobacteria
concentrations.
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Figure 3.27.: Annual mean phytoplankton and cyanobacteria surface concentration
differences between experiments WIND and CTRL.
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3. Quantification of local and non-local biological-physical feedbacks

Vertically integrated concentration differences (WIND-CTRL)
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Figure 3.28.: Annual mean phytoplankton and cyanobacteria vertically integrated
concentration differences between experiments WIND and CTRL.
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3.6. Perturbation experiments including feedbacks

3.6.4 | Basin-wide and regional mean effects of the feedbacks

In order to further assess the effects of the different feedbacks, we perform two additional
model simulations. In the model experiment ABSALB we include the absorption and
the albedo feedback together and in experiment ABSALBWIND we additionally include
the wind feedback. In the following we compare the results of these two experiments
and experiment ABS with the control experiment CTRIL.

In experiment ABS the basin mean temperature is reduced by 0.19 — 0.22 °C during
the whole year compared to experiment CTRL (Figure 3.29 (a)). This cooling effect
has its minimum in spring and its maximum in fall. The additional effect of the albedo
feedback on the basin mean temperature is a very slight cooling, but additionally
taking into account the wind feedback leads to an overall cooling of 0.31°C in the
annual mean, again with a minimum in spring and a maximum in fall. The annual
cycle of 